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Abstract - The antagonistic activities of 20 Bacillus isolates were tested with dual culture and greenhouse conditions 
against Fusarium oxysporum f. sp. radicis-lycopersici (FORL) race 0, the causal agent of Fusarium crown and root rot of 
tomato. Under dual culture, 10 isolates inhibited mycelial growth > 38% and the most effective inhibited fungal growth > 
50%. The 20 Bacillus isolates were tested for production of volatiles, cyanide, antibiotics, and phosphorus solubilisation; 
15 isolates produced volatiles that inhibited growth of pathogens, 9 isolates produced cyanide, 10 produced antibiotics, and 
five solubilised phosphorus. Greenhouse experiments with the same 20 isolates revealed the effectiveness of 12 strains, 
which increased the percentage of healthy plants in the tested cultivar from 66 to 96%. The best disease control was 
achieved by isolates B11, B5, B17, and B18. However, B11 and B17 were the only isolates that produced cyanide, antibiot-
ics, solubilised phosphate and showed 44% inhibition of fungal growth. The selected strains could be considered in plant 
growth promotion and biological disease control.

Key words: biocontrol, Fusarium root rot, tomato, Bacillus sp., seed bacterization.

INTRODUCTION

Fusarium crown and root rot of tomato, which is caused by 
Fusarium oxysporum f. sp. radicis-lycopersici (FORL), was discov-
ered in Japan (Yamamoto et al., 1974), and subsequently identi-
fied in many other regions, including North America, Europe, and 
Israel. In the United Kingdom, the disease was identified in 1988 
(Hartman and Fletcher, 1991) and was subsequently confirmed in 
several nurseries (Green et al., 2003). An increase in early injury 
to the roots and collar of tomato plants caused by FORL was also 
observed in Tunisia (Hajlaoui et al., 2001).
 Fusarium crown and root rot of tomato is an important soil-
borne disease, with the potential to limit productivity in green-
houses and open fields. Yield losses were ranged from 20-60% 
(Jarvis et al., 1983). Chemical fungicides are typically used to 
manage the disease; however, repeated applications may be 
responsible for the appearance of fungicide-resistant strains 
of the bacteria (Benhamou and Belanger, 1998; Sierotzki and 
Ulrich, 2003).

 Biological control of Fusarium crown and root rot of tomato, 
in the form of natural microbial populations in soils, has been 
recognized for over 70 years (Fravel et al., 2003). Biological 
control in these ‛supportive’ soils primarily results from antago-
nistic and competitive abilities of natural microbial communities 
and is generally recognized to be among the best and most suc-
cessful examples of biological controls (Cook and Baker, 1983). 
The potential of applying domestic compost to control crown 
and root rot of greenhouse-grown tomato caused by FORL was 
investigated by Pharand et al. (2001) and Reuveni et al. (2002). 
Indeed, several organisms antagonistic to soil-borne root path-
ogens have been isolated from composts (Suarez-Estrella et al., 
2007).
 Bacillus spp. are attractive candidates for biological control 
agents because they produce active antagonistic metabolites, 
are abundant in soils, and readily form endospores that survive 
under adverse environmental conditions (Handelsman et al., 
1990; Silo-Suh et al., 1994). Bacillus spp. are well known antibi-
otic producers with antagonistic activity against fungal and some 
bacterial pathogens (Krebs et al., 1998; Yu et al., 2002) and 
these traits appear to contribute to establishment and persist-
ence of the antagonist in the plant (Krebs et al., 1998). Bacillus 
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spp. generate spores that are easily formed, and have high 
viability compared to vegetative cells (Bochow et al., 1995).
 In addition to their antibiotic properties, Bacillus spp. 
enhance their antagonistic effects against fungal pathogens by 
competition or exploitation, which includes predation and direct 
parasitism (Muninbazi and Bullerman, 1998; Walker et al., 
1998). Parasitism is expressed through degradation of the cell 
walls of pathogenic fungi and relies on the production of extracel-
lular lytic enzymes. For example, several Bacillus species produce 
enzymes that degrade chitin, the insoluble linear polymer of 
-1,4-N-acetylglucosamine, which is the second most abundant 

polysaccharide in nature and a major component of most fungal 
cell walls (Bottone and Peluso, 2003). Not surprisingly, many of 
these species are also potential biocontrol agents against fungi.
 We tested Bacillus isolates for production of volatiles, cyanide, 
antibiotics, and phosphorus solubilisation. Volatiles produced by 
bacteria can influence both fungal mycelial growth rate and 
enzyme activity (Fiddaman and Rossall, 1993) and inhibit spore 
germination in a variety of fungal species (Mackie and Wheatley, 
1999). Cyanide is a volatile inhibitor of microbial growth (Bakker 
and Schippers, 1987). As already mentioned, some bacterial 
antagonists produce antifungal antibiotics (Sadfi et al., 2002). 
Most of these antibiotics are cyclic peptides composed entirely of 
amino acids, but some may contain other components (Katz and 
Demain, 1977). Phosphate solubilisation consists of liberating 
soluble phosphorus from insoluble Ca(PO4)2. Some bacteria are 
able to dissolve the mineral phosphate and to make it available 
for plants (Troeh and Thompson, 1993). Solubilisation of phos-
phates by bacteria and fungi is of practical importance (Cheng 
and Yang, 2009). Application of the phosphate-solubilising 
microbes Agrobacterium, Bacillus, Enterobacter, Pseudomonas, 
Aspergillus and Trichoderma around the roots of plants, in soils, 
and in fertilizers has been shown to release soluble phosphorus, 
promote plant growth, and protect plants from pathogen infection 
(Rodríguez and Fraga, 1999; Rudresh et al., 2005; Ouahmane et 
al., 2007).
 This study selected and characterized isolates of Bacillus 
spp. with antagonistic activity to Fusarium crown and root rot of 
tomato caused by FORL. Bacilli were isolated from biosolids and 
mature compost and assessed for their effects on fungal growth 
and development of disease in dual cultures and under green-
house conditions.

MATERIALS AND METHODS

Origin of microorganisms. Isolates of Bacillus were 
obtained from mature municipal compost or biosolids. 
Municipal compost was obtained after 5 months of aerobic 
treatment at the Centre International de Technologie de 
l’Environnement near Tunis. Compost was analyzed at 
the end of the composting cycle, yielding: pH, 8.1; total 
N (1.3%), C (17.8%), C/N (13.7), neutral detergent 
fibre of hemi-cellulose and cellulose + lignin (22.0%), 
acid detergent fibre of cellulose + lignin (20.0%), and 
neutral detergent fibre minus acid detergent fibre (= 
hemi-cellulose, 2.0%). Stabilized biosolids at Charguia, 
Tunisia were analyzed after aerobic treatment of urban 
wastewater, yielding: water content (30.0%), organic 
matter (65.0%), C/N (12.5).
 A 5-g sample of municipal compost or biosolids was 
thoroughly mixed in 45 ml sterile water in sterile flasks. 
Spores from aerobic, Gram-positive bacteria were isolated 
after heating the suspensions at 80 °C for 10 min. 

Individual cultures were isolated by serially diluting the 
suspension and plating a portion of the diluent on Trypticase 
Soy agar (TSA, Difco Laboratories, Detroit, MI). Pure 
cultures were obtained by repeatedly restreaking isolated 
colonies on new TSA plates. Selected Bacillus strains were 
examined for Gram reaction, oxygen requirement, and 
catalase activity (Sneath, 1986). Endospore formation was 
tested on Nutrient Agar medium (NA, Oxoid, Basingstoke, 
Hampshire, UK) amended with 0.003% (wt/v) manganese 
sulphate (Logan and Berkely, 1984).
 All isolates were purified and tested for ability to suppress the 
tomato disease pathogen (Swain and Ray, 2007). Here, 20 iso-
lates were grown in Trypticase Soy broth (TSB) and subsequently 
frozen in TSB: glycerol medium (70:30; v:v) at –20 °C. The ori-
gin and date of collection for each isolate are indicated in Table 
1. FORL strain Tn2, which is pathogenic to tomato, was obtained 
from the Laboratoire de Phytopathologie, Institut National de la 
Recherche Agronomique de Tunisie (Hajlaoui et al., 2001).

Screening in dual culture of antagonists for antifungal 
activity. Tests of antagonism were performed on potato dextrose 
agar (PDA) in 10-cm Petri plates using the dual culture technique 
(Swain and Ray, 2007). Bacillus isolates from an overnight culture 
lawn were streaked across the centre of the plate, with a second 
streak made at right angles to the first. Four agar plugs, each 
5 mm in diameter, were cut from the edge of 7-day-old culture 
of F. oxysporum and placed at each side of the antagonist. The 
distance between the inoculation sites was 2.5 cm. Plates were 
incubated at 25 °C for one week and the percent growth inhibi-
tion (GI) of F. oxysporum calculated (Whipps, 1987): (R1–R2) 
R1 x 100, where R1 is the farthest radial distance (measured in 
mm) grown by F. oxysporum, in the direction of the antagonist 
(the control value), and R2 is the distance of fungal growth from 
the point of inoculation to the colony margin in the direction of 
the antagonist. Inhibition of growth was categorized on a 0 to 3 
scale: 0 (no inhibition), 1 (1-25%), 2 (26-50%), and 3 (51-75%) 
(Korsten et al., 1995).

Systematic identification of isolated antagonistic bacteria. 
The selected microbes were identified according to the method 
described in Bergey’s Manual of Determinative Bacteriology 
(Sneath, 1986), based on morphological, physiological, and bio-
chemical properties of the Bacillus genus. Morphologically, the 
isolated strains formed wrinkled colonies on TSA and vegetative 
cells or spores were found in liquid culture. Biochemically, the iso-
lates were Gram positive, formed endospores, and were motile. 
Complementary biochemical traits were determined by using the 
API-50 CHB test (API System, Montalieu-Vericien, France).

Detection of antifungal volatiles. Production of volatile com-
pounds by the selected Bacillus strains was assayed by the sealed 
plate method (Fiddaman and Rossal, 1995). From 72-h TSB 
cultures of Bacillus, a 200-μl portion was spread on a TSA plate. 
After incubation at 37 °C, a second Petri dish (containing PDA), 
was inoculated with 6-mm plug of the test fungus in the center of 
the plate, inverted, and placed over the bacterial culture. The two 
plates were sealed together with Parafilm (Pechiney Parafilm M 
PM996 SKU: PH-LF) to prevent gas diffusion and further incubat-
ed at 25 °C. This incubation ensured that both organisms were 
growing in the same atmosphere although physically separated. 
As a control, a Petri dish containing TSA without bacteria was 
placed over the fungal pathogen. Fungal growth was measured 
as increases in radial growth of the test fungus at 24-h intervals 
for 5 days. Each test was replicated 3 times.
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Cyanide production. Cyanide production was detected using 
the assay method of Bakker and Schippers (1987), where 10% 
TSA containing 4.4 g glycine liter–1 was inoculated with bacterial 
cultures. The lid of each Petri dish contained filter paper impreg-
nated with a picric acid solution (0.5% picric acid and 2% sodium 
carbonate), which was sealed to the bottom Petri dish with 
Parafilm (Pechiney Parafilm M PM996) and  incubated at 28 °C for 
3 to 5 days. A change in colour from yellow to orange-brown of 
the impregnated filter paper indicated cyanide production.

Antibiotic assays. Bacillus isolates were streaked on TSA and 
incubated at 30 °C for 24 h. A loop of inoculum from the over-
night culture was introduced into 100 ml production medium 
(20 g glucose, 5 g DL-glutamic acid, 1.02 g Mg SO4·7H2O, 1.0 
g K2HPO4, 1.5 g KCl, and 1 ml trace element solution containing 
0.5 g MnSO4·H2O; 0.16 g CuSO4·5H2O and 0.015 g FeSO4·7H2O 
in 100 ml water; pH adjusted to 6.0-6.2) according to McKeen 
et al. (1986). The inoculated medium was incubated for 60 h in 
an incubator shaker maintained at 30 °C and 170 rpm. Bacterial 
suspensions were centrifuged at 10000 x g at 4 °C for 10 min. 
Each supernatant was filtered through a sterile 0.45-μm filter 
membrane. The cell filtrates were assayed for their ability to 
inhibit mycelial growth of F. oxysporum strain Fo2 by using an 
agar well diffusion method (Tagg and McGiven, 1971). Molten 
PDA kept at 45 °C was seeded with conidia of F. oxysporum 
and a 5-ml portion spread uniformly over nutrient agar medium 
(NA, Oxoid). After the seeded layer solidified, three wells were 
aseptically made using a cork borer, and filled with 100 μl of the 
test filtrate. The control consisted of 50 μl filter, sterilized distilled 
water. The samples were allowed to diffuse into the agar and the 
plate was inverted and incubated at 28 °C for 24h. The plates 
were examined for halos of inhibition around the wells (Tagg and 
McGiven, 1971).

Phosphate solubilisation. P-solubilisation was quantified as 
described by Gupta et al. (1994). One loop of spore suspension 
was inoculated onto Pikovaskey medium containing bromophenol 
(in g 1000 ml–1): glucose (10.00), Ca(PO4)2 (5.00), (NH3)2SO4 
(0.50), NaCl (0.20), MgSO4·7H2O (0.10), KCl (0.20), yeast 
extract (0.50), MnSO4 (0.005), FeSO4·7H2O (0.005), and 15 g 
agar). A 25-mL portion of bromophenol (0.5%) was added to the 
medium and the pH adjusted to 7.0-7.2. Each plate was incubat-
ed for 96 h at room temperature. After incubation, yellow-colored 
halos were observed. These halos formed around the individual 
bacterial colony in response to the pH drop produced by the 
release of organic acids by microorganisms and were responsible 
for P-solubilisation.

Greenhouse experiments. Tomato seeds (Lycopersicum escu-
lentum cv Chourouk) were surface-sterilized by immersion in 
2.5% sodium hypochlorite solution for 2-3 min, then washed 
thoroughly in three changes of sterile distilled water. The seeds 
were pre-germinated for three days in Petri dishes containing 
sterile distilled water. Four seedlings were transplanted into each 
plastic pot (200 cm3, with four pots for each treatment). The soil 
was a clay loam from the Mornag experimental farm near Tunis, 
Tunisia and contained: clay (27%), silt (62%), sand (11%), C 
(0.87%), N (< 0.01%), and C/N (9.15). The soil was air-dried 
and passed through a 2-mm sieve. The positive control was a 
FORL-inoculated soil with 105 spores g-1 soil dry weight while 
the soil of the negative control was mixed with 2 ml of a non-
inoculated solution. For each treatment involving a Bacillus sp., 
the seeds were coated with a liquid suspension (~107 CFU ml-1) 
of the appropriate isolate.

 The study was conducted in triplicate in a greenhouse at 25 
± 5 °C at 60-90% relative humidity for 6 weeks. Plants were 
watered as needed and fertilized weekly with 100 ml Hoagland’s 
nutrient solution. Samples were harvested to assess the effect 
of the Bacillus on growth parameters. Shoots and roots of each 
plant were separated and dried at 70 °C. Shoot elongation was 
also recorded. Plant N was determined with a Kjeldahl procedure 
and distilled with NaOH (30%; NF EN 25663, January 1994), 
total and Olsen-extractable P was determined according to stand-
ard methods (APHA, 1989), and total and water-extractable K 
was determined with an atomic absorption spectrophotometer.

Enumeration of Bacillus sp. in root of tomato. To 
determine whether each Bacillus sp. applied to tomato 
seeds grew systemically in the root system, the number of 
Bacillus cells was determined 6 weeks after sowing from a 
random sample of three replicates. Enumeration of bacilli 
was determined from samples of tomato roots by dilution 
and plating on a TSA medium. A 5-g sample of root (fresh 
weight) was ground in 10 ml 0.85% NaCl solution. The 
mixture was agitated mechanically at 240 rpm for 1 h, 
serially diluted in sterile 0.85% NaCl solution, and heated 
to 80 °C for 10 min. After cooling, a volume of 0.5 ml from 
the dilution was plated on TSA medium and incubated at 
30 °C for 48 h. Bacilli were counted and log10-transformed 
before expressing the result as CFU cm-1 root (log CFU 
cm-1). Dry weight was determined by cutting the root 
into 1-cm long pieces and drying at 100 °C to constant 
weight.

Disease assessment and data analyses. All experiments 
were replicated in completely randomized blocks with 
three replicates. Statistical analyses were performed 
with proprietary software (SPSS Statistics v 10, SPSS, 
Chicago, IL, USA), and means were separated by the least 
significant difference according to the Student-Newman-
Keuls test.

RESULTS AND DISCUSSION

Dual culture screening
Of the 20 Bacillus isolates tested in dual culture, 12 
inhibited fungal growth > 30%; isolates B11, B13, and B17 
inhibited fungal growth >50%. Fifteen isolates produced 
volatiles that inhibited growth of pathogens (Table 1). Most 
Bacillus isolates were unable to solubilise phosphorus. Only 
B3, B6, B11, B14, and B17 produced a halo on agar plates 
containing CaHPHO3·2H2O. Eleven isolates capable of 
producing antibiotics were positive for cyanide production. 
B12 and B17 were positive for phosphorus solubilisation, 
antibiotic production, cyanide production, and produced 
the highest level of inhibition when tested for volatiles.
 All Bacillus strains were Gram-positive, required oxygen, 
and formed spores. All strains produced catalase and were 
indole-negative (Sneath, 1986). Based on the API system 
identification, all strains were Bacillus sp.
 Different studies have implicated antifungal secondary 
metabolites produced by Bacillus in the control of plant 
diseases caused by pathogenic fungi (Duijff et al., 1998; 
Lucas-García et al., 2004; Szcrech and Shoda, 2004). In 
our study, reduction of fungal growth in dual culture by 
certain Bacillus isolates and formation of inhibition zones 
were presumably due to the metabolites released by the 
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bacteria into the culture medium. These metabolites may 
include antibiotics and/or cell-wall degrading enzymes. 
 In our study, among Bacillus tested strains, only 
one was effective against Fusarium tomato infestation. 
Moreover, Bacillus strains were tested for volatiles, cyanide 
production, and solubilisation of phosphorus because of 
the potential implication of such traits in promoting plant 
growth (Bakker and Schippers, 1987; Glick et al., 1995). 
Our experiments showed that  B17 strain was able to 
produce cyanide and antibiotics at the same time; while, 
some other isolates (B6 and B15) were not effective 
against FORL and did not produce cyanide.
 Similarly, some of Bacillus spp. strain solubilise 
phosphorus in soil, thereby increasing crop yield (Rodriguez 
and Fraga, 1999). In our study, the B17 isolate gave an 
indication of P-solubilisation.

Greenhouse experiment
Seeds coated with Bacillus (15 of the 20 isolates tested) 
significantly increased the population of healthy plants 
from 33 to 96.8% (Table 2). The best disease control 
occurred with isolates B4, B5, B17, and B18, which reduced 
the Fusarium crown and root rot of tomato incidence to 

< 20%. The highest growth response (root dry weight and 
shoot) was obtained with the strains B11 and B17. The 
initial counts for all Bacillus strains were higher than the 
control. Overall, the B11 strain showed the highest level 
of protection; indeed, 96.8% of the plants inoculated with 
this strain remained healthy. In second position was the 
B17 strain with 83.3% of the inoculated plants remaining 
healthy.
 Tomato seeds treated with B11 and B17 strains showed 
dramatic increases in growth parameters compared with the 
control. Values recorded for all growth parameters except K 
were significantly higher (Table 3). On the other hand, inocula-
tion significantly decreased K content in shoots. This result is 
not in agreement with Jaizme-Vega et al. (2004), who reported 
that inoculation with Bacillus significantly increased K content. 
Inoculation of seeds with Bacillus increased root dry weight sig-
nificantly by > 1.2 times compared with the control treatment. 
Shoot length was almost double when inoculated with the B11 
strain.
 Screening in dual culture positively correlated with in vivo 
results, excepting for the strain B18, which was effective under 
greenhouse conditions but showed weak inhibition of radial 
growth fungi. Our results were not in agreement with those of 

TABLE 2 - Effect of Bacillus isolates on Fusarium 
crown and rot of tomato inidence in tomato 
cultivar Chourouk inoculated with Fusarium 
oxysporum f. sp. radicis-lycopersici 6 weeks 
after sowing

Treatment Healty plants (%) log CFU/cm roots

Control 98.54a 2.04a

FORL (positive 
control)

0.00b 1.04b

B1 66.33c 5.72c

B2 66.33c 6.12d

B3 80.29d 5.83c

B4 54.21e 6.09d

B5 83.46d 4.36e

B6 0.00b 1.04b

B7 0.00b 1.23b

B8 78.21f 5.34c

B9 66.37c 6.13d

B10 0.00b 1.22b

B11 96.85a 8.25f

B12 0.00b 1.34b

B13 70.83c 9.28g

B14 33.36g 6.89h

B15 0.00b 5.99i

B16 70.86c 5.99i

B17 83.36d 9.22g

B18 83.33d 4.32e

B19 54.63e 6.48j

B20 79.23f 4.47e

log CFU/cm roots: expressed the numbers of Bacillus 
quantified at the level of tomato root by dilution plating on 
TSA medium and expresed as logarithmic transformed CFu 
per cm root (log CFU/cm).
Column with a treatment values are averages ot three 
observations. Means followed by the same letter are not 
significantly different according to the Student Newmans 
Keuls test (P<0.05).

TABLE 3 - Effect of Bacillus isolates on growth parameters 
in tomato plant and seedlings inoculated with 
Fusarium oxysporum f. sp. radicis-lycopersici 
under greenhouse conditions 6 weeks after 
sowing

N (g Kg-1) P (g Kg-1)K (g Kg-1) Root (g) Shoot (cm)

Control 7.2a 5.5a 20.3a 4.90a 20.60a

B1 8.4b 5.8b 14.7b 8.14b 29.80b

B2 8.4b 5.8b 14.7b 8.67c 29.70b

B3 8.4b 5.8b 14.7b 8.73d 31.37c

B4 7.2a 4.5c 15.5c 8.67c 31.11c

B5 8.4b 5.8b 14.7b 6.33e 24.60d

B6 7.2a 5.5a 20.3a 5.34f 22.00e

B7 7.2a 5.5a 20.3a 5.23g 22.00e

B8 8.4b 5.8b 14.7b 8.67c 30.40f

B9 8.4b 5.8b 14.7b 8.76h 29.60b

B10 7.2a 5.5a 20.3a 5.23g 23.20g

B11 9.2c 6.0b 13.5d 9.89i 34.60h

B12 7.2a 5.5a 20.3a 5.23j 21.90e

B13 8.4b 5.8b 14.7b 9.70k 33.20i

B14 7.2a 4.5c 15.5c 8.14b 29.80b

B15 7.2a 5.5a 20.3a 9.89l 22.70j

B16 8.4b 5.8b 14.7b 8.67c 28.50k

B17 8.4b 5.8b 14.7b 10.13m 34.60h

B18 8.4b 5.8b 14.7b 6.34e 24.60d

B19 7.2a 4.5c 15.5c 8.67c 24.60d

B20 8.4b 5.8b 14.7b 6.34e 28.37k

Shoots and roots of each plant were separated and 
dried at 70 °C. Shoot dry weight and shoot elongation 
were recorded 6 weeks after sowing. Roots expressed 
in g. Shoot expressed in cm. Means of replication three 
replicates. Value within treatment envisaged, data followed 
by the same letter are statically identical according to 
students Newmans Keuls test (P<0.050).
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Chérif et al. (2002), who reported that antagonistic microorgan-
isms performing best in dual culture are not necessarily the most 
effective in the host plant, and vice versa.
 Greenhouse experiments showed that adding FORL (positive 
controls) to soil at 105 spores g-1 soil (dry weight) reduced plant 
growth and caused severe wilting in the susceptible cultivar. 
Interestingly, application of most Bacillus isolates significantly 
reduced the wilting index and increased plant growth. These bac-
teria also increased N content and dry weight of roots and shoots. 
Beneficial effects of Bacillus on plant growth and reduction of 
diseases was also reported by Raj et al. (2003) and Rodríguez-
Romero et al. (2005).

Relationship between nutrition parameters and incidence 
of disease
The incidence of the disease, shown in Table 4, correlates with 
growth parameters. A significant correlation was observed 
between incidence of disease with N (r = 0.88), shoot elongation 
(r = 0.77), and root colonization by Bacillus strains (r = 0.71). 
The negative correlation (r = –0.96) was recorded for potassium 
content. No significant correlations were found between phos-
phorus content and other parameters, including nitrogen, shoot 
tomato elongation, and colonization of roots by Bacillus.
 Bacillus isolates B3, B5, B11, B17, B18, and B11 were 
effective in promoting tomato growth, leading to an increase 
in shoot and root dry weights compared to the controls. These 
benefits are likely to result from disease control in the presence 
of the Bacillus strains and their by-products, including additional 
nutrients (McSpadden-Gardener, 2004). For many other plants 
like, tomato, bell pepper, muskmelon, watermelon, sugar beet, 
tobacco, Arabidopsis sp., cucumber, loblolly pine, and two tropi-
cal crops, different Bacillus species were reported to be effective 
biocontrol agents in greenhouse or field trials (Stabb et al., 
1994; Kloepper et al., 2004). Considering these data, our results 
highlight the widespread of biocontrol potential among Bacillus 
strains and may enable to the use of the selected isolates for 
Fusarium crown and root rot of tomato biocontrol.

CONCLUSION

Biological control agents offer an attractive alternative to 
synthetic chemical fungicides. These agents can be safer 
and less expensive to develop than synthetic chemical 
fungicides. Disease control in this study is attributed 
to beneficial/antagonistic microorganisms (Bacillus spp.) 
and their by-products, the metabolites and antibiotics 
that suppress plant pathogens and activate natural plant 
defence responses.

 Our results reported the selection of two Bacillus strains (B11 
and B17) for the biological control of Fusarium crown and root rot 
of tomato. They could be introduced within an integrated disease 
management package that includes moderately resistant cultivars, 
limited fungicide application, and effective cultural practices.

Acknowledgements
We are grateful to Riahi Asma from Centre National Universitaire 
de Documentation Scientifique et Technique de TUNIS Tunisia for 
the generous help and assistance with web data. We thank Peter 
Hartel, Steven Aust, and R. J. Kremmer for their assistance in 
the preparation of this manuscript. The authors are grateful to 
Ira Fogel (Centro de Investigaciones Biológicas del Noroeste – 
CIBNOR) for improving English expression and style. The study 
is part of the 1999–2002 research program “Municipal solid 
waste treatment and compost agriculture application” which is 
supported jointly by “Le Secretériat de la Recherche Scientifique 
et Technique Tunisia”

REFERENCES

APHA - American Public Health Association (1989). Standard 
Methods for the Examination of Water and Wastewater, 16th 
edn., APHA, Washington D.C.

Bakker A.W., Schippers B. (1987). Microbial cyanide production 
in the rhizosphere in relation to potato yield reduction and 
Pseudomonas spp.-mediated plant growth-stimulation. Soil 
Biol. Biochem., 19: 451-457.

Benhamou N., Bélanger R. (1998). Benzothiadiazole-mediated 
induced resistance to FORL in tomato. Plant Physiol., 118: 
1203-1212.

Bochow H., Dolej. S.T., Fischer I., Melkamu A. (1995). Plant health 
promoting effects by Bacillus subtilis and its modes of actions. 
In: Lyr, Russel, Sisler, Eds, Modern Fungicides and Antifungal 
Compounds. Proceedings of the 11th International Symposium. 
Intercept, Andover, Hampshire, UK, pp. 549-554.

Bottone E.J., Peluso R.W. (2003). Production by Bacillus pumi-
lis (MSH) of an antifungal compound that is active against 
Mucoracea and Aspergillus species; preliminary report. J. 
Medical Microbiol., 52: 69-74.

Cheng C.H., Yang S.S. (2009). Thermo-tolerant phosphate-
solubilizing microbes for multi-functional biofertilizer 
preparation. Biores. Technol., 100: 1648-1658.

Chérif M., Sadfi N., Benhamou N., Boudabous A., Boubaker A., 
Hajlaoui M.R., Tirilly Y. (2002). Ultrastructure and cyto-
chemistry of in vitro interactions of the antagonistic bacteria 
Bacillus cereus X16 and B. thuringiensis 55T with Fusarium 
roseum var. sambucinum. J. Plant Pathol., 84: 83-93.

TABLE 4 - Correlation between disease incidence DI with all others studied parameters (N, P, K; root, shoot colonisation 
and disease incidence

N P K Shoot Disease incidence Root

N 1.000 0.718* 0.802* 0.694* 0.882* 0.572*

P - 1.000 -0.182 0.181 0.351 0.027
K - - 1.000 -0.814* -0.967* -0.778*
Shoot - - - 1.000 0.772* 0.857*
Disease Incidence - - - - 1.000 0.717*
Root colonisation - - - - - 1.000

* Correlation is significant at the 0.01 level.



Ann. Microbiol., 59 (2), 191-198 (2009) 197

Cook R.J., Baker K.F., Eds (1983). The Nature and Practice 
of Biological Control of Plant Pathogens. American 
Phytopathology Society, St. Paul, MN.

Duijff B.J., Pouhair D., Olivain C., Alabrouvette C., Lemanceau 
P. (1998). Implication of systemic induced resistance in the 
suppression of Fusarium crown and root rot of tomato by 
Pseudomonas fluorescens WCS417r and non-pathogenic 
Fusarium oxysporum Fo47. Eur. J. Plant Pathol., 104: 903-
910.

Fiddaman P.J., Rossal S. (1993). The production of antifungal 
volatiles by Bacillus subtilis. J. Appl. Bacteriol., 74: 119-126.

Fiddaman P.J., Rossall S. (1995). Selection of bacterial antago-
nists for the biological control of Rhizocotonia solani in oilseed 
rape (Brassica napus). Plant Pathol., 44: 695-703.

Fravel D., Olivain C., Alabrouvette C. (2003). Fusarium oxyspo-
rum and its biocontrol. New Phytol., 157: 493-502.

Glick B.R., Karaturovic D.M., Newell P.C. (1995). A novel 
procedure for rapid isolation of plant growth promoting 
Pseudomonas. Can. J. Microbiol., 41: 533-536.

Green D.B., Gladders P., Perkins S., Nennett S., Hossell 
J. (2003). Review of Pests, Diseases and Weeds-
2002/2003 Cropping Year Report to DEFRA. York 
Pesticides Safety Directorate. [http://www.pesticides.
gov.uk/uploads/web_Assets/PSD/pest_disease_
weeds_report2003.pdf].

Gupta R., Singh R., Sanker A., Chandra RM., Kumar R.S. (1994). 
A modified plate assay for screening phosphate solubilizing 
microorganisms. J. Gen. Appl. Microbiol., 40: 255-260.

Hajlaoui M.R., Hamza N., Gargouri S., Guermech A. 
(2001). Apparition en Tunisie de Fusarium oxysporum 
f. sp. radicis-lycopersici, agent de la pourriture des 
racines et du collet de la tomate. OEPP/EPPO Bull., 31: 
505-507.

Handelsman J., Faffel S., Mester E.H., Wenderlich L., Gran 
G.R. (1990). Biological control of damping-off of alfalfa 
seedlings with Bacillus cereus UW 88. App. Environ. 
Microbiol., 56: 713-718.

Hartman J.R., Fletcher J.T. (1991). Fusarium crown and 
root rot of tomatoes in the UK. Plant Pathol., 40: 
85-92.

Jarvis W.R., Thorpe H.J., Meloche R.B. (1983). Survey of 
greenhouse management practices in Essex County, 
Ontario, in relation to Fusarium foot and root rot of 
tomato. Plant Dis., 67: 38-40.

Jaizme-Vega M.C., Rodríguez-Romero A.S., Piñero Guerra 
M.S. (2004). Potential use of rhizobacteria from 
the Bacillus genus to stimulate the plant growth of 
micropropagated banana. Fruits, 59: 83-90.

Katz E., Demain A.L. (1977). The peptide antibiotics of 
Bacillus: chemistry, biogenesis, and possible functions. 
Bacteriol. Rev., 41: 449-474.

Kloepper J.W., Ryu C.M., Zhang S. (2004). Induced systemic 
resistance and promotion of plant growth by Bacillus spp. 
Phytopathology, 94: 1259-1266.

Korsten L., De Jager E.S., De Villiers E.E., Lourens A., Wehner 
F.C. (1995). Evaluation of bacterial epiphytes isolated from 
avocado leaf and fruit surfaces for biocontrol of avocado 
postharvest diseases. Plant Dis., 79: 1149-1156.

Krebs B., Hoeding B., Kuebart S., Workie M.A., Junge H., 
Schmiedeknecht G., Grosch R., Bochow H., Hevesi M. (1998). 
Use of Bacillus subtilis as biocontrol agent. I. Activities 
and characterization of Bacillus subtilis strains. Zeitschrift 
Pflanzenkrankh. Pflanzenschutz, 105: 181-197.

Logan N.A. and Berkely R.C.W. (1984). Identification of Bacillus 
strains using the API System. J. Gen. Microbiol., 130: 1871-
1822.

Lucas-García J.A., Probanza A., Ramos B., Palomino M. (2004). 
Effect of inoculation of Bacillus licheniformis on tomato and 
pepper. Agronomie, 24: 169-176.

Mackie A.E., Wheatley R.E. (1999). Effects and incidence of vola-
tile organic compound interactions between soil bacterial and 
fungal isolates. Soil Biol. Biochem., 31: 375-385.

Mckeen C.D., Reillly C.C., Pusey P.L. (1986). Production and par-
tial characterization of antifungal substances antagonistic to 
Monilia fructicola from Bacillus subtilis. Phytopathology, 76: 
136-139.

McSpadden-Gardener B.B. (2004). Ecology of Bacillus and 
Paenibacillus spp. in agricultural systems. In: Symposium of 
American Phytopathology Society: The Nature and Application 
of Biocontrol Microbes: Bacillus spp. Publication P-2004-
0916-04O. Phytopathology, 94: 1252.1257.

Muninbazi C., Bullerman L.B. (1998). Isolation and partial char-
acterization of antifungal metabolites of Bacillus pumilus. J. 
Appl. Microbiol., 84: 959-968.

Ouahmane L., Thioulouse J., Hafidi M., Prin Y., Ducousso M., 
Galiana A., Plenchette C., Kisa M., Duponnois R. (2007). Soil 
functional diversity and P solubilization from rock phosphate 
after inoculation with native or allochtonous arbuscular myc-
orrhizal fungi. For. Ecol. Manage., 241: 200-208.

Pharand B., Carisse O., Benhamou N. (2001). Cytological aspects 
of compost-mediated induced resistance against Fusarium 
crown and root rot in tomato. Phytopathology, 92: 424-438.

Raj S.N., Deepak S.A., Basavaraju P., Shetty H.S., Reddy M.S., 
Kloepper J.W. (2003). Comparative performance of formu-
lations of plant growth promoting rhizobacteria in growth 
promotion and suppression of downy mildew in pearl millet. 
Crop Protect., 22: 579-588.

Reuveni R., Raviv M., Krasnovsky A., Freiman L., Medina S., Bar 
A., Orion D. (2002). Compost induces protection against 
Fusarium oxysporum in sweet basil. Crop Protect., 21: 583-
587.

Rudresh D.L., Shivaprakash M.K., Prasad R.D., (2005). Effect of 
combined application of Rhizobium, phosphate solubilizing 
bacterium and Trichoderma spp. on growth, nutrient uptake 
and yield of chickpea (Cicer aritenium L.). Appl. Soil Ecol., 
28: 139-146.

Rodriguez H, Fraga R. (1999). Phosphate solubilizing bacteria 
and their role in plant growth promotion. Biotechnol. Adv., 
17: 319-339.

Rodríguez-Romero A.S., Piñero-Guerra M.S., Jaizme-Vega MdC. 
(2005). Effect of arbuscular mycorrhizal fungi and rhizobac-
teria on banana growth and nutrition. Agron. Sustain. Dev., 
25: 395-399.

Sadfi N., Chérif M., Hajlaoui M.R., Boudabbous A., Bélanger 
R. (2002). Isolation and partial purification of antifungal 
metabolites produced by Bacillus cereus Ann. Microbiol., 52: 
323-337.

Sierotzki H., Ulrich G. (2003). Molecular diagnostics for fungicide 
resistance in plant pathogens. In: Voss G., Ramos G., Eds, 
Chemistry of Crop Protection: Progress and Prospects in 
Science and Regulation, Weinheim, Germany, pp. 71-88.

Silo-Suh L.A., Lethbridge B.J., Raffel S.J., He H., Clardy J., 
Handelsman J. (1994). Biological activities of two fungistat-
ics produced by Baciillus cereus UW 85. App. Env. Microbiol., 
60: 2023-2030.

Sneath P.H.A. (1986). Endospore forming Gram-positive rods and 
cocci. In: Krieg N.R., Holt J.G., Eds, Bergey’s Manual of sys-



198 N. SAIDI et al.

tematic Bacteriology, Vol 2, Williams and Wilken, Baltimore, 
MD, pp. 1104-1137.

Stabb E.V., Jacobson L.M., Handelsman J. (1994). Zwittermicin 
A-producing strains of Bacillus cereus from diverse soils. 
Appl. Environ. Microbiol., 60: 4404-4412. 

Suarez-Estrella F., Vargas-Garcia C., Lopez M.J., Capel C., Moreno 
J. (2007). Antagonistic activity of bacteria and fungi from 
horticultural compost against Fusarium oxysporum f. sp 
melonis. Crop Protect., 26: 46-53.

Swain M.R., Ray R.C. (2007). Biocontrol and other beneficial 
activities of Bacillus subtilis isolated from cow dung micro-
flora. Microbiol. Res., dot 10. 1016/J.micres.2006.10.009. 

Szcrech M., Shoda M. (2004). Biocontrol of Rhizoctonia Damping-
off of tomato by Bacillus subtilis combined with Burkholderia 
cepacia. J. Phytopathol., 152: 549-556.

Troeh F.R., Thompson L.M. (1993). Soils and Soil Fertility. 5th 
Edition, Oxford University Press, Oxford, New York.

Tagg J.R., McGiven M.C. (1971). Assay system for bacteriocins. 
Appl. Environ. Microbiol., 21: 943-948.

Walker R., Powel A.A., Seddon B. (1998). Bacillus isolates from 
the spermosphere of peas and dwarf French beans with anti-
fungal activity against Botrytis cinerea and phythium species. 
J. App. Microbiol., 84: 791-801.

Whipps J.M. (1987). Effect of media growth and interactions 
between a range of soilborne glass house pathogens and 
antagonistic fungi. New Phytologist, 107: 127-142.

Yamamoto I., Komada H., Kuniyasu K., Saito M., Ezuka A. (1974). 
A new race of Fusarium oxysporum f. sp. lycopersici induc-
ing root rot of tomato. Proc. Kansai Plant Protect. Soc., 16: 
17-29.

Yu G.Y., Sinclair J.B., Hartman G.L., Bertagnolli B.L. (2002). 
Production of iturin A by Bacillus amyloliquefaciens sup-
pressing Rhizoctonia solani. Soil Biol. Biochem., 34: 955-
963.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


