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Abstract

The biofilm-forming fungus Candida albicans is a leading cause of candidiasis disease, a condition complicated by
the organism’s notable resistance to antifungal treatments. While previous studies have identified various antifungal
compounds produced by Bacillus velezensis, the antibiofilm efficacy of these compounds against C. albicans has not been
thoroughly explored. This study presents a novel investigation into the secondary metabolites of B. velezensis BP1,
focusing specifically on their dual action as antifungal agents and antibiofilm agents against C. albicans. Unlike earlier
research that primarily examined the antifungal properties of Bacillus species in isolation, this study employs a
comprehensive approach that integrates in vitro antifungal and antibiofilm activity assessments, metabolomic profiling,
and in silico molecular docking analyses targeting proteins involved in biofilm formation. This multifaceted methodology
allows for a deeper understanding of how BPI1-P (biomass) and BP1-S (supernatant) extract from B. velezensis BP1
interact with C. albicans, revealing their capacity to inhibit biofilm formation through structural damage to the fungal
hyphae (inhibition of proliferation) as concentrations increase (25 - 400 pug mL™"). This research identifies 4 specific
metabolites, betaine, oleamide, l-phenylalanine, and I-pyroglutamic acid that exhibit antifungal properties and
demonstrate binding affinity to target proteins associated with biofilm development. The use of advanced imaging
techniques such as scanning electron microscopy (SEM) and confocal laser scanning microscopy (CLSM) further
distinguishes this study by providing visual confirmation of the morphological changes induced by treatment with BP1
extracts. Thus, BP1-P and BP1-S extract from B. velezensis BP1 can act as an effective antifungal and antibiofilm against

C. albicans.
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Introduction

Worldwide, 1.7 million people die from fungal
infections every year, with immunocompromised people
being the most affected [1,2]. The leading cause of
candidiasis disease is the opportunistic fungus Candida
albicans (C. albicans), responsible for human sickness

[3]. Long-term antibiotic use can encourage the

transformation of C. albicans into pathogenic cells
(hyphae and pseudohyphae). Additionally, when the
commensal environment and host defenses are out of
balance, C. albicans can become an opportunistic
fungus and spread disease [2,4]. Biofilm production as

a structured community of fungal cells adhering to a
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surface is a virulence factor determining C. albicans
pathogenicity [4]. Biofilms can shield C. albicans from
outside influences like antifungal medications, which
can lead to numerous treatment failures and drug
resistance [5]. The complexity of biofilm architecture
allows C. albicans to evade both pharmacological
treatments and host immune mechanisms, making
infections difficult to manage [6,7].

Current antifungal therapies often fall short against
biofilm-associated infections due to the protective
nature of biofilms. The limited effectiveness of available
treatments has led researchers to explore alternative
strategies, including the use of natural products as
potential antibiofilm agents [7,8]. Natural antimicrobial
chemicals that produce bacteria can be converted into
natural products [9]. Gram-positive Bacillus spp. are
capable of secreting various bioactive compounds [10].
Generating secondary metabolites with antibiotic
qualities is frequently linked to the antagonistic action
of Bacillus species [11]. Bacillus species metabolite
chemicals can cause intracellular damage, damage to the
cell wall or membrane, and limit the growth of
pathogenic fungi [7,12]. Secondary metabolite
substances generated by Bacillus species that are
antibiotic-active and can stop C. albicans from growing.
These substances include lipopeptides (fengisin,
surfactin, iturin), enzymes, polyketones, bacteriocins,
and volatile compounds [7].

Supernatant ~ (extracellular) and  biomass
(intracellular) metabolites in Bacillus are often
compared to see the ability of cell components with
products produced by bacteria to inhibit the growth of
pathogenic microbes. Supernatant is a product produced
and excreted by bacteria into the growth medium that
contains various bioactive compounds. While biomass
is a component of the bacterial cell itself, including
enzymes, proteins, and metabolite compounds that
accumulate in the cell [12,22]. Metabolomic data can be
used to identify new therapeutic targets in candidiasis
diseases [12,13]. Metabolomics is also important in
biomarker identification and drug discovery [14].
Advanced

identification analysis can be done by molecular

secondary metabolite compound
docking, a computational technique for analyzing the
interaction between compounds and biofilm-coding

proteins [15].

This study aimed to know the antifungal and
antibiofilm activities BP1-P and BP1-S extract of B.
velezensis BP1 isolates isolated from Heterotrigona
itama nests. Continued research into metabolomics and
molecular docking techniques may pave the way for
novel therapeutic interventions that address the
challenges posed by fungal infections. The metabolite
compound analysis results will list new antifungal and
antibiofilm agents from B. velezensis BP1 isolates

against C. albicans.

Materials and methods

Bacterial strain and culture condition

B. velezensis BP1 isolate is a preparation owned by
the BRIN Research Center for Food Technology and
Processes (PRTPP). Cell-free culture supernatants were
prepared by inoculating 10° cells mL™! of B. velezensis
BP1 in 60 mL of Tryptic Soy Broth (TSB) medium
(Difco, Sparks, USA) and incubation at 28 °C for 24 h.
After centrifugation at 4500xg for 10 min, the
supernatant was kept at 4 °C until use. Strains classified
as strong biofilm producers were included in the study
as indicator strains for the antibiofilm assays, reference
strains of the American Type Culture Collection
(ATCCQ), C. albicans ATCC 10230. C. albicans isolates
were streaked on Sabouraud dextrose agar (SDA)
medium (Himedia AT180, Maharashtra, India) and then
incubated for 24 h at 30 °C.

Metabolite extract production of B. velezensis
BP1

The fermentation procedure for synthesizing
secondary metabolites was conducted using the methods
described [16,17] with slight adjustments. B. velezensis
BP1 was cultivated at a temperature of 28 °C with an
agitation rate of 180 rpm for 24 h. The cultivation was
carried out in a 200 mL Erlenmeyer flask containing 60
mL of TSB medium (Difco, Sparks, USA).
Subsequently, the cells were relocated into four 500 mL
Erlenmeyer flasks, each holding 250 mL of TSB
medium (Difco, Sparks, USA) for production. The
flasks were then incubated for 5 days at a temperature of
28 °C, shaking at a speed of 180 rpm in a shaking
incubator. The fermentation liquid was centrifuged at a
speed of 4500xg for 10 min. This process separated the

secondary metabolites in the biomass cells and cell-free
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supernatants. The supernatant was extracted using ethyl
acetate (1:1 v/v), and biomass cells were extracted with
200 mL of methanol. The liquid extract was subjected to
evaporation to produce the crude extract. Supernatant
extracts were encoded with BP1-S while extracts from
cell biomass were encoded with BP1-P. After solvent
evaporation, the extracts were stored at —20 °C until use.

Antifungal susceptibility test

The produced B. velezensis BP1 was assessed for
its antifungal activity against C. albicans ATCC 10230
by measuring the minimum inhibitory concentrations
(MICsp) using 96-well microplates [18]. The
microdilution methodology evaluated the antifungal
activity with slight adjustments [4]. C. albicans colonies
measuring approximately 1 mm in diameter were placed
in sterile saline solution (0.85 % NaCl) and adjusted to
a concentration of 0.5 McFarland standard (10° cells
mL ™). The suspension was then diluted at a ratio of 1:20
in Roswell Park Memorial Institute (RPMI) medium
(Himedia AT180, Maharashtra, India) to achieve a
concentration of approximately 10° cells mL™'. A
100.000 ug mL ! extract of B. velezensis BP1 metabolite
was prepared by weighing 10 mg in a sterile Eppendorf
tube. The extract was then diluted in 100 uL of 1 %
dimethyl sulfoxide to create a stock solution. This stock
solution prepared a 400 pg mL™' extract concentration
using RPMI 1640 medium. A total of 5 uL of C. albicans
suspension was added to the wells of 96-well
microplates containing 100 pL of double dilution in
RPMI 1640 extract medium. Control treatments, namely
media control, were also used in the assay. The assay
was performed in triplicate. Incubation was carried out
aerobically at 30 °C for 24 h. MIC determination was
done to measure cell density at 540 nm (ODs49). MICs
refers to the minimum inhibitory concentration
effectively suppressing 50 % of the growth, as

determined on a numerical scale [19].

Antibiofilm susceptibility test

Antibiofilm testing was conducted using the
microdilution procedure [16] with slight adjustments,
employing a colorimetric assay (MTT). C. albicans in
RPMI 1640 media was cultivated in 96-well microplates
and incubated without oxygen at 30 °C for 1.5 h for
initial adhesion. The non-adherent cells (supernatant)
were eliminated. A fresh RPMI 1640 medium was

introduced into the microplate, with various extract
concentrations ranging from 25 to 400 pg mL™'. The
control group, which contained no extract, was also
included. The microplate was then incubated at 30 °C
for 24 h. Subsequently, the biofilm was washed using a
phosphate-buffered saline (PBS; pH 7.4) solution
(Merck, Germany). A total of 100 puL of a solution
containing  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT, Sigma-Aldrich) was
introduced to the cleaned biofilm. The MTT reaction
was incubated without light for 2 - 3 h at a temperature
of 30 °C. 80 pL portion of the liquid was moved to a new
96-well microplate. The antibiofilm activity of the
metabolite extract from B. velezensis BP1 was measured
using a microplate reader at a wavelength of 490 nm
(ODa90).

Biofilm quantification

Biofilm biomass was quantified with crystal violet
(CV) staining (Merck, Germany). Cells not adhered to
the biofilm after 24 h of incubation were eliminated by
rinsing thrice with sterile PBS (Merck, Germany). The
plates were dried, and cell fixation was carried out by
adding 200 pL of 99 % methanol for 15 min.
Subsequently, methanol was removed, and the drying
process was carried out. Each well was treated with 200
pL of CV stain (1 %, v/v) and left to stain for 5 min. The
residual CV was discarded, and the microplate was
rinsed with sterile distilled water 3 times before being
air-dried at room temperature. Each well was treated
with 200 pL of acetic acid (Merck, Germany) solution
(33 %, v/v) to remove the biofilm CV stain. A volume
of 100 pL from the resultant solution was moved to a
new microplate, and the absorbance was measured at a
wavelength of 570 nm (ODs7). The experiment was
carried out in triplicate, and the average absorbance of
each well was plotted against the concentration of the
extract. The fungal growth and biofilm formation
percentages were determined using the following
formula: (OD after treatment with extract) / (OD of
control) x 100. Each well’s average absorbance, fungal
growth percentage, and biofilm formation percentage
were graphed against extract concentration to analyze
the data [16].
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Scanning  electron  microscope (SEM)
observation of Candida albicans biofilm cell damage

SEM observations were conducted by cultivating
C. albicans biofilms on sterile acrylic (12 mm diameter)
in a 24-well microplate at 30 °C for 48 h. The biofilms
were grown with an inhibitory concentration of 100 pg
mL™" of B. velezensis BP1 extract. Biofilms that did not
get extract treatment were utilized as a negative control.
Following incubation, the acrylic in the microplate was
rinsed twice with sterile PBS (Merck, Germany) and
subjected to dehydration using a succession of ethanol
solutions (70 % for 10 min, 95 % for 10 min, and 100 %
for 20 min), air dried overnight. The lens covers were
coated with Au (Hitachi MC1000 Au ion sputter, Japan).
The coating process was done at a current of 10 mA for
60 s. The coated lens covers were then examined using
SEM. SEM was used in high vacuum mode with an
accelerating voltage of 5 kV. The spot intensity was set
at 30 %, and magnifications of 500, 1,500, and 2,500
times were used [16,20].

Confocal laser scanning microscopy (CLSM)
observation of Candida albicans biofilm cell death

CLSM was performed using the method in [20]
with minor modifications. CLSM used a 96-well
microplate. Biofilms were incubated using adverse
control treatment, 50 and 100 pg mL™! concentrations of
BP1-P and BPI1-S extracts, respectively, for 24 h. The
biofilm formed at the bottom of the plate was washed
with sterile PBS (Merck, Germany) and filled with 1,667
pg mL™! fluorescein diacetate (FDA) and 500 pg mL™
propidium iodide (PI), respectively, for 30 min and
resuspended. Images were taken with a confocal
microscope. Imaging of FDA and PI was performed with
laser light at 488 and 555 nm, respectively, with 10x
magnification. FDA is hydrolyzed by living cells, which
results in the accumulation of green fluorescence, while

PI stains dead cells red.

Characterization test Fourier transform
infrared spectroscopy (FTIR)

FTIR characterization tests were performed using
the protocol [21] with minor modifications. BP1-P and
BP1-S extract samples were tested using FTIR in
transmittance mode to determine the chemical groups
present. The Nicolet 6,700 spectrometer was equipped
with a deuterated triglycine sulfate (KBr) detector and a

flexible Attenuated Total Reflectance (ATR) sample
connection featuring a diamond crystal plate. The
OMNIC 8.1 computer software was utilized to capture
spectra within the 4,000 - 400 cm™' spectral range. The
spectral resolution was set at 4 cm™!, with a gain of 2

samples and 32 sample/background scans.

Liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis

A total of 10 mg of BP1-P and BP1-S extracts were
each diluted into 1 mL of methanol (LC-MS grade) and
filtered using a 0.22 um syringe filter. A Waters Acquity
HPLC system (Waters, USA) performed reversed-phase
liquid chromatography on the sample solution after
being injected into an Eclipse Plus C18 RRHD column
(2.1x100 mm, 1.8 pm; Waters, USA). The flow rate of
the HPLC system was set at 0.4 mL min!. Water/0.01
% formic acid (A) and 100 % acetonitrile/0.01 % formic
acid (B) were the mobile phases. Secondary metabolites
were separated using a binary solvent elution gradient
on the column for 20 min (0 min, 5 % B; 0 - 15 min, 5 -
100 % B; 15 - 17 min, 100 % B). The column was
equilibrated at 5 % B for 3 min following injection. The
electrospray voltage for positive ions is 3.9 kV, whereas
the voltage for negative ions is 2.5 kV. In the LC-
MS/MS process, the 5 most intense ions in each survey
scan with a charge state of 1 and an ion number greater
than 5,000 were chosen for MS/MS analysis through
collision-induced dissociation (CID) in a linear ion trap
or “higher-energy” collisional dissociation (HCD) in a
collision cell in front of a C-trap. XCalibur 4.1.31.9
(Thermo Scientific, USA) was used to record and

process raw data files [22].

Untargeted liquid chromatography-tandem
high-resolution mass spectrometry (LC-HRMS)

The untargeted HRMS analysis employed 2 mobile
phases, A: Distilled water with 0.1 % formic acid and B:
Acetonitrile with 0.1 % formic acid. The analytical
column utilized was the Hypersil Gold aQ column (50
x1x1.9 mm? um) (Thermo, USA). The flow rate was 40
ul min~!, the sample injection volume was 5 uL, and the
analysis gradient time was 30 min. The gradient was
programmed with the following specifications: 2 min at
5 % B, 15 min at 60 % B, 22 min at 95 % B, 25 min at
95 % B, 25.1 min at 5 % B, and 30 min at 5 % B. The

experiment involved conducting parallel reaction



Trends Sci. 2025; 22(7): 9971

50f22

monitoring at a resolution of 35,000 full widths at half
maximum (FWHM). The procedure of heated
electrospray ionization, namely positive ionization, and
subsequent data processing was carried out using the
XCalibur 4.1.31.9 (Thermo Scientific, USA) instrument
[16].

In silico molecular docking

This procedure refers to the reference [23] as
follow:

Receptor preparation

The 3D structures of Als3 (PDB ID: 4LEE), Hwpl
(UniProt ID: Q14RS3), and Sap3 (PDB ID: 2H6T)
adhesins from C. albicans were acquired from Protein
Data Bank (https://www.rcsb.org/) and UniProt
(https://www.uniprot.org/). The AutoDockTools-1.5.7
software (https://autodocksuite.scripps.edu/adt/) was
employed to isolate the ligands and water molecules
from the primary structure. Next, the structure was

created by including polar hydrogen using the program.

Ligand preparation

The 3D structures of betaine, oleamide, 1-
phenylalanine, and  Il-pyroglutamic = metabolite
discovered in untargeted LC-HRMS investigations were
obtained from the PubChem database
(https://pubchem.ncbi.nlm.nih.gov/). The 3D structures
were transformed utilizing PyMOL 4.6.0 software
(https://pymol.org/). Subsequently, the AutoDockTools
1.5.7 program was employed to convert the initial ligand

format.

Docking procedure
A .config file is compiled. The dimensions and

bl

position of the “grid box” are determined using
AutoDockTools-1.5.7 software. The dimensions and
centers of the grid box are adjusted to encompass all
regions of the target protein. Subsequently, the essential
data was documented and stored in the .config file, and
an individualized .config file was generated for every
ligand. The molecular docking results were evaluated
using AutoDockTools-1.5.7 software. To thoroughly
analyze the results, ligand-receptor complexes
associated with the conformation that exhibited the
greatest binding energy were prepared and evaluated for

each compound using PyMOL 4.6.0 software. The

visualization of these complexes was carried out using
Discovery Studio 2021 Client software.

Statistical analysis

For antifungal, antibiofilm, and biofilm
quantification, statistical analysis was performed on raw
optical density data of 3 biological replicates, and the
percentage of growth inhibition and biofilm formation
of C. albicans was performed with two-way ANOVA
using GraphPad Prism 10.1.2 (GraphPad Software, Inc.,
CA, USA) software. The results are presented as
mean = SD. All analyses with p < 0.05 were considered

statistically significant.

Results and discussion

Antifungal and antibiofilm activity

To measure antifungal activity, various
concentrations of the extract from B. velezensis BP1
(BP1-P and BP1-S) were co-incubated with C. albicans
for 24 h. BP1-P and BPI1-S extract demonstrated
inhibitory activity against C. albicans, as demonstrated
by their respective MICso values of 94.49 and 93.81 pg
mL ! following a 24-hour treatment period that indicate
the concentration required to inhibit 50 % of planktonic
(free-floating) C. albicans growth, according to the
results of the assay. At doses ranging from 50 to 400 pg
mL™!. Figure 1(A) demonstrates the antifungal efficacy
of BP1-P and BP1-S B. velezensis BP1 extracts against
C. albicans. Significant differences were seen at doses
of 50 - 400 pg mL" in all types of extracts when
compared to the extract-free control group (p < 0.05),
according to statistical analysis (two-way ANOVA, p-
value = 0.05). These results (Figure 1(B)) for antifungal
activity were comparable to those for reducing biofilm
concentration. There was a decrease in biofilm
concentration (ODago) at all concentration levels of BP1-
P and BP1-S extracts (25 - 400 pg mL™"). A two-way
ANOVA analysis showed that all extract concentrations
compared to the untreated control had significant
differences (p < 0.05), for BP1-P and BP1-S extract
concentrations of 100 pg mL"!, biofilm suppression
levels of approximately 28 and 30 % were observed (p <
0.001).
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Figure 1 Antifungal activity (A), biofilm formation at 24 h of incubation times (B), and biofilm concentration at 24 h of
incubation times (C) BP1-P and BP1-S extracted from B. velezensis BP1 against C. albicans ATCC 10230. Values are

expressed as the mean SD of 3 replicates (*p < 0.001).

Figure 1(C) shows that the biofilm maturation
analysis results in 24 h after biofilm formation by crystal
violet staining were comparable to the decrease in
and  Dbiofilm  concentrations.  All
of BPI-P and BPI-S extract

demonstrated reduced biofilm development compared to

antifungal

concentrations

the extract-free control during a 24-hour maturation
period. After 24 h, biofilm formation varied significantly
across all concentration levels and extract types,
according to the results of the two-way ANOVA test.
The control group did not incorporate any extract. After
applying extract concentrations of 50 and 100 ug mL ™,
the average absorbance at 570 nm in the control group
was lowered to 2.13 and 1.33 (BP1-P), 2.00 and 1.08
(BP1-S), respectively. All the data suggest that the
treatment with B. velezensis BP1 extract interrupted
biofilm formation, which decreased as the extract
concentration rose. Utilizing confocal laser scanning
microscopy (CLSM) and scanning electron microscopy
(SEM) at a concentration of 100 pg mL™', these
concentration levels of BP1-P and BP1-S extracts were
utilized to analyze biofilm formation.

Biofilm production is a prominent marker of
infection, characterized by the formation of a complex
multicellular structure by C. albicans that can lead to

both mucosal and systemic illnesses [24]. In this study,
the investigation demonstrated that BP1-P and BP1-S
extract had antifungal and antibiofilm properties against
C. albicans. The antifungal activity was most
pronounced at a concentration of 100 - 400 pg mL™
(Figure 1(A)), comparable to the lowest concentration
required for biofilm development (Figure 1(B)).
Biofilm formation reached maturity within 24 h of
incubation (Figure 1(C)). The use of 100 ug mL™'
concentration exhibited similarity to the biofilm
development investigation conducted using SEM
(Figure 2) and the biofilm development analysis using
CLSM (Figure 3).

Biofilm development is a prominent indicator of C.
albicans infection. Biofilms are intricate structures
composed of many cells created by C. albicans that
adhere to the surfaces of living cells. These are three-
dimensional arrays of C. albicans consisting of intricate
cell assemblies coupled to host tissues or abiotic
surfaces and  surrounded by  extracellular
[24,25]. In vitro research

conducted [4], showed that the biofilm is formed after

polysaccharides (EPS)

24 h and its development increases as the incubation

time increases.
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Inhibition of biofilm formation

To compare the effects of BP1-P and BPI-S
extracts with the control treatment (no extract) in
inhibiting C. albicans biofilm formation, BP1-P and
BP1-S extracts at concentrations of 100 ug mL ™! (SEM,
48 h incubation) and 50 - 100 ug mL™' (CLSM, 24 h
incubation) were used. Incorporating extracts can
effectively impede the development of C. albicans
biofilm. Without the extract, the cells subjected to the
control treatment exhibited robust and densely
populated growth with a uniform and smooth colony cell
shape (Figure 2(A)). Cells that were not treated
exhibited significant differences compared to cells that

500x

were treated with various extracts. The treated cells had
minimal cell proliferation, irregular form, rough surface,
and disrupted hyphae (Figures 2(B) - 2(C)). The
scanning electron microscopy (SEM) examination
revealed a decrease in the density of biofilm cells, with
a significant concentration of cells observed only during
the hyphae development stage (proliferation stage). The
treatment using an extract concentration of 100 pg mL™!
did not exhibit elongated hyphae (red arrow, Figure
2(C)). This suggests that the metabolite extract from B.
velezensis BP1 hindered the creation of biofilms by
impeding elongation and causing damage to the

structure and production of hyphae.

1.500x 2.500x

Figure 2 Scanning electron microscope (SEM) (1) biofilm formation of C. albicans ATCC 10230 on RPMI medium
control (A); with 100 ug mL™! treatment of B. velezensis BP1-P (B); and BP1-S extracts (C). Each treatment group was

visualized at 500x, 1,500x, and 2,500x magnification.

The CLSM analysis of C. albicans biofilm in the
control group without extracts revealed that all cells
were viable, with no instances of cell death (Figure
3(A)). The biofilm formation was disturbed in the BP1-
P and BP1-S extract treatment groups, with the extent of
inhibition dependent on the concentration of the extract
(Figures 3(B) - 3(E)). Following the extraction
procedure, the vitality of the hyphae was diminished, as
observed through the use of fluorescein diacetate (FDA)

labeling, leading to the accumulation of green
fluorescence. The percentage of deceased hyphae
exhibited a notable rise, as demonstrated by the red
propidium iodide (PI) labeling. However, this increase
was particularly significant in the treatment with an
extract concentration of 100 ug mL™', as determined
through analysis using confocal laser scanning
microscopy (CLSM) (Figures 3(C) and 3(E)).
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Figure 3 Confocal laser scanning microscopy (CLSM). Biofilm formation of C. albicans on RPMI medium control (A);
group treated with 50 ug mL™! BP1-P (B); group treated with 100 pg mL™! BP1-P (C); group treated with 50 pg mL ™
BP1-S (D); group treated with 100 ug mL ! BP1-S (E). FDA is hydrolyzed by living cells and results in the accumulation
of green fluorescence, while PI stains dead cells and is colored red.

The development of C. albicans biofilms is often
influenced by multiple creation stages, including
adhesion, proliferation, maturation, and dispersion [7].
During the adhesion stage, cells of C. albicans attach
themselves to the substrate to create a basal layer of
cells. During the proliferation stage, cells undergo
elongation and differentiate into hyphae. During the
maturation stage, the secretion of EPS (extracellular
polymeric substances) takes place as hyphae
(filamentous structures) are formed [26]. C. albicans
cells experience a loss of capacity to proliferate,
resulting in low cell growth. Consequently, they cannot
progress to maturation and biofilm production (Figure
2). These results indicate that extracts BP1-P and BP1-S
can inhibit biofilm formation by inhibiting the
proliferation stage. The mechanism of inhibition of

pathogenic fungi by Bacillus spp. metabolite

compounds are divided into cell walls, membrane
damage, and intracellular damage. The compounds
synthesize target cell wall components through a
complex mechanism that can kill target cells by stopping
cell respiration and extracellular membrane protein
synthesis and altering the physiological functions of
pathogenic fungi [12].

Characterization of FTIR

BPI1-P and BP1-S extracts showed specific FTIR
spectrum profiles. In the BP1-P extract, O-H and C-O
stretching vibrations were seen, C = O and CO-O-CO
stretching vibrations in BP1-S, and both extracts C = C,
N-O, C-N, and C-Cl stretching vibrations and
symmetrical C-H stretching vibrations from the CH2
group bond were seen. The FTIR spectrum of BP1
extracts with its phenolic content (Figure 4).
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Figure 4 FTIR spectra of B. velezensis BP1-P (black line) and BP1-S extracts (red line).

BPI1-P and BP1-S extracts underwent additional
analysis using FTIR to identify the functional groups in
the extracts. FTIR is an analytical technique employed
to detect and describe the chemical compounds present
in a sample by analyzing the absorption of infrared
spectra [27,28]. Figure 4 displays the FTIR spectrum of
the BP1 extract together with its phenolic content. The
wavelength of 1,522.09 cm™! is caused by the stretching
of N-H bonds in hydrogen bonds and the potential
binding of metals to amide groups in proteins found in
cells. The existence of peptide components is indicated
by the C-H stretching vibrations typical of alkyl chains,
observed at 2,598 - 3,199 cm!. The peak at 1,026 -
1,241 cm™' corresponds to the presence of amide
functional groups [29]. Aliphatic chains can be inferred
from the absorption peak at 2,936 cm ™!, attributed to C-
H stretching [30].

Main constituents of active metabolites

LC-MS/MS analysis results detected 3 compounds
from the BP1-P extract and 2 from the BP1-S extract
using MS/MS spectra (Figure 5). Then, untargeted LC-
HRMS analysis of BP1-P extract resulted in 266
compounds, and BPI-S extract resulted in 273
compounds in the form of metabolite compounds and
amino acids. The twenty highest compounds with the
most significant area and mzCloud best match above 70
% for BP1-P and BP1-S (Table 1 and Supplementary
Material). The highest compounds detected in BP1-P are
betaine and oleamide; in BP1-S are 1-phenylalanine and
l-pyroglutamic compounds, which are known to have
potential as antifungals. This study shows that betaine,
oleamide, l-phenylalanine, and 1-pyroglutamic produced
by B. velezensis BP1 have enormous potential as

antifungal and antibiofilm agents against C. albicans.
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Figure 5 LC-MS/MS analysis of BP1-P (A) and BP1-S extracts (B) with positive and negative ion modes.

D-Gluconamide compounds detected in BPI-S
extract (Figure 5(B)) from LC-MS/MS analysis have
been shown to inhibit the growth of various fungal
species, including C. albicans [31]. D-gluconamide has
been found to effectively suppress biofilm formation in
the fungus C. albicans [32]. To detect compounds in the
extracts, further metabolite profiling analysis was
performed using untargeted LC-HRMS (Table 1 and
Supplementary Material). The study revealed a rich
profile of metabolite compounds and amino acids in
BP1-P and BP1-S extracts, including betaine, oleamide,
l-phenylalanine, and l-pyroglutamic, which showed
antifungal properties. The antifungal activity of herbal
toothpaste containing betaine derivatives showed
significant Inhibition against C. albicans [33].

Oleamide compounds were also shown to be
involved in antifungal activity against various fungal
species, including Aspergillus flavus and Fusarium
oxysporum, related to their ability to inhibit the growth
of these fungi [34,35]. Furthermore, l-phenylalanine
treatment significantly reduced the decayed area caused

by various pathogenic fungi, including Colletotrichum,

Aspergillus, and Lasiodiplodia, on mango and avocado
fruits [36]. In addition, another compound detected by
LC-HRMS untargeted metabolite profiling analysis, 1-
pyroglutamic, can be an antifungal on Fusarium
graminearum and Alternaria alternariae [37]. Our
findings suggest that BP1-P and BP1-S extracts can
synthesize various metabolite compounds and amino
acids that have the potential as antifungals such as d-
and -
pyroglutamic which will be further analyzed by

gluconamide, oleamide, I-phenylalanine

molecular docking.

Molecular docking studies

Molecular docking was conducted on 4 specific
compounds derived from the BP1-P and BP1-S extract.
This was done as part of an untargeted LC-HRMS
screening to assess their affinity and binding mechanism
with 3 target proteins: Agglutinin-Like Sequence 3
(ALS3), Hyphal Wall Protein 1 (HWP1), and Secreted
Aspartic Proteinase 3 (SAP3). The chemical and the
target protein were subjected to molecular docking to
assess their bond compatibility. The docking results
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revealed that the 4 phenolic compounds showed good
binding in the catalytic pocket of the 3 proteins tested.
Visualization in 2D and 3D to see the interaction
between the ligand and the active side of the target

protein (Figure S(1)). Specific molecules were selected
based on their prominent differential inhibition scores
(Table 2).

Table 2 Molecular docking results of some compounds from LC-HRMS analysis with ALS3, HWP1, and SAP3 protein

target.
. . Hydrophobic
Protein Compound/ Afinitas RMSD . . . .
i B interactions Hydrogen interactions
target ligand (kcal mol™) A) .
(Alkyl and Pi-Alkyl)
Betaine =35 0.899 - Phe60
Oleamide -5.2 1.067 Valle6l, Tyr23, Tyr21 Thr296
L-Phenylalanine -5.6 1.248 Argl71, Valll6, Pro29 Thr296, Phe298
ALS3 . Aspl69, Trp224, Serl59,
L-Pyroglutamic -4.9 0.966 -
Asn225
. Met59, Vall72, Pro29,
Fluconazole -7.3 1.222 -
Argl71
Betaine -3.8 0.869 - -
Oleamide =51 1.655 Metl64, Tyrl61, Lys172  Asn43, Argl76
HWP1 L-Phenylalanine -6.9 0.994  Alal00, Ile96 Tyr57, Ser124
L-Pyroglutamic =55 0.359 - Asp66, 1196
Fluconazole® -6.4 1.044 Lyslé6 Asnl2, Ser48
Betaine -3.6 1.156 - Thr88
Oleamide -5.6 1.192  Val30, Tyr84, Ile123, Vall2 Thr222, 11e223
SAP3 L-Phenylalanine —-6.0 1.381 Val30 Asp86, Vall2, Thr222
i Asn192, Tyr128, Thrl30,
L-Pyroglutamic —4.9 1.146 -
Ser36, Lys129
Fluconazole® -6.9 1.019 Val30, Vall19, lle123 Asp86

The study found that the BP1-P and BP1-S extracts
exhibited potent inhibition against ALS3, HWP1, and
SAP3 proteins. This inhibition was attributed to the
presence of phenolic chemicals produced by bacteria.
The specific details may be found (Table 2). ALS3 is a
protein produced by opportunistic fungi that has a
crucial function in the attachment, establishment, and
disease-causing stages of C. albicans [23]. HWPI1 is a
protein produced during the initial phases of biofilm
formation. It encodes a fungal cell wall protein
necessary for hyphae’s growth and the adhesion of C.
albicans cells to host epithelial cells [38]. SAP3 is a
virulence factor that plays a role in several stages of C.

albicans infection. It breaks down molecules to acquire

nutrients and alters the host cell membrane to promote
adhesion and tissue invasion [39].

The binding energy between ALS3 protein from C.
albicans with betaine, oleamide, 1-phenylalanine, and 1-
pyroglutamic compounds with a binding energy of 3.5,
—5.2,-5.6, and —4.9 kcal mol™'. Then, the binding energy
between the HWP1 protein and similar compounds with
binding energies of —3.8, -5.1,-6.9, and —5.5 kcal mol .
The binding energy between SAP3 protein and similar
compounds resulted in binding energies of —3.6, —5.6, —
6.0, and —4.9 kcal mol ™! (Table 2). The four compounds
have more incredible binding energy compared to the
standard antifungal ligand compound fluconazole (-7.3,
—6.4,-6.9 kcal mol™") but with a slight difference, except
for the compound I-phenylalanine with HWP1 protein
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which has a smaller affinity value. The smaller the
binding energy value in molecular docking results, the
smaller the energy that binds to the protein, so the ligand
compound binds/inhibits the target protein [40].

Regarding molecular docking analysis on ALS3
protein (Figure 1(S) and Table 2), betaine inhibits by
forming hydrogen bonds with amino acid Phe60.
Oleamide compounds by forming hydrophobic bonds
with amino acids Vall61, Tyr23, and Tyr21 and forming
hydrogen bonds with amino acid Thr296. L-
Phenylalanine inhibits by forming hydrophobic bonds
with Argl71, Valll6, and Pro29 and hydrogen bonds
with amino acids Thr296 and Phe298. Also, 1-
pyroglutamic compounds inhibit ALS3 by forming
hydrogen bonds with amino acids Aspl69, Trp224,
Ser159, and Asn225.

In docking analysis on the HWP1 protein (Figure
1(S) and Table 2), betaine does not form hydrophobic
or hydrogen bonds. Oleamide compounds are inhibited
by forming hydrophobic bonds with Metl164, Tyrl61,
and Lys172 and hydrogen bonds with amino acids
Asn43 and Argl76. L-phenylalanine is inhibited by
forming hydrophobic bonds with Alal00 and I1e96 and
hydrogen bonds with amino acids Tyr57 and Ser124.
Also, l-pyroglutamic compounds inhibit ALS3 by
forming hydrogen bonds with amino acids Asp66 and
11e96.

Then, in molecular docking analysis on SAP3
protein (Figure 1(S) and Table 2), betaine is inhibited
by forming hydrogen bonds with the amino acid Thr88.
Oleamide compounds by forming hydrophobic bonds
with amino acids Val30, Tyr84, Ile123, and Vall2 and
forming hydrogen bonds with amino acids Thr222 and
[1le223. L-phenylalanine is inhibited by forming
hydrophobic bonds with Val30 and hydrogen bonds with
amino acids Asp86, Vall2, and Thr222. Moreover, 1-
pyroglutamic compounds inhibit ALS3 by forming
hydrogen bonds with amino acids Asnl192, Tyrl28,
Thr130, Ser36, and Lys129.

Results of molecular docking and visualization of
hydrogen bonds, as well as alkyl and pi-alkyl
(hydrophobic) bonds, show that the 4 secondary
metabolite compounds of B. velezensis BP1 can bind
well to ALS3, HWPI1, and SAP3 proteins. The bond
causes inhibition/inhibition of the target protein to
inhibit the growth and formation of biofilms on C.

albicans. Hydrogen bonds indicate a strong interaction

between metabolites and protein targets. Hydrogen
bonds are essential for stabilizing ligand-protein
complexes and can increase the efficacy of metabolites
as potential inhibitors [41]. Then, hydrophobic bonds
contribute to the binding affinity of the metabolite. This
interaction involves the hydrophobic region of the
protein, which can increase the overall stability of the
complex formed during binding [41,42]. Thus, hydrogen
and hydrophobic bonds in the docking results indicate
that the four B. velezensis BP1 compounds tested have
significant potential for C. albicans antibiofilm
applications.

Molecular docking results are validated to
determine the standard deviation value of the docking
simulation performed; the validation is done using Root
Mean Standard Deviation (RMSD) analysis, which is
the standard deviation value between the prediction and
the actual value. RMSD value on docking simulation of
< 2A can be interpreted as a stable docking model and
resembles the real interaction [43]. The smaller the
RMSD value between 2 structures, the more similar the
structures will be [40]. Four compounds from the extract
of B. velezensis BP1 showed RMSD values < 2A, so the
in silico molecular docking analysis conducted in this
study can be said to be stable and able to resemble the
interaction of compounds against the natural target
proteins ALS3, HWP1, and SAP3. Despite being
demonstrated in laboratory experiments and in silico
molecular docking studies, the precise way in which the
molecule works, particularly in the communication
process of biofilm formation known as quorum sensing,
needs additional investigation to establish the optimal
dosage for its effectiveness as an antifungal and

antibiofilm agent.

Conclusions

This study shows that BP1-P and BP1-S extract
from B. velezensis BP1 can inhibit planktonic cell
growth and biofilm formation of C. albicans based on
antifungal, antibiofilm, and biofilm quantification
activity tests in vitro. This study has discovered novel
secondary metabolites and amino acids generated by the
bacteria B. velezensis BP1 with potential as antifungal
agents. Betaine, oleamide, I-phenylalanine, and I-
pyroglutamic acid could be alternate antifungal and
antibiofilm agents against the biofilm-forming fungi C.

albicans. Based on in silico molecular docking studies,



Trends Sci. 2025; 22(7): 9971

13 of 22

the betaine, oleamide, I-phenylalanine, and 1I-
pyroglutamic compounds synthesized by B. velezensis
BP1 were confirmed to be able to interact with ALS3,
HWPI1, and SAP3 proteins that play arole in C. albicans
biofilm formation.
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Supplementary Material

Table 1 The main constituents of BP1-P and BP1-S detected using untargeted liquid chromatography-tandem high-

resolution mass spectrometry (LC-HRMS).

BP1-P Extracts

Molecular weight RT mzCloud best
Name of compound Formula . Area (Max.)
Calculation  Reference [min] match
Betaine CsHi1NO2 117.07 117.15 0.89 24.268.809.542 94.2
Oleamide CisH3sNO 281.27 281.5 14.935 5.582.130.875 99.3
trans-3-Indoleacrylic acid C11HgNO> 187.06 187.19 2314 3.916.335.472 93.3
D-(+)-Proline CsHoNO; 115.06 115.13 0.9 3.545.504.027 99.7
3-(propan-2-yl)-
octahydropyrrolo  [1,2a] CioHi6N20: 196.12 196.25 3.884 2.782.731.315 97.6
pyrazine-1,4-dione
Leucylproline C11H20N203 228.14 228.29 2.454 1.971.661.034 98.5
Valylproline C1oH1sN203 214.13 214.26 1.28 1.645.287.344 97.2
Cyclo(phenylalanyl-
CisH16N,O2 244.12 454.60 6.101 1.283.133.430 97.9
prolyl)
Erucamide C2HasNO 337.33 337.6 16.931 1.193.342.916 97.1
. 99.8
L-Isoleucine CsHi3NO> 131.09 131.17 0.991 894.455.770
Hexadecanamide Ci6H33NO 255.26 255.44 14.501 860.330.353.8 98
3[4
hydroxyphenyl)methyl]-
ydroxyphenyDmethyll- b Nj0s 260,11 260.29 3.926 735.076.546.9 98.5
octahydropyrrolo[1,2-
a]pyrazine-1,4-dione
L-Glutamic acid CsHoNO4 147.05 147.13 0.901 688.773.720.2 99.7
2-Amino-1,3,4-
. CisH39NO; 317.29 317.5 10.038 575.261.546.9 83.7
octadecanetriol
3-(1-hydroxyethyl)-
2,3,6,7,8,8a-
CoH14N,03 198.11 198.22 1.419 495.585.255.8 96.7

hexahydropyrrolo[1,2-
a]pyrazine-1,4-dione




Trends Sci. 2025; 22(7): 9971

17 of 22

BP1-P Extracts

Molecular weight

RT

mzCloud best

Name of compound Formula . Area (Max.)
Calculation  Reference [min] match

Stearamide CisH37NO 283.28 283.5 15.622 463.860.436.4 99.8
2,6-Pyridinecarboxylic

. C7Hs5NO4 167.02 - 1.579 399.358.042.2 94.1
acid
Hypoxanthine CsHsN4O 136.03 136.11 1.095 370.350.900.4 99.6
L-Histidine CsHoN302 155.06 155.15 0.833 323.068.153.4 99.9
N,N-
Diisopropylethylamine CsHioN 129.15 129.24 3.241 300.091.306.2 73.7
(DIPEA)
L-Phenylalanine CoH11NO, 165.07 165.19 1.542 12.230.232.258 99.9
trans-3-Indoleacrylic acid Ci1HoNO> 187.06 187.19 2.355 8.081.509.385 93.4
Cyclo(phenylalanyl-prolyl)  Ci4H¢N2O; 244.12 454.60 6.168 6.573.460.987 98.3
Prolylleucine C11H20N,03 228.14 362.40 1.98 5.415.498.381 99.7
3-(propan-2-yl)-
octahydropyrrolo[1,2- CioHi6N202 196.12 196.25 3.945 3.611.552.883 97
a]pyrazine-1,4-dione
L-Norleucine CsHisNO2 131.09 131.17 1.248 3.395.525.145 99.4
3-[(4-hydroxyphenyl)
methyl]-

Ci4H16N203 260.11 260.29 3.968 3.393.892.248 98.7

octahydropyrrolo[1,2-
a]pyrazine-1,4-dione
Bis(2-ethylhexyl) phthalate ~ Ca4H3304 390.27 390.6 17.63 2.141.462.583 99.9
Erucamide CxH43NO 337.33 337.6 17.002 1.545.633.257 97.3
L-(-)-Methionine CsH1iNO2S 149.05 149.21 0.935 1.071.222.936 98.9
D-(+)-Pipecolinic acid CsH11NO, 129.079 129.16 0.896 1.024.001.019 99.5
L-Histidine CsHoN30, 155.06 155.15 0.971 981.862.558.3 99.9
Valine CsHiiNO, 117.07 117.15 1.041 853.583.654.2 99.7
D-(+)-Proline CsHoNO; 115.06 115.13 0.954 703.785.573.8 99.7
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BP1-P Extracts

Molecular weight

RT

mzCloud best

Name of compound Formula . Area (Max.)
Calculation  Reference [min] match

7-(tert-butyl)-4-imino-
1,2,3,4,5,6-

) C1iH14N4O; 234.11 276.4 1.226 688.315.007.9 85.9
hexahydropyrido[3,4-
d]pyridazine-1,5-dione
3-(1-hydroxyethyl)-
2,3,6,7,8,8a-

CoH14N203 198.10 198.22 1.466 321.520.801 91.4

hexahydropyrrolo[1,2-
a]pyrazine-1,4-dione
Indole CsH7N 117.05 117.15 2.355 275.082.770.3 92.2
N-Benzylformamide CsHoNO 135.06 135.16 4.183 274.973.286.1 97.6
4-Indolecarbaldehyd CoH/NO 145.05 145.16 2.369 236.678.245.9 98.7
L-Pyroglutamic CsH7NO; 129.04 129.11 1.19 222.575.598.4 89.1
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Figure 1(S) 3D and 2D visualization of binding between betaine (A), (F), (K), oleamide (B), (G), (L), I-phenylalanine

(©), (H), (M), 1-pyroglutamic (D), (I), (N) and fluconazole (E), (J), (O) compounds with ALS3 (1), HWP1 (2) and SAP3
(3) protein, respective interacting amino acid residues.



