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The genus Fusarium causes a wide range of infections in human, animals and herbs. The
purpose of this research was to investigate and identify the native strains of Bacillus subtilis
playing an inhibitory role against Fusarium oxysporum by producing surfactin. B. subtilis was
isolated from the soil of various parks in Tehran-Iran, and identified by biochemical tests. Growth
inhibition zone, minimum inhibitory concentration (MIC) and minimum fungicidal concentration
(MFC) of B. subtilis were determined. After purification of surfactin, quantitative and qualitative
analysis of surfactin conducted using high performance liquid chromatography (HPLC). Finally,
two selected native strains with the highest production rate of surfactin identified using PCR for
16S rRNA and phylogenetic tree was drawn. Sixty strains of B. subtilis were isolated from soil,
after identification through phenotypical and biochemical tests, the antagonistic activity of 27
different strains against F oxysporum by Agar well diffusion assay determined and the highest
inhibition zone was 13.66 mm. Six strains showing the best inhibitory effect, were isolated and
their metabolite were purified by methanol. MIC and MFC values of different strains were in the
range of 0.5-1.6 and 1.6-2.6 mg/mL. Using HPLC, the purified surfactin content in B. subtilis was
about 56.7 — 131.9 ug/mL. Based on the curves of the chromatogram, the preferred strains with
the highest production of surfactin, by molecular identification, displayed high similarity to B.
subtilis. We got a maximum amount of yellow and transparent surfactin from native strains.
Furthermore, the selected bacteria can be good candidates for biological control of fungal
pathogens.
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INTRODUCTION

Infection by fungal pathogens can lead to diseases in
animals and plants, and resulting in high costs and
significant losses (Hussain & Khan, 2020). Fusarium
species cause various of infections and diseases by
generating toxins (Mibielli et al., 2020) . Fusariosis is the
second most opportunistic fungal infection after asper-
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gillosis (Thornton, 2020) . Keratitis, caused by Fusarium
spp, is one of the major reasons of corneal infections
among contact lens wearers in the developing world
(Thornton, 2020). One example in plants is the white
patch caused by Fusarium mold which is generally a
very serious disease in both industrialized and devel-
oping countries (Maksimov & Khairullin, 2016). The F.
oxysporum, as the main fungal plant pathogen, has
scientific importance. Several species of Fusarium can
cause Fusarium head blight (FHB) in the regions with
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high temperature and wet climate (Janssen, Mourits,
Van Der Fels-Klerx, & Lansink, 2019). In recent years
owing to resistance to pathogens less useful synthetic
fungicide and biocontrol of fungi, by some microorgan-
isms such as Bacillus spp. or their secretions, can serve
as a practical and normally safe and effective alternative
agent (Lastochkina et al., 2019).

The bacilli are able to produce a variety of metabo-
lites, therefore these are suitable options for biological
control and clinical purposes (Erjaee, Shekarforoush,
Hosseinzadeh, Dehghani, & Winter, 2020). In terms of
the production pathway, lipopeptides are synthesized
through ribosomal and non-ribosomal pathways. The
metabolites of the second class include cyclic lipopep-
tides (Sudarmono, Wibisana, Listriyani, & Sungkar,
2019). A well-known class of cyclic lipopeptides with
powerful antimicrobial activities includes the fengycin,
iturin and the surfactin compounds (Kaspar, Neubauer,
& Gimpel, 2019). Many lipopeptides are chemically
produced, but in recent years, more attention leads to
biocontrol of plant pathogenic fungi using biosurfactants
because of their advantages as renewable resources
and their biodegradability (Mibielli et al., 2020;
Willenbacher et al., 2014). Surfactin is a cyclic lipopep-
tide with a hydrophilic ring of seven aminoacids that
stays in the soil solution and with a hydrophilic hydro-
carbon which that can create pores in cell membranes
and inhibit growth of pathogens (Selseleh-Zakeri,
Akhavan-Sepahy, Khanafari, & Saadat-Mand, 2016).
Bacillus subtilis is one of the major producers of antibi-
otics and it can synthesize several lipopeptides such as
iturin, surfactin, fengycin and bacillomycin non ribo-
somally (Kinsella, Schulthess, Morris, & Stuart, 2009). It
is the best candidate to biocontrol various fungal patho-
gens including Fusarium spp., Pythium, Phytophtora,
Rhizoctonia, Sclerotinia, Septoria and Verticillium
(Hussain & Khan, 2020). The B. subtilis, as a gram-
positive bacterium, has several benefits over other
bacteria. B. subtilis as a ubiquitous and spore forming
bacterium, has a longer shelf life and can survive in
extreme environmental conditions of temperature and
dryness. It is also highly amenable to genetic manipula-
tion. In addition, it is recommended by the US Food and
Drug Administration (FDA) as one of the generally
recognized as safe (GRAS) microorganisms (Su, Liu,
Fang, & Zhang, 2020). Several strategies have been
applied to control the causative pathogen, F. oxysporum
such as soil solarization, fungicide seed treatment and
biological control (Chen, Lin, Wang, Huang, & Li,
2019). In this study, the main aim is isolation and identi-
fication of the native Bacillus strains from soil samples
and study their effects against £ oxysporum by
producing surfactin.

MATERIALS AND METHODS

Collection and preparation of samples from soil

Soil samples were collected from some parks in five
regions of north, south, east, west and central Tehran
from the depth of 100-150 mm near the root of appar-
ently healthy plants with a sterilized spatula. The
samples were quickly transferred to the laboratory. Soil
samples were sieved through a mesh screen (2 mm
pore size), and 5 g of soil was dissolved in 45 mL of
sterile distilled water in a 250 mL of Erlenmeyer flask.
The contents were heated at 80°C for 30 min and after
cooling the flasks, the soil samples were tenfold diluted
serially in a phosphate-buffered saline (10" to 10°)
solution. Then, 1 mL of each dilution was transferred to
a sterile plate and 20 mL of nutrient agar (NA) medium
was added to each plate and left to solidify. The
contents of the plate, under aerobic conditions, were
incubated at 35T for 24 h (Mizumoto, Hirai, & Shoda,
2007).

Isolation of B. subtilis by chemical analysis

After the appearance of bacterial colonies, the samples
were evaluated in terms of cell morphology, appearance,
consistency, color and shape of colonies and biochem-
ical properties (Tashakor, Hosseinzadehdehkordi,
Emruzi, & Gholami, 2017). Gram-positive and spore
forming bacteria, isolated by Gram and malachite green
staining, were identified by biochemical tests including
catalase, lecithin hydrolysis, citrate, SIM, nitrate reduc-
tion, opacity factor test and fermentation of glucose,
arabinose, mannitol and xylose (Perez et al., 2017).

Microorganism and culture media

The positive and negative samples were also
compare to control. The positive strain of B. subtilis
PTCC 1023 was prepared by IROST, the center of the
microbial collection of industrial bacteria in Iran (de
Faria et al., 2011). All isolated samples were collected
in sterile microtubes using a phosphate buffer which
contained 20% (v/v) glycerol and stored in -80C (Wei,
Wang, Chen, & Chen, 2010). To investigate the anti-
fungal effect, F. oxysporum PTCC 5115 was obtained
from the center of the microbial collection of industrial
bacteria in Iran and it was cultured on a sabouraud
dextrose agar (SDA), incubated for 72 h at 25C. The
isolated strains of bacteria were purified on NA plates
(Ongena & Jacques, 2008).

Determination of antifungal activity

The ability to produce antifungal metabolites of
isolated Bacillus strains was investigated using an Agar
well diffusion assay (Jasim, Sreelakshmi, Mathew, &
Radhakrishnan, 2016). First bacterial inoculum was
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prepared. For this purpose direct colony suspension
method was used in preparing the inoculum. Three to
five morphologically similar colonies from fresh NA
plates were transferred with a loop into about 5 mL of
normal saline in a capped test tube and vortex. The
suspension formed was adjusted to give a turbidity
equivalent to that of a 0.5 McFarland standard (BaSO,
prepared spectrophotometrically) to give an approxi-
mate 1.5X10° CFU/mL. Fungal strains were freshly
subcultured on sterile Sabouraud Dextrose Agar and
incubated at 30C for 2-5 d. The resultant cells were
washed into sterile normal saline and the turbidity
adjusted to a 0.5 McFarland standard equivalent. Under
sterile conditions, two wells with a diameter of 7 mm
were made in SDA on the plate. A fungal suspension
was spread on medium and in each well, 50 pL of
bacterial suspension was inoculated and incubated 72
h in 25°C. Then the inhibition zone was measured with
an antibiogram ruler (Selseleh-Zakeri et al., 2016).
According to the results, antifungal metabolite
(surfactin) was extracted from strains with the stron-
gest activity. All experiments for all selected strains were
repeated three times.

Determination of Minimum Inhibitory Concentration
(MIC) and Minimum Fungicidal Concentration
(MFC)

The MIC was defined using broth micro-dilution
method. Different concentrations from each bacterial
suspension were prepared (0.125, 0.5, 1, 2, 4, 6, 8,
10, 20, 40, and 80 mg/mL) using inoculum prepared in
the previous step and phosphate-buffered saline. Each
well (96 well micro plate) was complemented with 20
pL of fungal suspension (0.5 McFarland standard), 80
uL of sabouraud dextrose broth (SDB) and 100 L of
bacterial suspension. The well containing without fungal
suspension was the negative control and positive
control did not have bacterial suspension. Microplates
were incubated for 3 d at 25C. The smallest concentra-
tion of bacterial suspension that prevented the fungal
growth is defined as MIC, and MFC was determined by
incubating the SDA plates contain 10 pL from each well,
where there was no visible growth of fungi at 25°C for 5
d (Mefteh et al., 2017).

Extraction of surfactin

In order to extract the metabolite, 250 mL flasks
containing 100 mL of nutrient broth (NB) medium, with
2% bacterial cultures, were incubated at 35C and 200
X g for 5 d (Wang, Zhang, Zhou, Liu, & Chen, 2015).
Then, surfactin was extracted from the flask by acid
precipitation. 50 mL of the sample was poured into the
falcon and centrifuged at 8000 X g at 4C for 25 min.
The pH of the supernatant was adjusted to 2 with 6 M

HCI and acidic supernatant was again centrifuged in
Falcon 50 mL conical centrifuge tubes at 1000 X g at
4°C for 15min. The sediment collected on the Falcon
tube wall contained antifungal lipopeptide. After drying
the precipitant at 30°C for 24 h, the dried surfactin
dissolved in methanol, and again the solution centri-
fuged at 2000 X g at 4°C for 10 min. The supernatant of
yellow and transparent methanolic extract of antifungal
metabolite was then prepared in 1.5 mL microtubes for
high performance liquid chromatography (HPLC)
(Vedaraman & Venkatesh, 2011).

Quantitative and qualitative analysis of surfactin
by HPLC

The pure surfactin, purchased from Sigma-Aldrich
(Germany,) was used as a control. 20 pL of methanolic
solution of the control injected into HPLC apparatus.
The Zorbax ¢-18 column and 100% methanol solution
considered as constant phase and mobile phase,
respectively. The product at a flow rate of 1 mL/min was
monitored at a wavelength of 240 nm for 20 min, and
the results were recorded in the chromatogram curve
after injecting unknown samples (Chen et al., 2019).
According to the results of HPLC, two samples with the
highest production rate were investigated for detection
of 16S rRNA (Alonso & Martin, 2016). The quantitative
content of surfactin with external standards was
measured.

Molecular identification of native bacteria

The isolates were cultured at 35C for 24 h and DNA
extraction was performed using the DNeasy Blood and
Tissue Handbook kit (Qiagen Co.) under the manufac-
turer’s instructions. The PCR was used to amplify 16S
rRNA gene using primers 27f: (5-GAGTTTGATCCTGG
CTCAG-3') and 1541r: (5-AAGGAGGTGATCCAGCC
GCA-3) (Jasim et al., 2016). The reaction steps in
thermal cycler were as follows: initial denaturation at
95C for 3 min, denaturation in 93C for 45 s, annealing
at 58°C for 60 s and an extension at 72°C for 90 s. DNA
concentration was measured at a wavelength of 260
nm. The PCR purification was performed using Qiaquick
PCR purification, followed by gel electrophoresis (1%
agarose gels). The 16S rRNA gene sequences were
compared with the standard sequence of B. subtilis in
the Gene bank. The phylogenetic tree was rooted to B.
subtilis using the Neighbor-joining algorithm present in
MEGA version 7.0. and the support of nodes was esti-
mated using 1000 bootstrap replicates (de Faria et al.,
2011).

Statistical analysis
In this experiment growth inhibition zone, MIC, MFC
and surfactin was performed with three repeat and
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FIG. 1. Inhibition of radial mycelial growth of £ oxysporum
by B. subtilis strains (Y3; Yas Forest Park) isolated from soil
on SDA at 25C for 72 h. 50 yL of bacterial supernatant was
added into each well.

statistical test of them was done using ANOVA test and
SPSS (16.0 ver) software.

RESULTS

Identification of B. subtilis strains

Based on chemical characterization, B. subtilis strains
are aerobic mesophilic heterotrophic microorganisms,
they are able to produce endospores resistant to 80C.
Furthermore, theses strains can formed colonies with a
diameter of 1-3 mm, contained white, circular, erose
margin, flat, umbonate, dry and rough features. Out of
all samples taken at the beginning of the study, 60
samples approved in the first stage. Twenty-seven bacilli
isolates (gram-positive, red vegetative cells containing
green endospores in malachite green staining) selected.
Following biochemical examinations, catalase (+), leci-
thinase (-), citrate (+), reductase (+), glucose (+),
arabinose (+), mannitol (+), xylose (+), motile and
aerobic strains were identified as B. subtilis.

Determination of antifungal activity

The selected B. subtilis strains, showed antagonistic
activities towards the £ oxysporum by Agar well diffu-
sion assay (Fig. 1). Results indicated that 6 strains
(M2; Mellat Park, VV1; Velayat Park, Y1; Yas Forest Park,
Y3; Yas Forest Park, Y4; Yas Forest Park, Y5; Yas
Forest Park) had the largest inhibition zones and
produced the most antifungal metabolites (Fig. 2a).

Determination of MIC and MFC

The MIC and MFC values different strains against £
oxysporum were in the range of 0.50-1.6 and 0.83-2.6
mg/mL for Bacillus spp. The MIC and MFC values
determined against £ oxysporum in M, strain were 0.5

N
[

16 H~

14 _T;

Inhibition zone (mm)
=

=T - - ]
—

M2 Vi V3 Y3 Y4 Y5
Strains

N
(=2

47 OMIC BMFC
3.5 + a
3 —+
2.5 +

, 1 be ab
c c
15 +
c b
1 c c
¢
" ﬂ' ﬁ ﬁ H
0 - u -
M2 Vi V3 Y. 4

3 Y

Concentration (mg/mL)

Y5

Strains

N
(7]

Concentration (ng /mL)

FIG. 2. (a) Inhibition zone of six isolates of B. subtilis from
soil. (b) Result of MIC, and MFC against F. oxysporum. (c)
and surfactin content. Data represent the mean * standard
error and different letters in each column indicate a significant
difference

and 0.83 mg/mL respectively, which smallest content
and highest content observed in Y strain about 1.6 and
2.6 mg/mL. The MIC and MFC in V,, V; and Y; strains
were in range of 0.66-0.83 and 1.3-1.6 mg/mL and
these strains had insignificant different and antagonistic
activities (Fig. 2b).

HPLC analysis

The results of identification of surfactin composition
using HPLC chromatogram are shown in Fig. 3. This
composition produced by Sigma-Aldrich as standard,
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FIG. 3. HPLC chromatogram of Sigma-Aldrich surfactin as standard (a), surfactin extracted from B.
subtilis PTCC 1023 as reference strain (b) and surfactin produced by native B. subtilis strain isolated from
soil (M2; Mellat Park) (c). Column Zorbax C-18 eluted with 100% methanol at 1 mL/min as mobile phase.

Peaks showed various isoforms of surfactin.

shows peaks in two time intervals (3.09 and 3.8 min).
Output HPLC chromatogram related to surfactin
extracted from B. subtilis PTCC 1023 as reference strain
revealed, in this strain, surfactin in 2.81 and 6.6-recorded
peaks and has about 103 pg/mL surfactin. Result
related to six native strains also have two peaks in 2.8
and 6.4 min this indicates the production of this
compound in these strains (Fig. 3).

The results quantification showed the amount of
surfactin in the six studied strains using external stan-
dards, surfactin content in B. subtilis about 56.7 — 131.9
ug/mL. Highest surfactin contents observed for M,, V,
and Y, strains and least content related to Y5 strain
(Fig. 2¢).

Molecular Identification

Based on result output HPLC chromatogram, two
strains of B. subtilis, which showed the highest produc-
tion of surfactin (M, and V,), were identified by 16S
rRNA method. Concentration of DNA at 260 nm was
shown to be 4.5 ng/ul. By purifying the PCR and its
electrophoresis products, the presence of the 1500 bp
fragment was confirmed and the results showed that
the selected bacteria had a strong similarity to B.
subtilis (Fig. 4).

The phylogenetic 16SrRNA tree also confirmed this
similarity, and the fact that this bacterium is located in a
distinct branch of this phylogenetic tree shows that this
strain is novel in its genus, and the results of molecular
analysis confirmed the same biochemical results (Fig.
5).

Tkb DNA X
L

acider

FIG. 4. Polymerase chain reaction product using specific
primers for B. subtilis isolated from soil was loaded in a 1%
agarose gel. Lane 1. 1kbp DNA ladder. Lane 2. Negative
control. Lane 3 and 4. Genome PCR of B. subtilis strains (M,
and V,) with high activity selected from soil (1500bp).

DISCUSSION

Fungal diseases are currently one of the most common
reasons of major damages in agricultural yields
(Thornton, 2020). On average, one out of every eight
plants will not be productive due to fungal disease
(Vedaraman & Venkatesh, 2011). Because of special
attention to environment and the resistance of some
pathogen to chemical fungicides and environmental
pollution by them, scientists have tried to use natural
soil organisms to protect plants (Meena, Sharma,
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FIG. 5. Phylogenetic tree of native B. subtilis with Neighbor- joining method using 1000 bootstrap
replicates. Two strains of M2; Mellat Park and V1; Velayat Park (shown in bold) with the highest
amount of surfactin production were used to draw the phylogeny tree.

Kumar, & Kanwar, 2020).

In recent years, the use of microbial antagonists as a
biological control agent against fungal diseases has
become a hopeful solution for many countries around
the world (Nega 2014; Al-Fadhal, AL-Abedy, and
Alkhafiie 2019). Soil and non-pathogenic microbes with
antagonistic properties to prevent pathogenic fungi are
the best alternative to chemical fungicides and are
additionally one of the most significant reasons affecting
the creation of sustainable nature (He, Zhu, Huang,
Hsiang, & Zheng, 2019). Bacillus species, notably B.
subtilis, has a high efficiency in the control of pests
(Jasim et al., 2016). In Vietnam, experiments were
performed on different strains of Bacillus, B. subtilis
XL62 was selected for its antifungal activity against £
oxysporum and R. solani, as the most important food
crops contaminants (Doa, Lea, Nguyena, Nguyena, &
Daoc, 2017). Due to a number of specific features such
as the production of antifungal antibiotics, hydrolytic
enzymes and the ability to produce persistent spores, B.
subtilis can be considered as a biological control agent
with high efficiency in the management of pests
(Goswami & Deka, 2019). The use of B. subtilis seems
to be an advantageous approach to manage pests by
combining biological, physical and chemical methods,
because it does not entail any economic or environ-
mental hazards (Mihalache et al., 2018).

Genus Fusarium causes wilting, drying and rotting of
seeds, roots, stems and seedling death (Janssen et al.
2019; Al-Fadhal, AL-Abedy, and Alkhafije 2019). We
hypothesized by identifying the appropriate strains of
antibiotic surfactin producers and their effective control

of the pathogenic fungi, suitable strategies will be identi-
fied to reduce the diseases of plants, by safe biological
agents without environmental hazard (Jasim et al.,
2016).

According to studies B. subtilis has an important anti-
fungal activity on fungal pathogens. The antifungal
activity of selected strains was evaluated using the
standard strain PTCC 1023 and the highest inhibition
zone was 13.66 mm. Similar results with the antago-
nistic properties of B. subtilis strains against pathogenic
fungi, using an Agar well diffusion assay, can be found
in a previous study by Yu et al. (2002). Also the anti-
fungal activity of B. amilolicofasian in the suppression of
diseases caused by pathogenic R. solani, was exam-
ined, and the mean diameter of the fungal growth inhibi-
tion zone was 25 mm in the presence of bacterial
suspension (Yu, Sinclair, & Hartman, 2002). Additionally
our result indicated, the MIC and MFC values of different
strains against £ oxysporum were in the range of 0.5-
1.6 and 0.83-2.6 mg/mL for Bacillus spp. Results of this
paper are in agreement with those of Thi et al. (2017).
They reported the antifungal activity of B. subtilis XL62
and RMBY that inhibited the growth of nine fungal phyto-
pathogens more than 70% in vitro (Al et al., 2020).
Moreover a study by Cazorla et al. ( 2007) shows that
in the 905 strains isolated from the rhizosphere of
avocado trees in Spain, four ones were identified as B.
subtilis and showed significant antifungal activity against
F. oxysporum and R. necartix. Furthermore Rebib et al.
(2012) examined 69 strains of B. subtilis isolated from
saline soils in northern Tunisia and tested them for their
properties against different species of Fusarium and
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recognized the strain B. subtilis SR146 as beneficial.
The B. subtilis SR146 exhibited potent antagonistic
activity up to 82%, against £ culmorum, but it did not
show a significant inhibitory effect on £ solani. To find
the component responsible for the antifungal properties
of B. subtilis, the metabolites were extracted from six
strains, and the results were obtained of HPLC and
chromatograms of selected indigenous strains from sail.
Result related to surfactin showed, this compound
produced by all selected strains, isolated with antifungal
ability, were able to produce surfactin. Its concentration
in these strains in range 56.7 — 131.9 ug/mL and strains
that produced higher surfactin levels showed lower MIC
and MFC content. Reports the production of two major
antibiotics of surfactin and iturinA in B. subtilis QST713,
isolated from the cucumber rhizosphere. These antibi-
otics were isolated using HPLC. It was concluded that
this strain has the ability to produce both antifungal
lipopeptides, iturin A and surfactin, as observed on
chromatograms obtained from the sample (Kinsella et
al., 2009). As a result, the soil was determined to be a
suitable source for isolating biological control agents
such as B. subtilis (He et al., 2019). Molecular features
of the best strains were investigated with 16S rRNA and
their genetic correlation with standard B. subtilis (1500
kDa) was confirmed (de Faria et al., 2011). Also Liu et
al., (2007) extracted bacisubin from B. subtilis B916
(41.9 kDa) which inhibits £ oxysporum and R. solani
growth.

We hypothesized different strains of B. subtilis
collecteded from different areas of soil has strong fungal
activity on £ oxysporum and the strains with more
production of surfactin, had minimum MIC and MFC for
control of £ oxysporum. Therefore this metabolite can be
used for biological control of fungi using native strains in
each region.

CONCLUSION

Biological metabolites are an effective alternative to
synthetic samples and the importance of this research
is the production of surfactin as a biological fungicide.
Native strains of B. subtilis with capacity of production
of surfactin can be used as a suitable biocontrol.
Therefore, this strains could be a promising candidate
to be developed as commercial biofertilizer and biocon-
trol formulation in sustainable agriculture.

ACKNOWLEDGMENTS

The data of the present study were extracted from a
Ph.D thesis by Rafiee at Islamic Azad University
(Science and Research Branch). The authors extend
their gratitude to Islamic Azad University for providing

facilities to conduct this study.
CONFLICT OF INTEREST

The authors declare that they have no conflict of
interest.

HUMAN AND ANIMAL RIGHTS

This article does not contain any studies involving
human or animal subjects performed by any of the
authors.

DATA AVAILABILITY

The datasets generated during and/or analysed
during the current study are available from the corre-
sponding author on reasonable request.

REFERENCES

Ali, S., Hameed, S., Shahid, M., Igbal, M., Lazarovits, G., &
Imran, A. (2020) Functional characterization of potential
PGPR exhibiting broad-spectrum antifungal activity.
Microbiol. Res., 232, 126389.

Alonso, S., & Martin, P. J. (2016) Impact of foaming on
surfactin production by Bacillus subtilis: implications on the
development of integrated in situ foam fractionation
removal systems. Biochem. Eng. J., 110, 125-133.

Chen, C., Lin, J., Wang, W., Huang, H., & Li, S. (2019) Cost-
effective production of surfactin from xylose-rich corncob
hydrolysate using Bacillus subtilis BS-37. Waste Biomass
Valorization., 10(2), 341-347.

de Faria, A. F., Teodoro-Martinez, D. S., de Oliveira Barbosa,
G. N., Vaz, B. G,, Silva, |. S., Garcia, J. S., Alves, O. L.
(2011) Production and structural characterization of
surfactin (C14/Leu?) produced by Bacillus subtilis isolate
LSFM-05 grown on raw glycerol from the biodiesel industry.
Process Biochem., 46(10), 1951-1957.

Doa, T. T., Lea, T. H., Nguyena, T. T., Nguyena, S. L. T., &
Daoc, T. M. A. (2017) Purification and characterization of
an antifungal protein from Bacillus subtilis XL62 isolated in
Vietnam. Asian Soc. Sci, 43, 294-301.

Erjaee, Z., Shekarforoush, S. S., Hosseinzadeh, S., Dehghani,
A., & Winter, D. (2020) Identification of antifungal intracel-
lular proteins of endophytic Bacillus pumilus by LC-MS/MS
analysis. Int J Pept Res Ther., 26(4), 2429-2435,

Goswami, M., & Deka, S. (2019) Biosurfactant production
by a rhizosphere bacteria Bacillus altitudinis MS16 and its
promising emulsification and antifungal activity. Colloids
Surf B Biointerfaces., 178, 285-296.

He, Y., Zhu, M., Huang, J., Hsiang, T., & Zheng, L. (2019)
Biocontrol potential of a Bacillus subtilis strain BJ-1 against
the rice blast fungus Magnaporthe oryzae. Can. J. Plant
Pathol. , 41(1), 47-59.

Hussain, T., & Khan, A. A. (2020) Bacillus subtilis
HussainT-AMU and its Antifungal activity against Potato
Black scurf caused by Rhizoctonia solani on seed tubers.
Biocatal. Agric. Biotechnol., 23, 101443.

Janssen, E., Mourits, M., Van Der Fels-Klerx, H., & Lansink, A.
0. (2019) Pre-harvest measures against Fusarium spp.



208 F RAFIEEET AL.

infection and related mycotoxins implemented by Dutch
wheat farmers. J. Crop Prot., 122, 9-18.

Jasim, B., Sreelakshmi, K., Mathew, J., & Radhakrishnan, E.
(2016) Surfactin, iturin, and fengycin biosynthesis by endo-
phytic Bacillus sp. from Bacopa monnieri. Microb. Ecol., 72
(1), 106-119.

Kaspar, F., Neubauer, P., & Gimpel, M. (2019) Bioactive
secondary metabolites from Bacillus subtilis: a comprehen-
sive review. J. Nat. Prod., 82(7), 2038-2053.

Kinsella, K., Schulthess, C. P., Morris, T. F., & Stuart, J. D.
(2009) Rapid quantification of Bacillus subtilis antibiotics in
the rhizosphere. Soil Biol. Biochem., 41(2), 374-379.

Lastochkina, O., Seifikalhor, M., Aliniaeifard, S., Baymiev, A.,
Pusenkova, L., Garipova, S., Maksimoy, |. (2019) Bacillus
spp.: efficient biotic strategy to control postharvest diseases
of fruits and vegetables. Plants, 8(4), 97.

Su, Y., Liu, C., Fang, H., & Zhang, D. (2020) Bacillus subtilis:
a universal cell factory for industry, agriculture, biomaterials
and medicine. Microb. Cell Fact, 19(1), 1-12.

Maksimoy, |., & Khairullin, R. (2016) The role of Bacillus bacte-
rium in formation of plant defense: Mechanism and reac-
tion. The handbook of microbial bioresources, 56-80.

Meena, K. R., Sharma, A., Kumar, R., & Kanwar, S. S. (2020)
Two factor at a time approach by response surface method-
ology to aggrandize the Bacillus subtilis KLP2015 surfactin
lipopeptide to use as antifungal agent. J. King Saud Univ.
Sci., 32(1), 337-348.

Mefteh, F. B., Daoud, A., Chenari Bouket, A., Alenezi, F. N.,
Luptakova, L., Rateb, M. E., & Belbahri, L. (2017) Fungal
root microbiome from healthy and brittle leaf diseased date
palm trees (Phoenix dactylifera L.) reveals a hidden
untapped arsenal of antibacterial and broad spectrum anti-
fungal secondary metabolites. Front. Microbiol., 8, 307.

Mibielli, G. M., Fagundes, A. P., Bohn, L. R., Cavali, M., Bueno,
A., Bender, J. P, & Oliveira, J. V. (2020) Enzymatic produc-
tion of methyl esters from low-cost feedstocks. Biocatal.
Agric. Biotechnol., 24, 101558.

Mihalache, G., Balaes, T., Gostin, |., Stefan, M., Coutte, F., &
Krier, F. (2018) Lipopeptides produced by Bacillus subtilis
as new biocontrol products against fusariosis in ornamental
plants. Environ. Sci. Pollut. Res., 25(30), 29784-29793.

Mizumoto, S., Hirai, M., & Shoda, M. (2007) Enhanced iturin
A production by Bacillus subtilis and its effect on suppres-
sion of the plant pathogen Rhizoctonia solani. Appl.
Microbiol. Biotechnol., 75(6), 1267-1274.

Ongena, M., & Jacques, P. (2008) Bacillus lipopeptides:
versatile weapons for plant disease biocontrol. Trends
Microbiol., 16(3), 115-125.

Perez, K. J., Viana, J. d. S., Lopes, F. C., Pereira, J. Q., Dos
Santos, D. M., Oliveira, J. S., Brandelli, A. (2017) Bacillus
spp. isolated from puba as a source of biosurfactants and
antimicrobial lipopeptides. Front. Microbiol., 8, 61.

Selseleh-Zakeri, S., Akhavan-Sepahy, A., Khanafari, A., &
Saadat-Mand, S. (2016) Isolation and characterization of
Bacillus isolates from Tehran and investigation of their anti-
fungal activity against some species of Fusarium head blight
fungi from Ardebil. lran. J. Plant Pathol., 52(1), 19-29.

Sudarmono, P., Wibisana, A., Listriyani, L. W., & Sungkar, S.
(2019) Characterization and synergistic antimicrobial eval-
uation of lipopeptides from Bacillus amyloliquefaciens
isolated from oil-contaminated soil. Int. J. Microbiol., 2019.

Tashakor, A., Hosseinzadehdehkordi, M., Emruzi, Z., &
Gholami, D. (2017) Isolation and identification of a novel
bacterium, Lactobacillus sakei subsp. dgh strain 5, and opti-
mization of growth condition for highest antagonistic activity.
Microb. Pathog., 106, 78-84.

Thornton, C. R. (2020) Detection of the ‘Big Five’ mold killers
of humans: aspergillus, fusarium, lomentospora, scedospo-
rium and mucormycetes. Adv. Appl. Microbiol., 110, 1-61.

Vedaraman, N., & Venkatesh, N. (2011) Production of
surfactin by Bacillus subtilis MTCC 2423 from waste frying
oils. Braz. J. Chem. Eng., 28, 175-180.

Wang, X., Zhang, Z., Zhou, X., Liu, P., & Chen, Y. (2015)
Planting pattern and irrigation effect on farmland microcli-
ma(te)and yield of winter wheat. JAPS: J Anim Plant Sci.,
25(3).

Wei, Y.-H., Wang, L.-C., Chen, W.-C., & Chen, S.-Y. (2010)
Production and characterization of fengycin by indigenous
Bacillus subtilis F29-3 originating from a potato farm. Int. J.
Mol. Sci., 11(11), 4526-4538.

Willenbacher, J., Zwick, M., Mohr, T., Schmid, F., Syldatk, C.,
& Hausmann, R. (2014) Evaluation of different Bacillus
strains in respect of their ability to produce Surfactin in a
model fermentation process with integrated foam fraction-
ation. Appl. Microbiol. Biotechnol., 98(23), 9623-9632.

Yu, G., Sinclair, J., & Hartman, G. (2002) Ber tagnol li BL
Production of iturin A by Bacillus amyloliquefaciens
suppressing Rhizoctonia solani. Soil. Biol. Biochem, 34(7),
955-963.





