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Tomato wilt caused by Fusarium wilt is a devastating soil-borne disease. It is caused by Fusarium fungi, which can live 
in the soil for more than ten years in the form of chlamydospores, making the illness difficult to manage. The main goal 
of this study was to evaluate the antifungal potential of three Bacillus subtilis strains (S2DSP-B2C-BM14) recently 
isolated from agricultural soils and identified by 16S PCR against the two fungi Fusariumoxysporum and Fusariumsolani 
isolated from tomato using three different methods in vitro. In both confrontation modes, the three Bacillus subtilis 
bacteria (S2DSP-B2C-BM14) displayed antagonistic tendencies against the two fungal phytopathogens, with 
Fusariumoxysporum being the most effective. They significantly reduced the mycelial growth of the two treated fungi, 
with significant inhibition rates that differed significantly depending on incubation time, with the most significant inhibit ion 
rates against Fusariumoxysporium being 85.43 ± 00.62%, 84.42± 00.76% 83.92 ±1.60%respectively, after 04 days of 
incubation in the indirect confrontation. This demonstrates that all three bacteria can generate and emit antifungal 
volatile compounds. The rates of inhibition of mycelial growth of the two phytopathogenic fungi obtained after treatments 
based on the acellular supernatants of the cultures of different ages of each antagonist bacterium, which range from 
44.45 ±6.31% and 70.15 ±4,78%, confirmed that the antagonistic activities of the bacteria used in this study, as 
revealed in the co-culture tests, are primarily derived from diffusible secondary metabolites. Optical microscope analysis 
has revealed that these treatments, particularly the one involving the S2DSP strain, cause substantial alterations in the 
cellular morphologies of the two fungi studied, including hyphae cell wall breakdown. The three bacterial strains studied 
were shown to have strong antagonistic properties, indicating that they could be useful biological control agents for 
Fusarium wilt of tomato in the field and after harvest. 
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INTRODUCTION 

Tomato production is often threatened by fungal 
(cryptogram) diseases. caused mainly by fungi which 
belongs to the genera  Fusarium, Botrytis, Phytophthora, 
Colletotrichum, Verticillium, and Alternaria (Naika et al. 
2005, Zahir et al. 2009). 

Fusarium fungi are the most often isolated pathogens 
from important agricultural plants, such as wheat 
(Kuzdralinski et al. 2014) and maize (Stumpf et al. 2013). 
They live as saprophytes in soil, plant detritus, and diverse 
organic substrates, where they feed on dead organic 
matter. They cause massive economic losses due to their 

high pathogenicity and toxigenicity(Suchorzynska et al. 
2009).These ascomycetes cause vascular wilts in 
tomatoes, in which the juvenile filaments penetrate the 
roots at the level of wounds or natural openings after 
germination of chlamydospores, and the mycelium 
branches out and colonizes all nearby cells (Aydi Ben 
Abdallah et al. 2016). Despite the widespread use of 
chemical and cultural control strategies to combat this 
disease, they have shown to be ineffective (Ren et al. 
2015a and b, Xu et al. 2015). Furthermore, in addition to 
the negative effects on the environment of the numerous 
chemical components of chemical fungicides now in use 
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(Izquierdo Garcia et al. 2021), Because many of these 
synthetic substances destroy not only the hazardous 
agents, but also the other inhabitants of the 
ecosystem(Huang et al. 2017), they are the primary 
source of environmental pollution (Benhmou et al. 2002), 
ecological imbalance, and Even if they show marginal 
efficacy during the first seasons of their usage, the 
establishment of resistance mechanisms in pathogens 
represents a major barrier to their use in terms of long-
term efficacy(Reid et al. 2002). 

As a result, a more effective approach of controlling 
this condition is urgently required. In reality, biological 
control agents do not appear to be environmentally 
hazardous, and their varied modes of action should limit 
the chance of resistance (Duffy et al. 2003).Many 
biological control microbes may create a number of 
secondary metabolites throughout their development 
processes, which have a variety of roles, including 
suppressing pathogen growth, encouraging plant growth, 
and generating systemic plant resistance (Li et al. 
2021)(Sansinenea and Ortiz, 2011). Rhizospheric bacteria 
have been proposed as potential biocontrol agents (Ryan 
et al. 2008, Yu et al. 2011, Tontou et al. 2015). Especially 
those belonging to the Bacillus genus, which is commonly 
utilized in biological control (Saidi et al. 2009). Some 
microorganisms isolated from rhizosphere soils have 
previously been shown to have biological control capacity 
against Fusarium fungus such as P. polymyxa WR-2 
(Raza et al. 2015), S. goshikiensis YCXU (Faheem et al. 
2015), and B. amyloliquefaciens JDF35 (Zhao et al. 2018). 

In this paper, three strains called (S2DSP-BM14 -
B2C) identified at the molecular level as Bacillus subtilis 
were screened for antagonistic activities against two fungi 
isolated from tomato, Fusarium  oxysporum and Fusarium      
solani, as part of our research program for bioactive 
compounds in a collection of telluric bacterial strains of the 
genus Bacillus isolated from the soils of agricultural 
orchards located in different regions across Algeria. 
 
MATERIALS AND METHODS 

2-1- Microorganismsused 

Fungus 
The fungi employed in this study were isolated from 

tomato plants cultivated in the Wilaya de Naâma district of 
Ain sefraa. Tomato leaves, stems and fruits with Fusarium 
wilt signs were used to isolate the fungus. 

The isolates obtained were purified by mono-
sporic(Rapilly1968) culture and identified by morphological 
characterization(Simmons 2007). 

Bacteria 
The Bacillus subtilis strains utilized in this 

investigation (S2DSP-BM14-B2C) are part of a collection 
of Bacillus subtilis strains obtained from the soil of 
agricultural orchards in northern Algeria and characterized 

at the molecular level (Kebdani et al. 2016). Following the 
remarkable closeness of their sequences acquired after 
the PCR16S method with those of Bacillus subtilis strains 
stored in GenBank under the access codes KU821696.1-
KM492825.1-KM492825.1, the table below depicts their 
affiliation to the species Bacillus subtilis (Tab. 01). The 
NCBI GenBank's BLAST program 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to do 
the comparison. 

2-2- In-vitro study of the antagonistic activity of 
bacterial strains: 

Antifungal activities of non-volatile compounds 
The antifungal activity of the non-volatile compounds 

of the three bacteria was evaluated using the technique of 
double culture by direct confrontation (Gopalakrishnan et 
al. 2011). This technique involves depositing a mycelia 
disc of approximately 05 mm in diameter cut from the 
periphery of a 07-day-old culture of the pathogenic fungus 
on the side of a Petri dish containing the PDA medium, 
and inoculating the bacterium in very serial streaks on the 
opposite side at a distance of 01 cm from the corner. The 
control dishes are made in the same fashion as the 
antagonist dishes, but without the antagonist agent. 
According to (Torres et al. 2016), inhibition rates 
expressed as a percentage are calculated as follows: 

[(R control-R test)/R control] 
 Inhibition (percentage)=[(R control-R test)/R control] 

×100 
R Control: the maximum radial growth distance of the 

fungus. 
The R test measures how far the fungus has moved 

towards the antagonistic bacteria. 

Antifungal activities of volatile compounds 
The antifungal activity of the antagonist bacteria's 

volatile chemicals was determined utilizing the indirect 
confrontation approach. This method is used to assess the 
antagonistic activity of the volatile compounds generated 
by the bacteria (Gao et al. 2016). It entails placing a 05-
mm-diameter disc cut from the periphery of a pathogenic 
fungal culture aged 07 days in the center of a Petri dish 
containing PDA media and streaking the bacteria onto a 
second Petri dish with Luria-Bertani agar medium. The lids 
of the two boxes are removed, and the two boxes are 
superimposed to form an assembly. To limit the loss of 
volatile compounds, layers of parafilm are used to connect 
the two boxes face to face. The control is achieved by 
superimposing the two boxes in the same fashion, except 
that the medium (LB) does not contain the antagonist 
agent. The percentage inhibition rates were determined 
using the method previously published (Torres et al. 
2016).  

NB: The strains (S2DSP-BM14-B2C) were cultivated 
in 100 mL of LB medium at 30°C for 48 hours with shaking 
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at 180 rpm before being utilized in the two preceding 
studies at a concentration of (108 CFU/ml). 

Effects of acellular supernatants of bacterial cultures 
on the growth of phytopathogenic fungi 

The S2DSP-BM14-B2C bacterial strains were injected 
into LB medium and cultivated for 12 hours. 01 ml of each 
of the cultures was grown individually for three days, four 
days, and seven days in a sterile flask containing 100 ml 
of LB medium, with stirring at 180 rpm at 30° C. Final 
cultures were centrifuged at 8000 rpm for 15 minutes at 
4°C at the conclusion of each incubation period. The 
acellular supernatants were collected and sterilized using 
a sterile millipore membrane filter with a diameter of 0.22 
m and a sterile syringe, and the supernatant was then 
incorporated into the PDA medium at a concentration of 
15%. (v/v) (Weihui et al. 2019), with a few minor changes. 

The middle of the Petri plate holding the PDA medium 
with filtrate is then filled with 05 mm diameter disks 
collected from the perimeter of the three fungal cultures 
aged 07 days. The negative control was made out of 
sterile distilled water instead of cell-free supernatant. 

After that, each box is incubated for seven days at 
252°C. The diameters of the different fungus are 
measured in order to read the findings. 

The effect of supernatants on pathogen hyphae 
morphology. 

Smears were made and inspected under an optical 
microscope (MICROSCOPE OPTIKA B-292) X 40 to 
detect the alterations imposed on the morphology of the 
hyphae of the two fungi from the dishes used to assess 
the influence of the supernatant on mycelial growth. 

2-3- Statistical analysis 
All of the experiments in this study were carried out 

three times. The data was presented as a mean with a 
standard deviation (SD). IBM SPSS Statistics version 26 
was used to do a one-way analysis of variance ANOVA to 
determine the degree of significance. 
 
RESULTS 

On the basis of their ability to prevent the formation of 
micromycetes colonies, the antagonistic activities of three 
Bacillus subtilis bacteria (B2C, BM14, and S2DSP) were 
assessed. 

3-1- Antifungal activity of non-volatile compounds 
From the third day and throughout the length of 

incubation, the technique utilized in this test indicated 
impressive inhibitory powers in the three Bacillus subtilis 
bacterial strains (B2C, BM14, S2DSP) on the 
development of the hyphae of two treated fungus. This 
was demonstrated by the very feeble mycelial growths 
seen in the presence of the various bacteria, which range 
from 3.13 ± 0.23 cm and 5.47± 0.64 cm, as opposed to 
the negative controls, where the fungal colonies have 

actively expanded (Fig. 01). 
The calculated inhibition rates revealed that the three 

treatments in this test were all more effective against 
Fusariumoxysporum in almost all of the tests performed, 
particularly those involving the BM14 strains after 03 and 
04 days of incubation, where the rates of inhibition were 
38.78 ± 8.23 and 49.73± 9.81% respectively, and the 
S2DSP strain after 04 days of incubation (37.80 ± 3.46%) 
(Tab. 02). 

In the case of Fusariumsalani, the percentages of 
inhibition achieved after applying the various treatments 
ranged from 22.24 ± 5.48% and 31.88 ± 4.25% with B2C 
being the most potent strain after three days of incubation 
(See Table 02). 

3-2- Antifungal activity of volatile compounds 
Despite the fact that the antagonistic bacteria and the 

two phytopathogenic fungi did not come into direct contact 
in this test, the latter revealed to have significant inhibitory 
effects. In their presence, fungal colonies grew between 
0.8 0.1 and 5.47 0.5 cm (Fig.02), with a p-value less than 
0.05. The hyphae have grown nicely at the level of the 
control boxes. 

Inhibition rates against Fusariumoxysporum ranged 
from 69.24 ± 3.73% and 85.43 ± 0.62% while inhibition 
rates against Fusariumsolani ranged from 22.07 8.96 
percent to 63.17 20.17 percent. Following the use of the 
Bacillus subtilis S2DSP strain against Fusariumoxysporum 
(85.43 0.62%) after 04 days of incubation, the three 
treatments were all more powerful against 
Fusariumoxysporum (Tab. 03). 

3-1- Effects of acellular supernatants of bacterial 
cultures on the growth of phytopathogenic fungi: 

In this test, mycelial growths were also very weak in 
the presence of the filtered supernatants of the three 
bacterial cultures in the culture medium, compared to the 
controls, where the fungal colonies developed actively 
(Fig. 03).The three filtered supernatants of the bacterial 
cultures, when employed at a rate of 15% (v/v), inhibited 
Fusariumoxysporum between 44.45± 6.31% and 70.15± 
4.78% and Fusariumsolani between 50.43 ±5.78% and 
67.48± 5.62% (Tab. 04). 

The extracted active fractions are now being 
characterized in further detail. 

The effect of supernatants on pathogen hyphae 
morphology 
Under the microscope, deformations in the cell walls of the 
hyphae of the fungus treated, especially the S2DSP strain, 
which smears displayed multiple abnormalities, including 
cell wall disintegration, were discovered (Fig. 04).  
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Table 1: Treatment of the sequences obtained after the PCR16S by the BLAST tool of the NCBI (Kebdani et al 

2016). 
 

Strain Homology (%) Closest relative Acc. N. Phylogenetic group 

S2DSP 99 Bacillus subtilis KU821696.1 
Bacteria; Firmicutes; Bacilli; 

Bacillales; Bacillaceae; Bacillus; 
Bacillus cereus group. 

BM14 100 Bacillus subtilis KM492825.1 
Bacteria; Firmicutes; Bacilli; 

Bacillales; Bacillaceae; Bacillus; 
Bacillus cereus group. 

B2C 99 Bacillus subtilis KM492855.1 
Bacteria; Firmicutes; Bacilli; 

Bacillales; Bacillaceae; Bacillus; 
Bacillus cereus group. 

 
Figure 1: Fungal radial growths toward bacterial strains after 03, 04 and 07 days,days of incubation compared to 

the controls.  
 

Table 2: Inhibition of mycelial development by B2C, BM14, and S2DSP after three, four, and seven days in co-
culture. 

Micromycetes 
Incubation  

period 
Bacterial  

strain 
% of 

inhibition 
SD 

Fusariumsalani 
 

at 03 day 

B2C 31,88a 4,25 

BM14 30,46a 2,42 

S2DSP 29,51a 8,13 

at 04 day 

B2C 28,75a 2,98 

BM14 22,24a 5,48 

S2DSP 29,77a 8,63 

at 07 day 

B2C 25,90a 4,13 

BM14 30,12a 3,87 

S2DSP 28,20a 6,06 

Fusariumoxysporum 
 

at 03 day 

B2C 28,64a 20,14 

BM14 38,78a 8,23 

S2DSP 33,87a 14,62 

at 04 day 

B2C 36,37a 13,77 

BM14 49,03a 9,81 

S2DSP 37,80a 3,46 

at 07 day 

B2C 36,30a 7,93836 

BM14 36,42a 8,41039 

S2DSP 31,97a 00,64 
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Figure 2: Average mycelial growth of the two fungi in the various indirect confrontations with the bacterial strains 

after 03, 04 and 07 days of incubation compared to the controls. 
 
 
 

Table 3: shows the inhibition of mycelial development by B2C, BM14, and S2DSP after three, four, and seven 
days of incubation in indirect confrontation. 

Micromycetes Incubation period Bacterial  strain % of inhibition SD 

 
 
 
 
 
 
 

Fusariumsalani 
 

at 03 day 

B2C 63,11a 19,63 

BM14 59,69a 16,51 

S2DSP 61,03a 23,22 

at 04 day 

B2C 62,47a 24,48 

BM14 59,83a 19,71 

S2DSP 63,17a 20,17 

at 07 day 

B2C 44,03a 3,84 

BM14 33,43a 12,40 

S2DSP 22,07b 8,96 

 
 
 
 
 
 

Fusariumoxysporum 

 

at 03 day 

B2C 72,03a 4,36 

BM14 73,07a 4,67 

S2DSP 75,12a 4,22 

at 04 day 

B2C 84,42a 00,76 

BM14 83,92a 1,60 

S2DSP 85,43a 00,62 

at 07 day 

B2C 74,26a 2,61 

BM14 80,06b 2,35 

S2DSP 69,24a 3,73 
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Figure 3: Effects of different acellular supernatants on the mycelial growth of the two fungi. 

 
Table 4: Shows how different filtered supernatants inhibit mycelial development. 

Micromycetes 
Incubation 

period 
Bacterial  strain 

% of 
inhibition 

SD 

 
 
 
 
 
 
 

Fusariumsalani 
 

at 03 day 

B2C 61,22a 4,75 

BM14 66,72a 5,63 

S2DSP 67,48a 5,62 

at 04 day 

B2C 50,43a 5,78 

BM14 55,06a 3,74 

S2DSP 53,83a 1,74 

at 07 day 

B2C 53,73a 4,51 

BM14 58,04a 2,19 

S2DSP 61,39b 1,43 

 
 
 
 
 
 

Fusariumoxysporum 
 

at 03 day 

B2C 51,39a 4,67 

BM14 62,44a 5,95 

S2DSP 70,15b 4,78 

at 04 day 

B2C 59,47a 4,96 

BM14 54,34a 3,78 

S2DSP 60,64a 4,12 

at 07 day 

B2C 47,13a 0,79 

BM14 44,45a 6,31 

S2DSP 51,55a 1,54 
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Figure 4: Microscopic observations (40×) of the morphology of Fusarium  oxysporum and Fusarium  solani 
hyphae after 72 h of incubation at 25°C.  control. (a,b), (c,d), medium mixed with the active Bacillus subtilis 

S2DSP supernatant.
 

In smears obtained from controls, where the cell walls 
were intact and the hyphae were thin and homogeneous, 
no such modifications were seen. 
 
DISCUSSION 

Because of its low toxicity to humans and other non-
target species, biological control has been a popular 
strategy to plant disease management in recent years 
(Montealegre et al. 2003, Naureen et al. 2009). In 
particular, the one based on rhizosphere microorganisms 
(Yu et al. 2011). Among these is the Bacillus genus, which 
has certain species that have a great potential for 
application as biological control agents against a variety of 
plant diseases (Kumar et al. 2012). B. subtilis is the most 
investigated, owing to its capacity to create a wide range 
of antibiotic compounds as well as its ability to adapt to 
various environmental circumstances (Reiss and 
Jørgensen 2017). 

In this study, Bacillus subtilis (B2C-BM14-S2DSP) 
bacterial strains were tested for their antagonistic potential 
against the two fungi Fusarium oxysporum and 
Fusariumsolani, in order to control tomato dry rot in fields 
and during storage, and the results of in vitro experiments 
revealed that they had significant inhibitory effects on the 

mycelial growth of the two fungal phytopathogens in 
question. 

The ability of the antagonist strains utilized to 
generate antifungal secondary metabolites might account 
for the antifungal potentialities demonstrated in co-culture 
studies (Raza et al. 2015). According to (Ongena and 
Jacques 2008, Cao et al. 2012), B. subtilis' genome 
contains on average 4-5 percent of genes coding for 
antibiotic synthesis, from which it can produce a variety of 
antifungal metabolites such as subtilins, subtilosins, 
bacillomycins, iturins, fengycins, and surfactins, all of 
which are inhibitory to many fungal pathogens. In addition 
to producing antibiotics, Bacillus can also produce 
enzymes with high lytic activity, such as chitinase and b-
1,3-glucanase, which are involved in the degradation of 
fungal cell walls, which are primarily composed of chitin 
and surround and protect fungal cells from the 
environment (Leelasuphakul et al. 2006, Das et al. 2010). 
As a result, certain Bacillus species primarily employ 
these enzymes to compete with soil fungus (Shafi et al. 
2017). According to (Wang et al. 2004), Bacillus 
amyloliquefaciens strain V656 generates two forms of 
chitinases that are strongly inhibitory of Fusarium-
oxysporum. 

The results of the treatments applied based on the 
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various cell-free filtrates prepared from bacterial cultures 
of the three antagonistic strains after 03, 04, and 07 days 
of incubation in LB medium, and the fact that they all had 
very significant inhibition potential against the two fungi 
treated, can confirm the hypothesis proposed concerning 
the origin of the antagonistic activities obtained in co-
culture confrontation. Although the particular active 
ingredients have not been identified, Thus, the 
deformations and degradations shown on the cell walls of 
the hyphae during microscopic examinations suggest that 
the antagonist strains utilized in this test influenced the 
growth of the two fungi in this test through morphological 
alterations. According to (Li et al. 2015), the majority of 
antibacterial compounds promote lysis of harmful microbe 
cell membranes, resulting in death. They could thus 
effectively reduce the fungus inoculum in the farm, which 
is present in the form of young filaments resulting from 
chlamydospore germination, which is at the root of the 
fungus's ability to survive more than 10 years in the soil 
(Costa et al. 2018, Song et al. 2018), and this serves to 
anticipate the attacks of these bioaggressors.  

However, it is probable that the reduction of pathogen 
growth on agar in the direct confrontation is caused by the 
antagonistic bacteria depleting available nutrients. As a 
result, the fungus's development would have been 
delayed or even stopped. (Fira et al. 2018) demonstrates 
that Bacillus spp. exerce biological control primarily 
through competition for ecological niches with 
phytopathogens. In the indirect confrontation, where the 
compartmentalization prevents contact between the agar 
supporting the bacteria and the agar on which the fungus 
is located, only volatile substances produced by the 
antagonistic bacteria could cause the significant rates of 
inhibition of mycelial growth obtained in this test. This 
finding suggests that the generation of volatile antifungal 
chemicals by the three B. subtilis bacteria utilized to 
combat Fusarium wilt of tomato might be a significant 
regulatory mechanism. According to (Raza et al. 2015), 
volatile chemicals generated by diverse microorganisms 
have been identified as possible ways of reducing 
nematodes, increasing plant development, and developing 
resistance in a variety of plants, in addition to their 
antifungal actions. 

The comparative investigation of the antagonistic 
activities of the B. subtilis bacterial strains utilized 
revealed that the antagonistic bacteria used were more 
efficient against Fusarium oxysporum in both forms of 
confrontation. This is supported by the genetic variability 
that exists amongst Bacillus species (Choudhary and Johri 
2009, Kopac et al. 2014), particularly those of B. subtilis 
(Zhao et al. 2014). 

Furthermore, the best inhibitory activity, which 
correspond to the strains BM14, S2DSP, and B2C, were 
reported during 03 and 04 days of incubation for all 
experiments performed. This finding revealed that the 
antagonist strains employed in this study release varying 
quantities of antimicrobial compounds at different phases 

of their development routes. In a related study, it was 
discovered that the inhibitory potentialities of the strain 
Bacillus amyloliquefaciens V656 on fungal growth 
increase in tandem with cell growth (Wang et al. 2002). 
Also, in another study (Weihui et al. 2019), the antifungal 
activity of the acellular supernatant of the bacterium 
Bacillus amyloliquefaciens LZN01 against Fusarium-- 
oxysporum was determined to be higher in the death 
phase than in the exponential or latency phases. 

The results reveal that the three bacteria had 
antagonistic effects on the two Fusarium species 
investigated. As a result, they can join a broad group of B. 
subtilis strains that have proven specific promise for the 
bio-control of Fusarium wilt on a range of crops, including 
cucumber (Song et al. 2008), pepper (Yu et al. 2011), and 
tomato (Zhang et al. 2015). 

In the future, we intend to investigate the mechanisms 
of antagonism of our bacterial strains of interest by 
screening lipopeptide compounds and enzymes with lytic 
activities that might be the cause of their significant 
inhibitory activities against the two species. Fusarium--
oxysporum, Fusarium  solani. 

CONCLUSION 
In-vitro tests revealed that three Bacillus subtilis 

bacteria (B2C, BM14, and S2DSP) had significant 
inhibitory effects on the two Fusarium fungus, qualifying 
them as potential agents in the future. To combat 
Fusarium wilt of tomatoes,  
A genomic-scale investigation of these strains from 
various places across the country's north can help us 
better understand the biocontrol mechanisms of these 
three bacterial strains. This is before they are studied for 
their ability to reduce or even suppress illness in vivo and 
in storage. 
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