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ABSTRACT

Three endogenous Trichoderma species were tested in vitro, in vivo and in situ for their antagonistic activity against Verticillium spp.
causing tomato vascular wilt in Tunisia. Trichoderma harzianum, T. viride and T. virens isolates reduced the radial growth of V. dahliae, V.
albo-atrum and V. tricorpus in comparison to the untreated controls. Antagonistic potential of Trichoderma spp. against tested wilt agents
showed intra- and inter-specific variations. Additionally to the sclerotinization inhibitory activity and to the reduced abundance of resting
structures of Verticillium spp. observed, comparatively to untreated controls, Trichoderma spp. isolates caused profound alterations of
Verticillium spp. mycelium at the confrontation zone. The germination of V. dahliae microsclerotia, exposed for 30 min to liquid cultures
of antagonists tested and incubated at 20°C, was completely suppressed compared to the control microsclerotia treated with sterile
distilled water. Furthermore, germinating microsclerotia dual cultured with Trichoderma spp. became unable to germinate and mature
microsclerotia progressively lost their typical dark colour. All tomato cv. ‘Ventura’ plants, when treated at planting with a Trichoderma
spp. spore suspension and inoculated with V. dahliae, showed after 60 days of culture under growth chamber conditions, a reduced
severity of Verticillium wilt in comparison to inoculated and untreated control plants. In addition, plants treated with Trichoderma spp.
showed increased height and root and stem fresh weights in comparison to the inoculated and untreated control. The discoloration index,
noted on tomato plants treated at planting by 7. harzianum, T. viride and T. virens and grown under greenhouse conditions, was
significantly reduced compared to the untreated control. Plants treated with Trichoderma spp. showed, after 90 days of culture, an
increase of more than 50% of their roots and stem fresh weights in comparison to the untreated control.
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INTRODUCTION

Verticillium dahliae, V. albo-atrum and V. tricorpus are the
Verticillium species causing vascular wilt on different eco-
nomically important vegetable crops in Tunisia such as
tomato, potato and melon (Jabnoun-Khiareddine et al. 2005,
2006, 2007). Economic losses caused by these pathogens
can reach 50% especially on tomato cultivars severely in-
fected by V. dahliae (Jabnoun-Khiareddine et al. 2007).
Furthermore, once symptoms have been established, it is
difficult to efficiently control the disease.

In Tunisia, as in most countries around the world,
tomato Verticillium wilt control is still based on resistant
cultivars carrying the Ve resistance gene (Bender and Shoe-
maker 1984; Harrington and Dobinson 2000; Kawchuk ez al.
2001). However, during the last years, several cases of
resistance breakdown were noted on many resistant tomato
cultivars such as ‘Colibri’ and ‘Rio Grande’. In fact, the
emergence of the race 2 of V. dahliae in Tunisia was re-
cently reported and was shown to be involved in the out-
break of Verticillium wilt symptoms on resistant tomato
cultivars (Daami-Remadi et al. 2006).

As soil fumigation, the most control method used, was
shown to have negative effects on health and soil environ-
ment (Aghighi ef al. 2004), several non-chemical alterna-
tive methods were tested for their efficiency against the
soil-borne pathogens such as steam sterilization, solariza-
tion and cultural practices (Concibido ef al. 1994; Lynch et
al. 1997; Jansky and Rouse 2000; Pegg and Brady 2002;
Jansky et al. 2004; Uppal et al. 2007). However, the effici-

ency of these methods was limited by the diversity of the
pathogen host plants, the ability to colonize the rhizosphere
of non-host plants and the persistence in the soil via several
structures of resistance such as microsclerotia, chlamydo-
spores and dark mycelia (Aghighi et al. 2004). Thus, the
microbial interactions at the rhizosphere zone between soil-
borne pathogens and their antagonists were shown to be of
crucial importance for disease development and severity. In
fact, the suppression of Verticillium was achieved, as shown
in several studies worldwide, by the use of rhizosphere-
colonizing fungi of the genera Talaromyces, Trichoderma,
Penicillium, Fusarium and Gliocladium in several studies in
different countries (Matta and Garibaldi 1977; Hall and
Scheiber 1984; Millar et al. 1984; Henni 1987; Kim et al.
1988; Berg et al. 1999; El Aissami and Lahlou 1999; D’Er-
cole et al. 2000; Larena et al. 2003; Aghighi ef al. 2004).

The biocontrol efficiency of soil-borne pathogens, and
especially Verticillium species, depends mainly on the anta-
gonist establishment and development in the rhizosphere
and on its ability to colonize the subterranean plant tissues
for avoiding infection. Thus, the present study focused on
the use of three endogenous Trichoderma species, colo-
nizing naturally solanaceous roots, for the biocontrol of the
tomato Verticillium wilt in a growth chamber and under
greenhouse conditions. The effect of these antagonists on
pathogen mycelial growth and viability of resting structures
was also investigated.
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MATERIALS AND METHODS
Plant material

Verticillium susceptible (ve) tomato seeds (Lycopersicon esculen-
tum Mill. cv. “Ventura’) used were gratefully provided by the
laboratory of seeds and plants control of the General Direction of
the Protection and Control of the Agricultural Product Quality,
Tunisia.

Tomato seeds were superficially disinfected by immersion in
absolute ethanol for 2 min, followed by extensive rinsing in sterile
distilled water (SDW). Seeds were sown in alveolus plates filled
with previously sterilised peat. Seedlings were grown in a growth
chamber at 24-26°C with 12-h photoperiod and 70% humidity.
They were watered daily and fertilized twice a week with a stan-
dard nutrient solution according to Pharand ez al. (2002). Experi-
ments were performed with 4-week-old tomato plants.

Pathogens

Three Verticillium species, V. dahliae, V. albo-atrum and V. tri-
corpus, were tested in the present study. They were isolated from
different host plants (Table 1) showing wilt symptoms and vascu-
lar discoloration. Verticillium spp. isolates were cultured at 20°C
on PDA (potato dextrose agar) medium added with 300 mg/l of
streptomycin sulphate (Pharmadrug Production Gmbh, Hamburg,
Germany). Liquid cultures used for substrate inoculation were pre-
pared on PDB (potato dextrose broth) and incubated at 20°C under
continuous agitation at 150 rpm during 4 to 5 days. The spore sus-
pension concentration used was adjusted to 107 spores/ml by a
Malassez cystometer. For their long term preservation, pathogen
isolates were stored at -20°C in a 25% glycerol solution.

To assess and qualify the effects of Trichoderma spp. on micro-
sclerotia, V. dahliae inoculum was prepared on perlite contained in
Roux culture flasks (volume 800 ml) and autoclaved twice during
30 min within 24 h. After the second sterilization, the perlite was
inoculated with a mixture of liquid cultures (100 ml/ flask) of V.
dahliae isolates (Table 1). Flasks were maintained at room tempe-
rature during three months for abundant microsclerotia formation.

Trichoderma spp.

T. harzianum, T. viride and T. virens were isolated from roots of
several Solanaceous plants (tomato, eggplant and potato) and the
monoconidial cultures were identified according to the Kubicek
and Harman (1998) key. Trichoderma spp. isolates (three isolates
per Trichoderma species) were cultured at 25°C on PDA and
stored at -20°C in a 10% glycerol solution until use. Liquid cul-
tures were prepared on PDB and the spore concentration used was
adjusted to 10’ spores/ml.

Effect of Trichoderma spp. on mycelial growth of
Verticillium spp.

The Verticillium spp. x Trichoderma spp. in vitro interactions were
studied following the dual culture method on PDA added with

streptomycin sulphate (300 mg/1). Furthermore, as Verticillium spp.

mycelial growth was relatively slow compared to Trichoderma
spp., Verticillium isolates were plated on PDA three days in
advance. In fact, three agar plugs (diameter 6 mm) colonized by
the pathogen were plated at 2 cm from the edge of the Petri dish
(diameter 9 cm) and equidistantly spaced from each other by 3 cm.
Trichoderma isolates were placed at the centre of the Petri dish.
Untreated control plates were plated with pathogen plugs only.

The mean diameter of the pathogen developing colonies was
noted after 6 days of incubation at 20°C. These in vitro Tricho-
derma spp. % Verticillium spp. interaction studies were completed
by several macroscopic and microscopic observations of colonies
confronted with antagonists for elucidating and qualifying the
damages occasioned on pathogen mycelium in comparison to
untreated controls.

Statistical analyses were performed following a completely
randomised factorial design where treatments (7richoderma spp.
isolates and untreated controls) and Verticillium spp. isolates were
the fixed factors. Six replicates were used per elementary treat-
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Table 1 Verticillium spp. isolates tested and their origins.

Verticillium Isolates Original plant  Origins

species hosts

V. dahliae Vvdi3 Tomato Chott Mariem
Vde6 Tomato Téboulba
Vdos Tomato Chott Mariem
vdi4 Potato Nabeul
Vd20 Potato Chott Mariem
Vvd28, vd29 Potato Sidi Bou Ali
Vds2 Potato Nabeul
Vdo4 Melon Chott-Mariem
Vd8 Eggplant Téboulba

V. tricorpus Vtl Tomato Chott-Mariem
Vt2 Potato Sidi Bouali
Vitl5 Melon Mahdia

V. albo-atrum Vaal, Vaa3 Tomato Chott-Mariem
Vaa2 Potato Chott-Mariem

ment and means were separated using Fisher’s protected LSD test
(at p<0.05).

Effect of Trichoderma spp. on V. dahliae
microsclerotia

For a qualitative assessment of the capacity of antagonists tested to
reduce the V. dahliae inoculum released into the soil or the via-
bility of the pre-existent inoculum, two essays were conducted.

Effects on microsclerotia germination

The ability of Trichoderma spp. tested to inactivate the microscle-
rotia germination was studied by using a perlite previously colo-
nized by the pathogen. In fact, 3 g of colonized perlite wrapped in
a sterile cloth were soaked for 30 min in the liquid culture of each
antagonist tested (concentration adjusted to 107 spores/ml). The
treated perlite was washed with SDW, air dried at room tempera-
ture and ground in mortar with 10 ml of SDW. The microsclerotia
suspension obtained was sprayed on 2% agar medium (1 ml per
Petri dish). Colonized perlite soaked in SDW only served as un-
treated control.

After 10 days of incubation at 20°C, the different cultures
were observed for eventual V. dahliae growth emerging from
plated microsclerotia. The microsclerotia viability was estimated
via the formation or not of secondary microsclerotia (Nagtzaam et
al. 1998).

Effects on germinating microsclerotia

The effect of antagonists tested was also assessed against V.
dahliae germinating microsclerotia by dual culture of Trichoderma
spp. isolates with microsclerotia in the same Petri dish. In fact, 1 g
of colonized perlite, prepared as previously described, was ground
in a mortar with 5 ml of SDW. The microsclerotia suspension
obtained was filtered, for elimination of perlite grains, and sprayed
(200 pl) at the surface of the Petri dishes containing PDA medium.
After incubation at 20°C during 7 days, sufficient period for ger-
mination of viable microsclerotia and formation of secondary
microsclerotia, agar plugs (diameter 6 mm) of the tested Tricho-
derma spp. isolates were plated at the centre of the colonized Petri
dishes.

The antagonist X germinating microsclerotia interaction was
qualified, after 20 at 35 days of incubation at 20°C, via some
macroscopic and microscopic notations.

Effect of Trichoderma spp. on Verticillium wilt
development and severity under growth chamber
conditions

V. dahliae was the only species used in the in vivo essays as it is
the predominant and the most virulent Verticillium species in Tuni-
sia. In fact, a mixture of 10 isolates obtained from different hosts
and regions (Table 1) was used for tomato inoculation. Further-
more, due to the presence of intra-specific variations of the anta-
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gonist potential recorded in vitro, a mixture of isolates of each
Trichoderma species was tested in vivo in comparison to untreated
and inoculated or non controls.

Antagonists tested were applied to the culture substrate in
alveolus plates. In fact, each alveolus, containing autoclaved peat
(25 ml per alveolus), was watered with 3 ml of mixed liquid
culture (adjusted to 107 spores/ml) of each tested Trichoderma
species. Control peat was watered by a similar quantity of SDW.
Seeds were sowed in these treated alveolus plates and placed in a
growth chamber during three weeks with a 12-h photoperiod at 12-
25+2°C and 70-90% relative humidity.

Before final transplanting, roots were soaked for 30 min in the
similar mixed antagonist suspension (used for peat treatment i.e.
first treatment in nursery), prepared as previously described.

Treated plants were separately placed in pots (diameter 10
cm) containing a mixture of peat and perlite infested with V.
dahliae microsclerotia (final concentration of 50 microsclerotia/g
of mixed substrate). The number of microsclerotia/g of perlite was
estimated as follows: 1 g of colonized perlite was crushed in a
mortar with 10 ml of SDW and the concentration of suspension
filtered was determined by using the classical Malassez cell
method.

Ten plants were used per elementary antagonistic treatment.
Ten non-treated plants soaked in SDW were transplanted in sterile
substrate or in substrate infested with V. dahliae served as un-
inoculated untreated (NIC) and inoculated untreated (IC) controls,
respectively.

Plants were maintained in a growth chamber at 15-30°C
during 60 days and regularly watered and fertilized with a nutri-
tious solution (N: 150 ppm, P: 50 ppm, K: 150 ppm, Ca: 150 ppm,
Mg: 30 ppm, Fe: 3 ppm, Mn: 1.5 ppm, Zn: 0.2 ppm, B: 0.4 ppm,
Cu: 0.1 ppm, Mo: 0.05 ppm and H,O: gsp 11) (Pharand et al.
2002).

Verticillium wilt severity was estimated, 60 days post planting,
via the leaf damage index and according to 0-4 scale depending on
symptom severity on leaves as previously described by Beye and
Lafay (1985) and used in Jabnoun-Khiareddine et al. (2007).

Plant height and the root and stem fresh weights were noted
for all tomato plants. Furthermore, the presence of pathogen in the
stem was also verified by re-isolation on PDA.

Statistical analyses were performed, for all parameters mea-
sured, following a completely randomised design where treatments
(Trichoderma spp. and untreated but inoculated or non controls)
were the sole fixed factor. Ten replicates were used per elementary
treatment and means were separated using Fisher’s protected LSD
test (at p<0.05). The whole experiment was repeated twice but
only the data of one essay is presented in the present study.

Effect of Trichoderma spp. on Verticillium wilt
development and severity under greenhouse
conditions

For a large-scale assessment of Trichoderma spp. efficiency
against V. dahliae, the essay was conducted, during the 2006-2007
agricultural campaign, in a field known with severe Verticillium
wilts history on tomato cv. ‘Colibri’ for three consecutive years
ago at the domain of the Higher Agronomic Institute of Chott-
Mariem. The infectious potential of this naturally infested field
was estimated at 34 microsclerotia/g of soil, according to the
method of Nadakavukaren and Horner (1959) previously des-
cribed in Jabnoun-Khiareddine ez al. (2007).

Tomato plants cv. ‘Ventura’ susceptible to V. dahliae race 1
were prepared as previously described in the in vivo essays. In fact,
tomato seeds were sown in culture substrate treated or non with
Trichoderma spp. Furthermore, plants at the 3-4 leaf true stage
were soaked just before transplanting in a conidial suspension of
the tested antagonists. Control plants were soaked in SDW. Plants
were transplanted directly in the soil under a plastic greenhouse
following six lines 80 cm apart with an inter-plant spacing of 40
cm. Plants were irrigated via a drip irrigation system. Fertilization
and other cultural practices were the most commonly used for
tomato farming in the region.

Disease severity was assessed 90 days post-transplanting via
three parameters (root and stem fresh weights and Verticillium wilt
severity) used for comparison between tested treatments. In fact,
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wilt severity was visually estimated via the progression of vascular
discoloration in longitudinal roots, collar and stem sections of each
plant. A vascular discoloration index was calculated based on a 0-4
scale where 0 = absence of vascular discoloration; 1 = vascular
discoloration occurred on roots only; 2 = vascular discoloration
occurred on roots and collar; 3 = vascular discoloration occurred at
the stem base (3 cm from the collar); 4 = vascular discoloration
reached the middle of the stem; 5 = vascular discoloration reached
the stem end.

Stem segments showing or not vascular discoloration symp-
toms were used for fungal isolation on PDA at 20°C.

Statistical analyses were performed, for all parameters
measured, following a randomised complete block design with 3
blocks and 7 replicates (plants) per block and per elementary treat-
ment. Treatments (7richoderma spp. and untreated control) were
randomly arranged into blocks. Means were separated using
Fisher’s protected LSD test (at p<0.05). The whole experiment
was repeated during two years (2006 and 2007) and only the data
of the second year was considered.

RESULTS

Three endogenous Trichoderma species were tested in vitro,
in vivo and in situ for their antagonistic activity against
Verticillium spp. causing tomato vascular wilt in Tunisia.

Effect of Trichoderma spp. on mycelial growth of
Verticillium spp. in vitro

Mean diameter of Verticillium spp. colonies, formed after
six days of incubation at 20°C, depended on antagonistic
treatments tested and pathogen isolates; a significant inter-
action was observed between both fixed factors at p<0.05.
In fact, all Trichoderma spp. isolates reduced the radial
growth of the Verticillium wilt agents in comparison to their
relative untreated controls (Table 2). The most important
mycelial growth reduction, of about 72.3% compared to the
untreated control, was recorded in the case of the isolate
Vaal of V. albo-atrum treated with T. virens.

The importance of the mycelial growth reduction of
Verticillium spp. isolates depended on the antagonistic spe-
cies tested and within a Trichoderma species between iso-
lates used; thus, intra- and inter-specific variations were
noted within these endogenous fungi regarding their antago-
nistic potential against the target pathogens. In fact, for the
same Verticillium isolate, as is the case of V. dahliae Vd82,
reduction varied from 25.97 (treatment with 7. harzianum
Thl) to 62.15% (treatment with 7. virens Tvsl). Further-
more, for the same antagonistic treatment, as is the case of T.
viride Tv3, mycelial growth inhibition, in comparison to the
untreated control, varied from 16.41 (V. albo-atrum Vaa 3
isolate) to 58.84% (V. dahliae Vd82 isolate).

Verticillium spp. colonies, observed 6 days after dual
culture (Fig. 1), were invaded by Trichoderma spp. isolates;
this phenomenon showed the important competitive poten-
tial of the antagonists used. Furthermore, as no antibiosis
zone was observed, this competition for nutrients seemed to
be involved in the registered mycelial growth reduction.

Fig. 1 illustrates not only the Trichoderma spp.’s com-
petitive potential but also the significant reduction abun-
dance in resting structures of Verticillium spp. isolates com-
pared to untreated controls. Furthermore, 15-20 days after
the dual culture Verticillium-Trichoderma, a dark typical
colour (of melanin) of the resting structures, microsclerotia,
dark mycelium and chlamydospores disappeared progres-
sively and turned light brown. This phenomenon was not
observed on untreated controls. Additionally to this scleroti-
nization inhibitory activity, Trichoderma spp. isolates
caused profound alterations of Verticillium spp. mycelium
at the confrontation zone. In fact, the mycelium showed
lysis and deformation. Furthermore, several mycelial cords
were formed via anastomosis mechanism and the mycelium
density and sporulation were reduced compared to the un-
treated controls.
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Table 2 Effect of some Trichoderma spp. isolates on the mean colony diameter (cm) of Verticillium spp. isolates observed after 6 days of incubation at

20°C in comparison to the untreated controls.

Verticillium Co. T. harzianum T. viride T. virens Mean™
isolates Thl Th2 Th3 Tvl Tv2 Tv3 Tvsl Tvs2 Tvs3
V. dahliae
Vds2 3.02 2.23 1.29 1.23 2.08 1.52 1.24 1.14 1.24 1.31 1.63d
vdi3 3.25 1.43 1.55 1.53 2.04 1.77 1.85 1.32 1.3 1.38 1.74d
Vde66 3.03 1.58 14 1.57 2.41 1.83 1.61 1.08 1.18 1.18 1.69d
V. tricorpus
Vtl 3.95 2.33 2.21 2.25 2.59 2.52 2.28 1.68 1.73 1.83 2.34a
Vi3 4.18 2.05 2.56 2.46 2.85 2.68 3.04 1.3 1.43 1.18 2.37a
Vtl5 3.89 1.88 1.93 2.05 2.51 2.26 1.92 1.54 1.63 1.63 2.12b
V. albo-atrum
Vaal 424 241 2.22 2.38 2.9 2.26 2.33 1.18 1.44 1.43 2.28a
Vaa2 3.95 1.73 1.48 1.89 2.16 2.07 1.71 1.84 1.76 1.58 2.02¢
Vaa3 2.74 1.89 1.65 1.93 1.24 1.25 2.29 0.98 1.36 0.98 1.63d
Mean” 3.58a 1.95¢ 1.81d 1.92¢ 2.31b 2.02¢ 2.03¢ 1.34¢ 145¢ 1.39¢

LSD (Verticillium spp. isolates x Treatments tested) = 0.28 cm at p <0.05.

#Mean colony diameters per Verticillium spp. isolates independently of antagonistic treatments tested
® Mean colony diameters of Verticillium spp. (independently of isolates used) per antagonistic treatment tested.
For Verticillium spp. isolates and antagonistic treatments tested, values (means) affected with the same letter are not significantly different at p <0.05.

Co: untreated control; Thl, Th2 and Th3: T. harzianum isolates; Tv1, Tv2 and Tv3: T. viride isolates; Tvsl, Tvs2 and Tvs3: T. virens isolates; Vd82, Vd13 and Vd66:

dahliae isolates; Vt1, Vt3 and Vt15: V. tricorpus isolates; Vaal, Vaa2 and Vaa3: V. albo-atrum isolates.

V. albo-atrum + T. harzianum

+ T. viride

V. tricorpus

V. dahliae + T. virens

V. albo-atrum + T. harzianum

V. dahliae + T virens

Fig. 1 Competitive potential of three Trichoderma species against Verticillium spp. observed after 6 days of dual culture on PDA at 20°C in

comparison to the untreated controls.

Effects of Trichoderma spp. on V. dahliae
microsclerotia

1. Microsclerotia germination

The germination of V. dahliae microsclerotia, exposed for
30 min to liquid cultures of antagonists tested and incubated
at 20°C, was completely suppressed compared to the con-
trol microsclerotia treated with SDW only. The germination
of microsclerotia in 2% agar was verified by the formation
of secondary microsclerotia as noted on control plates (Fig.
2). In fact, after 10-30 days of incubation at 20°C, V. dah-
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liae microsclerotia confronted with Trichoderma spp. lost
their germinative capacity and consequently their viability.

2. Germinating microsclerotia

Direct confrontation of Trichoderma spp. with mature and
viable V. dahliae microsclerotia, on PDA at 20°C, revealed
an important space colonizing potential of Trichoderma spp.
isolates tested. In fact, for colonizing a media already
occupied by V. dahliae, Trichoderma spp. isolates caused
several alterations of V. dahliae microsclerotia expressed

by:
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Fig. 2 Germination of ¥ dahliae microsclerotia after 10 days of incu-
bation at 20°C on agar 2%. (A) Control V. dahliae plate; (B) Secondary
microsclerotia formed after germination of untreated microsclerotia (G
X40).

-

V. dahliae + T. virens

+ T. virens

Fig. 3 Melanin bleaching of V. dahliae colonies treated with T. virens
compared to untreated control observed after 20 days of incubation at
20°C.

Fig. 4 Progressive degradation of melanin of V. dahliae microsclerotia
treated with Trichoderma spp. compared to the melanization degree
noted on untreated control microsclerotia. (A) Control microsclerotia;
(B) Treated microsclerotia observed after 20 days, (C) Treated microscle-
rotia observed after 23 days, (D) Treated microsclerotia observed after 27
days; incubation at 20°C (G X40).

Fig. S Cell wall degradation and progressive disintegration of V. dah-
liae microsclerotia treated with Trichoderma spp. (A) Untreated micro-
sclerotia; (B) Microsclerotia treated and observed after 20 days, (C)
Microsclerotia treated and observed after 25 days, (D) Microsclerotia
treated and observed after 30 days; incubation at 20°C (G X40).

+« Inhibition of sclerogenesis: treated germinating
microsclerotia became incapable of forming secondary
microsclerotia (Fig. 3A) due to its lysis, breaking of its
cellular membrane, and to the probable inhibition of
melanin synthesis, estimated via the absence of the
typical dark colour of cell walls, both observed micros-
copically (Fig. 3B).

¢ Melanin degradation of mature microsclerotia:
mature microsclerotia treated progressively lost their
typical dark colour and turned to brown and finally to
light (Fig. 3). The typical melanin pigment disappeared
after 20-35 days of confrontation, microsclerotia
became invisible and could not be distinguished from
agar particles (Fig. 4). Untreated control microsclerotia
were not altered.

% Microsclerotia cell wall degradation: Trichoderma
spp. were also able to degrade the cell wall micro-
sclerotia which lost their typical mass form and became
totally disintegrated (Fig. 5).

Effects of Trichoderma spp. on tomato Verticillium
wilt development under growth chamber
conditions

The efficiency of Trichoderma spp. against V. dahliae in
vivo was evaluated on wilt severity and plant growth in
comparison to untreated but inoculated or non controls (IC
and NIC, respectively).

Leaf damage index

All tomato plants, treated at planting with Trichoderma spp.
spore suspensions and transplanted in culture substrate
infested with V. dahliae, showed typical Verticillium wilt
symptoms but uninoculated and untreated (NIC) plants
were symptomless. However, disease severity, estimated via
the leaf damage index (LDI), depended significantly on
treatments tested. In fact, the LDI, recorded 60 days post-
planting on ‘Ventura’ tomato plants treated with 7. harzi-
anum, T. viride and T. virens, was significantly comparable
to that noted on uninoculated and untreated control (NIC)
plants and it was reduced by more than 60% in comparison
to the inoculated and untreated control (IC) plants (Fig. 6).

Plant height

Tomato plant height, noted 60 days post-planting (Fig. 7),



The African Journal of Plant Science and Biotechnology 3 (Special Issue 1), 26-36 ©2009 Global Science Books

25

2,0

LDI

1,5

Tb

NIC

0,0

Th

T

SRS T
S
7
SRS
AL
A E LS
P r Rl

Tv

Treatment tested

Fig. 6 Effect of treatments at planting with Trichoderma species on Verticillium wilt severity observed on tomato cv ‘Ventura’ plants 60 days after
their transplanting in a culture substrate infested with V. dahliae in comparison to the controls. Bars with the same letter are not significantly
different according to Fisher's protected least significant difference LSD test (p<0.05). LDI: Leaf damage index, NIC: untreated and uninoculated control,
IC: untreated and inoculated control, Th: inoculated and treated with 7. harzianum, Tv: inoculated and treated with T. viride, Tvs: inoculated and treated

with 7. virens, 15 <T< 30°C.
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Fig. 7 Effect of treatments at planting with Trichoderma species on tomato cv. ‘Ventura’ plant height noted 60 days after transplanting in a
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did not significantly depend on treatments tested. However,
plants treated with 7. harzianum, T. viride and T. virens
showed a slight increase of about 24%, even statistically
insignificant, of their height in comparison to the inoculated
and untreated control plants (IC).

Root fresh weight

Tomato root fresh weight, noted 60 days post-planting,
depended significantly on treatments tested. In fact, plants
treated with 7. viride and T. virens showed increased root
fresh weight, of about 34 and 40% respectively, in compari-
son to the inoculated and untreated control (IC), which was
significantly comparable to the untreated and uninoculated
control (NIC). Plants treated with 7. harzianum showed a
root fresh weight significantly similar to the untreated but
inoculated or non controls, IC and NIC, respectively (Fig.
8).

Stem fresh weight

Tomato stem fresh weight, noted 60 days post-planting,
depended significantly on treatments tested. In fact, plants
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treated with 7 virens showed increased stem fresh weight,
of about 40% in comparison to the inoculated and untreated
control (IC), which was significantly comparable to the un-
treated and uninoculated control (NIC). Plants treated with
T. harzianum and T. viride showed a stem fresh weight sig-
nificantly similar to that noted on inoculated and untreated
(IC) control plants (Fig. 9).

For all treatments tested, excepted the untreated and un-
inoculated control (NIC), a vascular discoloration was ob-
served on roots, collar and the stem base and the pathogen
presence was confirmed after re-isolation on PDA from
collar and stem.

Effects of Trichoderma spp. on tomato Verticillium
wilt development under greenhouse conditions

The efficiency of Trichoderma spp. against V. dahliae, pre-
viously tested in vitro and in vivo, was also evaluated in situ,
in a naturally infested soil (infectious potential estimated at
34 microsclerotia/g), on wilt severity and plant growth in
comparison to the untreated control.
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Discoloration index

The Verticillium wilt severity, estimated via a discoloration
index, noted 90 days after transplanting, depended signi-
ficantly on treatments tested. In fact, the discoloration index
noted on tomato plants, treated at planting by 7. harzianum,
T. viride and T. virens, was significantly reduced compared
to the untreated and infested control (IC) (Fig. 10). The
most important reduction of this parameter, of about 88% in
comparison to the untreated control, was recorded on
tomato plants treated with 7. viride.

Root fresh weight

Tomato root fresh weight, noted 90 days post-planting (Fig.
11), did not significantly depend on treatments tested. How-
ever, plants treated with 7. harzianum, T. viride and T.
virens showed an increase of more than 50%, even statis-
tically insignificant, of their root fresh weight in compari-
son to the untreated and infested control plants (IC).

Stem fresh weight
Tomato stem fresh weight, noted 90 days post-planting (Fig.

12), did not significantly depend on treatments tested. How-
ever, plants treated with 7. harzianum, T. viride and T.

virens showed an increase of more than 50%, even statis-
tically insignificant, of their stem fresh weight in compari-
son to the untreated and infested control.

DISCUSSION

Endogenous fungi: ecological interest and
microbial interactions in the rhizosphere

Biocontrol of soil-borne pathogens and particularly V. dah-
liae was widely investigated in several countries around the
world (Berg ef al. 2001; Pegg and Brady 2002) but this is
the first study in Tunisia. The originality of the present
study resides in the indigenous nature of the antagonists
tested and in the multiple criteria used for elucidating their
effects on pathogen and, consequently, on Verticillium wilt
severity. In fact, as V. dahliae infection occurs generally at
root tips (Huisman 1988) and as colonization of this area by
antagonists is considered strategic for wilt pathogens in-
hibition (Alstrom 2000; Narisawaa et al. 2000), endogenous
Trichoderma spp., tested in the present study, were ori-
ginally isolated from healthy solanaceous roots.
Endogenous agents were considered ecologically more
adaptable and able to protect the plant environment from
soil-borne pathogens infections (Narisawaa et al. 2000). In
fact, in the colza-V. dahliae pathosystem, Alstrom (2000)
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isolated and identified Mortierella, proved to be capable of
producing a metabolite with an antifungal activity, and also
isolated Trichoderma and Gliocladium, universally known
as biocontrol agents. They are able to mineralize nutrients,
present at the root system zone, and to affect the competi-
tive ability of soil-borne microorganisms such as V. dahliae.
In the same way, Narisawa et al. (2002) isolated 123 fungal
isolates from 225 root segments of eggplant, melon, tomato,
strawberry and Chinese cabbage, obtained from different
fields in Shizuoka region in Japan. Amongst these isolates,
11 inoculated to eggplant plants suppressed the effect of a
virulent V. dahliae strain. These isolates belonged to Hete-
roconium chaetospira, Phialocephara fortinii and to un-
identified species of Fusarium, Penicillium and Tricho-
derma. Stinson et al. (2003) obtained an endophytic isolate
of Gliocladium sp. from Eucryphia cordifolia capable to
produce several organic and volatile compounds lethal for
Pythium ultimum and V. dahliae.

Endogenous Trichoderma spp.: in vitro inhibition
of the pathogen mycelial growth

The present results showed that all Trichoderma spp. Iso-
lates reduced the radial growth of the three Verticillium spe-
cies in comparison to the untreated controls. Similar results
were reported in the in vitro studies of Henni (1987),
D’Ercole et al. (2000), El Rafai ef al. (2003) and Regragui
(2005) concerning the antagonistic activity of 7. harzianum
against V. dahliae, and those of El Rafai et al. (2003) con-
cerning 7. hamatum and T. harzianum against some tomato
pathogens. In fact, 7 hamatum and T. harzianum culture fil-
trates were shown to significantly reduce sporulation, ger-
mination of conidia and length of the germinating tube of V.
dahliae and other tomato pathogens such as F. oxysporum f.
sp. lycopersici and Alternaria solani.

The mycelial growth reduction, noted in the present
study, was mainly due to the important competitive poten-
tial of the antagonists used and to the reduction of resting
structures abundance of Verticillium spp. isolates compared
to untreated controls. Additionally to this sclerogenesis in-
hibitory activity, Trichoderma spp. isolates caused profound
alterations of Verticillium spp. mycelium at the confronta-
tion zone. In fact, the mycelium showed lysis and deforma-
tion. Furthermore, several mycelial cords were formed via
an anastomosis mechanism and the mycelium density and
sporulation were reduced compared to untreated controls.
Similar modes of action of Trichoderma were reported by
Lewis and Papavizas (1987) who attributed this phenome-
non to the action of several enzymes and antibiotic substan-
ces, naturally formed or synthesized by the antagonist, af-
fecting pathogen cell permeability. Reduction of mycelium
weight, increase in protein losses, reduction in glucose
maintenance, and morphological disruptions of pathogen
hyphae were also observed. Similar effects on mycelial
growth and microsclerotia formation of V. dahliae were ob-
tained with mycelial culture or culture filtrates of Stemphy-
lium sp. and the active component involved, precipitated
from culture filtrates by ethanol or (NH,),SO,4, was heat-
labile (100°C for 10 min) and a non-protein secondary
metabolite (Tian et al. 1998). In the same way, Al-Rawahi
and Hancock (1998) also found that Pythium oligandrum
parasitized, in dual culture, V. dahliae and affected nega-
tively its in vitro growth and ability to form microsclerotia.

Endogenous Trichoderma spp.: inhibition of the
sclerogenesis process

Besides the mycelial growth reduction and the drastic
mycelium alterations, antagonistic activity of Trichoderma
spp. tested was also expressed by a delay in the scleroge-
nesis process. In fact, the present study showed that germi-
nating microsclerotia treated with Trichoderma spp. became
incapable of forming secondary microsclerotia due to the
lysis and to the probable inhibition of melanin synthesis.
Furthermore, mature microsclerotia treated progressively
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lost their typical dark colour and turned brown and finally
light. Thus, endogenous Trichoderma spp. isolates, used in
the present study, were also able to degrade the cell wall of
microsclerotia, which lost their typical mass form and
became totally disintegrated. Similar sclerogenesis inhibi-
tion was also reported in several studies where V. dahliae
was confronted with different antagonists such as Strepto-
myces plicatus (Aghighi et al. 2004), T. harzianum (Regra-
gui 2005) and rhizobacteria (Alstrom 2001). Regragui
(2005) attributed the 7. harzianum effect on sclerogenesis to
production of volatile antifungal metabolites. Furthermore,
according to Alstrom (2001), this delay in microsclerotia
production may be also caused by gaseous metabolites pro-
duced by bacterial strains via direct dual culture in vitro.

The inhibition of sclerogenesis is an important mecha-
nism in Verticillium biocontrol as soil inoculum could be
reduced by these indigenous antagonists. Furthermore, as in
monocyclic diseases, such as Verticillium wilts, disease
severity was correlated with initial soil inoculum, reduced
microsclerotia viability could, consequently, decrease sig-
nificantly wilt incidence (Keinath et al. 1991; Fahima and
Henis 1995; Nagtzaam et al. 1998; Alstrom 2000). In the
same way, Tjamos (2000) reported that any biocontrol agent
able to interact with microsclerotia formation, to affect their
survival and to delay or prevent pathogen establishment in
plant, was considered efficient as these resting structures
are important for pathogen survival and infection process
initiation.

Endogenous Trichoderma spp. isolates, tested on colo-
nized perlite in the present study, were also able to inac-
tivate and to reduce germination of microsclerotia dipped
during 30 min in antagonist spore suspension. Microscle-
rotia were considered non-viable when they did not ger-
minate after their rinsing with SDW and their viability was
evaluated by the formation of secondary microsclerotia
(Nagtzaam et al. 1998). Population analysis of 7. harzianum
in California soils showed that densities of V. nubilum were
negatively correlated with increases in 7. harzianum popu-
lations which were highest during wet winter months and
had a second peak in early summer (Eastburn and Butler
1988). Lost of reserve compounds such as lipids, necessary
for microsclerotia germination, was shown to be involved in
this reduced germination ability as also induced by perme-
abilizing activity of biosurfactants (Kim et al. 2004). How-
ever, V. dahliae microsclerotia reduced viability was due, in
the case of Talaromyces flavus, to production of an extra
cellular glucose oxidase enzyme (Marois et al. 1982; Fravel
and Roberts 1991). Similarly, Stosz et al. (1996) found that
inhibition of microsclerotia germination was correlated with
glucose oxidase production.

Endogenous Trichoderma spp.: reduction of
Verticillium wilt severity in vivo and in situ

The present study revealed that all tomato plants, grown
under growth chamber conditions and treated at planting
with Trichoderma spp. spore suspensions and transplanted
in culture substrate infested with V. dahliae, showed re-
duced Verticillium wilt severity in comparison to the ino-
culated and untreated control plants. In the same way, the
discoloration index, noted on tomato plants, grown under
natural greenhouse conditions and treated at planting by 7.
harzianum, T. viride and T. virens, was significantly reduced
compared to the untreated and infested control. Verticillium
disease intensity was also reduced when roots of susceptible
tomato varieties were injected with both Verticillium and
Trichoderma compared to an injection with Verticillium
alone (Pegg and Brady 2002). 7. viride was able to reduce
the severity of Verticillium wilt (Sportelli ef al. 1983). Fur-
thermore, two strains of 7. virens were found to signifi-
cantly reduce the disease severity ratings in cotton plants of
the two cultivars ‘Rowden’ and ‘Deltapine’ 50, inoculated
with V. dahliae (Hanson 2000). In the same way, D’Ercole
et al. (1984) isolated from soil 7. viride (29 strains), T. har-
zianum (14 strains), T. koningii (6 strains), T. hamatum (2
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strains), 7. polysporum (2 strains) and 7. pseudokoningii
(one strain), all active against V. dahliae. D’Ercole and
Nipoti (1986) claimed successful control of tomato wilt
using the first three Trichoderma species. Similarly, the
eggplant Verticillium wilt was reduced when Trichoderma
mycelium was directly incorporated into soil (D’Ercole et
al. 1997). Marois et al. (1982) tested 34 fungal soil isolates,
in a glasshouse experiment, for their activity against V.
dahliae from eggplant; the most active ones were Asper-
gillus alutaceus, Gliocladium virens, Paecilomyces lila-
cinus, Talaromyces flavus and T. viride. These fungal iso-
lates reduced the Verticillium wilt by 0-20% compared with
90% in the controls, when they are introduced into a V.
dahliae-infested soil. Furthermore, Khalimov and Ynusov
(1980) found that a 7. viride-lignin mixture applied at 120
kg/ha reduced cotton wilt by half; at 2000 kg/ha, wilt was
reduced by two-thirds. In laboratory experiments, Wilder-
spin and Heale (1984) obtained a 50% reduction in V. albo-
atrum infection in Antirrhinum. Czaplinska (1973), using
Trichoderma to control wilts also reported, via small-scale
experiments, inhibition of V. albo-atrum on lucerne roots.

Similar reduced Verticillium wilt severity was obtained
by antagonists other then Trichoderma species. In fact,
Larena et al. (2003) found that Penicillium oxalicum, ap-
plied by watering of tomato plants by spore suspension, 7
days prior transplanting, decreased vascular wilts caused by
V. dahliae and Fusarium oxysporum f. sp. lycopersici under
greenhouse and field conditions. Comparable decreases in
Verticillium wilt severity, estimated via a disease index,
were also noted on cotton plants inoculated with Stemphy-
lium pre- or post-V. dahliae inoculation (Tian et al. 1998).
Furthermore, two weeks after incorporation of Talaromyces
flavus into infested soil, germination of V. dahliae micro-
sclerotia decreased by 32-41% in comparison to uninfested
soil. Reduction of V. dahliae microsclerotia viability and
increase of 7. flavus population in the rhizosphere were
shown to be involved in the consequent decrease of Ver-
ticillium wilt severity on eggplant, cotton and potato
(Marois et al. 1982).

Verticillium wilt suppression, under controlled and field
conditions, was also achieved by treatment of cotton plants
with species of the genus Gliocladium; G. roseum isolates
were also capable to reduce viability of V. dahliae micro-
sclerotia (Pegg and Brady 2002). Muromtsev (1980) also
showed, in both laboratory and field experiments, that Glio-
cladium spp. isolates were able to suppress cotton wilt.
Globus and Muromtsev (1990) alleviated V. dahliae wilt of
cotton by 12-34% by a powder containing 2-3 x 10*
propagules of G roseum/g at a rate of 5-10 kg/ha. In the
same way, Zeise (1997) and Solarska (1997), working with
tomato, oilseed rape and hops, noted greater disease control
by inoculating soil with Talaromyces flavus before sowing
or planting.

Endogenous Trichoderma spp.: enhancement of
plant growth

Tomato plants treated with 7. harzianum, T. viride and T.
virens showed a slight increase of about 24% of their height
in comparison to the inoculated and untreated control. Fur-
thermore, treated with 7. virens, tomato plants showed in-
creased root and stem fresh weights, of about 40% in com-
parison to the inoculated and untreated control. However,
under greenhouse conditions, roots and stem fresh weights
of tomato plants treated with 7. harzianum, T. viride and T.
virens were enhanced by more than 50% in comparison to
the untreated and infested control. Similar growth promo-
ting effects were induced by Trichoderma sp., Coniothy-
rium sp. and Penicillium sp. In fact, Jordan and Tarr (1978)
obtained a significant increase in plant size after treatment
of strawberry roots before planting in V. dahliae-infested
soil, compared with untreated controls. Application of T.
harzianum into sowing rows resulted in disease incidence
reduction and yield increase in potato (Ordentlich et al.
1990). Furthermore, soil inoculation and seed coating with
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T. hamatum spores completely controlled Verticillium wilt
caused by V. dahliae in tomato and improved yield (EIl
Rafai ez al. 2003).

In greenhouse studies, growth of pepper and fruit yield
were higher in V. dahliae-infested soil in the presence of
Pythium oligandrum compared with Pythium-free controls.
However, in the absence of Verticillium, plants grown in the
presence of P. oligandrum were 40-50% taller, suggesting a
growth-promoting role similar to the fluorescent pseudo-
monads effect (Al-Rawahi and Hancock 1998). Cotton wilt,
reduced in grey semi-desert soils by 22-28%, was associ-
ated with increased yield by 0.3-0.5 T/ha (Azimkhodz-
bayeva and Ramasanova 1990). In the same way, using iso-
late Tf1 (Talaromyces flavus) ascospore pre-plant drenches
in soil, Marois et al. (1982) suppressed V. dahliae wilt of
eggplant, with a concomitant yield increase comparable
with chemical control.

Finally, the effect of these biological treatments on
tomato yield will be evaluated in future experiments con-
ducted in different geographical sites where mainly the soil
infectious potential, the Verticillium wilt incidence and the
consequent impact on tomato yield will be used as indica-
tors of treatments efficacy. Furthermore, as biocontrol
agent’s efficacy and consequent effect on plant growth and
yield was shown to vary depending on plant species and
cultivars (Handelsman and Stabb 1996) and certain plants
were more attractive and supported diverse antagonistic
communities of pathogen (Azad et al. 1985), these Tricho-
derma spp. isolates will be also tested against potato Verti-
cillium wilt because this crop is the most rotated with
tomato in the major agricultural fields in Tunisia.
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