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Abstract

Bacillus subtilis species complex is known as lipopeptide-producer with biotechnological potential for pharmaceutical
developments. This study aimed to identify lipopeptides from a bacterial isolate and evaluate their antifungal effects.
Here, we isolated and identified a lipopeptide-producing bacterium as a species of Bacillus subtilis complex (strain UL-1).
Twenty lipopeptides (six iturins, six fengycins, and eight surfactins) were identified in the crude extract (CE) and fractions
(F1, F2, F3, and F4), and the highest content of total lipopeptides was observed in CE and F2. The chemical quantification
data corroborate with the hemolytic and antifungal activities that CE and F2 were the most hemolytic and inhibited the
fungal growth at lower concentrations against Fusarium spp. In addition, they caused morphological changes such as
shortening and/or atypical branching of hyphae and induction of chlamydospore-like structure formation, especially in
Fusarium solani. CE was the most effective in inhibiting the biofilm formation and in disrupting the mature biofilm of
F. solani reducing the total biomass and the metabolic activity at concentrations > 2 pg/mL. Moreover, CE significantly
inhibited the adherence of F. solani conidia on contact lenses and nails as well as disrupted the pre-formed biofilms on
nails. CE at 100 mg/kg was nontoxic on Galleria mellonella larvae, and it reduced the fungal burden in larvae previously
infected by F. solani. Taken together, the lipopeptides obtained from strain UL-1 demonstrated a potent anti-Fusarium
effect inducing morphological alterations and antibiofilm activities. Our data open further studies for the biotechnological
application of these lipopeptides as potential antifungal agents.

Key points

e Lipopeptides inhibit Fusarium growth and induce chlamydospore-like structures.
e Lipopeptides hamper the adherence of conidia and biofilms of Fusarium solani.
e Jturins, fengycins, and surfactins were associated with antifungal effects.
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Introduction

Microbial secondary metabolites are known as one of
the main sources of new compounds for drug discovery
and development (Pan et al. 2019). Among various dis-
covered metabolites, lipopeptides from Bacillus are the
most widely studied and can be divided into three families
according to the chemical structure of the non-ribosomal
cyclic peptides such as surfactin, fengycin, and iturin
(Zhao et al. 2017).

The interest in lipopeptides for medicine, phytosanitary,
bioremediation, and food additives has increased (Mnif
and Ghribi 2015). Although they are not yet being used
in agriculture and/or in the treatment of human diseases,
lipopeptide-producer Bacillus, such as Bacillus thuring-
iensis, is already used as a biological control of caterpil-
lars in agriculture (Monnerat et al. 2018). In addition, lipo-
peptides from Bacillus spp. can contribute to plant growth
and induce a systemic plant defense response and still
have an antagonistic effect on phytopathogens (Ongena
and Jacques 2008; Falcédo et al. 2014). The use of these
lipopeptides in the clinic is widely considered due to a
broad biological effect, e.g., anti-inflammatory, antitumor,
antiplatelet, anticoagulant, antiviral, antibacterial (Ben
Ayed et al. 2015; Zhao et al. 2017), and even as antifungal
activity on pathogenic fungi (Ongena and Jacques 2008;
Velho et al. 2011; Mnif and Ghribi 2015; Lei et al. 2019).

Fusarium species are plant pathogenic fungi of agro-
nomic importance, mycotoxin producers, and they are
also considered opportunistic human pathogens (Ma et al.
2013). Fusarium spp. can cause a broad spectrum of infec-
tions, including superficial (such as keratitis and onycho-
mycosis), locally invasive, and disseminated infections,
and the most frequent species are Fusarium solani and
Fusarium oxysporum (Nucci and Anaissie 2007). Fusa-
riosis antifungal treatment is limited due to the intrinsic
resistance of Fusarium to drugs or the reduced activity and
side effects of antifungals (Zhao et al. 2021). For super-
ficial infections, the following drugs are usually recom-
mended: natamycin and voriconazole for keratitis, and
itraconazole, voriconazole, and terbinafine for onychomy-
cosis (Al-Hatmi et al. 2018). In this regard, the search for
new, more efficient, and safer antifungal drugs for fusario-
sis prevention and treatment becomes necessary.

The current study focused on the identification and char-
acterization by HPLC-ESI-MS/MS of lipopeptides pro-
duced by an isolate of Bacillus subtilis complex and the
quantification of total lipopeptides by HPLC-PDA. Finally,
we highlighted the toxicity effects and in vitro and in vivo
antifungal potential of lipopeptides, especially on Fusarium
spp., evaluating their inhibitory effects, morphological alter-
ations, and disruption of biofilm formation steps.
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Materials and methods
Microorganisms

The bacterium used here was previously isolated from a cul-
ture of Trichoderma reesei, as a contaminant that showed
antagonistic action on fungal growth, at the Biotechnology
Laboratory of School of Arts, Sciences and Humanities
(USP, Brazil), and it was registered at the Genetic Herit-
age Management Council (CGEN/SISGEN, Brazil) under
the code A2F350D. After the isolation, the bacterium was
phenotypically identified as Bacillus sp. and then stored in
Luria—Bertani (LB) broth (Kasvi, Italy) with 30% glycerol
at—80 °C.

Candida albicans SC 5314, Cryptococcus neoformans
ATCC 208821 (or H99), Aspergillus fumigatus ATCC
16913, Fusarium oxysporum ATCC 48112, and Fusarium
solani CBS 224.34 were stored in brain hearth infusion
(BHI) broth (Becton Dickinson and Company, USA) and
20% glycerol at— 80 °C, recovered, and subcultured in Sab-
ouraud dextrose agar (SDA) or potato dextrose agar (PDA)
(both from Kasvi, Italy) for 24—72 h at 35 °C.

Molecular identification of the bacterial isolate

The bacterial species identification was performed by
sequencing the 16S ribosomal RNA (rRNA) and rpoB
(B-subunit of the RNA polymerase) genes, amplified with
primers designed in the Primer3Plus program (https:/www.
bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi)
using the genome sequences of Bacillus spp. and Bacillus
subtilis species complex strains available in the GenBank
database (https://www.ncbi.nlm.nih.gov). The primers used
were 16S rRNA forward (AAG CAA CGC GAA GAA CCT
TA), 16S rRNA reverse (TGT GGG ATT GGC TTA ACC
TC), rpoB forward (TTA CGG CTG AAG AAC GCC TT),
and rpoB reverse (ACA GGT GAC GCG ATG TGA AT).

The DNA extraction was performed using Brazol (chlo-
roform-phenol) (Nova Biotecnologia, Brazil). After, 16S
rRNA and rpoB region fragments were amplified with 12.5
pL of PCR Master Mix (Promega, San Luis Obispo, CA,
USA), 6.5 pL of ultrapure water, 2 pL. of DNA (40 ng), and
2 uL (20 pmol) of each primer (Thermo Fischer Scientific,
Waltham, MA, USA) to a final volume of 25 pL. The ampli-
fication program included an initial denaturation (94 °C for
3 min), followed by 35 cycles of denaturation (94 °C for
1 min), annealing at 60 °C for 1 min, and extension at 72 °C
for 1 min. A final extension step at 72 °C for 5 min was
developed at the end of the amplification.

The purification of the amplified products was performed
with a QIAquick PCR Purification Kit (Qiagen, Hilden, Ger-
many) according to the manufacturer’s recommendation.
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The purified amplicons were prepared for sequencing in
Ilumina NextSeq equipment (Illumina, USA).

The sequence data were analyzed with the Sequencher
4.1.4 program (www.genecodes.com) and the alignment in
the NCBI database (https://www.ncbi.nlm.nih.gov). The
molecular identification of bacterium was performed by
the analysis of nucleotide sequence similarity to those pub-
lished in GenBank. The alignment of 16S rRNA and rpoB
region sequences from the bacterium genome was performed
with ~ 5000 sequences in the GenBank database using the
Basic Local Alignment Search Tool (BLAST). In addition,
a phylogenetic analysis was performed by the method based
on maximum sequence neighbor-joining genetic distances of
0.5 and by MEGA v.11 program to build a phylogenetic tree
with nucleotide sequences aligned and suggested by BLAST
of bacterial species that presented sequence identity greater
than 90%. Then, cutoff values of above 95% in sequence
similarity for the deposited 16S rRNA and rpoB sequences
were considered to infer the species of the bacterial isolate
studied here. Finally, the nucleotide sequences of bacterial
isolate have been deposited in the NCBI GenBank database.

Obtention of crude extract and fractions

The bacterium was recovered on LB agar for 16 h at 30 °C,
and isolated colonies were inoculated in LB broth and incu-
bated for 16 h at 30 °C under agitation at 140 rpm. Subse-
quently, 10 uL of this culture was transferred to 1 L Baraka
potato broth (200 g potato and 20 g dextrose to 1 L dis-
tilled water), for 6 times, and incubated at 30 °C for 96 h at
140 rpm. The lipopeptides produced by the bacterium were
obtained from the culture supernatant by a combination of
acid and solvent extraction methods. The culture superna-
tant was obtained by centrifugation at 8000 rpm at 4 °C for
20 min. Then, the supernatant was acidified to pH 2 with
6 M HCI for precipitation (Jemil et al. 2017). The precipi-
tated was obtained by centrifugation at 3000 rpm, washed 3
times with sterile deionized water, and resuspended in deion-
ized water, and pH was readjusted to 6.5 with 6 M NaOH.
Then, the samples were freeze-dried at—55 °C and under
vacuum 0.2 bar (Beta 1-8 LD plus, Martin Christ), and after
that, the solid materials were stored at — 20 °C.

About 2.6 g of the sample was solubilized in 13 mL of
HPLC-grade methanol. After 15 min of centrifugation at
3000 rpm, the supernatant was filtered on a 0.22-um nylon
membrane for removal of bacterial cells and solid residues.
The filtered crude extract (CE) was applied on a Sephadex
LH-20 gel filtration column (100 X5 cm i.d., Pharmacia),
and the column was eluted with methanol as a mobile phase
at a flow of 3 mL/min, producing 193 fractions of 7 mL each.
The thin-layer chromatography (TLC) analyses were per-
formed using a mixture of CHCI;/MeOH/H,0 65:15:1 (v/v)
as mobile phase in Silica gel 60 F254 plates (20x 20 cm,

Sigma-Aldrich). The chromatographic plates were devel-
oped by spraying 0.25% ninhydrin solution in ethanol fol-
lowed by heating to detect peptides and free amino groups.

The fractions with similar chromatographic profiles after
TLC analyses were combined into 4 groups of fractions (F1,
F2, F3, and F4). Then, the solvent was evaporated in a rotary
evaporator, and the crude extract and fractions were freeze-
dried and stored at— 20 °C until analysis by high-perfor-
mance liquid chromatography coupled with electrospray
ionization tandem mass spectrometry (HPLC-ESI-MS") and
biological assays.

Chemical characterization of lipopeptides

A Shimadzu HPLC coupled to an amaZon speed ETD
(Bruker Daltonics) mass spectrometer with an ESI detector
with an ion trap analyzer and ETD (electron-transfer dis-
sociation) was used for the identification of lipopeptides
produced by the bacterium. An aliquot of CE, fractions (F1,
F2, F3, and F4), and surfactin (m/z 1036.34,>98.0%, Sigma-
Aldrich) was dissolved in methanol to obtain a 1000 pg/mL
stock solution. A volume of 10 pL of each solution was
injected in the HPLC-ESI-MS", using a mobile phase com-
posed of A (1% formic acid in ultrapure water) and B (ace-
tonitrile): A:B (50:50) for 3 min, A:B (0:100) for 18 min,
and then 100% B for 5 min at a flow rate of 0.8 mL/min in a
linear gradient. Then, the analytes were subjected to a capil-
lary voltage of 3 kV, a cone voltage of 15 V, and a source
temperature of 120 °C and the data acquisition in positive
mode was performed by MS scanning a second analyzer
through the mass-to-charge ratio (m/z) range from 100 to
2000 Da and the data analyzed by Bruker Compass Data-
Analysis 4.3 (Copyright ©2014; Bruker Daltonik GmbH,
USA) (Waters Corporation, Milford, USA). Therefore,
HPLC-ESI-MS-MS profiles of the lipopeptides from bac-
terium were analyzed and compared with data previously
published.

Quantification of total lipopeptides

For elaboration of calibration curves, the standard sur-
factin (m/z 1036.34,>98.0%, Sigma-Aldrich) was solu-
bilized in methanol (2 mg/mL) and filtered in a 0.45-pm
syringe filter to obtain 10 solutions of concentrations
ranging from 2 to 1600 ug/mL. These samples were
analyzed in triplicate by a 1260 HPLC system (Agilent,
USA), equipped with a quaternary pump, vacuum solvent
degasser unit, column oven, and autosampler, coupled to
an Agilent diode array detector (DAD). Chromatography
was performed with a reverse-phase column (Zorbax C18
150 4.6 mm, 3.5 um; Agilent, USA), and the column
temperature was set at 45 °C. An isocratic method was
employed with 20% of 0.1% acetic acid in H,O and 80% of
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acetonitrile for 22 min with a flow rate of 1 mL/min. The
injection volume of samples was set at 3 uL., and surfactin
peaks were detected at 210 nm. All peaks eluting between
5 and 13 min were assigned as surfactin and integrated
for further quantification. The average peak areas vs. the
concentration of each analyte were used to construct a
surfactin calibration curve, and the equation obtained was
as follows: y=2513.8x—-728.32; R?>=0.9929. The limit
of detection (LOD) and the limit of quantification (LOQ)
were calculated, respectively, as 0.32 pg/mL and 0.96 pg/
mL.

To quantify lipopeptide derivatives from the crude
extract and fractions, they were solubilized in metha-
nol (2 mg/mL) and filtered using a 0.45-pum syringe fil-
ter. The resulting sample was analyzed in triplicate by
HPLC-DAD-UYV with the same parameters used to elabo-
rate the calibration curve.

Screening for potential antifungal effect

The antifungal activity of crude extract and fractions was
evaluated by the broth microdilution technique (CLSI 2017a,
b). They were dissolved in 10% DMSO to obtain a con-
centration of 4096 ug/mL in RPMI 1640 medium (Sigma-
Aldrich) buffered with 0.165 M 3-morpholinopropane-1-sul-
fonic acid (MOPS; Sigma-Aldrich) (or simply RPMI).

The CE and fractions were serially diluted (1:2) in RPMI
into 96-well flat-bottom plates, and 100 uL of fungal suspen-
sion was added to the wells, obtaining the final fungal con-
centration at 0.5-2.5x 10° colony-forming unit (CFU)/mL
(yeast) or 5 X 10* CFU/mL (conidia) and final concentrations
of CE and fractions at 2—1024 pug/mL. The microplates were
incubated at 35 °C for 24 h (C. albicans and A. fumigatus),
48 h (C. neoformans), and 72 h (Fusarium spp.), to visually
determine the minimum inhibitory concentration (MIC) of
CE and fractions defined as the lowest concentration that
inhibits 50% of fungal growth. Amphotericin B was used
as a standard antifungal ranging from 0.03 to 16 pg/mL,
and the MIC value was defined as the lowest concentration
that inhibits 90% of fungal growth. In addition, minimum
effective concentration (MEC) against filamentous fungi
was determined as the lowest concentration that results in
changes in their morphology observed under an inverted
microscope (e.g., shortening and hyphae thickness, branch-
ing and septation pattern, and others) (CLSI 2017b).

After that, an aliquot of 10 pL from each well was plated
on SDA for yeasts and PDA for filamentous fungi and incu-
bated at 35 °C for 24—72 h to determine the minimum fungi-
cidal concentration (MFC) defined as the lowest concentra-
tion capable of killing >99% of the initial fungal inoculum.
The assays were performed in duplicate at least three times,
and the final data were expressed as a modal mean.
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Morphological analysis

Cells from Fusarium spp. untreated and treated with MEC
and 4 Xx MEC of CE and fractions (F2 and F3), for 72 h at
35 °C, were fixed with 4% formaldehyde in PBS for 30 min
at room temperature. Then, the cells were washed twice with
PBS and labeled with calcofluor white (1 mg/mL) for 5 min
at room temperature in a dark chamber. After, the fungal
cells were observed by light and fluorescence microscopy,
and the images were captured under an EVOS; microscope
(Advanced Microscopy Group, USA).

Antibiofilm activity

The antibiofilm activity of CE, F2, and F3 (2 to 64 pg/mL)
was evaluated in two phases of the development of F. solani
biofilms: on the biofilm formation and the mature biofilms
(Van Dijck et al. 2018). The fungus was previously culti-
vated on PDA for 7 days at 30 °C, and the fungal suspension
was adjusted to 1 103 conidia/mL in RPMI medium.

To assess the activity against biofilm formation, CE, F2,
and F3 were serially diluted (1:2) in RPMI medium into
wells from 96-well flat-bottom polystyrene plates and 100
uL of the conidial suspension was added to the wells and
incubated for 72 h at 35 °C without shaking. For mature bio-
film obtainment, 100 pL of conidial suspension was added
into the wells from a 96-well plate and incubated at 35 °C
without shaking for 72 h. After, the sessile cells (i.e., adher-
ent biofilm cells) were washed twice with PBS and treated
with CE, F2, and F3, and incubated for 72 h at 35 °C without
shaking.

After the incubation times, the wells were washed twice
with PBS, and the metabolic activity of the sessile cells of
the biofilms was determined by the XTT (2,3-bis(2-meth-
oxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide;
Sigma-Aldrich) reduction method and the total biomass of
biofilms was determined by the violet crystal stain (Luiz
et al. 2015). The assays were performed in triplicate at least
three times.

Inhibitory effect on the fungal adhesion in contact
lenses

Disposable hydrogel contact lenses were used to assess
the adhesion of F. solani conidia. A volume of 200 uL of
conidial suspension in PBS was aliquoted to the wells of a
24-well plate, and 200 pL of CE in PBS was added to obtain
final concentrations of 1x 10° conidia/mL and 8 pg/mL or
32 pg/mL of CE. Then, the contact lens was added to the
wells and the plate was incubated at 4 °C for 24 h. After,
the lenses were collected and added to 250 pL of PBS and
submitted in an ultrasonic bath at 42 kHz for 2 min and 100
pL was cultured on PDA with chloramphenicol (50 pg/mL)
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at 30 °C for 96 h to determine the CFU count. The assay was
performed in duplicate at least three times, and the data were
compared to the untreated control.

Inhibitory effect on the nail fungal infection

Here, we tested the inhibitory effect of CE (8 pg/mL and
32 pug/mL in PBS) against fungal adhesion and mature bio-
film on nail surfaces. In this regard, the human nails (5 mm),
without previous use of nail polish, were decontaminated
in 10% hypochlorite for 10 min, washed numerous times in
sterile distilled water, and dried at room temperature before
the experiments.

The nails were distributed into 96-well flat-bottom plates,
and 50 pL of F. solani conidia (1 X 10®> CFU/mL) and 50
pL of CE (8 pg/mL or 32 pg/mL in PBS) were added to the
plates incubated at 35 °C for 24 h for adherence inhibition
analysis. After, the nails were washed twice in PBS, trans-
ferred to a tube containing 100 pL of PBS, and sonicated at
42 kHz in an ultrasonic bath for 2 min; then, serial dilutions
(1:10) in PBS were performed and plated on PDA with chlo-
ramphenicol (50 pg/mL) for 96 h at 30 °C for CFU count.

The biofilms on nail surfaces were obtained by 100 pL
of F. solani conidia (1 x 10°> CFU/mL) in RPMI medium for
24 h at 35 °C using a 96-well plate. After, the nails were
washed twice in PBS, transferred to new wells, and treated
with 100 pL of CE (8 or 32 pg/mL) in PBS at 35 °C, and
every 24 h for up to 72 h, a fresh PBS-containing CE was
changed. After 72 h of incubation, the nails were washed
twice in PBS and CFU count was performed as described
above.

Both assays were performed in duplicate at least three
times, and the data were compared to the untreated control.

Toxicity
Hemolytic activity

A 4% suspension of sheep’s red blood cells (v/v, in a sterile
5% PBS-glucose solution) was subjected to different con-
centrations (16—1024 pg/mL) of CE or fractions for 2 hin a
water bath at 37 °C. Negative (untreated) and positive (0.1%
Triton X-100) controls were included in the test. After incu-
bation, the samples were centrifuged at 1500 rpm for 5 min
and the supernatant was analyzed in a spectrophotometer
at 540 nm. The hemolytic activity (HA) was calculated
as follows: HA (%) =100 —[(CP — AT)/(CP — CN) x 100],
where CP is the absorbance of the positive control, AT is
the absorbance of the test sample, and CN is the absorb-
ance of the negative control. The hemolytic activity of 50%
(HA4,) was determined using sigmoidal nonlinear regression
(Spadari et al. 2019).

Cytotoxicity assay

The non-tumoral fibroblasts (CCD-18Co) were grown in
Eagle’s minimum essential medium (EMEM) supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin
(all from Thermo Fisher Scientific) at 37 °C and 5% CO,. A
suspension of 6x 10? cells/well was added on 96-well plates
incubated for 24 h, and the cell’s monolayer was treated with
CE (0.0064 to 100 pug/mL) for 72 h at 37 °C and 5% CO,. After
that, the cell viability was analyzed by the 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Thermo
Fisher Scientific) reduction method (Mosmann 1983).

Toxicity in Galleria mellonella

Larvae (2.0-2.5 cm in length and ~ 200 mg of body weight)
were treated with 10 pL of CE at 100 mg/kg in PBS by
inoculating in the last proleg. The mortality and health sta-
tus of larvae were observed daily for 5 days to construct the
survival and morbidity curves (Loh et al. 2013). PBS groups
(without and with DMSO at 2.5% or 5%) were included as
controls for vehicle and mechanical injury.

Antifungal efficacy in Galleria mellonella larvae

Larvae (2.0-2.5 cm of length and ~ 200 mg of body weight)
were infected with 20 L of standardized inoculum at 1 x 10’
conidia/mL of F. solani CBS 224.34 in the right proleg.
After 2 h, the larvae were treated with CE 100 mg/kg or
amphotericin B (AMB) 10 mg/kg in the left proleg. In addi-
tion, PBS was injected in two other larval groups: uninfected
(PBS group) and infected (untreated group) larvae. Then, the
larvae (20 per group) were incubated at 35 °C for 7 days and
the daily survival and health status of the larvae were ana-
lyzed to construct the survival and morbidity curves, respec-
tively. After 24 h of fungal infection, 4 larvae from each
group were randomly selected and macerated in 1 mL of
PBS, subsequently diluted in PBS, plated on PDA medium,
and incubated for 48 h at 35 °C for CFU count.

Statistical analysis

The statistical analyses were performed using Prism v.8
(GraphPad Software Inc., La Jolla, CA, USA), and p values
less than 0.05 were considered significant.

Results

Molecular identification of bacterium

The alignment of the 16S rRNA region sequence from the
bacterium genome was performed with ~5000 sequences
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in the NCBI database. The analyzed sequence was 100%
identical to the sequences of Bacillus subtilis strains pub-
lished in GenBank, including phylogenetically close species.
Previous studies had showed that the rpoB gene sequence
is more discriminative than that of 16S rRNA, and its poly-
morphism can be used to identify cryptic species (Adékambi
et al. 2009). Here, the rpoB sequence of bacterium was 100%
identical to the sequence of the following cryptic species of
the Bacillus subtilis complex: Bacillus velezensis, Bacillus
amyloliquefaciens, and Bacillus subtilis. The sequences of
16S rRNA (222 bp) and rpoB (308 bp) regions were depos-
ited in GenBank with the ID MK038722 and ID OP683723,
respectively (Fig. S1). Therefore, the lipopeptide-producing
bacterium used in this work is a species of the Bacillus sub-
tilis complex (strain UL-1).

Chemical characterization, identification,
and quantification of lipopeptides

The chromatographic profiles and chemical characterization
by HPLC-ESI-MS/MS of 20 lipopeptides from CE and frac-
tions (F1, F2, F3, and F4) produced by the strain UL-1 are
depicted in Fig. 1 and Table 1, respectively. The identifica-
tion of lipopeptides was performed by HPLC-ESI/MS-MS
analyses and data previously published. Additionally, the
mass spectral data of CE and fractions and that of each iden-
tified lipopeptide (1-20) can be appreciated in Table S1 and
Figs. S2—-S9 (supplementary material).

In the retention times of 12.0—16.0 min, the iturins were
detected; from 14.8 to 19.9 min, the fengycins; and from
20 to 29 min, the surfactins (Fig. 1, Table 1). The greatest

Fig.1 Chromatograms of crude ]
extract and fractions obtained L";eo'ls' s A
from the culture supernatant

of an isolate of the Bacillus
subtilis species complex (strain
UL-1) obtained by HPLC-ESI-
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Table 1 Chemical

T N° Lipopeptides Retention m/z Precursor ions CE Fl1 F2 F3 F4
characterlza.tlon by HPLC—ESI— time (min)
MS/MS of lipopeptides from
crude extract (CE) and fractions 1 Iturin A 12.1 1043.6  C,, [M+H]* X X X X
g;la’:izs’olf:t; a(‘)‘f‘lﬂlfj);:c‘;?l‘;?d 2 TwrinA 12.3 10655  Cy, [M+Na]* X
subtilis species complex (strain 3 Bacillomycin F - 14.1 10576 C,4 [M+H]" X X
UL-1) 4 Iturin A 15.8 1071.6 Cio IM+H]* X X X X X
5 Tturin A 16.9 1079.6  C;; [M+Na]*  x X
6 Iturin A 277 1056.6  C;s [M+H]" X X X X
7 Fengycin A 14.8 1463.7  C; IM+H]* X X
8 Fengycin B 16.2 14777 C;; IM+H]* X X X
9 Fengycin A 16.3 14355  C, [IM+H]* X X X
10 Fengycin B 16.6 14917  Cj IM+H]* X X
11 Fengycin B 16.8 1506.6  C;s [M+H]" X X
12 Fengycin A 19.9 1451.7  C;s [IM+H]* X X X
13 Surfactin 21.8 10587 C,¢[M+Nal* x X
14 Surfactin 23.5 1036.7  C;5[M+H]* X X X X
15 Surfactin 25.2 10227  C, [M+H]* X X X
16 Surfactin 26.8 10446  C,,[M+Nal* X
17 Surfactin 29.0 994.6  C, [M+H]" X X X X
18 Surfactin 29.4 1050.6  C,c [M+H]* X X
19 Surfactin 29.8 10727  C,g[M+Nal*  x X
20 Surfactin 29.9 1008.7  C;; [M+H]* X X X X

Gy

The lowercase letter “x” indicates the detection in the extract and fractions

variety of lipopeptides was identified in CE (five iturins,
six fengycins, and seven surfactins). The chromatograms
of F1 and F2 were similar, except for the presence of a
peak at 18.24 min in F1 (Fig. 1) corresponding to the
ion at m/z 298, an unidentified non-lipopeptide molecule
(Fig. S10, Supplementary material). In F1, three iturin
derivatives (3, 4, and 6), four fengycins (7, 8, 10, and 11),
and five surfactins (13-15, 17, and 20) were identified
(Table 1). In F2, two iturins (1 and 3), five fengycins (7, 8,
and 10-12), and four surfactins (14, 15, 17, and 20) were
detected. In F3, six iturin derivatives (1-6), one fengycin
(9), and seven surfactins (13—-18 and 20) were observed,
while in F4, only four iturin derivatives (1, 3, 4, and 6),
two fengycins (8 and 12), and two surfactins (14 and 15)
were detected (Table 1).

According to the quantification assay data in CE and
fractions by HPLC-DAD-UV, CE and F2 had a higher
content of total lipopeptides than F1, F3, and F4 (Fig. 2,
Table S2). In addition, although F2 had a higher content
of lipopeptides than CE (p =0.0092, unpaired ¢ test), CE
contained a greater variety of lipopeptides (18/20) (Table 1).

Toxicity
The hemolytic activity was observed for CE and

fractions, except for fraction F4. Notably, F3 was less
hemolytic compared with CE, F1, and F2 due to a higher

mg lipopeptides/g
- N w S
o o o o
s s e 92

o
1

CE F1 F2 F3 F4

Fig.2 Quantification of total lipopeptides in the crude extract (CE)
and fractions (F1, F2, F3, and F4) obtained from an isolate of the
Bacillus subtilis complex (strain UL-1) by HPLC-UV-Vis. The letters
(a, b, c, d, and e) indicate significant differences between the groups
(see statistical analysis in Table S2, unpaired ¢ test)

concentration for hemolytic activity of 50% (Fig. 3A).
Importantly, CE did not show any cytotoxicity on
in vitro human fibroblasts even at the highest tested
concentration (100 pg/mL, data not shown) and on
an in vivo larval model of G. mellonella using CE at
100 mg/kg (Fig. 3B, C).
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Fungal growth inhibition and morphological
alterations of Fusarium spp. by secondary
metabolites obtained from an isolate of the Bacillus
subtilis complex

The crude extract and fractions were effective at inhibiting
only the growth of Fusarium species and C. neoformans,
but fraction F4 had lower antifungal activity while the
standard antifungal AMB inhibited all fungal species tested
(Table 2). Fusarium spp. were more susceptible to CE due
to lower MIC and MEC values. In addition, F2 also showed
an effect on fungal morphology at a similar concentration
to CE (Table 2).

Morphological analysis using fluorescence microscopy
was performed on Fusarium cells treated with CE and F2
due to the higher antifungal activity and high lipopeptide

>

150
125+

100

[
o
1

Hemolytic activity (%)
N ~
an (¢,
1 [ |

content. In addition, we also evaluated the morphological
changes caused by F3, as this fraction showed antifungal
activity but was less hemolytic. The untreated Fusarium spp.
had a normal and typical growth of septate and branched
hyphae (Figs. 4A, B and 5A, B). The morphological
alterations of Fusarium spp. were observed after all
treatments at MEC values (2-32 pg/mL) and concentrations
above such as shortening and/or atypical branching and/or
swelling of hyphae forming chlamydospore-like structures
(Figs. 4C-H and 5C-H). Interestingly, the inhibition of
conidial germination was also observed at concentrations
greater than 4 X CEM of CE, F2, and F3 (data not shown).
It should be pointed out that these alterations were
most prominent in F. solani due to a large amount of
chlamydospore-like structures after treatments with CE
and F2 (apical and intercalary), which was little observed
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Fig.3 Hemolytic activity (HA) and toxicity on Galleria mellonella
larvae of the crude extract (CE) and/or fractions (F1, F2, F3, and
F4) obtained from an isolate of the Bacillus subtilis complex (strain
UL-1). A Hemolytic activity of concentrations ranging from 64 to
1024 pg/mL. HA, values, in ug/mL, were obtained by linear regres-
sion and indicate the hemolytic activity in 50% of red blood cells
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= PBS +2.5% DMSO

-5~ PBS + 5% DMSO

compared with untreated cells. Asterisks represent a significant p
value compared with the untreated group by the one-way ANOVA
with Dunnett’s post test (*p<0.05 and ***p<0.001). B Survival
curve and C morbidity curve of Galleria mellonella larvae untreated
(PBS group) and treated with CE (100 mg/kg) and vehicle controls
(PBS +DMSO)
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Table 2 Antifungal activity of

o Candida albicans Cryptococcus Aspergillus Fusarium Fusarium solani
amphotericin B (AMB,)’ crude neoformans Sfumigatus oxysporum
extract (CE), and fractions (F1,
F2, F3, and F4) obtained from AMB
a strain of thf: Bacillus subtilis MIC 012 0.06 0.25 1 2
complex against yeasts and
filamentous fungi MEC nd nd 0.25 1 2
MEFC 0.12 0.06 0.5 2 4
CE
MIC > 1024 256 > 1024 32 1024
MEC nd nd > 1024 8 4
MFC > 1024 > 1024 > 1024 > 1024 > 1024
F1
MIC > 1024 256 > 1024 256 1024
MEC nd nd > 1024 16 4
MEFC > 1024 > 1024 > 1024 > 1024 >1024
F2
MIC > 1024 256 > 1024 512 1024
MEC nd nd >1024 4 2
MEFC > 1024 > 1024 > 1024 > 1024 > 1024
F3
MIC > 1024 256 > 1024 64 512
MEC nd nd > 1024 32 32
MEFC > 1024 > 1024 > 1024 > 1024 > 1024
F4
MIC > 1024 256 > 1024 512 > 1024
MEC nd nd > 1024 256 > 1024
MEFC > 1024 > 1024 > 1024 > 1024 > 1024

The data are expressed in pg/mL. MIC refers to the lowest concentration that inhibits 50% of fungal
growth, MEC refers to the lowest concentration that results in morphological alterations of hyphae (hyphae
thickness, branching and septation pattern, and others), and MFC refers to the lowest concentration capable

of killing >99% of the fungal cells

nd not determined

in F. oxysporum (Figs. 4 and 5). On the other hand, the
standard antifungal AMB showed MEC values equal to MIC
values and a similar pattern of morphological alterations
emphasizing shorter hyphae and conidial germination
inhibition (Table 2; Figs. 41, J and 51, J).

Antibiofilm activity

The total biomass and metabolic activity of F. solani bio-
films were determined after treatment with CE and fractions
(F2 and F3) that showed the best antifungal activity on fun-
gal growth and morphology. Here, we tested the antibiofilm
effects on two phases of biofilm development: formation and
mature biofilms.

CE was the most effective in inhibiting biofilm formation
and in disrupting the mature biofilm (Fig. 6). Concentra-
tions > 2 ug/mL and >4 pg/mL of CE significantly reduced
50-100% the metabolic activity and total biomass, respec-
tively, during biofilm formation (p <0.001, Fig. 6A, D).
In addition, CE was able to inhibit the metabolic activity

of mature biofilms at> 16 pg/mL (~30% of inhibition,
p<0.001) but it did not reduce the total biomass (Fig. 6G, J).
On the other hand, although fractions F2 and F3 significantly
inhibited the metabolic activity and biomass of biofilms,
in formation, at concentrations >2 pg/mL and > 16 ug/mL,
respectively (>40% of inhibition, p <0.05) (Fig. 6B, C, E,
F), no antibiofilm effect was observed on mature biofilm
(Fig. 6H, I, K, L).

Antifungal effect of crude extract against Fusarium
solani on the contact lenses and nails

Concentrations at 2X MEC and 8 x MEC of CE were
selected for evaluation of its inhibitory effect on adherence
and biofilms of F. solani using surfaces of contact lenses and
nails due to better antibiofilm activity as mentioned in the
section “Antibiofilm activity.”

A significant adherence inhibition of 40-60% of F.
solani conidia was observed after a 24-h treatment with
CE at 8 pg/mL and 32 pug/mL on contact lenses and nails,
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Fig.4 Images from light (left)
and fluorescence (right) micros-
copy of Fusarium oxysporum
untreated and treated with

4 x MEC of crude extract, frac-
tions (F2 and F3), and ampho-
tericin B for 72 h at 35 °C. A, B
Untreated. C, D Crude extract.
E, F Fraction F2. G, H Frac-
tion F3. I, J Amphotericin B.
Bars =200 um
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Fig.5 Images from light

(left) and fluorescence (right)
microscopy of Fusarium solani
untreated and treated with

4 x MEC of crude extract, frac-
tions (F2 and F3), and ampho-
tericin B for 72 h at 35 °C.

A, B Untreated. C, D Crude
extract. E, F Fraction F2. G, H
Fraction F3. I, J Amphotericin
B. Bars =200 pm. Black arrows
indicate chlamydospore-like
structures
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«Fig. 6 Antibiofilm activity of crude extract (CE, left column) and
fractions F2 and F3 (middle and right columns, respectively) on bio-
film formation and mature biofilm of Fusarium solani. The meta-
bolic activity of biofilms was determined by the XTT reduction
method (A—C and G-I), and the total biomass was quantified by the
crystal violet stain (D-F and J-L). Asterisks represent a significant
p value compared with the untreated group (0 group) by the one-
way ANOVA with Dunnett’s post test (*p<0.05, **p<0.01, and
*#%p <0.001)

but the inhibition was not different between the two tested
concentrations (Fig. 7A, B). On the other hand, although
CE at 8 pg/mL had reduced the CFU number, only 32 pg/
mL was able to significantly reduce the fungal viability
of F. solani biofilms on the nails (reduction of ~50%,
Fig. 7C).

In vivo evaluation of the antifungal activity
of the crude extract against Fusarium solani
infection using a larval model of Galleria mellonella

No statistical difference was observed in the survival and
morbidity curves between untreated and treated larvae
with CE 100 mg/kg and not even for AMB treatment
(p>0.05, Fig. 8A, B). Nonetheless, there was a reduction
in CFU count in the tissue of larvae treated with CE and
AMB, but it was not statistically significant (p > 0.05,
Fig. 8C).

Discussion

Bacillus species are producers of various secondary
metabolites with about 20 classes of compounds (Stein
2005; Sumi et al. 2015; Steinke et al. 2021). They usually
produce antifungal metabolites as the non-ribosomal
cyclic lipopeptides (surfactins, iturins, and fengycins)
and their biosynthesis are regulated by several genes
whose transcriptional mechanisms are dependent on
environmental conditions (Steinke et al. 2021). Herein, we
identified a lipopeptide-producing bacterium by analyzing
the 16S rRNA and the rpoB regions as a species of the
Bacillus subtilis complex, characterized the chemical
identity of lipopeptides, and evaluated their antifungal
potential.

The most widely used technique for the identification
and characterization of lipopeptides is HPLC-ESI-MS/
MS (Papayannopoulos 1995; Kato et al. 2011), and we used
it to investigate the chemical nature of these compounds
in CE and fractions. The molecules were separated and
characterized by mass spectral analyses, in positive mode.
Then, we identified 20 cyclic lipopeptides from the families
of fengycins, iturins, and surfactins. According to the
literature, most of these compounds present a fatty acid

chain linked to a cyclic peptide structure, which confers
greater molecule conformational stability and is associated
with biological interactions (Maksimov et al. 2020).

The surfactin family has 20 different structures
characterized (Bonmatin et al. 2003). It is an amphiphilic
molecule, and its structure typically features a f-hydroxy
fatty acid chain linked to a heptapeptide sequence
LLDLLDL with Leu and Asp at positions 3 and 6,
respectively. At positions 2, 4, and 7, the amino acids
reside in Val, Leu, and Ile (Hue et al. 2001; Jacques 2011).
Surfactin isoforms occur due to variations in the amino
acids of the peptide ring, and MS/MS studies should be
performed to identify the sequence establishment for
the peptide portion (Yang et al. 2015). According to the
HPLC-MS/MS results, the precursor ion at m/z 994.6,
1008.7, 1022.7, 1036.7, and 1050.6 was found to be a
series of homologous surfactin molecules with a 14-Da
difference between their fatty acid chains in their molecular
ion species (Table 1, Table S1, and Fig. S9). In addition,
[M+Na]" ions at m/z 1044.6, 1058.7, and 1072.7 were also
identified as compounds of the surfactin family (Table 1).
The fragments at m/z 441, 481, 554, 594, 685, 671, 681,
and 707 observed in the mass spectra are characteristic
marker ions for the identification of the surfactin isoforms
(Table 1, Table S1, and Fig. S9).

We identified six fengycins from the CE and fractions.
Fengycins are characterized by the presence of a peptide ring
containing 8 amino acids (Tyr, Thr, Glu, Ala, Pro, Gln, Tyr,
and Ile) and two special amino acids (Orn and Tyr) that bind
the peptide ring and the p-saturated or unsaturated fatty acid
chain of 14—18 carbon atoms (Cochrane and Vederas 2016).
In addition, the presence of fragments at m/z 1080 and 966
or at m/z 1066 and 952 in the mass spectra indicated the
fengycin A isoforms, while the identity ions at m/z 1108 and
994 or at m/z 1094 and 980 were characterized as a fengycin
B isomer (Pueyo et al. 2009).

The fengycins were also detected in this study through
the precursor [M+2H]2Jr ions at m/z 718, 725, 732, 739,
746, and 753 corresponding, respectively, to fengycins at
m/z 1435.7, 1451.7, 1463.7, 1477.7, 1491.7, and 1506.6
(Table 1, Table S1, and Fig. S8). The presence of the
identity ions in the spectra aids in distinguishing the
fengycin A and B isomers described previously by Pueyo
et al. (2009), and the main difference between the isomers
occurs by the presence of an alanine (fengycin A) or valine
(fengycin B) at position 6 of the ring (Ma et al. 2016).

The ions at m/z 1043.6, 1056.6, 1057.6, 1065.6, 1071.6,
and 1079.6 indicated the Asx-Tyr-Asx characteristic
fragments of iturin family molecules (Zhao et al.
2018). All these ions, except those at m/z 1057.6, were
characterized as a homologous series of iturin A, with a
difference of 14 Da between the fatty acid chains and the
peptide ring containing the amino acid serine in the last
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Fig.8 Antifungal activity of crude extract (CE) obtained from the
culture supernatant of an isolate of the Bacillus subtilis species com-
plex against Fusarium solani infection using a larval model of Gal-

position (position 7) linked to the fatty acid chain. While
the ion at m/z 1057.6 indicates a linear-chain bacillomycin
F which contains at position 7 the presence of the amino
acid threonine linked to the fatty acid chain (Table 1,
Table S1, and Fig. S9).

The biological effects were dependent on lipopeptide
concentrations. CE and all fractions contained lipopeptides;
however, CE and fraction F2 showed the highest amount
of total lipopeptides and greater hemolytic and antifungal
activity. Surfactins and iturins are known to have a hemolytic
effect and, together, can contribute to a significant increase
in hemolysis (Aranda et al. 2005; Ongena and Jacques
2008), while fengycins have low hemolytic activity (Hofe-
meister et al. 2004). The low hemolytic activity of F3 and
F4 can be explained by the low diversity and concentration
of lipopeptides.
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leria mellonella. A Survival curve, B morbidity curve, and C fungal
burden in the larval tissues. Amphotericin B (AMB) at 100 mg/kg
was used as a standard antifungal

CE and fractions (F1, F2, and F3) showed fungistatic
activity mainly against C. neoformans and Fusarium spp.
However, F. solani strain was the most susceptible to the
action of lipopeptides obtained from an isolate of the B.
subtilis complex. The susceptibility of Fusarium species to
lipopeptides is discussed in the literature regarding growth
inhibition and hyphae morphological alterations (Gong et al.
2015; Gu et al. 2017; Cao et al. 2018; Mihalache et al. 2018).
In addition, other studies showed an antifungal action of the
lipopeptides against other species of phytopathogenic fungi
(Kim et al. 2010; Velho et al. 2011; Zhao et al. 2017; Park
et al. 2022).

It is important to highlight that CE and fractions F2 and
F3 showed lower MIC and MEC values, leading to mor-
phological changes, such as shortening and/or atypical
branching and mainly the induction of chlamydospore-like
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formation. The same structures were observed in F. solani
hyphae after treatment with extract from the culture filtrate
of B. subtilis, and the chlamydospore induction was attrib-
uted to the presence of fengycin A homologues (Li et al.
2012). Chlamydospores are fungal resistance structures
that act as a survival strategy during undesirable conditions
(Hou et al. 2020). Previous studies had demonstrated that
calcineurin regulates conidiation, chlamydospore formation,
and virulence of Fusarium spp., and calcineurin pathway is
activated in stress response for the adaptation of fungi (Hou
et al. 2020).

The standard antifungal echinocandins, semi-synthetic
cyclic lipopeptides, are f-1,3-glucan synthase inhibitors that
disrupt the cell wall of Aspergillus and Candida, affecting
the fungal morphology (Kurtz et al. 1994; Nishiyama et al.
2002). Interestingly, echinocandins can induce chlamyd-
ospore-like formation, and this cell event is associated to
HOGT1 pathway activation (Kurtz et al. 1994; Nishiyama
et al. 2002; Alonso-Monge et al. 2003). Similarly, fengycin
A induces stress response and actives the HOG1 pathway in
C. albicans (Liu et al. 2019).

The effect of surfactins, iturins, and fengycins on the
cytoplasmic membrane causes cell lysis, leading to the leakage
of cytoplasmic contents (Seydlovd and Svobodova 2008).
Therefore, these membrane interactions may have contributed
to the hemolytic activity and antifungal effects in Fusarium
observed here as well as in Fusarium graminearum, F.
oxysporum, and Colletotrichum acutatum previously reported
(Gu et al. 2017; Mihalache et al. 2018; Park et al. 2022). In
addition, other known lipopeptide antibiotics such as polymyxin
and daptomycin also interact with bacterial membrane
components affecting its permeabilization (Bush 2012).

Biofilms are defined as a multicellular community
adhered to a surface and are integrated into an extracellular
polymeric matrix. The microbial biofilms are associated with
higher tolerance to bioactive molecules (e.g., antimicrobials),
environmental stress, and components from the host immune
system (Lohse et al. 2018), and these features are the most
challenging in eradicating an infection associated with biofilm.
Although lipopeptides have been studied against yeast biofilms,
e.g., Trichosporon spp., Candida albicans, and Mallassezia
furfur, few studies have been carried out on filamentous fungi
(Ceresa et al. 2021; Da Silva et al. 2021). In this regard, the
lipopeptides studied here in addition to inhibiting the growth
of Fusarium planktonic cells inhibited the biofilm formation
and/or disrupted the mature biofilms of F. solani at lower
concentrations of CE and fractions F2 and F3. On the other
hand, the best one was CE which showed antibiofilm efficacy on
both development phases (during biofilm formation and mature
biofilm), significantly reducing the total biomass and metabolic
activity of sessile cells. Due to better antibiofilm activity and
morphological alterations, we choose CE to evaluate its effect

in other in vitro models. Then, F. solani conidial adhesion on
lenses and nails was reduced after treatment with CE for 24 h
and the pre-formed biofilms on nails had the fungal viability
reduced. It is important to highlight that there are few works
about the antibiofilm activity of surfactin, iturin, and fengycin
against Fusarium biofilms. This important antifungal effect
of lipopeptides from CE may have an impact, preventing the
establishment of infection, fungal invasion, reinfection, and
dissemination (da Silva et al. 2021).

Due to the better antifungal activity of CE on F. solani,
it was also tested to determine its toxicity and antifungal
efficacy using fibroblasts and the larval model of G. mel-
lonella. CE at 100 pg/mL was not cytotoxic for human fibro-
blasts, and a dose of 100 mg/kg did not cause death or any
health status reduction of the larvae. Falqueto and co-work-
ers (Falqueto et al. 2021) reported that extracts containing
lipopeptides obtained from Bacillus velezensis (strain B15)
were not toxic for G. mellonella, Caenorhabditis elegans,
Scenedesmus obliquus, and Tetrahymena pyriformis even as
on murine fibroblasts (Da Silva et al. 2021), and other cell
lineages (RAW 264.7 and VERO) (Falqueto et al. 2021).

Few works have shown biological effects of surfactins,
iturins, and/or fengycins using animal models (Yan et al.
2017; Piewngam et al. 2018; Lei et al. 2019; Tsai et al. 2022;
Chen et al. 2023), while in vivo studies of their antifungal
effects on Fusarium spp. using plants or part of plants (e.g.,
seeds) are more frequent in the literature (Mihalache et al.
2018). In this regard, we used G. mellonella larvae as a proof
of concept of systemic antifungal activity, and although CE
treatment of G. mellonella infected with F. solani did not
reduce the mortality rate, it reduced the fungal burden in the
larval tissue, showing the inhibitory effect of lipopeptides on
F. solani using an animal model. Together, our results and
data from the literature support the idea of applying lipopep-
tides in the prevention and control of fungi, mainly Fusarium
spp., promoting health care for humans and other animals.

In conclusion, twenty lipopeptides from the culture
supernatant of an isolate of the Bacillus subtilis complex
(strain UL-1) were characterized as the families iturins,
fengycins, and surfactins and the high content was associated
with higher hemolytic and antifungal effects. In addition, the
mixture of lipopeptides in the crude extract demonstrated
potent anti-adhesion and antibiofilm effects, supporting further
studies for the use of these lipopeptides in the treatment and
prevention of fusariosis.
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