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Introduction

Leguminous plants are widely consumed all
over the world. They are used to compensate for a
lack of animal protein in the diet, especially by
vegetarians. Broad bean and lupine are among the
most important sources of non-animal proteins.
These two crops are intensively utilized in Egypt
as dry and green seeds. Both plants are subject to
fungal diseases wherever they are grown. Fusari-
um wilt is a limiting factor that reduces yield. This
disease is conventionally controlled by chemical
fungicides, but as these crops are used for human
and animal consumption, chemical fungicides rep-
resent hazardous choice for disease control. In-
stead, biological control offers a safer alternative
way for disease control and the production of blem-
ish-free plants. Many microorganisms have been
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tested for their potential as biocontrol agents. Tri-
choderma and Bacillus are commonly used to con-
trol many plant diseases.

The aim of this study was to evaluate the abili-
ty of T. pseudokoningii and B. subtilis to control
Fusarium wilt of broad bean and lupine. Another
aim was to test the interaction between the two
antagonists in the field, and to discuss their role.

Materials and methods
Host, pathogen and biocontrol agents

The hosts used in this investigation were Vicia
faba L. cultivar Giza 2 (broad bean) and Lupinus
termis Folk. cultivar Giza 2 (lupine). The two wilt
pathogens, Fusarium oxysporum f. sp. fabae Yu &
Fang (Fof) and F. oxysporum f. sp. lupini Snyder &
Hansen (Fol), were isolated previously from infect-
ed plants. They were identified according to Booth
(1977) and were evaluated for their pathogenicity
to their respective crop. The biocontrol candidates
Trichoderma pseudokoningii Rifai and Bacillus
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subtilis (Ehrenberg) Cohn were isolated from the
soil of the Botanical Garden of the Botany Depart-
ment, Faculty of Science, Suez Canal University,
Ismailia, Egypt, where the field experiments were
conducted. All the organisms were maintained on
potato dextrose agar (PDA) slopes until use.

Delivery of biocontrol agents

An experiment was designed to select the most
suitable means of applying the candidate biocon-
trol organisms. This experiment was carried out
in 30-cm diameter pots, each containing 5 kg nat-
urally infested soil. The pots were divided into 3
groups. The first group of pots was planted with
seeds coated with either T. pseudokoningii or B.
subtilis. In the second group the top 5 cm of the
soil was thoroughly mixed with wheat bran inocu-
lated with either T. pseudokoningii or B. subtilis.
The third group served as a control and did not
receive any treatment. The last two groups were
seeded with uncoated broad bean seeds.

Field experiment

The field experiment was carried out in the
Botanical Garden of the Suez Canal University,
in a plot that had a long history of vegetable and
cereal cropping since it was regularly cultivated
with various leguminous and cereal crops neces-
sary for running the educational courses, such as
morphology, pathology, economic botany, etc. The
previous crop had been peanuts preceded by kid-
ney beans and tomato. Some physical and chemi-
cal properties of the soil are given in Table 1.
Though this field may harbour several pathogens,
in this investigation we focused only on F. oxyspo-
rum. To evaluate the biocontrol capability of the
candidate organisms, the seed coating technique
(Windles and Kommedahl, 1982; Taylor et al.,
1994; Zhang et al., 1996) was adopted since this
technique was found to be the most suitable means
of application. The candidate organisms were
grown on PDA medium for an appropriate period
of time, then the spores of T. pseudokoningii and
the cells of B. subtilis were harvested by flooding
the culture with sterile distilled water (SDW).
Each candidate was separately mixed with steri-
lized carboxymethyl cellulose (CMC). The mix-
tures were intermingled with either broad bean
or lupine seeds, and left to dry under aseptic con-
ditions. The seeds thus coated were planted in

naturally infested plots in the Botanical Garden of
the Botany Department. Two controls were used,
one of seeds coated with the fungicide Vitavax (2,3-
dihydro-5-carboxanilido-6-methyl-1,4-oxathiin) (3
g kg-1 seed), and one of seeds coated with CMC only.
The experimental design was a randomized com-
plete block with four replicates.

Efficacy of antagonists in vitro

The interaction between the pathogen and the
candidate antagonists was examined in dual cul-
ture. Both competitors were grown 4 cm apart on
PDA dishes. The dishes were inoculated with 2
discs (5-mm diam) taken from the edge of 10-day
old culture, except for Bacillus where the discs were
taken after 24 h. The dishes were incubated at 28°C
in the dark for a sufficient length of time to clarify
the type of interaction. Depending on the growth
rate of the opponents, the one growing more slow-
ly was plated earlier than the one with faster
growth.

The candidate organisms were also grown, sin-
gly or in combination with each other, in Czapek’s
yeast extract broth (CYEB). It should be noted that
B. subtilis was grown in nutrient broth (NB) as
well. Aliquots of 100 ml were dispensed in 250-ml
Erlenmeyer flasks; each flask received a 1 ml cfu
suspension of either candidate (105 cfu ml-1). After
a period of incubation, the broth was sterilized
through a 0.22 mm Millipore filter. The effect of
the filtrate was tested with the bore–diffusion

Table 1.  Physical and chemical properties of the soil
used in the experiment.

Parameter Value

Sand (%) 94.5
Silt (%) 2.50
Clay (%) 3.00
Texture Sandy
pHa 8.04
CaCO (%) 0.55
Ece (dsm-1)b 1.40
Organic (g kg -1 soil) 1.05
Total N (g kg -1 soil) 0.09
Available N (mg kg -1 soil) 6.45
Available (mg kg -1 soil) 4.08

a In soil-water suspension 1:2.5.
b In soil saturation extract.
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method. It was tested either immediately, as fresh
filtrate, or after being stored for four weeks in a
refrigerator. Non-inoculated CYEB and SDW were
used as controls.

Statistical analysis

Results were subjected to ANOVA and treat-
ments were separated using the least significant
differences (LSD) test (SAS, 1988).

Results
Delivery of biocontrol agents

Seed coating was superior to soil amendment
for wilt control, giving a higher percentage of
healthy plants (HP) with both biocontrol candi-
dates. Nevertheless, even soil amendment achieved
a highly significant improvement compared with
the control (14% HP). B. subtilis was more effec-
tive than T. pseudokoningii. With B. subtilis 81%
of plants were healthy, while with T. pseudoko-
ningii the percentage of HP was only 77% (Fig. 1).

Field experiment

Both T. pseudokoningii and B. subtilis signifi-
cantly reduced percent disease incidence in the

field. They allowed the development of about 75.2%
of HP. Each biocontrol agent was effective when
applied alone. Trichoderma was highly effective in
the control of Fusarium wilt of leguminous plants,
causing about 66.1% HP compared with 33.3% HP
in the control. B. subtilis was also effective against
F. oxysporum, leading to about 61.4% HP. Howev-
er, a mixture of these agents was most effective in
wilt control. Although the two pathogens differed
in their response, the difference between them was
not significant. The biocontrol candidates were
more effective than the chemical fungicide Vitavax,
which gave 57.2% of HP, while the biocontrol mix-
ture gave 75.2% (Table 2).

In vitro interaction of pathogens and candidates

Dual culture
When pathogens and candidates were paired

in vitro, they showed two types of interactions:
1. mycoparasitism, in which Trichoderma parasit-
ized F. oxysporum and overgrew the pathogen col-
ony, restricting its growth; and 2. inhibition of
Fusarium through the production of antifungal
compounds. Both biocontrol candidates stopped the
Fusarium some distance away from their own col-
onies.

Fig. 1. Pot evaluation of the effect of the means of application (seed coating; soil amendment) of two biocontrol
agents (Bacillus subtilis, Trichoderma pseudokoningii) on the percentage of healthy plants (% HP) of broad bean
grown in Fusarium infested soil. In the control the seeds did not receive any treatment. LSD=1.1658.  Means with
the same letter are not significantly different (P=0.05).

Biocontrol agent mode of application
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Effectiveness of the culture filtrates

To ensure the inhibition effectiveness of the bio-
control candidates, their filtrates were tested
against both pathogens with the bore diffusion
method. Trichoderma filtrate was more effective
against both pathogens than Bacillus filtrate (Fig.
2). It was noticed moreover that a mixture of the
filtrates of the two candidates was less effective
than each one applied alone. Filtrate effectiveness,
particularly that of Bacillus, decreased significant-
ly after storage.

On the other hand the nutrient media had a
strong influence on the effectiveness of the candi-
dates. Filtrate of B. subtilis grown in NB more
strongly inhibited both pathogens than B. subtilis
filtrate derived from CYEB (Fig. 3).

Discussion

 When using biocontrol agents to suppress path-
ogens, it is vital to introduce the agents into the
soil in such a way as most likely to disturb the

Table 2. Field assessment of the effectiveness of biocontrol agents in controlling Fusarium oxysporum causing wilt
of broad bean and lupine, expressed as a percentage of healthy plants.

Healthy plants (%)
Treatment

Broad bean Lupine Overalla

F.  oxysporum 28.6 37.9 33.3 d
T. pseudokoningii 67.9 64.3 67.0 b
B. subtilis 62.4 60.3 61.4 bc
Mixture of the two biocontrol agents 73.6 76.8 75.2 a
Vitavax 56.6 57.71 57.2 c

a LSD=7.5559. Means with the same letter are not significantly different (P=0.05).

Fig. 2. Effect of filtrate of the biocontrol agents on the growth of the pathogens in vitro (expressed as clear zone
diameter). LSD=1.2902. Means with the same letters are not significantly different (P=0.05). Tp, Trichoderma pseudo-
koningii; Bs, Bacillus subtilis; M, Mixture of these two organisms; Fof (fr), Fusarium oxysporum f. sp. fabae, fresh
filtrate;  Fol (fr), F. oxysporum f. sp. lupini, fresh filtrate; Fof (st), F. oxysporum f. sp. fabae, stored filtrate; Fol (st),
F. oxysporum f. sp. lupini, stored filtrate.
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microbial status in the spermosphere and rhizo-
sphere of heavily infested soils. Although soil treat-
ment with antagonist-inoculated wheat bran pro-
duced a high percentage of healthy plants, it was
less effective than coating the seeds with the bio-
control agents. A wheat bran formulation may pro-
vide a nutrient source for resident mycobiota and
other microorganisms to antagonize the biocontrol
agents in their turn (Ristaino et al., 1994; Nagt-
zoam and Bollen, 1997). Coating seeds of broad
bean and lupine with T. pseudokoningii and B. sub-
tilis effectively controlled the wilt caused by Fusa-
rium oxysporum. Seed coating is the most suitable
method for biocontrol in both the spermosphere and
the rhizosphere, where colonization of seeds and
roots is very fast and extensive in a few hours, and
is complete in a few days (Callan et al., 1990; Lewis,
1991) since the seed-coating agents will be the first
colonizers (Windels, 1981; Nagtzoam and Bollen,
1997) and will move along the growing roots (Nag-
tzoam and Bollen, 1997).

The complexity of the soil ecosystem is a con-
straint that makes the biological control of root
pathogens by means of antagonists a challenge
(Pierson and Weller, 1994). The biocontrol organ-
isms may become subject to the inimical behavior
of other resident microorganisms (Paulitz et al,
1987; Seifert, 1988). To ensure good establishment
of introduced candidates, they must be able to re-

sist any metabolites secreted by other resident or-
ganisms. For this reason it is preferable to use
native candidates rather than introduce foreign
agents; native candidates have a better chance to
be the first colonizer of the seeds (Cook, 1993).

Xifildou et al. (1998) found that Trichoderma
spp. only lowered disease incidence when they were
inoculated simultaneously with F. oxysporum, but
that they effectively suppressed F. oxysporum when
inoculated either before or after the pathogen
(Michereff et al., 1995). The success of Trichoder-
ma as a biocontrol agent is partly due to its pro-
duction of a large variety of metabolites with di-
verse functions, to its aggressive growth, and to
its hyperparasitism. The data of the present study
indicate that mycoparasitism and antibiosis are
two possible ways by which Trichoderma acts as a
biocontrol agent.

Many Bacillus species have been used either
alone or in combination to control fungal patho-
gens (Guetsky et al., 2002; Yan et al., 2002; Falco-
ni et al., 2004). This can be attributed to a variety
of mechanisms: the induction of systemic resist-
ance, the promotion of host growth (Jacobsen et
al., 2004; Kloepper et al., 2004) and/or antibiosis.
The present study suggests that antibiosis was the
control mechanism displayed by B. subtilis.

Given that the establishment of a threshold
density for an antagonist is a key factor for biolog-

Fig. 3. Effect of the culture  medium on the activity of the biocontrol agent (expressed as clear zone diameter).
LSD=0.4442. Means with the same letters are not significantly different (P=0.05). NB, Nutrient broth, CYEB,
Czapek’s yeast extract broth; Fof,  Fusarium oxysporum  f. sp. fabae. Fol,  Fusarium oxysporum f. sp. lupini.
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ical control, the use of mixtures of antagonists is a
logical approach. Mixtures mimic a community
more closely and exhibit multiple mechanisms of
disease suppression (Sneh et al., 1984; Raaijmak-
ers et al., 1995; Duffy et al., 1996; Schisler et al.,
1997). In the present study, a combination of the
two candidates reduced disease incidence (with
75.2% HP) more than either candidate used alone.
This could be attributed to a synergistic interaction
between the component antagonist organisms. Ac-
cording to Pierson and Weller (1994), the greater
activity of a mixture is due to the biodiversity of the
component organisms used. Subsequently mixtures
are also more effective colonizers of the root and
display a wider variety of traits inhibiting disease.
The antagonists studied here may exhibit two mech-
anisms: mycoparasitism and antibiosis in a syner-
gistic way. The occurrence of multiple mechanisms
has also been suggested for other biocontrol agents
(Dennis and Webster, 1971; Chang et al., 1986; Wind-
ham et al., 1986; Duffy and Weller, 1999; Yedidia et
al., 2000; Tsahouridou and Thanassoulopoulos, 2001
a, b; Guetsky et al., 2002; Yan et al., 2002). There-
fore using different antagonists in a mixture is a
reliable means to reduce fluctuation and increase
the reliability of biological control, and to control a
wider range of pathogens (Larkin and Fravel, 1998;
Guetsky et al., 2001), especially when the antago-
nists have different ecological and nutritional re-
quirements as well as different mechanisms of ac-
tion. In the present study, a mixture of antagonists
was also superior to fungicides, including the fun-
gicide Captan (Mao et al., 1997).

The durability of biocontrol agents may limit
their application. In this study, the storage of me-
tabolites impaired their effectiveness against F.
oxysporum. Howell (1991) reported that the potency
of Trichoderma species may be impaired by stor-
age at ambient temperature. The duration of stor-
age is a factor determining how long a biocontrol
agent will remain commercially viable (Becker and
Schwinn, 1993).

On the other hand, the starting media also have
a strong influence on the biocontrol effectiveness
of potential antagonists. In this study, Bacillus
grown on NB was more active than Bacillus grown
on Czapek’s yeast extract broth. Larena et al. (2002)
likewise found that the method of producing bio-
control agents strongly affected its effectiveness
and shelf life.

Due to their biological properties the biocontrol
agents studied offered good prospects for integrat-
ed disease management. However, human safety,
effectiveness under commercial conditions and sta-
bility of action are important points that should be
clarified before these antagonists can be consid-
ered to be powerful plant protectants.
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