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ABSTRACT

Endogenous Gliocladium spp. and Penicillium sp. isolates were tested in vitro, in vivo and in situ for their antagonistic activity against
Verticillium spp. causing tomato vascular wilt in Tunisia. Gliocladium catenulatum, G. roseum and Penicillium sp. isolates reduced the
radial growth of V. dahliae, V. albo-atrum and V. tricorpus in comparison to the untreated controls. Antagonistic potential of Gliocladium
spp. and Penicillium sp. against tested wilt agents showed intra- and inter-specific variations. Additionally to the sclerotinization inhib-
itory activity and to the reduced abundance of resting structures of Verticillium spp. observed, compared to untreated controls, antagonists
tested caused several 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 Gliocladium spp. and
Penicillium sp. became inable to germinate and mature microsclerotia progressively lost their typical dark colour. All tomato cv. ‘Ventura’
plants, when treated at planting with Gliocladium spp. and Penicillium sp. spore suspensions and inoculated with V. dahliae, showed after
60 days of culture under growth chamber conditions, reduced severity of Verticillium wilt in comparison to inoculated and untreated
control plants. Plants treated with antagonists tested 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 G catenulatum, G. roseum and
Penicillium sp. and grown under greenhouse conditions, was significantly reduced compared to the untreated control. Plants treated with
Penicillium sp. showed, after 90 days of culture, an increase of more than 40% of their roots and stem fresh weights in comparison to the
untreated control.
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INTRODUCTION

In Tunisia, tomato (Lycopersicon esculentum Mill.) can be
infested by at least three Verticillium species such as, V.
albo-atrum, V. tricorpus and mainly V. dahliae (Hajlaoui et
al. 2003; Jabnoun-Khiareddine et al. 2005, 2006, 2007).
Economic losses caused by these pathogens can reach 50%,
especially on tomato cultivars severely infected by the
emergent race 2 of V. dahliae (Daami-Remadi et al. 2006;
Jabnoun-Khiareddine et al. 2007). In Tunisia, as many
countries around the world, Verticillium wilt control is still
based on the use of resistant cultivars (Bender and Shoe-
maker 1984; Harrington and Dobinson 2000; Kawchuk ef al.
2001). However, this control can be difficult due to emer-
gence of new races, such as race 2 of V. dahliae, to which
resistant cultivars are absent (Fradin and Thomma 2006).

In view of health and environmental concerns about
chemical control methods which were largely used for Ver-
ticillium wilt control (Aghighi ef al. 2004), more attention
was focused on the environmental safe methods such as
steam sterilization, solarization and cultural practices (Con-
cibido et al. 1994; Lynch et al. 1997; Jansky and Rouse
2000; Pegg and Brady 2002; Jansky et al. 2004; Uppal ef al.
2007). Bio-suppression of Verticillium was achieved by
several rhizosphere-colonizing fungi and bacteria of the
genera Talaromyces, Trichoderma, Penicillium, Gliocla-
dium and Bacillus (Matta and Garibaldi 1977; Hall and
Scheiber 1984; Millar et al. 1984; Henni 1987; Kim et al.
1988; Globus and Muromtsev 1990; Ordentlich et al. 1990;

Berg et al. 1999; Alstrom 2000; D’Ercole et al. 2000;
Larena et al. 2003; Stinson et al. 2003; Aghighi et al. 2004).

As plant species are colonized by their native antago-
nists, bacteria and/or fungi, it is possible to increase the an-
tagonistic potential against target pathogens by introducing
these microorganisms as biocontrol agents (Berg et al. 2000,
2005).

Trichoderma, Gliocladium and Penicillium species are
important biocontrol agents due to hyperparasitism, compe-
tition for infection sites and capacity to produce several
antibiotic metabolites (D’Ercole et al. 2000). Gliocladium
species were largely used as antagonists of Verticillium spp.
and particularly G. roseum was successfully used for the
control of V. dahliae and reduction of microsclerotia viabi-
lity (Marois et al. 1984; Keinath et al. 1991; Fravel 1996).
Furthermore, an endophytic Gliocladium sp. isolate, ob-
tained from Eucryphia cordifolia, was shown to produce a
mixture of organic and volatile compounds with inhibitory
activity against V. dahliae (Stinson et al. 2003). Larena et al.
(2003) used Penicillium oxalicum for reduction of tomato
vascular wilts caused by V. dahliae and Fusarium oxyspo-
rum f. sp. lycopersici both under growth chamber and field
conditions. Moreover, Verticillium fungal antagonists in
Rostock region were found to be dominated by Penicillium
(Costa et al. 2006).

Isolation of potential biocontrol agents against the Ver-
ticillium wilt pathogen was reported to be possible from
several pathosystems including V. dahliae. In fact, from the
colza-V. dahliae pathosystem, Alstrom (2000) isolated,
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among other microorganisms, Trichoderma and Gliocla-
dium which are able to produce antimicrobial metabolites
and have an important competitive capacity. Narisawaa et
al. (2002) isolated an unidentified species of Fusarium,
Penicillium and Trichoderma showing antagonistic activity
against V. dahliae.

As native associate microorganisms, natural rhizosphere
and plant’s subterranean parts colonizers are likely more
promising for an efficient Verticillium biocontrol, the pre-
sent study focused on the use of endogenous Gliocladium
spp. and Penicillium sp., colonizing naturally vegetable
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
resting structures viability was also studied.

MATERIALS AND METHODS
Plant material

Verticillium susceptible (ve) tomato seeds 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 Agri-
cultural Product Quality, Tunisia.

Tomato seeds were superficially disinfected by immersion in
absolute ethanol for 2 min and 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 standard nutrient
solution according to Pharand et al. (2002). Experiments were per-
formed with 4-week-old tomato plants.

Pathogens

Three Verticillium species, V. dahliae, V. albo-atrum and V. tricor-
pus, were tested in the present study. They were obtained from
different host plants (Table 1) showing typical wilt symptoms and
vascular 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 inocula-
tion were prepared on PDB (Potato Dextrose Broth) and incubated
at 20°C during 4 to 5 days. The spore suspension 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.

For assessment and qualification of Gliocladium spp. and
Penicillium sp. effects on V. dahliae microsclerotia, pathogen ino-
culum was prepared on autoclaved perlite inoculated with a
mixture of liquid cultures (100 ml/flask) of V. dahliae isolates and
incubated at room temperature during three months before use.

Gliocladium spp.

Gliocladium catenulatum and G roseum isolates were obtained
from roots of several Verticillium host-plants (Tomato, eggplant,
potato and melon) and the monoconidial cultures were identified
according to the Kubicek and Harman (1998) key. Gliocladium
spp. isolates (three of G. catenulatum and two of G roseum) were
cultured at 25°C on PDA and stored at -20°C in a 10% glycerol
solution until use. Liquid cultures were prepared on PDB and the
spore concentration used was adjusted to 10" spores/ml.

Penicillium spp.

Two Penicillium sp. isolates, showing antibiosis zones in contact
of developing Verticillium and associate fungi colonies during
pathogen isolations, were used in the present study against three
Verticillium species. They 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.
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Table 1 Verticillium spp. isolates tested and their origins.

Verticillium species Isolates Original plant Origins
hosts

V. dahliae vdi3 Tomato Chott Mariem
Vdo66 Tomato Téboulba
Vvdos Tomato Chott Mariem
vdi4 Potato Nabeul
Vvd20 Potato Chott Mariem
Vvd28, vd29 Potato Sidi Bou Ali
Vd_g2 Potato Nabeul
Vdo4 Melon Chott-Mariem
Vds8 Eggplant Téboulba

V. tricorpus Vil Tomato Chott-Mariem
vt2 Potato Sidi Bouali
Vtl5 Melon Mahdia

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

Effect of Gliocladium spp. and Penicillium sp. on
mycelial growth of Verticillium spp.

The pathogen x antagonist in vitro interaction was studied fol-
lowing the dual culture method on PDA added with streptomycin
sulphate (300 mg/l). In fact, three agar discs (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. Gliocladium spp. and Penicillium sp. isolates were
placed at the centre of the Petri dish. Untreated control plates were
plated with pathogen discs only.

The mean diameter of the pathogen developing colonies was
noted after 9 days of incubation at 20°C. These in vitro dual cul-
ture studies were completed by several macroscopic and microsco-
pic observations of colonies confronted with antagonists for elu-
cidating 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 (Gliocladium spp.
and Penicillium sp. isolates and untreated controls) and Verticil-
lium spp. isolates were the fixed factors. Six replicates were used
per elementary treatment and means were separated using Fisher’s
protected LSD test (at p<0.05).

Effect of Gliocladium spp. and Penicillium sp. on V.
dahliae microsclerotia

Gliocladium spp. and Penicillium sp. isolates were tested for their
ability to inactivate the microsclerotia germination. In fact, 3 g of
a perlite previously colonized by V. dahliae was soaked for 30 min
in the liquid culture of each antagonist tested (10’ spores/ml),
washed with SDW and air dried at room temperature. The treated
perlite was crushed in mortar with 10 ml of SDW. The obtained
suspension of microsclerotia was sprayed on 2% agar medium (1
ml per Petri dish). Colonized perlite soaked in SDW only served
as untreated control.

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

Antagonists were also tested against V. dahliae germinating
microsclerotia by dual culture of Gliocladium spp. and Penicillium
sp. isolates with microsclerotia in the same Petri dish. The suspen-
sion of microsclerotia, obtained by crushing 1 g of colonized per-
lite with 5 ml of SDW, was filtered and 200 pl was sprayed on the
surface of the Petri dishes containing PDA medium. After incuba-
tion at 20°C during 7 days, agar discs (diameter 6 mm) of antago-
nist’s isolates were plated at the centre of the colonized Petri
dishes.

The antagonist x germinating microsclerotia interaction was
qualified, after 20 to 35 days of incubation at 20°C, via some
macroscopic and microscopic criteria.
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Effect of Gliocladium spp. and Penicillium sp. on
Verticillium wilt development and severity under
growth chamber conditions

A mixture of 10 V. dahliae isolates obtained from different host-
plants and regions (Table 1) was used for tomato inoculation. Fur-
thermore, due to the presence of intra-specific variations of the
antagonist potential previously recorded in vitro, a mixture of
isolates of each Gliocladium and Penicillium species was tested in
vivo in comparison to untreated and inoculated or non controls.

Antagonists tested were applied by watering the culture sub-
strate contained in each alveolus plate with 3 ml of mixed liquid
culture of the antagonist used (adjusted to 107 spores/ml). Control
peat was watered by a similar quantity of SDW. Disinfected tomato
seeds were sowed in these treated alveolus plates and placed in a
growth chamber (adjusted to 12-h photoperiod, 12-25 + 2°C tem-
perature and 70-90% relative humidity) during three weeks.

Before the final transplanting, roots were dipped for 30 min in
the similar mixed antagonist suspension used for peat treatment.
Treated plants were transplanted individually in pots (diameter 10
cm) containing a mixture of peat and perlite infested with V. dah-
liae microsclerotia (50 microsclerotia/g of mixed substrate).

Ten plants were used per elementary antagonistic treatment.
Ten untreated plants dipped in SDW only were transplanted in ste-
rile substrate or in substrate infested with V. dahliae served as un-
treated and inoculated or non controls, respectively.

Plants were maintained in a growth chamber at 15-30°C
during 60 days and regularly watered and fertilized with a nut-
ritious solution (Pharand ef al. 2002).

Verticillium wilt severity was estimated via the leaf damage
index and according to 0-4 scale (Jabnoun-Khiareddine et al.
2007). Plant height and the roots and stem fresh weights were
noted on 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
(Gliocladium spp. and Penicillium sp. isolates and untreated con-
trol) were the sole fixed factor. Ten replicates were used per ele-
mentary treatment and means were separated using Fisher’s pro-
tected 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 Gliocladium spp. and Penicillium sp. on
Verticillium wilt development and severity under
greenhouse conditions

Efficiency of Gliocladium spp. and Penicillium sp. against V. dah-
liae was also tested in a large-scale essay conducted, during the
2006-2007 agricultural campaign, in a field with tomato Verticil-
lium wilts history for several years ago at the domain of the High-

er 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 described in Jabnoun-Khiareddine et al. (2007).

Tomato seeds cv. ‘Ventura’ were sown in culture substrate
treated (as previously described) or not with Gliocladium spp. and
Penicillium sp. At the 3-4 leaf true stage, plants were dipped for 30
min, just before transplanting, in a conidial suspension of the
tested antagonists. Control plants were dipped in SDW. Plants
were transplanted directly in the soil under a plastic greenhouse
following six lines 80 cm a part with an inter-plant spacing of 40
cm. Plants were irrigated via a drip irrigation system. Fertilization
and the other cultural practices were the most commonly used for
tomato farming in the region.

Antagonist’s efficacy was assessed, 90 days post-transplanting,
via the roots and stem fresh weights and the Verticillium wilt seve-
rity. In fact, wilt severity was visually estimated via a vascular dis-
coloration index calculated based on a 0-5 scale (Jabnoun-Khia-
reddine et al. 2009).

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 (Gliocladium spp., Penicillium sp. and untreated
control) were randomly arranged into blocks. Means were sepa-
rated 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

Endogenous Gliocladium spp. and Penicillium sp. isolates
were tested in vitro, in vivo and in situ for their antagonistic
activity against Verticillium spp. causing tomato vascular
wilt in Tunisia.

Effect of Gliocladium spp. and Penicillium sp. on
mycelial growth of Verticillium spp. in vitro

Mean diameter of Verticillium spp. colonies, formed after 9
days of incubation at 20°C, depended on antagonistic treat-
ments tested and on pathogen’s isolates; a significant inter-
action was observed between both fixed factors at p<0.05.
In fact, Gliocladium spp. and Penicillium sp. isolates re-
duced 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
60% compared to the untreated control, was recorded in the
case of the isolate Vaal of V. albo-atrum treated with the
isolates Gel of G catenulatum and pc7 of Penicillium sp.

Table 2 Effect of Gliocladium spp. and Penicillium sp. isolates on the mean colony diameter (cm) of Verticillium spp. isolates observed after 9 days of

incubation at 20°C in comparison to the untreated controls

Verticillium isolates Co. G catenulatum G roseum Penicillium sp. Mean®"
Gel Ge2 Gce3 Grl Gr2 pe7 pel
V. dahliae
ds2 3.62 2.38 1.88 2.32 2.78 2.88 1.63 2.09 245¢
Vdi3 341 3 291 3.08 2.71 2.8 1.9 2.5 2.79b
Vd6o 3.28 2.83 1.79 2.51 228 2.92 1.83 2.08 244 ¢
V. tricorpus
Vil 3.95 2.73 3.77 2.96 3.56 3.26 2.62 3.28 326a
Vi3 4.06 333 3.19 1.7 2.94 2.38 2.01 3.49 2.89b
Vtls 3.93 3.05 233 2.74 2.93 3.54 223 3.08 298b
V.albo-atrum
Vaal 432 1.74 223 2.53 248 22 1.83 328 2.58¢
Vaa2 4.07 3.48 3.58 3.43 3.22 3.18 2.83 25 328a
Vaa3 3.14 1.64 2.62 2.85 2.72 2.3 1.57 2.63 243 ¢
Mean” 3.75a 2.68b 2.7b 2.68b 2.85b 2.83b 2.05¢ 2.77b

LSD (Verticillium spp. isolates x Treatments tested) = 0.48 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; Gel, Ge2 and Ge3: G catenulatum isolates; Grl and Gr2: G. roseum isolates; Pcl and Pc7: Penicillium sp. isolates; Vd82, Vd13 and Vd66: V. dahliae
isolates; Vtl, Vt3 and Vt15: V. tricorpus isolates; Vaal, Vaa2 and Vaa3: V. albo-atrum isolates.
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V. dahliae

Fig. 1 Competitive potential of Penicillium sp. against three Verticil-
lium species observed after 9 days of dual culture on PDA at 20°C in
comparison to the untreated controls.

G. catenulatum V. dahliae

V. albo-atrum | G. catenulatum V. albo-atrum

G. catenulatum

Fig. 2 Inhibition of formation of resting structures of Verticillium spp.
occasioned by two Gliocladium species observed after 9 days of incu-
bation at 20°C.

The mycelial growth reduction of Verticillium spp. iso-
lates varied depending on the antagonistic species tested
and between the Gliocladium spp. and Penicillium sp. 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 20 (treatment with G roseum Gr2) to

73

5. catenulatum

+ G. roseum

V. dahliae + G. roseum V. dahliae

Fig. 3 Melanin bleaching of V. dahliae colonies treated with two Glio-
cladium species compared to untreated control observed after 20 days
of incubation at 20°C.

55% (treatment with Penicillium sp. pc7). Furthermore, for
the same antagonistic treatment, as is the case of G catenu-
latum Gcl, mycelial growth inhibition, in comparison to the
untreated control, varied from 12 (V. dahliae Vd13 isolate)
to 60% (V. albo-atrum Vaal isolate). In the case of G
roseum Gr2, mycelial growth inhibition of V. tricopus iso-
lates ranged between 5 and 41%.

Verticillium spp. colonies, observed 9 days after dual
culture (Fig. 1) showed the important competitive potential
of the majority of Gliocladium spp. and Penicillium sp. iso-
lates used as only the isolate pc7 of Penicillium sp. induced
an antibiosis zone.

Figs. 1 and 2 illustrated not only the antagonist’s com-
petitive potential but also the significant reduction abun-
dance in resting structures of Verticillium spp. isolates com-
pared to the untreated controls. Furthermore, 9 days after
the dual culture Verticillium spp.-Gliocladium spp. or -Peni-
cillium sp., the dark typical colour (of melanin) of the res-
ting structures, microsclerotia, dark mycelium and chlamy-
dospores, disappeared progressively and turned to light
brown. This phenomenon was not observed on untreated
controls. Additionally to this sclerotinization inhibitory acti-
vity and discoloration, antagonists tested caused several
alterations of Verticillium spp. mycelium, at the confron-
tation zone, expressed by an important lysis and deforma-
tion (zigzag), formation of mycelial cords and reduction of
mycelium density and sporulation compared to the un-
treated controls.

Effects of Gliocladium spp. and Penicillium sp. on
V. dahliae microsclerotia

Germination of V. dahliae microsclerotia, exposed for 30
min to liquid cultures of antagonists tested and incubated at
20°C, was suppressed in contact of treatments applied com-
pared to the control microsclerotia treated with SDW only.
In fact, after 10-30 days of incubation at 20°C, V. dahliae
microsclerotia confronted with Gliocladium spp. and Peni-
cillium sp. lost their germinative potential and consequently
their viability.

Dual culture on PDA of Gliocladium spp. or Penicil-
lium sp. with mature and viable V. dahliae microsclerotia
revealed an important space colonizing potential of antago-
nists tested.

Furthermore, for colonizing a media already colonized
by V. dahliae, antagonists inhibited the pathogen scleroge-
nesis as treated germinating microsclerotia became incapa-
ble of forming secondary microsclerotia and mature micro-
sclerotia treated with antagonists progressively lost their
typical dark colour and turned to brown and finally to light
(Fig. 3). In addition, Gliocladium spp. and Penicillium sp.
also degraded the cell wall of microsclerotia which lost
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Fig. 4 Effect of treatments at planting with Gliocladium spp. and Penicillium sp. 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). NIC: untreated and uninoculated control, IC:
untreated and inoculated control, Gc: inoculated and treated with G catenulatum, Gr: inoculated and treated with G roseum, P: inoculated and treated with
Penicillium sp., 15°C <T< 30°C.

their typical mass form and became totally disintegrated  significantly comparable to that noted on uninoculated and

after 20 days of dual culture. untreated control (NIC) plants and it was reduced by more
than 68% in comparison to the inoculated and untreated

Effects of Gliocladium spp. or Penicillium sp. on control (IC) (Fig. 4).

tomato Verticillium wilt development under growth

chamber conditions Plant height

The efficiency of Gliocladium spp. or Penicillium sp. against ~ Tomato plant height, noted 60 days post-planting (Fig. 5),
V. dahliae in vivo was evaluated on wilt severity and plant  depended significantly on treatments tested. In fact, plants
growth compared to untreated but inoculated or non con-  treated with G catenulatum and Penicillium sp., showed an

trols (IC and NIC respectively). increase of about 27% of their height in comparison to the
inoculated and untreated control (IC). This increased plant
Leaf damage index height was significantly comparable to that noted on un-

inoculated and untreated control (NIC) plants.

All tomato plants, treated at planting with Gliocladium spp.

or Penicillium sp. spore suspensions and transplanted in ~ Root fresh weight

culture substrate infested with V. dahliae, showed typical

Verticillium wilt symptoms but uninoculated and untreated ~ Tomato root fresh weight, noted 60 days post-planting, did
(NIC) plants were symptomless. However, disease severity,  not significantly depend on treatments tested. However,
estimated via the leaf damage index (LDI), depended sig-  plants treated with G catenulatum, G. roseum and Penicil-
nificantly on treatments tested. In fact, the LDI, recorded 60  /ium sp. showed a slight increase of about 25% (Fig. 6),
days post-planting on cv. ‘Ventura’ tomato plants treated  even statistically insignificant, of their root fresh weight in
with G catenulatum, G. roseum and Penicillium sp., was  comparison to the inoculated and untreated control (IC) and
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Fig. 5 Effect of treatments at planting with Gliocladium spp. and Penicillium sp. on tomato cv. ‘Ventura’ plant height noted 60 days after trans-
planting in a culture substrate infested with V. dahliae in comparison to the controls. Bars with the same letter are not significantly different acco-
rding to Fisher's protected least significant difference LSD test (p<0.05). NIC: untreated and uninoculated control, IC: untreated and inoculated control,
Gc: inoculated and treated with G catenulatum, Gr: inoculated and treated with G roseum, P: inoculated and treated with Penicillium sp., 15°C <T< 30°C.
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Fig. 6 Effect of treatments at planting with Gliocladium spp. and Penicillium sp. on tomato cv. ‘Ventura’ root fresh weight noted 60 days after
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). NIC: untreated and uninoculated control, IC: untreated and inoculated
control, Ge: inoculated and treated with G catenulatum, Gr: inoculated and treated with G roseum, P: inoculated and treated with Penicillium sp., 15°C
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Fig. 7 Effect of treatments at planting with Gliocladium spp. and Penicillium sp. on tomato cv. ‘Ventura’ stem fresh weight noted 60 days after
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). NIC: untreated and uninoculated control, IC: untreated and inoculated
control, Ge: inoculated and treated with G catenulatum, Gr: inoculated and treated with G roseum, P: inoculated and treated with Penicillium sp., 15 <T<

30°C.

which was comparable to that noted on uninoculated and
untreated (NIC) plants.

Stem fresh weight

Tomato stem fresh weight, noted 60 days post-planting,
depended significantly on treatments tested. In fact, plants
treated with G catenulatum, G roseum and Penicillium sp.
showed increased stem fresh weight, by more than 41% in
comparison to the inoculated and untreated control (IC)
plants, which was significantly comparable to the untreated
and uninoculated (NIC) plants. Plants treated with G roseum
showed a stem fresh weight significantly similar to that
noted on inoculated and untreated control plants (Fig. 7).

For all treatments tested, except for the untreated and
uninoculated control (NIC), a vascular discoloration was
observed on roots, collar and the stem base and the pathogen
presence was confirmed after re-isolation on PDA from col-
lar and stem.
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Effects of Gliocladium spp. or Penicillium sp. on
tomato Verticillium wilt development under
greenhouse conditions

The inhibitory activity of Gliocladium spp. and Penicillium
sp. against V. dahliae, previously assessed 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 untrea-
ted control.

Discoloration index

The Verticillium wilt severity, estimated via a discoloration
index noted 90 days after transplanting, depended signifi-
cantly on treatments tested. In fact, the discoloration index
noted on tomato plants treated at planting by G catenulatum,
G. roseum and Penicillium sp. was significantly reduced by
more than 54% compared to the untreated and infested con-
trol (IC) (Fig. 8). The most important reduction of this para-
meter, of about 74% in comparison to the untreated control,
was recorded on tomato plants treated with G roseum.
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Fig. 8 Effect of treatments of tomato plants cv. ‘Ventura’ at planting with Gliocladium spp. and Penicillium sp. on the discoloration index noted 90
days after their transplanting in a naturally infested soil with ¥ dahliae in comparison to the untreated control. Bars with the same letter are not
significantly different according to Fisher's protected least significant difference LSD test (p<0.05). IC: infested and untreated control, Ge: infested and
treated with G catenulatum, Gr: infested and treated with G roseum and P: infested and treated with Penicillium sp.
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Fig. 9 Effect of treatments of tomato plants cv. ‘Ventura’ at planting with Gliocladium spp. and Penicillium sp. on the roots fresh weight noted 90
days after their transplanting in a naturally infested soil with ¥ dahliae in comparison to the untreated control. Bars with the same letter are not
significantly different according to Fisher's protected least significant difference LSD test (p<0.05). IC: infested and untreated control, Ge: infested and
treated with G catenulatum, Gr: infested and treated with G roseum and P: infested and treated with Penicillium sp.

Root fresh weight

Tomato root fresh weight, noted 90 days post-planting (Fig.
9), did not significantly depend on treatments tested. How-
ever, plants treated with Penicillium sp. showed an increase
of about 42%, even statistically insignificant, of their roots
fresh weight in comparison to the untreated and infested
control plants (IC).

Stem fresh weight

Tomato stem fresh weight, noted 90 days post-planting (Fig.
10), did not significantly depend on treatments tested. How-
ever, plants treated with G catenulatum, G roseum and
Penicillium sp. showed an increase by more than 16%, even
statistically insignificant, of their stem fresh weight in com-
parison to the untreated control (IC). Plants treated with
Penicillium sp. showed an increase, of about 42%, of their
stem fresh weight in comparison to the untreated and in-
fested control.
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DISCUSSION

Biocontrol of Verticillium via enhancement of
microbial interactions in the rhizosphere

Endogenous agents, considered ecologically more adaptable,
were extensively used for the biocontrol of soil-borne plant
pathogens (Narisawaa ef al. 2000) as they are able to mine-
ralize nutrients, present at the root system zone, and to
affect the competitive ability of target microorganisms such
as V. dahliae (Alstrom 2000). In fact, several bacterial and
fungal agents such as Trichoderma, Gliocladium, Penicil-
lium and Bacillus were reported to be potential antagonists
of V. dahliae (Narisawaa et al. 2002; Stinson et al. 2003). In
a previous study, Jabnoun-Khiareddine er al. (2009) ob-
tained promising and original results with endogenous 7vi-
choderma spp. isolates for tomato Verticillium wilt biocon-
trol under growth chamber and greenhouse conditions. In
the present study, the antagonistic potential of endogenous
Gliocladium spp. and Penicillium sp. isolated from several
vegetable plants was investigated.
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Fig. 10 Effect of treatments of tomato plants cv. ‘Ventura’ at planting with Gliocladium spp. and Penicillium sp. on the stem fresh weight noted 90
days after their transplanting in a naturally infested soil with ¥ dahliae in comparison to the untreated control. Bars with the same letter are not
significantly different according to Fisher's protected least significant difference LSD test (p<0.05). IC: infested and untreated control, Ge: infested and
treated with G catenulatum, Gr: infested and treated with G roseum and P: infested and treated with Penicillium sp.

Effects of Gliocladium spp. and Penicillium sp. on
pathogen mycelial growth

In vitro dual cultures of the endogenous agents tested were
conducted with three Verticillium species representing the
parasitic complex actually involved in the tomato Verticil-
lium wilt development in Tunisia (Jabnoun-Khiareddine et
al. 2005, 2007). In fact, Gliocladium catenulatum, G
roseum and Penicillium sp. isolates tested reduced the radial
growth of V. dahliae, V. albo-atrum and V. tricorpus in com-
parison to their relative untreated controls.

This mycelial growth reduction was considered as a
reliable character for microbial antagonism against fungal
microorganisms (Hall and Schreiber 1984; El Abyad et al.
1993). Moreover, present results are in agreement with pre-
vious records on the antagonistic effect of Penicillium sp.
against Verticillium (Larena et al. 2003; Regragui 2005).

The mycelial growth reduction, noted in the present
study, was mainly due to the important competitive poten-
tial of Gliocladium spp. and Penicillium sp. isolates, as
antibiosis zone was noted with one Penicillium sp. isolate
only. These antagonists tested caused several alterations of
Verticillium spp. mycelium at the confrontation zone. Simi-
lar results were reported by Dutta (1981) who found that
Trichoderma viride and Gliocladium spp. suppressed the
mycelial growth of V. albo-atrum by penetration and inva-
sion whereas Penicillium chrysogenum inhibited pathogen
growth via an antibiosis mechanism. Furthermore, although
hyphal coiling of Gliocladium and Penicillium around Verti-
cillium spp. hypha was not observed, their attachment to
pathogen’s mycelium was noted. Huang (1978) reported
that G catenulatum inhibited Sclerotinia sclerotiorum and
Fusarium spp. via direct contact without penetration and
caused disintegration of affected cells. However, other au-
thors showed that G catenulatum isolates were able to coil
around and to penetrate Rhizoctonia solani (Turhan 1990)
and Botrytis cinerea hyphae (Simay 1988). Moreover, Glio-
cladium species were shown to produce hydrolytic enzymes
such as chitinases and B-1,3-glucanases (Mcquilken et al.
2001) as well as a mixture of organic volatile compounds
with antifungal activities (Stinson et al. 2003).

Effects of Gliocladium spp. and Penicillium sp. on
the sclerogenesis process

Additionally to the inhibitory activity of the sclerotinization
process and to the reduced abundance of resting structures
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of Verticillium spp., the present study showed intra- and
inter-specific variations of the antagonistic potential of
Gliocladium spp. and Penicillium sp. used. Furthermore, 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 SDW only. Furthermore, ger-
minating microsclerotia dual cultured with Gliocladium spp.
and Penicillium sp. isolates became incapable of germi-
nating, and mature microsclerotia progressively lost their
typical dark colour. Similar results were reported in Keinath
et al. (1991) studies where three different isolates of G
roseum had reduced by 100% the viability of V. dahliae
microsclerotia when added to a non sterile soil. In the same
way, Hadar and Gorodecki (1991) found that germination of
Sclerotium rolfsii sclerotia, added to peat previously mixed
with Penicillium sp. mycelium during 7 days was reduced
by 90%.

Additionally to their effect on germination of micro-
sclerotia, antagonists tested in the present study were also
able to affect the resting structures of V. dahliae during their
different development stages. In fact, Gliocladium spp. tes-
ted were shown to be highly competitive on colonized PDA
contrary to Penicillium sp. isolates. In fact, for colonizing a
media previously invaded by V. dahliae, Gliocladium spp.
isolates caused important damage to pathogen microsclero-
tia affecting their structure and/or their form. These altered
microsclerotia progressively lost their typical dark mela-
nized colour, progressively bleached and became finally
transparent. Treated microsclorotia lost their form, became
degraded and disintegrated due to the cell wall lysis. These
results revealed the probable involvement of a melanolytic
activity displayed by G roseum and G catenulaum isolates
against V. dahliae microsclerotia. A similar effect was ob-
served by Keinath et al. (1991) on microsclerotia exposed
to G roseum.

The degradation of fungal melanin was also reported by
several authors. In fact, El Bassam et al. (2002) found that
Microsphaeropsis ochracea became attached to Venturia
inequalis melanin via the formation of lytic compounds.
De-Cal and Melgarejo (1994) also reported similar melanin
attraction exerted by Penicillium frequentans against V. ine-
qualis. Furthermore, Trichoderma spp., Penicillium spp.,
Fusarium spp., Coniothyrium minitans, Gliocladium virens
and Sporidesmium schrotivorum were able to colonize, deg-
rade and destroy Sclerotinia spp. and Sclerotium spp. scle-
rotia as shown for V. dahliae microsclerotia (Artigues and
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Davet 1984; Gracia-Gracia et al. 1997; Tsahouridou and
Thanassoulopoulos 2001).

Besides the inhibition of microsclerotia germination and
the melanin degradation, antagonistic activity of Gliocla-
dium spp. was also expressed by a delay in the sclerogene-
sis process and consequently, the formation of new micro-
sclerotia. In fact, these antagonists inhibited melanin forma-
tion and reduced its level in the recently formed microscle-
rotia. Similar conclusions were reported by Tjamos (2000)
and Madi et al. (1997) during the Talaromyces flavus X V.
dahliae interaction. Moreover, Madi et al. (1997) suggested
that the prevention of the melanization process can affect
microsclerotia survival in the soil by increasing their vulne-
rability to ultraviolet radiation and to microbial antagonists.

Effects of Gliocladium spp. and Penicillium sp. on
Verticillium wilt severity

The in vivo and in situ evaluation of endogenous fungi
tested showed that all cv. “Ventura’ tomato plants, treated at
planting with Gliocladium spp. and Penicillium sp. spore
suspensions and inoculated with V. dahliae, showed after 60
days of culture under growth chamber conditions, reduced
Verticillium wilt severity, in comparison to inoculated con-
trol plants. Moreover, under greenhouse conditions, the dis-
coloration index noted on tomato plants treated prior their
plantation in a naturally infested soil was significantly
reduced compared to untreated control. Similar Fusarium
and Verticillium wilt severity reduction was noted when
Penicillium oxalicum was watered, as spore suspension, to
tomato plants 7 days prior to transplanting (Sabuquillo et al.
2005, 2000).

Although Keinath er al. (1991) found that G roseum
and G catenulatum were more efficient when added to soil
at high rates (1%), endogenous antagonists, tested in the
present study, were shown to be efficient even when added
to the culture substrate (nursery stage) and applied by plant
watering with spore suspension prior transplanting. This
method of antagonist application led to a significant reduc-
tion of Verticillium wilt severity both under growth cham-
ber (artificial inoculation) and greenhouse conditions (natu-
ral infection). The application method of biocontrol agents,
the treatments number (applications) and the adaptation
potential of selected strains, to different environments, were
shown to be crucial factors for efficiency improvement
(Minuto et al. 2006). Introduction of antagonists prior trans-
planting into culture substrate favoured their establishment
around subterranean plant parts (subterranean plants tissues
and rhizosphere); thus, pathogen internal and external prog-
ress was prevented and its spread reduced (D’Ercole et al.
2000). In the same way, Dutta (1981) found that application
of Trichoderma viride, Penicillium chrysogenum, Penicil-
lium sp. and Gliocladium spp. culture filtrates, via root
dipping method, was more efficient for Verticillium wilt
biocontrol. In the present study, previous substrate coloniza-
tion and root dipping with antagonist’s spore suspension
inhibited the in vivo expression of V. dahliae and conse-
quently wilt severity. Furthermore, the period between anta-
gonistic treatment and the subsequent infection occurrence
seemed to be necessary for improvement of biocontrol
agent’s efficacy. This period depended on Verticillium %
host-plant interactions and on biocontrol agents. In fact, a
short period was shown to be necessary for protection of
lucerne with G roseum and of cotton with Talaromyces
flavus (Millar et al. 1984; Murray et al. 1997).

Effects of Gliocladium spp. and Penicillium sp. on
plant growth

Increased height and root and stem fresh weights were
noted on tomato plants treated with antagonists tested in
comparison to the inoculated and untreated control plants
under growth chamber conditions. Moreover, even under
greenhouse conditions, plants treated with Penicillium sp.
showed, in the present study and after 90 days of culture, an

78

increase of more than 40% of their roots and stem fresh
weights in comparison to the untreated control. Similarly,
Dutta (1981) found that application of Trichoderma viride,
Penicillium chrysogenum, Penicillium sp. and Gliocladium
spp. culture filtrates, via root dipping method, enhanced
plant vigour and height and increased yield. Moreover,
Penicillium oxalicum was also shown to induce resistance
in tomato plants inoculated with F. oxysporum f. sp. lyco-
persici (Sabuquillo et al. 2005, 2006).

Finally, given the significant reduced Verticillium wilt
severity, the enhanced plant growth achieved and the impor-
tant damage occasioned on pathogen resting structures by
using Gliocladium spp. and Penicillium sp. isolates, these
endogenous fungi-Verticillium spp. interactions should be
elucidated via histopathological studies (for resistance in-
duction assessment), via surveys of soil infectious potential
(microsclerotia population in the soil) before and after treat-
ments, disease incidence and consequently impact on yield
of several vegetable crops including tomato.
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