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ABSTRACT

Fusarium dry rot is considered to be the most critical soilborne and postharvest disease that damages potato
tubers worldwide when they are stored for a long time. This study was performed to demonstrate the effect of
crude extract, culture filtrate, and cell suspension obtained from the bacterium Bacillus subtilis Hussain T-AMU,
on the net house and field. From oil-contaminated soil, through the serial dilution method, biosurfactant bacteria
were isolated on nutrient agar medium. To isolate and screen the prospective biosurfactant strain, various biosur-
factant screening methods were used. Standard protocols were carried out for morphological, molecular, and che-
mical characterization. The disease incidences were significantly decreased under net house and field conditions
after treatment with biosurfactant extract (20%, 70%), culture filtrate (23%, 49%), and bacterial cell suspension
(46%, 27%), respectively. These results indicate a significant effect of B. subtilis HussainT-AMU against Fusarium
oxysporum. The characterization of the partially purified extract by gas-chromatography indicated the existence of
a high amount of methyl ester fatty acids. The quantitative analysis determined the presence of lipopeptide-sur-
factin, fengycin, and iturin in the biosurfactant extract. Scanning electron microscopy revealed that morphological
variation was revealed in the structure of stomata size in leaves and in the mycelia of the pathogen that was inves-
tigated. This promising biocontrol agent can be a plausible option for further research and can also be used for the
production of green biomolecules at an additional industrial level.
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1 Introduction

The potato (Solanum tuberosum L.) is considered one of the essential crops in every human diet.
Potatoes are currently grown on 19 million hectares of land, with a global yearly production of
388 million tonnes [1]. Around 1.3 billion people in India and China consume fresh potatoes as a basic
diet (50 kg per person per year). Potato breeders’ major goal is to increase yield and nutrient quality
while limiting field losses due to pests’ infection, diseases, and harsh environmental conditions. Potato
production losses and decline in nutritional value are caused by a variety of factors, including pre- and
post-harvest handling, frost, heavy rainfall fields, and storage disease [2]. More than 40 diseases,
including bacteria, viruses, fungi, nematodes, and pests cause harm to potato foliar portions and tubers
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[3]. As a result, it is critical to manage and prevent diseases that cause substantial crop losses and a fall in
farmer revenue [4]. In the Indian plains, various Fusarium species, including F. oxysporum Schlechtend,
produce dry rot disease [5]. Dry rot affects crop stand by reducing potato sprout production, resulting in
losses of up to 25% to 60% during storage [6]. Although dry rot is a severe issue for tubers in storage,
also its negative impacts on potato plants appear in the field as wilting and root degeneration [7]. The
wounds formed on the tubers throughout harvesting, handling, and shipping serve as entrance points for
fungal spores, and infested tubers induce dry rot in storage. Only when the tuber skin ruptures can the
fungus cause infection. The infectious hypha develops in intercellular spaces in living cells and then
becomes intracellular only after the cell dies [8].

Moreover, Fusarium spp. also produces toxins like mycotoxins which due to their effects lead to
mycotoxicosis. Therefore, infected tubers are harmful to human beings and animals [9]. Dry rot
symptoms, which are characterized by sunken and wrinkled dark to black tissue patches on tubers,
typically appear about 1–2 months after tuber storage. The wrinkled patches produce cottony white,
purple, pink, or brick orange spores and mycelial masses that remain in the soil or rotting tuber debris
during long-term storage [10]. If the affected tuber is utilized as seed material, it causes Fusarium wilt in
fields. The pathogen inoculum is derived from infected seed tubers, which cause soil infestation [6]. The
infections by Fusarium species depend on the storage conditions and cultivar species [10].

Chemical management strategies against dry rot in potatoes are not very effective and economically
viable. Furthermore, the frequent use of synthetic agrochemical products leads to harmful residual effects
on plants, the natural microflora of the soil and humans [11]. In the last decade, there has been a
significant increase in knowledge and attention to using environmentally friendly strategies such as
biocontrol techniques [3]. Nowadays, bio-control agents are gaining ground in the latest agricultural
farming and practice as an alternative to chemical-based fungicides [12–17]. The Indian government is
focusing on the manufacture of these eco-friendly bio fungicides for sustainable agricultural production.
For long-term stability, effective biological approaches to control soil-borne pathogens and reduce
disease, are the best-recommended solutions [17]. Due to its vast applications, biosurfactant is one of the
main groups of microbial solutions with well-recognized biochemical properties [18–20]. Microbial
surfactants that are a mixture of lipids, phospholipids, polysaccharides, lipoproteins, and other biological
macromolecules are formed by several types of bacteria that encompass many functional groups, such as
carboxyl, amino, and phosphate groups [21]. In this regard, lipopeptides produced by Bacillus subtilis are
especially intriguing because of their high surface activity and therapeutic effects in comparison to many
other forms of biosurfactants [22–23]. However, producing biosurfactants on a wider scale remains
difficult and poses a considerable barrier to their commercialization [24].

Early and late blight were successfully overcome by the isolates of B. subtilis and Trichoderma
harzianum [25]. Shafi et al. [26] reported that Bacillus species exhibited direct antibiosis and induced
resistance against Fusarium spp., Pythium spp., and Rhizoctonai solani. Gliocladium catenulatum, an
active element of a bio-fungicide, has exhibited good biocontrol efficacy against both seeds and soilborne
diseases caused by Phytophthora spp., Pythium spp., Alternaria spp., Cladosporium spp., Rhizoctonia
spp., Verticillium spp. in horticultural crops, and storage diseases caused by Penicillum spp.,
Helminthosporium solani and R. solani in potatoes [19–20]. The late blight disease in potatoes was
constrained by the application of Chaetomium globosum [27]. Rhamnolipids, glycolipids, and lipopeptide
biosurfactants are produced by the genera Pseudomonas, Candida and Bacillus that make up most of the
reported biofilms [28–29].

The genus Bacillus sp. can tolerate extreme conditions of pH, temperature, and osmotic pressure [30].
These bioagents not only cause the lysis of many fungal pathogens mycelium but also colonize surfaces and
promote plant growth activities [31]. The use of biological control approaches to combat soil-borne
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pathogens is related to soil health and pathogens [32]. Bacillus sp. is also used against postharvest pathogens
[33–34]. Three novel cyclic lipopeptides (surfactin homologues) were produced by Bacillus sp. SY27F using
liquid chromatography–tandem mass spectrometry (LC–MS–MS) and gas chromatography–mass
spectrometry (GC–MS) [35].

For example, lipopeptides are commonly competent against Colletotrichum dematium [36], R. solani,
Macrophomina phaseolina (Tassi) Goid [37], Pythium ultimum [38], Fusarium head blight [39] and root-
knot nematode caused by Meloidogyne incognita [18]. Several studies used lipopeptides/rhamnolipids as
viable fungicides in order to preserve numerous economically important crops [40]. Diversification in
stomatal structure is commonly observed in all plant species [40] and it is proposed that reduced
substomatal cavities induce less efficient absorption of CO2, leading to further unnecessary water loss
during stomata opening and regulating gas exchange [41].

Therefore, we conducted this experiment to demonstrate the effect of the culture filtrate produced by
B. subtilis HussainT-AMU strain in both pot studies at Net House and farmer fields. We also detected and
characterized the fatty acid components of the biosurfactant using chromatography techniques.

2 Materials and Methods

2.1 Isolation of Biosurfactant Bacterial and Fungal Pathogen
The residual oil-contaminated soil sample was collected from Paradwip port in Odisha (India) at a depth

of 5–10 cm for the isolation of bacteria using the serial dilution method [42]. The isolated bacteria were
characterized according to their morphological and bio-chemical parameters by following the standard
Bergey’s Manual of Determinative Bacteriology. For molecular characterization, 16S rRNA gene
sequence was performed for sequence analysis that was outsourced through a private company.

Dry rot tubers, infected with Fusarium sp., were collected from the Haathras region, Uttar Pradesh
(India), before the crop planting season in 2018. Isolation of fungi was performed based on the protocol
of Hussien et al. [17]. The bacteria colonies were then purified by repeated striking, picking up a single
colony and maintaining them on nutrient agar slants at 4°C.

2.2 Extraction of Biosurfactant Production
Bacterial cells were removed by centrifugation at 12,000 rpm for 10 min from 1 L of nutrient broth

medium (0.1% petrol mixed), and the extract was obtained from the culture filtrate. The pH of the culture
filtrate was brought to 2N with HCl and kept overnight at 4°C, with an equal volume of chloroform:
Methanol (2:1) was mixed with the overnight culture filtrate, vigorously stirred for several minutes, and
allowed to set until the phase separated. The chloroform was evaporated at 50°C using a rotary
evaporator, and the biosurfactant extract was concentrated. The resulting honey-coloured material was
considered a crude extract. The experiment was carried out in triplicate.

2.3 Dual Culture Method
The bio-efficacy of B. subtilis HussainT-AMU strain was tested against Fusarium dry rot using the dual

culture method. Sterile cork-borer from a seven-day-old new culture of Fusarium sp. mycelial discs (5 mm)
was set at the periphery of the Petri-dishes containing sterilized potato dextrose agar media (P.D.A.). The new
bioagent was streaked on the opposite side of the Petri dish at an identical distance. Three replicates were
maintained. All the Petri dishes were placed at 26°C ± 2°C in a dark Biological Oxygen Demand
(B.O.D.) incubator until the radial growth of pathogens (control-without-treatment) Petri-dishes were
completely full. Aneja [43] method was used to calculate the percentage (%) suppression of test
pathogens at various time periods (24, 48, 72, and 96 h). The study was repeated three times.
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2.4 Experimental Procedure and Treatments
Antagonistic activity of B. subtilis HussainT-AMU was investigated using seed tubers of cv. Kufri Bahar

consisting of five treatments viz; T1-Healthy seed tubers, T2-Infected control (Positive), T3-Culture filtrate
of B. subtilis HussainT-AMU, T4-B. subtilis HussainT-AMU cell suspension 1–109 CFU/mL, and T5-
Carbendazim 50% WP (0.3%) treated 24 h before plantation. Under the net house, the treated tubers were
planted in 30 cm diameter earthen pots. The number of tubers and yield (g/plant) were recorded at
harvest time. The prevalence of the disease, its severity, and its excess over control were assessed [44].
The field trial was conducted in an agricultural field owned by a farmer in Haathras, Uttar Pradesh,
during the cropping season (2019–2020). A 3 × 3 m plot size was used to be laid out in an (randomized
block designs) RBD. All agronomic work was carried out in accordance with the region’s
recommendations, with seedings spaced 60 × 20 cm apart. The three replications of the study’s treatments
were used as the standard. To show severe infection, the potato tubers were treated with different
formulations 24 h prior to planting. Untreated black scurf-infected tubers and seed tubers that appeared
healthy were kept as a source of control.

According to the pot study, observations on disease incidence and severity were made at the time of
harvest. Crops were harvested two weeks after dehaulming, and haulms were cut more than 100 days
after planting. At harvest, 230 tubers (roughly 75 tubers per replication) were randomly selected from
each treatment to track the incidence and severity of the disease. On a scale of 0 to 4, the severity of the
disease was determined (0 being no disease, 1 being 1% to 25% of the surface area covered, 2 being 26%
to 50%, 3 being 51% to 75% covered, and 4 being >75% covered). According to the study, observations
on the prevalence and severity of the diseases were made at the time of harvest.

2.5 Gas Chromatography-Mass Spectroscopy (GC-MS)
Fatty acid methyl esters were carried out as per standard protocol followed at ARIF Center at the J.N.U.,

New Delhi according to the method of Somani [45]. The biosurfactant extract was filtered using 0.45 µm
micron filters under laminar flow, dissolved in methanol. Fatty acid methyl esters analysis was carried out
on an Agilent Model 7890A gas chromatograph fitted to a 5975C mass detector. Helium (≥99.99%) as a
carrier gas was applied with a flow rate of 1 mL/min. A total of 10 μL of the sample was injected into
the system. The oven temperature was kept within the range of 60°C–260°C. To evaluate the fatty acid
component in the extract, major fatty acids were studied by comparing them to the retention times of
authentic standards (Wiley 8) and the National Institute of Standards and Technology (NIST) mass
spectrum library database.

2.6 Qualitative Analysis through Liquid Chromatography-Mass Spectrometry (LC-MS)
The partially purified collected biosurfactant, which was solubilized in methanol, was included in the

qualitative approach, which was performed using LC-MS, electrospray ionization mass spectrometry
(ESI-MS) at the Sophisticated Analytical Instrumental Facility (SAIF) center, CSIR-Central Drug
Research Institute, Lucknow, Uttar Pradesh, according to their standard procedures. The filter-purified
lipopeptide extract was immediately injected into the Mass Spectrometer (LTQ XL Linear Ion Trap Mass
Spectrometer) using a direct insertion pump equipped with an E.S.I. source (Thermo Scientific, USA) at a
flow rate of 10 L min−l in the sample. The sheath gas flow (N2) and capillary temperature were tuned to
350°C and 30 arbitrary units, respectively, in both scan modes. The results of a complete ion scan with a
mass scan range of m/z 50 ± 2000 were negative.

2.7 Scanning Electron Microscopy (S.E.M.)
Scanning electron microscopy was used to show the influence of the new bioagent’s biosurfactant

extract, culture filtrate, and bacterial cell suspension on the morphological structure of the stomata and
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the mycelia of the pathogen. Leaf and mycelia samples were gathered for each treatment; 55 mm leaf samples
were cut and randomly set. The samples were fixed for 24 h at 4°C in 3% glutaraldehyde (100 mM, pH 6.8).
The specimens were then washed in phosphate buffer (pH 6.8) for 2–3 h before being dehydrated in a graded
ethanol-acetone series. Dehydration started with a series of ethanol concentrations (30%–90%), then two
variations through absolute ethanol and twice through pure acetone, with the sample staying 30 s at each
step. The specimens were then dried using CO2 as a transition fluid, and the dry samples were placed
using double-stick tape over copper stubs before being covered in a sputter coater with roughly 20 nm
gold particles. Specimens were examined using an electron microscope with a scanning attachment set to
20 kV. To confirm the findings, at least three randomly selected samples were maintained from each
batch. Changes in the pathogen mycelia and stomata morphology seen in the S.E.M. were caught and
recorded as an image.

2.8 Statistical Analyses
IRRISTAT software (version 4.4.20030719) (India) was used to evaluate the experimental data.

3 Results

3.1 Isolation and Production of Biosurfactant Bacterial and Fungal Pathogen
A new biosurfactant strain of Bacillus was isolated from Pradwip, Odisha. The 16S rRNA gene

sequence alignment (Table 1) confirmed that the ODI-02 strain had the highest similarity index (99%) to
Bacillus subtilis, and the sequence was named B. subtilis HussainT-AMU with accession No.
LC385950 and deposited in the NCBI database (Fig. 1). Identification was confirmed based on
morphological characteristics of conidia. Conidiophores develop from mycelium and form 1–4 celled
sickle-shaped conidia of varying sizes. Every two months, the pathogen’s pure fungal culture was kept on
P.D.A. at 4°C.

3.2 The Bio-Efficacy of B. subtilis HussainT-AMU Strain Using the Dual Culture Method
Under the dual culture study, the new bioagent B. subtilis HussainT-AMU reduced the growth of the

pathogen mycelium. A significant level of pathogen growth inhibition was noted (Fig. 2). The new
Bacillus strain produced antifungal peptide antibiotic compounds, that significantly reduced the
phytotoxicity of Fusarium oxysporum by Bacillus.

Table 1: Morphological features of the B. subtilis HussainT-AMU strain

Morphological feature Observation

Shape Rod

Colour Pale white

Size 2–4 mm diameter

Surface Shiny

Texture Moist

Edge Entire

Elevation Raised

Opacity Translucent
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3.3 Effect of B. subtilis HussainT-AMU against Fusarium under Pot and Field Conditions
Biosurfactant extract, culture filtrate, and bacterial cell suspension significantly reduced the disease

incidence by (20%, 70%), (23%, 49%) and (46%, 27%) respectively under net house and field conditions,
in comparison to 97% of infected control (Table 2). The disease incidence was greater in the untreated tuber
plants (controls) when compared to healthy plants and this incidence boosted the duration of infection time.
The maximum number of tubers per plant was noticed with Carbendazim 50% W.P. treated seed tubers,
followed by biosurfactant extract (26.88 t/ha), cultural filtrate (25.60 t/ha), and bacterial cell suspension
(23.20 t/ha). Tuber yield was obtained from extract and culture filtrate treatment after harvesting.

Figure 1: Phylogenetic tree showing the relationship between B. subtilis HussainT-AMU and other Bacillus spp.

Figure 2: Dual culture study with the new bioagent B. subtilis HussainT-AMU strain

Table 2: B. subtilis HussainT-AMU against Fusarium dry rot tubers under pot and field conditions

Treatment Disease
incidence (%)

Reduction over control Diseases
severity (%)

Tuber
yield (t/ha)

Pot Field Pot Field

Healthy control 0 ± 0.0e 11 ± 0.0f – 89 ± 0.1a 0 24.9

Infected control 95 ± 2.0a 97 ± 2.0a 0.00 ± 0.0c 76 ± 2.0b 75 21.0

Crude biosurfactant 20 ± 1.0d 25 ± 1.2d 75 ± 1.9a 70 ± 1.9c 49 26.9

Culture filtrate (3%) 23 ± 0.8c 46 ± 0.9c 75 ± 0.7a 49 ± 0.5d 67 25.6

Bacterial cell suspension
(109 cfu/mL)

46 ± 0.1b 68 ± 0.3b 49 ± 0.7b 27 ± 0.4e 54 23.2

Carbendazim 50% WP (0.3%) 22 ± 2.0cd 22 ± 2.0e 73 ± 2.1a 73 ± 2.1bc 36 27.0
Notes: Values are the means of three replicates with standard deviation (±SD). Values with different letters (a, b, c, d and e) are significantly different at
P < 0.05 (Duncan’s test).
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3.4 Fatty Acids Composition by GC-MS
To detect the effects of possible changes and structural adaptation of membrane lipids in lipopeptide

producer B. subtilis HussainT-AMU, fatty acid analysis was carried out through GC-MS (Fig. 3). (1)
9,12-Octadienoyl chloride, (Z, Z)-cis-9 (Retention Time: 24.90, 35.70%) was present in high amounts in
comparison to other fatty acids, (2) 9-Octadecenoic acid,1,2,3-propanetriyl ester, (E, E, E) (R.T.: 44.01,
7.14%), (3) 9,12-Octadecadienoic acid, methyl ester (R.T.: 24.30, 5.905), (4) 8,11, 14-Docosatrienoic
acid, methyl ester (R.T.: 24.380, 5.00%), (5) n-Hexadecanoic acid, methyl ester (R.T.: 22.75, 3.71%), (6)
9,12-Octadecadienoyl chloride, (Z, Z) (R.T.: 28.634, 3.455%), and (7) n-Hexadecanoic acid, methyl ester
(R.T.: 22.28, 3.28%) were the leading fatty acids we studied in the B. subtilis HussainT-AMU strain (Table 3).

Figure 3: GC-MS of biosurfactant collected from B. subtilis HussainT-AMU

Table 3: GC-MS analysis of biosurfactant produced by B. subtilis HussainT-AMU

S.
No.

Compound Molecular
formula

Pub
chem
CID

IUPAC
name

Class of
compounds

1. 9,12-Octadecadienoic
acid (Z, Z)-cis-9

C18H32O2 3931 octadeca-9,12-dienoic acid Linoleic acid

2. 9-Octadecenoic acid,
1,2,3-propanetriyl ester,
(E, E, E)

C57H104O6 5364673 2,3-bis[[(~{E})-octadec-9-
enoyl]oxy]propyl (~{E})-
octadec-9-enoate

Trielaidin/
Trielaidoylglycerol

(Continued)
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Based on the gas chromatogram investigation, the hydrocarbon ranges, between C10–C29, which may
be due to petrol oil, were used as a significant carbon source. More specifically, the novel biosurfactant strain
completely wrecked several low molecular weight molecules ranging from C10 to C14. Molecules with
C15–C19 ranges were about 22% degraded; other high molecules were around 78% degraded, indicating
that B. subtilis HussainT-AMU has an alkane hydroxylase enzyme to destroy the several alkane ranges.

3.5 Lipopeptide from B. subtilis HussainT-AMU Strain Using LC-MS
Lipopeptides from the B. subtilis HussainT-AMU strain were analyzed using liquid chromatography-

mass spectrometry. It indicated the appearance of surfactin and fengycin peaks, which were more intense,
and the peak of iturin, which was minor ample (Figs. 4 and 5). The electrospray ionization mass
spectrometry (ESI-MS) study revealed that the first set of signal peaks corresponded to the surfactin
family at m/z 780, 934, 960, and 1,068 and that fragile [M+H]+ signals of these surfactin variations
existed at m/z 934, 960, 1,068, and 1,069. These peaks indicated that isomers were near to C12, C13,
C14, C16, and C17 acyl chains. There was also a scarcity of iturin peaks, which were detected as 1,070,
1,085, and 1,091 closeness of isomers to C16, C17 acyl chains. The fengycin (antifungal agent) family is
represented by the third set of peaks. The molecular weights of these molecules correlate with those of
fengycin A and B, and with C14 and C18 acyl chains (Table 4).

3.6 The Effect of Treatments on the Morphology of Stomata Using SEM
The morphology of the stomata size changed when treated with the culture filtrate-dipped potato leaves

in comparison to the cell culture suspension treatment. The stomata in the untreated potato tubers were small
and diminished in size (Fig. 6).

3.7 The Effect of Treatments on the Morphology of Mycelium of Fusarium Using SEM
In many asexual reproductions and diseases, evolution mycelium is the vegetative structure of a fungus

that plays a crucial role. Untreated mycelium of Fusarium sp. displayed general/simple morphology with
identical thickness and shape, whereas mycelium treated with crude extract exhibited an irregular shape
with a rough surface and ruptured. Treated mycelium was severely reduced in thickness compared to the
untreated (Fig. 7).

Table 3 (continued)

S.
No.

Compound Molecular
formula

Pub
chem
CID

IUPAC
name

Class of
compounds

3 9,12-Octadecadienoic
acid, methyl ester

C19H34O2 5284421 methyl (9Z,12Z)-octadeca-
9,12-dienoate

Methyl linoleate

4. 8,11,14-Docosatrienoic
acid, methyl ester

C23H40O2 5364473 methyl (8E,11E,14E)-docosa-
8,11,14-trienoate

Fatty acid

5. n-Hexadecanoic acid,
methyl ester

C17H34O2 8181 methyl hexadecanoate Methyl palmitate

6. 9,12-Octadecadienoyl
chloride, (Z, Z)

C18H31ClO 98987 Octadeca-9,12-dienoyl
chloride

Linoleoyl chloride

7. n-Hexadecanoic acid,
methyl ester

C17H34O2 8181 methyl hexadecanoate Methyl palmitate
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Figure 4: MS-ESI scan of lipopeptides produced by B. subtilis HussainT-AMU strain

Figure 5: Chemical structures of antibiotics
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Table 4: Cyclic lipopeptide produced by B. subtilis HussainT-AMU strain detailed by ESI-MS

Lipopeptides Exact (m/z) Observed peaks
[M+ H]+

Isomers Retentiontime

Surfactin 93 780 C12 25.39

1,007 934,935 C13

1,021 – C14

1,035 – C15

1,049 – C16

1,063 10,681,069 C17

Iturin 1,043 – C14 25.40

1,057 – C15

1,073 1,070 C16

1,084 10,851,091 C17

Fengycin 1,435 1,439 C14 25.89

1,450 – C16

1,492 – C17

1,521 1,567 C18
Note: Cyclic lipopeptides were identified by comparing both actual masses and detected peaks with those from the literature [46].

Figure 6: Scanning electron microscopy of stomata morphology observed in potato leaves. (A) Seed tubers
treated with culture filtrate, (B) Seed tubers treated with bacterial cell suspension, (C) Crude biosurfactant
extract treated tubers (D) Fusarium sp. infected tubers without any treatment as positive control
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4 Discussion

Pathogens of potatoes such as Rhizoctonia spp., Fusarium spp., Verticillium spp., Sclerotinia spp.,
Pythium spp. and Phytophthora spp. can reduce crop performance and decrease yield, thus adding higher
production costs. Furthermore, pathogens persist in the soil for a long time and attack tubers, the most
economically vital part of the plant [32]. In recent years, research and development for production
through fermentation and its heterogenous utilization in numerous fields, such as safeguarding the
environment, has steadily increased the interest in the biosurfactant sector. For use in multiple
environmental applications, specificity with remarkable structural diversity, the potential for profitable
ex-situ production and its biodegradability are some of the features that make biosurfactant a promising
option [46].

A new biosurfactant strain of Bacillus was isolated from Pradwip, Odisha [47]. Multiple species of the
genus Fusarium cause rotting of potato seed tubers worldwide [48]. F. solani, F. graminearum and
F. oxysporum Schlechtend are the most observed in the plains of India. On P.D.A. medium, it produced
morphological characteristics that are similar to those described by Srivastava et al. [49].

The reduction in pathogen growth could be due to the production of antifungal antibiotic compounds
secreted by the bacteria. Upadhyay et al. [50] reported that bioagents like B. cereus, B. licheniformis and
B. subtilis produced some antibiotics or other inhibitory compounds against several post-crop pathogens.
Similarly, the in vitro antagonistic ability of the bacterial isolates like B. subtilis, Pseudomonas
fluorescens was studied using a dual culture [51]. Biocontrol agents reduce soilborne plant infections by
parasitism, the generation of aggressive compounds, competition for the host and nutrients, and the
development of disease-causing pathogen defense in plants [52]. Our results are consistent with these
findings.

The disease severity decreased significantly after treatment with biosurfactant extract, culture filtrate,
and bacterial cell suspension. Our results agree with previous findings reported by Hussain et al. [3]
where similar evidence was noticed in other isolates of Fusarium spp. It was evaluated with some

Figure 7: Scanning electron microscopy images of (A) untreated mycelial of Fusarium sp., and (B) mycelia
treated with bio surfactant extract

Phyton, 2023, vol.92, no.3 793



Bacillus isolates when it was included in P.D.A. and its efficacy was higher than Thiabendazole. B. subtilis
develops adherent biofilms on inert surfaces, which are influenced by a number of conditions, such as the
release of lipopeptides that have antimicrobial characteristics [53] which was also observed in our study.
Biofilms are structured communities of cells that cling to a surface and are surrounded by an extracellular
polymeric matrix [54]. The biocontrol technique employing B. subtilis is based on the creation of
protective biofilms [55], with its potential to produce structurally varied secondary metabolites with a
wide range of antibiotic action [56]. The current research revealed the existence of many
interrelationships, in vitro and in vivo, between Fusarium and antifungal action by the new biosurfactant
bioagent. Bacillus sp. is characterized not only by a decrease in vitro growth, but also by many other
mechanisms, including morphological changes, severe lymphatic, mycelia cable, and reduced mycelial
density, all unusual events observed under stress in untreated controls and Fusarium sp.

Branch chains, as well as iso- and anteiso-fatty acids, were the primary components of lipids. The
branched-chain fatty acid is the predominant cellular fatty acid found in abundance in Bacillus species
[57]. A similar experience was observed with B. subtilis HussainT-AMU strain, examined in our present
findings as well as summarizing lipopeptide nature. This variance in lipopeptide production could be due
to variations in fatty acid compounds that depend not only on the generating bacteria but also on the
culture conditions and substrate employed.

The lipopeptide-based biosurfactant consists of fatty acids like octadecanoic acid and 9-octadecenoic acid
as significant components as reported by Ibrahim et al. [58], this result is consistent with our findings. The GC-
MS analysis performed in our present study detected that the biosurfactant compounds were lipopeptides and
hexadecenoic acid was also found in a small amount. These results are in accordance with Parthipan et al. [24].
In addition, Bezza et al. [59] detected that gram-positiveB. subtilisA1 can synthesize lipopeptide biosurfactants
that efficiently absorb hydrocarbons in crude oil. Ibrahim et al. [58] found several bacterial species associated
with oil-degrading biosurfactants, such as Achromobacter sp., Bacillus sp., Serratia sp., Sphingomonas sp., and
Micrococcus sp. Moreover, much research has demonstrated that most hydrocarbon-degrading bacteria can
readily use alkanes in the C14–C20 range as an energy source [24]. Several reports have also described a
combination of b-hydroxy fatty acids of dodecanoic, tetradecanoic, pentadecanoic, hexadecenoic,
octadecanoic, (9)-octadecenoic and (9,12)-octadecadienoic in the lipopeptide biosurfactant [60], which was
confirmed with our study. Saturated fatty acids have been reported to exert inhibitory activity towards some
fungal species; hydrophobic groups of SFA seem to play a role in the antimicrobial activity. However, long
chain fatty acids have a reduced solubility in aqueous environments, due to the high number of
hydrophobic groups, while shorter chain fatty acids may not have enough hydrophobic groups to interact
with the cell membrane. Events leading to fungi sensitivity to this fatty acid were, sequentially: (i)
partitioning of the fatty acid into fungal membranes, (ii) increase in membrane fluidity, dependence of sterol
content, leading to higher membrane disorder, causing conformational changes in membrane proteins, and
(iii) ultimately, cytoplasmatic disintegration [61].

Furthermore, biosurfactants boost the bioavailability of hydrophobic compounds in soil, which can
function as nutrients and aid plant growth and development [62]. The plant’s resistance to pathogens can
be improved by the application of different biological and/or green-chemical agents. In addition, the
application of biocontrol agents with chemical inducers can significantly improve plants resistance,
enhance growth, resistance to pathogen infections, and increase yield [62].

Fengycin is a strong antifungal active molecule compared to surfactin and finding this lipopeptide
corroborates our results. These results are in accordance with those of Desmyttere et al. [63] who found
that fengycin, surfactin, and mycosubtilin are synthesized by Bacillus subtilis and all lipopeptides
exhibited antifungal potential against Venturia inaequalis that causes apple scab. These LCMS-ESI
findings are similar to the previous studies reported by Ali et al. [64], Sarwar et al. [65].
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Because different Bacillus strains biosynthesized different lipopeptides, their biocontrol effectiveness
vary against different phytopathogens [66]. As a result, surfactants (both synthetic and biological) play a
distinct role in plant-pathogen destruction, either directly or indirectly, and at a variety of agricultural
stages [67]. All of the biofilm-forming bacteria were also biosurfactant active. Surfactin synthesis was
discovered to be crucial for biofilm formation and may be a key characteristic for efficient B. subtilis bio-
control strains. This finding implies that biofilm development may help B. subtilis HussainT-AMU to
colonize plant roots more effectively [68].

The overall boost in stomatal size will also result in enhanced CO2 uptake, improved water usage efficiency,
and result in an enhancement in tuber yield or biomass [69]. These results imply that B. subtilis HussainT-AMU
crude extract, and culture filtrate function may have an effect on stomatal function. Therefore, any damage to the
integrity of the mycelium can adversely affect the pathogenesis of a fungus. In this sense, SEMwas performed to
evaluate the effect of crude extract on the mycelium of F. oxysporium. The supply of surfactant and, therefore,
lipopeptide significantly changed the morphology of fungus mycelia which agrees with the previous studies by
Park et al. [70] who found that the mycelium surface ofColletotrichum gloeosporioides treated with surfactin was
rugged and unusually swollen and rough, implying that the peptide directly impacts the fungal cell wall
components (chitin, glucans, and glycoproteins) to exert antifungal action. This damage leads to the leakage
of electrolytes, proteins, and DNA due to the surfactant activity caused by the blockage of the phospholipid
bilayer of the membrane cell [70].

5 Conclusion

To our knowledge, the present study reports for the first-time essential findings based on the application
of biosurfactant bioagent for the management of Fusarium dry rot of potato tubers. Following treatment with
biosurfactant extract, culture filtrate, and bacterial cell suspension, the disease incidences were significantly
reduced in both the net house and the field. These findings show that B. subtilis HussainT-AMU significantly
inhibits F. oxysporum growth. Gas chromatography analysis of the partially purified extract revealed a
significant presence of methyl ester fatty acids. The biosurfactant extract contained iturin, fengycin, and
lipopeptide-surfactin, according to the quantitative analysis. The pathogen under investigation exhibits
morphological variation in the structure of stomata size in leaves and in its mycelia, according to SEM.
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