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Abstract: In marine environments, biofilm can cause negative impacts, including the biofouling
process. In the search for new non-toxic formulations that inhibit biofilm, biosurfactants (BS) produced
by the genus Bacillus have demonstrated considerable potential. To elucidate the changes that BS
from B. niabensis promote in growth inhibition and biofilm formation, this research performed a
nuclear magnetic resonance (NMR) metabolomic profile analysis to compare the metabolic differences
between planktonic cells and biofilms of Pseudomonas stutzeri, a pioneer fouling bacteria. The
multivariate analysis showed a clear separation between groups with a higher concentration of
metabolites in the biofilm than in planktonic cells of P. stutzeri. When planktonic and biofilm stages
were treated with BS, some differences were found among them. In planktonic cells, the addition
of BS had a minor effect on growth inhibition, but at a metabolic level, NADP+, trehalose, acetone,
glucose, and betaine were up-regulated in response to osmotic stress. When the biofilm was treated
with the BS, a clear inhibition was observed and metabolites such as glucose, acetic acid, histidine,
lactic acid, phenylalanine, uracil, and NADP+ were also up-regulated, while trehalose and histamine
were down-regulated in response to the antibacterial effect of the BS.

Keywords: Bacillus; biosurfactants; 1H NMR; metabolomics; Pseudomonas stutzeri

1. Introduction

Marine biofilms are composed by the aggregation of many species of bacteria, uni-
cellular algae, and protozoa, which are the initial biological colonizers of new surfaces in
the sea [1]. These microorganisms are enfolded in an extracellular polymeric substance
(EPS) composed of polysaccharides, proteins, nucleic acids, and lipids [2]. The biofilm
pattern of growth in the life cycle of microbes provides specific properties, advantages,
and a higher level of organization during colonization than in the free-living (planktonic)
bacterial cells [3]. Biofilms confer protection from desiccation, biocides, antibiotics, heavy
metals, and ultraviolet radiation [2,4].

In marine environments, biofilms can induce, inhibit, or have no effect on the settle-
ment of larvae and spores of algae [5]. They can also play a key role in the settlement
of macroorganisms because most of them need a particular substratum for survival and
reproduction [6]. Although it is a natural process, biofilm development can cause negative
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impacts, including the promotion of the biofouling process [7] and corrosion of marine man-
made structures [8], causing significant economic loses [9]. The biofilms of Pseudomonas
species are frequently found and contribute to an accelerated corrosion of metallic and steel
surfaces [10,11]. Their capacity to form biofilm is due to different ranges of adhesion that
occur during the initial attachment to a substratum, and flagella and pilli are important to
the colonization and microcolony formation of many marine organisms [12].

Therefore, it is important to find new antifouling strategies for inhibiting colonization
bacteria, such as P. stutzeri, which are capable of adhering to antifouling paints with
biocides such as copper [13] or with high resistance to antifouling agents such as tributylin
(TBT) [14]. The transition between the planktonic free-living state to biofilm implies many
physiological and biochemical changes [15]. Moreover, the responses of planktonic cells
and biofilm to stress (antibacterial or antifouling agents) are markedly different. Studies
on biofilm models of P. aeruginosa showed that a complex regulatory pathway for the
coordination and control of the biofilm response is required [16–18].

To prevent the biofouling process, antifouling coatings have been developed and are
being used [19]. Some studies indicate that the presence of heavy metals such as copper,
which has become the most used biocide in antifouling paint, can alter biofilm formation,
larval settlement, and retard the biofouling process [20]. Even if the knowledge of antifoul-
ing coatings has been developed for many years, the commercial use of a substance that is
not toxic to the marine environment is still nonexistent [9]. In this sense, there are some
efforts in the search for a substance that can be used for antifouling, obtained from natural
marine products with a non-toxic effect [21–24]. Biosurfactants (BS) are characterized by
their ability to reduce the surface and interfacial tensions between individual molecules
at the surface and interface, respectively, in both aqueous solutions and hydrocarbon
mixtures [4]. Biosurfactants interfere with biofilm formation by changes in cell adhesion,
varying the cell surface hydrophobicity, promoting membrane disruption, or inhibiting
the electron transport chain [25]. Within microorganisms, the genus Bacillus stands out
for its ability to produce BS with antibacterial activity [24,26]; various publications have
demonstrated the capacity of BS to reduce biofilm formation [27,28].

Biosurfactants have an important role in the different stages of biofilm development.
They can inhibit biofilm formation, control planktonic cell growth, and reduce secondary
colonization [29]. In our previous works, cell-free supernatants of Bacillus niabensis showed
promising results against marine biofilm bacteria [24]. To increase the knowledge of
bacteria metabolic changes in response to the effect of a marine BS, metabolomic studies
can provide data regarding the chemical changes, adaptation features, and responses of
bacteria under different stimuli or conditions [15,30]. NMR-based metabolomic studies give
comprehensive information that allows researchers to identify and quantify metabolites to
determine with better precision the effect of antibacterial agents on planktonic and biofilm
metabolism [18,31].

Therefore, the aim of this study was to evaluate the metabolic response of the growth
of planktonic cells and biofilm inhibition of P. stutzeri by the effect of non-toxic BS ob-
tained from B. niabensis using nuclear magnetic resonance spectroscopy (NMR) to identify
molecules associated with planktonic cells and biofilm formation and identify the possible
action mode of BS as an antifouling agent.

2. Results
2.1. Isolation and Identification of Marine Forming Biofilm Bacteria

The isolate F37 from sandblast acrylic tile from a marina in Bahía de La Paz, Baja
California Sur, Mexico, was identified as Pseudomonas stutzeri by 16S ribosomal sequencing
and phylogenetic analysis “barcoding”, with a similarity of 98% in BLAST closest matches.
The phylogenetic tree alignment by neighbor joining with 1000 bootstrap replicates is
shown in the Supplementary Materials (Figure S1).
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2.2. Biosurfactant Production from Bacillus niabensis

Bacillus niabensis was isolated in 2019 and its capacity to produce BS by cell-free
culture supernatants was described previously [24]. The crude biosurfactant was obtained
from a culture of B. niabensis. The qualitative (oil spreading test and drop collapse test)
and quantitative emulsion properties (% E.I.) and the yield of the extract with crude
biosurfactant are shown in Table 1. As a positive control, sodium dodecyl sulfate (SDS)
at 10% was used, and Marine Broth (MB) was used as a negative control. The different
tests are based on the droplet destabilization due to the interfacial tension between the
hydrophobic surface and the liquid. The results showed adequate biosurfactant activity,
which was similar to the positive control.

Table 1. Yield and biosurfactant potential of Bacillus niabensis in oil spreading and drop collapse tests,
emulsification properties, and yield.

Bacteria Gram Reaction Oil Spreading
Test (mm)

Drop Collapse
Test (mm)

Emulsification Index
(% EI24) (Toluene) Yield (mg/L)

Bacillus niabensis Bacillus Gram+ Positive 5.00 cm Positive 9.34 mm 69.33 ± 1.44 147.00
Controls

MB - 0 3.60 10.70 ± 1.20 -
SDS (10%) - 5.00 cm 11.76 59.00 ± 0.90 -

MB = Marine Broth (negative control), SDS = Sodium Dodecyl Sulfate (positive control).

2.3. Effects of Biosurfactant in Growth and Biofilm Inhibition

In the test of antibacterial activity by agar diffusion, the BS was active against P. stutzeri
at 30 and 50 µg/mL, but not at a higher concentration (100 µg/mL) (Table 2A). Pseudomonas
stutzeri showed a high capacity for forming biofilm by crystal violet assay and is evident
that BS have the capacity to reduce biofilm formation (Table 2B) and the total protein
content of the biofilm (Table 2C). The highest total protein content (0.84 mg/mL) was
detected in the biofilm matrix of bacteria without BS. The lowest total protein content and
growth rate of P. stutzeri were observed when BS was added at concentrations of 50 and
100 µg/mL (Table 2D).

Table 2. Effect of crude biosurfactant from Bacillus niabensis at different concentrations in the growth
inhibition (A), biofilm formation (B), total protein content (C), and growth rate (D) of Pseudomonas
stutzeri (n = 3 ± SD).

(A) (B) (C) (D)

Biosurfactant
Concentration

(µg/mL)

Antibacterial
Activity Zone

Diameter (mm)
Biofilm Formation

Biofilm Total
Protein

(mg/mL)

Growth
Rates (µ)

0
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Table 2. Cont.

(A) (B) (C) (D)

Biosurfactant
Concentration

(µg/mL)

Antibacterial
Activity Zone

Diameter (mm)
Biofilm Formation

Biofilm Total
Protein

(mg/mL)

Growth
Rates (µ)
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The crude BS from B. niabensis at 30 and 50 µg/mL inhibited significantly 30% of the
growth of P. stutzeri (Figure 1a). In the biofilm inhibition, no significant difference was
observed with the concentrations of BS tested, and all concentrations were able to inhibit
almost 50% of the biofilm formation (Figure 1b). In both cases, the BS was more efficient
than CuSO4 at a concentration of 6 µg/mL.

In antibacterial activity, the negative control, i.e., a disk with dissolvent, was not active.
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of growth was realized with optical density (OD λ585 nm) in 96-well microplate (n = 6 ± SD) and the
biofilm by crystal violet assays. Control = bacteria cultured without BS; positive control = CuSO4

(6 µg/mL). The same letters indicate no significant differences (one-way ANOVA followed by Tukey’s
post hoc test, α ≤ 0.05, p = 0.001).

2.4. Metabolomic Changes in Planktonic Cells and Biofilm by Effect of Biosurfactant

The planktonic cells (P) and biofilm (B) of P. stutzeri were cultured in the absence and
presence of crude biosurfactant (P + BS, B + BS) of B. niabensis (30 µg/mL) to compare
the metabolomic profile after seven days of exposure. In general, the chemical shift of 1H
NMR spectrum of P. stutzeri obtained at 750 MHz between 0.80 and 9.20 ppm presented
signals corresponding to 27 metabolites, including 11 amino acids (alanine, aspartic acid,
glutamic acid, histidine, isoleucine, leucine, phenylalanine, threonine, tryptophan, tyrosine
and valine), 3 sugars (glucose, mannitol and trehalose), 5 organic acids (acetic acid, formic
acid, fumaric acid, lactic acid and succinic acid), 3 nucleosides (adenosine, guanosine and
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uridine), 1 nucleotide (uracil), and 4 other biomolecules (acetone, betaine, histamine and
NADP+) (Figure S2). The comparison of 1H NMR spectrum in the four treatments (B, P,
B + BS, P + BS) showed a similar metabolite profile with differences in the intensity and
relative abundance of metabolites (Figure S3).

Metabolic differences between groups were calculated by multivariate analysis. Prin-
cipal component analysis (PCA) allowed detecting outliers (Figure 2A), while the partial
least orthogonal squares discriminant analysis (OPLS-DA) model with projections in two
dimensions (PC1 = 76.9% and PC2 = 6.2%) showed an evident separation of the groups
(Figure 2B). The validation of the OPLS-DA model is shown in the cross-validation plot
(Figure S3). The R2 and Q2 values in the left were significantly lower than the original
points to the right, and Q2 regression lines have a negative intersection (R2 = 0.0, 0.25;
Q2= 0.0, −0.70).
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stutzeri and with the addition of the crude biosurfactant of Bacillus niabensis (P + BS, B + BS).

The heat map analysis indicated that the concentration of metabolites varies signifi-
cantly between the different phases (Figure 3). In planktonic cells, the metabolites are less
expressed than in the biofilm. In general, metabolites of planktonic cells are low (below
0.001 Mm) except for tryptophan (0.013 mM) (Figure S4). The difference was more evident
in trehalose, histamine, fumaric acid, alanine, and betaine, which had lower concentrations
in planktonic cells than in the biofilm. When the planktonic cells were treated with the
biosurfactant, the NADP+, trehalose, acetone, glucose, and betaine were up-regulated, and
tryptophan was down-regulated (Figure 3).

To identify the effect of the BS on the biofilm formation, multivariate analysis was
performed only with the data of the two groups. Principal component analysis (PCA) in this
case did not show outliers, and the partial least orthogonal squares discriminant analysis
(OPLS-DA) model with projections in two dimensions (PC1 = 61.2% and PC2 = 12.4%)
showed an evident separation of the groups by component 1 (Figure S5). The variable
influence on projection statistics (VIP≥ 1) of OPLS-DA modeling led to the identification of
11 differential metabolites when the bacteria were treated with BS, including carbohydrates,
amino acids, organic acids, nucleosides, and other metabolites such as NADP+ (Figure 4).
This agrees with the results of the cluster heat map analysis, which indicated that when
the biofilm is treated with BS, glucose, acetic acid, histidine, lactic acid, phenylalanine,
uracil, and NADP+ were up-regulated, and trehalose and histamine were down-regulated
(Figure 3).
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3. Discussion

As part of biofouling prevention strategies, the use of compounds that inhibit marine
pioneer fouling bacteria is being considered—in particular, macrofouling-inducing bacteria
such as Pseudomonas, which can promote the settlement of organisms such as the marine
sponge Cliona intestinalis [32]. Pseudomonas species have a range of adhesin, which are used
in the initial attachment to a substratum, leading to biofilm formation [12,33].

In this work, the pioneer strain isolated from Marina La Paz was identified as Pseu-
domonas stutzeri and showed a high capacity to form biofilm. Pseudomonas stutzeri is
considered a cosmopolitan species with diverse physiological and biochemical proper-
ties [34]. Strains of the genus Pseudomonas are characterized by rapid biofilm growth due to
the secretion of EPS composed of proteins and polysaccharides, leading to the formation of
a mature biofilm in 5–7 days under in vitro conditions [33].

When P. stutzeri was exposed to the antifouling compound CuSO4 at a usually toxic
concentration (6 µg/mL) [24], no significant decrease in growth or biofilm formation was
observed compared to the control (bacteria non-treated with CuSO4). This may be due
to the metabolic properties of P. stutzeri, such as denitrification, the ability to fix nitrogen,
degradation of pollutants, and interaction with toxic metals [12]. In the search for new
non-toxic antifouling compounds, we consider our strain of P. stutzeri as a model species to
evaluate the antibiofilm and antibiotic properties of crude BS of B. niabensis.

The antibacterial activity of B. niabensis BS at the minimum concentration tested
(30 µg/mL) showed an inhibition diameter of 12.53 mm. Similar results were observed
with the BS from B. circulans that showed an antimicrobial diameter between 12 and 24 mm
against Gram-negative bacteria when tested at 1000 µg/mL [35]. The BS produced by
B. licheniformis has antimicrobial activity with an inhibition zone of 11–25 mm against
Gram-positive bacteria and 10–19 mm against Gram-negative bacteria at 48 µg/mL [36].

When P. stutzeri was treated with crude BS of B. niabensis, it was possible to reduce
growth by 30% and biofilm formation by almost 50%. However, no significant differences
were observed at BS concentrations of 30, 50, and 100 µg/mL. There are only a few studies
on the antibacterial and antibiofilm activity of B. niabensis. The use of B. niabensis cell-free
supernatants included in experimental marine paint showed acceptable antifouling activity
in field assays with low toxicity [24]. Moreover, the development of gold nanoparticles us-
ing B. niabensis showed strong antibiofilm activity against P. aeruginosa with 72% inhibition
of biofilm formation, without affecting cell growth [37]. Others BS produced by Bacillus
genus have antibiofilm activity. For example, BS of Bacillus sp. A7 showed 37% inhibition
of biofilm at a low concentration (31.25 µg/mL), 46% inhibition when used at 125 µg/mL,
and complete inhibition at 500 µg/mL [38].

Bacillus species, commonly found in marine environments, produce a large range of
low-molecular-weight BS (lipopeptide-type) with broad uses in different biotechnology
fields [39,40], including antimicrobial and fungicidal compounds [41]. The crude BS of B.
niabensis investigated in this research showed an interesting emulsion index with better
results than the control SDS. Similar capacities have been highlighted with lipopeptides
from Bacillus licheniformis [42,43]. The antibiofilm activity of lipopeptides was observed
in previous studies; for example, some Bacillus strains (B. subtilis, B. amyloliquefaciens, B.
siamensis) [44–46] produce fengycin, iturin A, and surfactin, which are lipopeptides with
antibiofilm activity. This group of compounds had the ability to completely inhibit S. aureus
biofilm formation at the concentration of 15 mg/mL. Furthermore, they reduced biofilm
formation by 50% at concentrations of 1.5 and 0.15 mg/mL [47].

The sufficient yield of bioactive compounds during extraction is an important factor
to avoid high costs of production and obtain enough quantity of BS for commercial use.
However, our study did not focus on the yield of crude BS production. Despite a low yield
in our work (0.15 g/L), using supplemented culture medium is a possibility to optimize
the process. In B. licheniformis, the yield can increase to 0.86 g/L depending on the carbon
sources [48]. In B. subtilis, a yield of 4.8 g/L was recorded when using media supplemented
with metals (iron, manganese, and magnesium) [49].
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BS are a promising antibiofilm and antifouling molecules due to their low toxicity [40],
their mode of action (e.g., modulation of the expression of biofilm genes) [47,50] and
their amphiphilic nature (that allows them disrupt membrane integrity, leading to cell
lysis, linked with the ability to affect adhesion and dislodgement of bacteria from the
surface) [51,52]. They can also promote changes in membrane structure, altering the
essential membrane structure such as the transport and production of energy [53]. In our
work, when the biofilm was treated with B. niabensis BS, a reduction in biofilm was recorded
as well as a diminution of the total protein, which can be due to the inhibition of protein
synthesis [54]. All these interesting properties, as well as the fact that it can be used at a
low concentration, make it a promising antifouling alternative [54,55].

The metabolic effect of B. niabensis BS towards P. stutzeri was studied using a low
concentration with activity (30 µg/mL). The signals of the 1H NMR spectrum led to
the determination of the presence of 27 metabolites from six principal groups in different
percentages: amino acids (40.7%), organic acids (18.5%), sugars (11.1%), nucleosides (11.1%),
nucleotides (3.7%), and others (14.8%). Although the presence of all these metabolites was
equal in both phases, the quantification was different. The results of the multivariate
analysis OPLS-DA showed a clear separation between groups of planktonic cells and
biofilm state. The validation plots (Figure S5) show that the R2 and Q2 values on the left
are significantly lower than the original points on the right, and Q2 regression lines have a
negative intersection (R2=0.0, 0.5; Q2=0.0, −0.7). These values indicate that the OPLS-DA
model is robust and not random and without over-fitting [56].

It has been stated that planktonic and biofilm phases have different metabolic activity
profiles resulting from the cell attachment onto surfaces [57]. It is important to consider
this difference when developing new antibacterial agents [58]. The metabolites have
higher concentrations in the biofilm of P. stutzeri than in planktonic cells, indicating higher
metabolic activity. Trehalose, alanine, histamine, and fumaric acid are more expressed in
the biofilm. These metabolites and other carbohydrates may play a role in composing the
biofilm matrix as components of the extracellular matrix. The presence of high sugar levels
in the biofilm may also be related to the constitution of the EPS matrix. Trehalose was
found in significantly higher concentrations in biofilms compared to suspended cultures.
In P. aeruginosa, high levels of these carbohydrate-related metabolites have the potential to
uncover the presence of biofilm under multiple growth conditions [17]. Alanine metabolism
has been reported to be crucial for adhesion and biofilm formation, because of its role in
the formation of cell wall peptidoglycan [59]. Organic acids are bound to the metabolites of
biofilms, especially mature biofilms [60].

When the BS was utilized to inhibit both planktonic cells and biofilm, different effects
were recorded. The addition of BS to planktonic cells resulted in the up-regulation of
NADP+, trehalose, acetone, glucose, and betaine, and the down-regulation of tryptophan.
Trehalose is a biocompatible compound that has the function of osmolytes and helps
an organism to survive under osmotic stress. In studies with P. aeruginosa, trehalose
has the function of promoting the acquisition of nutrients that allow the replication of
the bacteria [61]; like trehalose, betaine is used as an energy resource under osmotic
stress [62]. Similar results were observed in Mycobacterium tuberculosis—when persister
bacilli were treated with an antibiotic, the trehalose metabolism and glycolysis were altered
in a metabolic effort to acquire drug tolerance [63].

When the biofilm was treated with the BS, metabolites such as glucose, acetic acid,
histidine, lactic acid, phenylalanine, uracil, and NADP+ were up-regulated while trehalose
and histamine were down-regulated. The bacteria metabolic changes depend on the
antibacterial compound characteristics. When biofilms of P. aeruginosa were treated with
combinations of ciprofloxacin with baicalein and esculin hydrate, the uracil concentration
was increased, and this was related to pyrimidine synthesis [64], which has an important
role in many functions of P. aeruginosa [65] in response to antibacterial compounds. With
respect to compounds that were down-regulated, contrary to the behavior observed in the
planktonic phase, in the biofilm, the BS caused a decrease in the concentration of trehalose.
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This could be because during the formation of biofilm of some bacteria, trehalose is down-
regulated due to its relationship with the central carbon metabolism [66]. Moreover, the
decrease in trehalose may be related to its part in the formation of NADP, which plays an
important role as a reducing agent before the effect of an antibacterial compound [63].

The results of this research showed that B. niabensis biosurfactants reduce growth
and biofilm formation of P. stutzeri with a concomitant metabolic change in response to
antibacterial activity. This provides new information regarding the inhibitory mechanism
of the BS against pioneer marine fouling bacteria.

4. Materials and Methods
4.1. Chemical and Strain Identification

The chemicals used for the identification of marine bacteria were of molecular biology
grade. For culture and assays, they were of analytical grade, obtained commercially. For
1H NMR, deuterated dissolvents were used.

Bacillus niabensis was isolated from the marine sponge Mycale ramulosa and was selected
due to its high biosurfactant activity in the cell-free supernatant. The identification was
performed by partial sequencing of the 16S rRNA region (GenBank accession number
MT887632) [24].

The bacteria involved in the marine biofilm, P. stutzeri, was collected and isolated from
the Marina La Paz, Bahía de La Paz, Mexico (24◦08′32” N–110◦18′39” W). A sandblasted
acrylic tile (6 × 12 cm) was immersed at 1 m depth (November 2020). After 48 h, the tile
was placed in a plastic bag and transported to the laboratory, where it was washed with
seawater in sterile conditions. The tile was rubbed with a swab and placed in 10 mL of
saline solution (SSS) (NaCl 2.5%). With the bacterial suspension, a serial dilution was
prepared (10−1 to 10−5). Additionally, 100 µL of the bacterial suspension was spread on
plates of marine agar in triplicate. Bacterial colonies were isolated and characterized based
on morphology and Gram staining.

The biofilm formation of the F37 strain was evaluated by a crystal violet assay [67]
with some modifications. To a 96-well flat bottom polystyrene microtiter plate, 10 µL of cell
suspension (OD585 1) was added, previously inoculated with 190 µL of Marine Broth in
each well per triplicate. In peripheral wells, 200 µL of SSS was added. Cells were incubated
48 h at 35 ◦C, planktonic cells were removed, and the biofilm was fixed with 99% methanol.
The plates were washed twice with SSS and air dried. The crystal violet (0.2%) was added,
200 µL per well; after 5 min, the dye was removed, and the plate was washed twice and air
dried. The crystal violet was dissolved in acetic acid (33%), and finally, the biofilm growth
was monitored with a microplate reader (OD585).

The strain F37 was identified by partial sequencing of 16S rRNA. From 24 h massive
culture, genomic DNA was extracted and then purified. PCR was performed using specific
oligonucleotides for the 16s rDNA gene [68]. The PCR reaction was run with positive
and negative controls (genomic DNA mixture bacterial and oligonucleotides + sterile
water without DNA, sterile water + DNA without oligonucleotides). In an agarose gel
(2%), the amplification products were separated by electrophoresis and visualized on a
UV transilluminator. The bands with the specific amplification were cut and ADN was
purified with Zymo Clean Gel Recovery kit (Catalogue No. D4021/D4022, CA, USA). The
ADN sequencing was carried out in the IBT Sanger service (UNAM). The sequences were
analyzed in BLASTN, and to obtain the phylogenetic analysis, the alignment of the obtained
sequences with the reference sequences were determined by BLASTN with MUSCLE. The
alignments were analyzed by two methods: neighbor joining and Tamura–Nei parameters.
The statistical support was 1000 bootstrap replicates.

4.2. Culture and Biosurfactant Properties of Bacillus niabensis
4.2.1. Inoculum and Culture Conditions

After selecting the biosurfactant producer bacteria, B. niabensis was cultivated for 24 h
(37.5 ◦C) in TSA medium (2.5% NaCl). A cell suspension in SSS (DO585 = 1) was used to
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inoculate (2:100 v/v) 250 mL Erlenmeyer flasks containing 50 mL TSB (2.5% NaCl) medium
per triplicate. After seven days of culture in TSB medium (35 ◦C, 160 rpm), the medium
was centrifuged (3000 rpm, 30 min, 4 ◦C) to obtain the cell-free culture supernatant [69].
Thus, the biosurfactant activity was determined by three methods: (1) oil displacement test,
(2) drop collapse test, (3) emulsification assay.

4.2.2. Drop Collapse Test

In a 96-well microtiter plate lid, 2 µL of mineral oil was spread out to the well region
delimited as Youseef et al. [70] describes. After one hour at room temperature, 5 µL of
supernatant was applied over the oil-coated regions per triplicate. The drop size was
observed after 1 min, and the results were considered positive when the drop diameter was
at least 1 mm larger that the negative control (distilled water). As a positive control, SDS at
10% was used.

4.2.3. Oil Displacement Test

In a plastic Petri dish with 20 mL of distilled water, 20 µL of mineral oil was added,
followed by 10 µL of the supernatant added to the oil surface. Immediately, the diameter
of the oil-free clearance zone was measured. The results were positive when the oil was
displaced. Distilled water was used as a negative control and SDS at 10% was used as a
positive control [71].

4.2.4. Emulsification Assay

The potential of the biosurfactant to emulsify toluene was carried out via an emulsi-
fication test [72]. In a tube, 2 mL cell-free supernatant and 2 mL toluene were mixed by
vortex for 2 min and left to stand for 24 h. After 24 h, the calculation of the emulsification
index (E.I.) was determined by the following equation:

%IE =
Height of formed emulsion
Total height of the solution

× 100

Distilled water was used as a negative control and SDS at 10% was used as a positive
control. The emulsion stability was determined by the volume of the emulsion layer at 0,
24, and 48 h. This test was carried out in triplicate.

4.3. Assay of Effect of BS in the Growth and Biofilm Formation
4.3.1. Production and Extraction of Crude Biosurfactant

The crude biosurfactant was isolated according to Ghibri and Ellouze-Chaabouni [73]
with some modifications. A flask with 100 mL TSB medium was inoculated (2:100) with
an overnight culture of B. niabensis (DO = 1). After 48 h of culture at 35 ◦C, 160 rpm, the
supernatant was precipitated overnight at 4◦ C with HCl 5 M to pH 2. After 24 h, the pellet
was collected by centrifugation (3500 rpm at 4 ◦C for 30 min). The pellet was washed twice
with acid water (pH 2), centrifuged (3500 rpm at 4 ◦C for 30 min), and re-suspended in
25 mL deionized water. The pH was adjusted to 7 with NaOH (5 M). The crude BS was
stored at −80 ◦C, lyophilized, and the yield was registered.

4.3.2. Antibacterial and Antibiofilm Activity
Antibacterial Assay by Agar Well Diffusion Method

The biosurfactants dissolved in a mixture of CHCl3:MeOH (1:1), to obtain different
concentrations (30, 50, and 100 µg/mL), were applied to 6 mm diameter paper disks. An
overnight culture of P. stutzeri was inoculated on marine agar plates. After, the disks with
BS were placed in the plates. Disks impregnated only with dissolvent were utilized as a
negative control. The zone of inhibition was measured after incubating at 35 ◦C for 24 h.
All tests were performed in triplicate and the diameter of the inhibition zone represented
the mean value (mm) ± SD.
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Biofilm Formation

The overnight culture of P. stutzeri was inoculated in 20 mL marine medium and
transferred to the Petri dish with a sterile slide. After 48 h of incubation at 35◦ C, the
slide was gently washed with sterile distilled water and dyed with crystal violet (0.2%) for
10 min. The slides were washed with distilled water and observed under a microscope.

Quantitation of Biofilm Protein

The overnight culture of P. stutzeri was inoculated in 20 mL of marine medium and
transferred to the Petri dish per triplicate. The treatments included BS at different con-
centrations (30, 50, and 100 µg/mL). After incubation at 35 ◦C for 48 h, planktonic cells
were removed, and the Petri dish was gently washed with a sterile saline solution (2.5%).
The biofilm cells were collected and centrifuged. The supernatant was discarded, and
biofilm pellets were resuspended in sterile water, lysed by sonication, and subsequently
centrifuged. Total proteins were quantified by Bradford assay [74], and bovine serum
albumin was used as a standard.

Effect of BS in Growth Rates of P. stutzeri

The growth rate assay was performed in a microplate. Pseudomonas stutzeri were
grown in marine medium, and the treatments contained BS at different concentrations
(30, 50, and 100 µg/mL). The microplate was incubated (35 ◦C) in static conditions, and
the optical density at 620 nm was measured every hour. The data were recorded, and the
growth rate was calculated as described by Widdel [75].

Growth and Biofilm Inhibition

Crude BS of B. niabensis was used to evaluate the growth and biofilm inhibition of the
biofilm-forming bacteria P. stutzeri. The strain was cultivated on marine agar at 35 ◦C for
24 h and further adjusted to DO = 1 in SSS (2.5%) to yield a bacterial suspension.

The BS was diluted in Marine Broth and aliquoted to have three concentrations (30,
50, and 100 µg/mL). In a 96-well flat bottom microplate (Costar 3596, Corning, Corning,
NY, USA) with six replicates, the BS (20 µL) at different concentrations was added in each
well and finally inoculated with 180 µL of bacterial suspension. As a positive control, the
bacteria were cultured only in the Marine Broth, and as a negative control, 6 µg/mL copper
sulfate (CuSO4) was used. The plates were incubated for 48 h at 35 ◦C. After recording the
optical density at 620 nm in a microplate reader, the growth of the bacteria in the presence
of BS was evaluated. To evaluate the biofilm formation, the crystal violet protocol described
by Shukla and Rao [67] was performed. The results were expressed as percentages.

4.4. 1H NMR Metabolic Analysis
4.4.1. Biofilm and Planktonic Cells Source and Sample Preparation

The biofilm and planktonic cells were obtained in accordance with Mikkelsen et al. [76],
with some modifications. Pseudomonas stutzeri was cultured on marine agar plates for 24 h.
Then, the cells were adjusted to DO = 1 (saline solution = 2.5%, 585 nm) and inoculated
in a Petri dish with Marine Broth (1:9). In seven replicates, 30 µg/mL of BS was added.
Seven replicates were incubated without BS (control) for seven days at 35 ◦C. After the
incubation period, the planktonic cells were removed with a micropipette and recovered by
centrifugation (12,000 rpm, 4 ◦C, 20 min). Biofilm cells were removed from the Petri dish
with a cotton swab and PBS solution, and recovered by centrifugation (12,000 rpm, 4 ◦C,
20 min). Samples were stored at −80 ◦C and lyophilized. All samples were extracted with
a mixture of KH2PO4 buffer in deuterium oxide (D2O). The mixture was mixed in a vortex,
and the extraction was realized in an ultrasonic bath for 30 min and then centrifuged for
20 min at 4200 rpm. The supernatants were transferred into NMR tubes (5 mm).
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4.4.2. Nuclear Magnetic Resonance (NMR) Experiments and Data Analysis

The NMR experiments were performed in a Bruker 750 MHz spectrometer (Bruker
Biospin, Rheinstetten, Germany) equipped with a 5 mm TXI cryoprobe. The aqueous
extracts from the biofilm and planktonic cells were measured at 298.1 ± 0.1 K without
rotation, and with four dummy scans prior to 64 scans. Acquisition parameter were set
as follows: FID size = 64 K, spectral width = 19.9967 ppm, receiver gain = 1, acquisition
time = 2.18 s, relaxation delay = 10 s, mixing time = 100 ms, FID resolution = 0.45 Hz. Data
acquisition was achieved by using a NOESY pre-saturation pulse sequence (Bruker 1D
noesypr1d) with water suppression via selective irradiation of the water frequency during
recycling and mixing time delays [77].

The NMR data were processed in accord with Liu et al. [78]. Fourier transform and
baseline correction were realized on all data. The TSP shift signal was adjusted to 0.00 ppm
using TOPSPIN 2.1 software (Bruker Biospin GmbH, Rheinstetten, Germany). The residual
signal of water (δ 4.75–4.90 ppm) was suppressed by using MestReNova software (version
6.1.0, Mestrelabs Research SL, Santiago de Compostela, Spain). Finally, these data were
converted into SIMCA-P version 14.0 (Umetrics, Umea, Sweden).

4.4.3. Identification and Quantification of Metabolites

For the identification of metabolites, the software Chenomx was utilized and the chem-
ical shift and coupling constant of the signals contrasted with the NMR spectra available
in the Biological Magnetic Resonance Data Bank (BMRB; www.bmrb.wisc.edu) and the
Human Metabolome Data Base (HMDB; http://www.hmdb.ca/). The quantification of
compounds was realized by integration of the 1H NMR signals, using TSP as the internal
standard [79]. The intensity of a signal in the 1H NMR spectrum is proportional to the
molar concentration of metabolites [78,80,81].

4.4.4. Statistical Analysis

For concentrations of metabolites, the mean and standard deviation were calculated.
A one-way ANOVA was carried out using Statistica software to determine significant dif-
ferences in metabolite levels. Multiple-comparison tests were performed to reveal pair-wise
differences between means (p < 0.05). p value < 0.05 was considered statistically significant.

The multivariate analysis was realized in SIMCA-P version 14.0 (Umetrics, Umea,
Sweden). Principal component analysis (PCA) was applied to analyze intrinsic variation in
the dataset. All the variables were Paretto-scaled for multivariate analysis. The variables
were subjected to orthogonal partial least squares discriminant analysis (OPLS-DA) to
identify differential components among samples. A hoteling T2 region showing an ellipse
in score plots of the model, was used to define the 95% confidence interval [82]. Validation
of the model was realized using permutation tests (200 times). The quality of the model
was determined by R2 and Q2 values [83]. A cluster heat map was created to visualize the
abundance of metabolites in planktonic cells and biofilm of P. stutzeri with and without BS.

5. Conclusions

The BS from B. niabesis has the capacity to reduce biofilm formation and cellular growth
in the planktonic stage of P. stutzeri. This interaction promotes metabolomic changes in
response to osmotic stress and protects the cells against the antibacterial activity of BS. We
conclude that the crude BS of B. niabensis can act as a disruptor to the exopolysaccharide
matrix in biofilm (the OD in the microplates with BS was lower than in the plates with
bacteria without BS) and cause metabolic stress to cells in the biofilm and planktonic
stages. As biofilm formation and metabolomic composition are key in the aggregation of
macrofoulers, this BS could be a suitable candidate for inhibiting the biofilm formation of
pioneer marine bacteria.

www.bmrb.wisc.edu
http://www.hmdb.ca/


Int. J. Mol. Sci. 2023, 24, 4249 13 of 16

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms24044249/s1.

Author Contributions: Conceptualization, C.J.H.-G. and E.B.-M.; methodology, I.S.-L., L.C.M.-C.,
E.B.-M. and C.J.H.-G.; validation, I.S.-L., E.B.-M. and C.J.H.-G.; formal analysis, E.B.-M., L.C.M.-C.,
I.S.-L. and C.J.H.-G.; investigation, I.S.-L., L.C.M.-C., E.B.-M. and C.J.H.-G.; funding and resources,
C.J.H.-G., E.B.-M. and C.J.B.-S.; writing—original draft preparation, I.S.-L. and C.J.H.-G.;
writing—review and editing, C.J.H.-G., I.S.-L., E.B.-M., C.J.B.-S., C.H. and Y.C.-N.; visualization,
I.S.-L., E.B.-M. and C.J.H.-G.; supervision, C.J.H.-G. and E.B.-M.; project administration, C.J.H.-G. and
E.B.-M. All authors have read and agreed to the published version of the manuscript.

Funding: This project was funded by Instituto Politécnico Nacional (SIP-20221829, SIP-20221626,
SIP-20221652) and by the Consejo Nacional de Ciencia y Tecnología (CONACyT A1-S-14968).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: I.S.L. is grateful to CONACyT and BEIFI A200802 for the support. C.J.H.G.,
C.J.B.S. and E.B.M. acknowledge the Instituto Politécnico Nacional (IPN) for the grant “Beca de
exclusividad (COFAA)” and “Estímulo al Desempeño de los Investigadores (EDI)”and CONACyT-
SNI fellows. The authors also thank Tania Zenteno Savin and Orlando Lugo of CIBNOR for their
support in the protein total assay.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dobrestov, S.; Teplistki, M.; Paul, V. Mini-review: Quorum sensing in the marine environment and its relationship to biofouling.

Biofouling 2009, 25, 413–427. [CrossRef]
2. Flemming, H.C.; Wingender, J. The biofilm matrix. Nat. Rev. Microbiol. 2010, 8, 623–633. [CrossRef] [PubMed]
3. Mishra, R.; Panda, A.K.; Mandal, D.S.; Shakeel, M.; Bisht, S.S.; Khan, J. Natural Anti-biofilm Agents: Strategies to control

biofilm-Forming Pathogens. Front. Microbiol. 2020, 11, 566325. [CrossRef] [PubMed]
4. Padmavathi, A.R.; Pandian, S.K. Antibiofilm activity of biosurfactant producing coral associated bacteria isolated from gulf of

Mannar. Indian. J. Microbiol. 2014, 54, 376–382. [CrossRef] [PubMed]
5. Hadfield, M.G. Biofilms and marine invertebrate larvae: What bacteria produce that larvae use to choose settlement sites. Annu.

Rev. Mar. Sci. 2011, 3, 453–470. [CrossRef] [PubMed]
6. Dobrestov, S.; Rittschof, D. Love at first taste: Induction of larval settlement by Marine Microbes. Int. J. Mol. Sci. 2020, 21, 731.

[CrossRef]
7. Flemming, H.C. Microbial Biofouling: Unsolved problems, insufficient approaches, and possible solutions. In Biofilm Highlights;

Springer Series on Biofilms; Springer: Berlin/Heidelberg, Germany, 2011; Volume 5, pp. 81–109. [CrossRef]
8. Little, B.J.; Lee, J.S. Microbiologically influenced corrosion: An update. Int. Mater. Rev. 2014, 59, 384–393. [CrossRef]
9. Amara, I.; Miled, W.; Slama, R.B.; Ladhari, N. Antifouling processes and toxicity effects of antifouling paints on marine

environment. A review. Environ. Toxicol. Pharmacol. 2018, 57, 115–130. [CrossRef]
10. Cournet, A.; Bergé, M.; Roques, C.; Bergel, A.; Délia, M.L. Electrochemical reduction of oxygen catalyzed by Pseudomonas

aeruginosa. Electrochim. Acta 2010, 5, 4902–4908. [CrossRef]
11. Zhou, E.; Li, H.; Yang, C.; Wang, J.; Xu, D.; Zhang, D.; Gu, T. Accelerated corrosion of 2304 duplex stainless steel bye marine

Pseudomonas aeruginosa biofilm. Int. Biodeterior. Biodegrad. 2018, 127, 1–9. [CrossRef]
12. Lalucat, J.; Bennasar, A.; Bosch, R.; García-Valdés, E.; Palleroni, N.J. Biology of Pseudomonas stutzeri. Microbiol. Mol. Biol. Rev. 2006,

70, 510–547. [CrossRef] [PubMed]
13. Agostini, V.O.; Macedo, A.J.; Muxagata, E.; da Silva, M.V.; Lopes, G. Natural and non-toxic products from Fabaceae Brazilian

plants as a replacement for traditional antifouling biocides: An inhibition potential against initial biofouling. Environ. Sci. Pollut.
Res. 2019, 26, 27112–27127. [CrossRef] [PubMed]

14. Jude, F.; Arpin, C.; Brachet-Castang, C.; Capdepuv, M.; Caumette, P.; Quentin, C. TbtABM, a multidrug efflux pump associated
with tributyltin resistance in Pseudomonas stutzeri. FEMS Microbiol. Lett. 2004, 232, 7–14. [CrossRef] [PubMed]

15. Favre, L.; Ortalo-Magné, A.; Pichereaux, C.; Gargaros, A.; Burlet-Schiltz, O.; Cotelle, V.; Culioli, G. Metabolome and proteome
changes between biofilm and planktonic phenotypes od the marine bacterium Pseudoalteromonas lipolytica TC8. Biofouling 2018,
34, 132–148. [CrossRef]

16. Gjersing, E.L.; Herberg, J.L.; Horn, J.; Schaldach, C.M.; Maxwell, R.S. NMR Metabolomics of Planktonic and Biofilm Modes of
Growth in Pseudomonas aeruginosa. Anal. Chem. 2007, 79, 8037–8045. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms24044249/s1
https://www.mdpi.com/article/10.3390/ijms24044249/s1
http://doi.org/10.1080/08927010902853516
http://doi.org/10.1038/nrmicro2415
http://www.ncbi.nlm.nih.gov/pubmed/20676145
http://doi.org/10.3389/fmicb.2020.566325
http://www.ncbi.nlm.nih.gov/pubmed/33193155
http://doi.org/10.1007/s12088-014-0474-8
http://www.ncbi.nlm.nih.gov/pubmed/25320434
http://doi.org/10.1146/annurev-marine-120709-142753
http://www.ncbi.nlm.nih.gov/pubmed/21329213
http://doi.org/10.3390/ijms21030731
http://doi.org/10.1007/978-3-642-19940-0_5
http://doi.org/10.1179/1743280414Y.0000000035
http://doi.org/10.1016/j.etap.2017.12.001
http://doi.org/10.1016/j.electacta.2010.03.085
http://doi.org/10.1016/j.ibiod.2017.11.003
http://doi.org/10.1128/MMBR.00047-05
http://www.ncbi.nlm.nih.gov/pubmed/16760312
http://doi.org/10.1007/s11356-019-05744-4
http://www.ncbi.nlm.nih.gov/pubmed/31317435
http://doi.org/10.1016/S0378-1097(04)00012-6
http://www.ncbi.nlm.nih.gov/pubmed/15019728
http://doi.org/10.1080/08927014.2017.1413551
http://doi.org/10.1021/ac070800t


Int. J. Mol. Sci. 2023, 24, 4249 14 of 16

17. Leggett, A.; Li, D.-W.; Bruschweiler-Li, L.; Sullivan, A.; Stoodley, P.; Brüschweiler, R. Differential metabolism between biofilm and
suspended Pseudomonas aeruginosa cultures in bovine synovial fluid by 2D NMR-Based Metabolomics. Sci. Rep. 2022, 12, 17317.
[CrossRef]

18. García-Méndez, D.F.; Rengifo-Herrera, J.A.; Sanabria, J.; Wist, J. Analysis of the metabolic response of planktonic cells and
biofilms of Klebsiella pneumoniae to sublethal disinfection with sodium hypochlorite measured by NMR. Microorganisms 2022,
10, 1323. [CrossRef]

19. Koutsaftis, A.; Aoyama, I. Toxicity of four antifouling biocides and their mixtures on the brine shrimp Artemia salina. Sci. Total
Environ. 2007, 387, 166–174. [CrossRef]

20. Bao, W.Y.; Lee, O.O.; Chung, H.C.; Li, M.; Qian, P.Y. Copper affects biofilm inductiveness to larval settlement of the serpulid
polychaete Hydroides elegans (Hasswell). Biofouling 2010, 29, 119–128. [CrossRef]

21. Dahms, H.U.; Dobretsov, S. Antifouling compounds from marine macroalgae. Mar. Drugs 2017, 15, 265. [CrossRef]
22. Bovio, E.; Fauchon, M.; Toueix, Y.; Mehiri, M.; Varese, G.C.; Hellio, C. The sponge-associated fungus Eurotium chevalier MUT

2316 and its bioactive molecules: Potential applications in the field of antifouling. Mar. Biotechnol. 2019, 21, 743–752. [CrossRef]
[PubMed]

23. Sánchez-Lozano, I.; Hernández-Guerrero, C.J.; Muñoz-Ochoa, M.; Hellio, C. Biomimetic approaches for the development of new
antifouling solutions: Study of incorporation of macroalgae and sponge extracts for the development of new environmentally-
friendly coatings. Int. J. Mol. Sci. 2019, 20, 4863. [CrossRef] [PubMed]

24. Alemán-Vega, M.; Sánchez-Lozano, I.; Hernández-Guerrero, C.J.; Hellio, C.; Quintana, E.T. Exploring antifouling activity of
biosurfactants producing marine bacterial isolated from Gulf of California. Int. J. Mol. Sci. 2020, 21, 6068. [CrossRef] [PubMed]

25. Satpute, S.K.; Banpurkar, A.G.; Banat, I.M.; Sangshetti, J.N.; Patil, R.H.; Gade, W.N. Multiple roles of biosurfactants in biofilm.
Curr. Pharm. Des. 2016, 22, 1429–1448. [CrossRef]

26. Ortega-Morales, B.O.; Chan-Bacab, M.J.; Miranda-Tello, E.; Fardeau, M.L.; Cerrero, J.C.; Stein, T. Antifouling activity of sessile
bacilli derived from marine surfaces. J. Ind. Microbiol. Biotechnol. 2008, 35, 9–15. [CrossRef]

27. Nastro, R.A.; Arguelles-Arias, A.; Ongena, M.; Di Constanzo, A.; Trifuoggi, M.; Guida, M.; Fickers, P. Antimicrobial activity of
Bacillus amyloquefaciens ANT1 toward pathogenic bacteria and mold: Effects on biofilm formation. Probiotics Antimicrob. Proteins
2013, 5, 252–258. [CrossRef]

28. Giri, S.S.; Ryu, E.C.; Sukumaran, V.; Park, S.C. Antioxidant, antibacterial and anti-adhesive activities of biosurfactants isolated
from Bacillus strains. Microb. Pathog. 2019, 132, 66–72. [CrossRef]

29. Berlanga, M.; Guerrero, R. Living together in biofilms: The microbial cell factory and its biotechnological implications. Microb.
Cell. Fact. 2016, 15, 165. [CrossRef]

30. Xu, Y.J.; Wang, C.; Ho, W.W.; Ong, C.N. Recent developments and applications of metabolomics in microbiological investigations.
Trends. Anal. Chem. 2014, 56, 37–48. [CrossRef]

31. Shen, F.; Ge, C.; Yuan, P. Metabolomics study reveals inhibition and metabolomic dysregulation in Staphylococcus aureus planktonic
cells and biofilms induced by carnosol. Front. Microbiol. 2020, 11, 538572. [CrossRef]

32. Gao, Y.; Meng, Q.; Zhou, X.; Luo, X.; Su, Z.; Chen, Z.; Huang, R.; Liu, Y.; Zhang, X. How do environmentally friendly antifouling
alkaloids affect marine fouling microbial communities? Sci. Total Environ. 2022, 820, 152910. [CrossRef] [PubMed]

33. Hoiby, N.; Bjarnsholt, T.; Givskov, M.; Molin, S.; Ciofu, O. Antibiotic resistance of bacterial biofilms. Int. J. Antimicrob. Agents
2010, 35, 322–332. [CrossRef] [PubMed]

34. Waite, C.C.d.C.; da Silva, G.O.A.; Bitencourt, J.A.P.; Chequer, L.P.T.; Pennafirme, S.; Jurelevicius, D.d.A.; Seldin, L.; Crapez, M.A.C.
Potential application of Pseudomonas stutzeri W228 for removal of copper and lead from marine environments. PLoS ONE 2020,
15, e0240486. [CrossRef]

35. Das, P.; Mukherjee, S.; Sen, R. Antimicrobial potential of a lipopeptide biosurfactant derived from a marine Bacillus circulans.
J. Appl. Microbiol. 2008, 104, 1675–1684. [CrossRef] [PubMed]

36. Gomaa, E.Z. Antimicrobial Activity of a biosurfactant produced by Bacillus licheniformis Strain M104 Grown on Whey. Braz. Arch.
Biol. Technol. 2013, 56, 259–268. [CrossRef]

37. Li, Y.; Li, Y.; Li, Q.; Fan, X.; Gao, J.; Luo, Y. Rapid biosynthesis of gold nanoparticles by the extracellular secretion of Bacillus
niabensis 45: Characterization and antibiofilm activity. J. Chem. 2016, 2781347. [CrossRef]

38. Purwasena, I.A.; Astuti, D.I.; Fauziyyah, N.A.; Putri, D.A.S.; Sugai, Y. Inhibition of microbial influenced corrosion on carbon steel
ST37 using biosurfactant produced by Bacillus sp. Mater. Res. Expresss 2019, 6, 115405. [CrossRef]

39. Abdel-Mawgoud, A.M.; Aboulwafa, M.M.; Hassouna, N.A.H. Opmization of Surfactin Production by Bacillus subtilis Isolate BS5.
Appl. Biochem. Biotechnol. 2008, 150, 305–325. [CrossRef]

40. Floris, R.; Rizzo, C.; Giudice, A.L. Biosurfactants from Marine Microorganisms. In Metabolomics-New Insights into Biology and
Medicine; Hozzein, W.N., Ed.; IntechOpen: London, UK, 2018; pp. 1–16. [CrossRef]

41. Narendrakumar, L.; Das, B.; Paramasivan, B.; Rasu, J.; Thomas, S. Quorum quenching and biofilm inhibition: Alternative
imminent strategies to control the disease cholera. In Biotechnological Applications of Quorum Sensing Inhibitors; Springer: Berlin,
Germany, 2018; pp. 66–85.

42. Nitschke, M.; Pastore, G.M. Production and properties of a surfactant obtained from Bacillus subtilis grown on cassava wastewater.
Bioresour. Technol. 2005, 97, 336–341. [CrossRef]

http://doi.org/10.1038/s41598-022-22127-x
http://doi.org/10.3390/microorganisms10071323
http://doi.org/10.1016/j.scitotenv.2007.07.023
http://doi.org/10.1080/08927010903329680
http://doi.org/10.3390/md15090265
http://doi.org/10.1007/s10126-019-09920-y
http://www.ncbi.nlm.nih.gov/pubmed/31494811
http://doi.org/10.3390/ijms20194863
http://www.ncbi.nlm.nih.gov/pubmed/31574976
http://doi.org/10.3390/ijms21176068
http://www.ncbi.nlm.nih.gov/pubmed/32842499
http://doi.org/10.2174/1381612822666160120152704
http://doi.org/10.1007/s10295-007-0260-2
http://doi.org/10.1007/s12602-013-9143-1
http://doi.org/10.1016/j.micpath.2019.04.035
http://doi.org/10.1186/s12934-016-0569-5
http://doi.org/10.1016/j.trac.2013.12.009
http://doi.org/10.3389/fmicb.2020.538572
http://doi.org/10.1016/j.scitotenv.2021.152910
http://www.ncbi.nlm.nih.gov/pubmed/34999079
http://doi.org/10.1016/j.ijantimicag.2009.12.011
http://www.ncbi.nlm.nih.gov/pubmed/20149602
http://doi.org/10.1371/journal.pone.0240486
http://doi.org/10.1111/j.1365-2672.2007.03701.x
http://www.ncbi.nlm.nih.gov/pubmed/18194244
http://doi.org/10.1590/S1516-89132013000200011
http://doi.org/10.1155/2016/2781347
http://doi.org/10.1088/2053-1591/ab4948
http://doi.org/10.1007/s12010-008-8155-x
http://doi.org/10.5772/INTECHOPEN.80493
http://doi.org/10.1016/j.biortech.2005.02.044


Int. J. Mol. Sci. 2023, 24, 4249 15 of 16

43. Lawrance, A.; Balakrishnan, M.; Joseph, T.C.; Sukumaran, D.P.; Valsalan, V.N.; Gopal, D.; Ramalingam, K. Functional and
molecular characterization of a lipopeptide surfactant from the marine sponge-associated eubacteria Bacillus licheniformis IOT-
AMKV06 of Adaman and Nicobar Islands, India. Mar. Pollut. Bull. 2014, 82, 76–85. [CrossRef]

44. Plaza, G.; Chojniak, J.; Rudnicka, K.; Paeaszkiewicz, K.; Bernat, P. Detection of biosurfactants in Bacillus species: Genes and
products identification. J. Appl. Microbiol. 2015, 119, 1023–1034. [CrossRef] [PubMed]

45. Zhang, Q.X.; Zhang, Y.; Shan, H.H.; Tong, Y.H.; Chen, X.J.; Liu, F.Q. Isolation and identification of antifungal peptides from
Bacillus amyliquefaciens Wqwo. Environ. Sci. Pollut. Res. 2017, 24, 25000–25009. [CrossRef] [PubMed]

46. He, C.P.; Fan, L.Y.; Wu, W.H.; Liang, Y.Q.; Li, R.; Tang, W.; Zheng, X.L.; Xiao, Y.N.; Liu, Z.X.; Zheng, F.C. Identification
of lipopeptides produced by Bacillus subtilis strain producing multiple types of cyclic lipopeptides and evaluation of their
surface-tension-lowering activities. J. Oleo Sci. 2017, 66, 785–790. [CrossRef]

47. Englerova, K.; Bedlovicõva, Z.; Nemcová, R.; Király, J.; Mad’ar, M.; Hajducková, Z.; Styková, E.; Mucha, R.; Reiffová, K.
Bacillus amyloliquefaciens- derived lipopeptide biosurfactants inhibit biofilm formation and expression of biofilm-related genes of
Staphylococcus aureus. Antibiotics 2021, 10, 1252. [CrossRef]

48. Gudiña, E.J.; Fernandes, E.C.; Rodrigues, A.I.; Teixeira, J.A.; Rodrigues, L.R. Biosurfactant production by Bacillus subtilis using
corn steep liquor as culture medium. Front. Microbiol. 2015, 6, 59. [CrossRef]

49. Coronel-León, J.; Grau, G.; Grau-Campistany, A.; Farfan, M.; Rabanal, F.; Manresa, A.; Marqués, A.M. Biosurfactant production by
AL 1.1 a Bacillus licheniformis strain isolated from Antartica: Production, chemical characterization, and properties. Ann. Microbiol.
2015, 65, 2065–2078. [CrossRef]

50. Wood, T.L.; Gong, T.; Zhu, L.; Miller, J.; Miller, D.S.; Yin, B.; Wood, T.K. Rhamnolipids from Pseudomonas aruginosa disperse the
biofilms of sulfate-reducing bacteria. NPJ Biofilms Microbiomes 2018, 4, 22. [CrossRef]

51. Rodrigues, L.R.; Banat, I.M.; Van Der Mei, H.C.; Teixeira, J.A.; Oliveira, R. Interference in adhesion of bacteria and yeasts isolated
from explanted voice prostheses to silicone rubber by rhamnolipid biosurfactants. J. Appl. Microbiol. 2006, 100, 470–480. [CrossRef]

52. Yan, X.; Gu, S.; Cui, X.; Shi, Y.; Wen, S.; Chen, H.; Ge, J. Antimicrobial, anti-adhesive and anti-biofilm potential of biosurfactants
isolated from Pediococcus acidilactici and Lactobacillus plantarum against Ataphylococcus aureus CMCC26003. Microb. Pathog. 2019,
127, 12–20. [CrossRef]

53. Horn, J.N.; Sengillo, J.D.; Lin, D.; Romo, T.D.; Grossfield, A. Characterization of a potent antimicrobial lipopeptide via coarse-
gained molecular dynamics. Biochim. Biophys. Acta BBA Biomembr. 2012, 1818, 212–218. [CrossRef]

54. Price, A.C.; Choi, K.H.; Heath, R.J.; Li, Z.; White, S.W.; Rock, C.O. Inhibition of beta-ketoacyl-acyl carrier protein synthases by
thiolactomycin and cerulenin. structure and mechanism. J. Biol. Chem. 2001, 276, 6551–6559. [CrossRef] [PubMed]

55. Patel, D.T.; Solanki, J.; Patel, K.; Nataraj, M. Chapter 13—Application of biosurfactants as antifouling agent. In Green Sustainable
Process for Chemical and Environmental Engineering and Science; Inamuddin, C., Oluwaseun, A., Eds.; Elsevier: Amsterdam, The
Netherlands, 2021; pp. 275–289. [CrossRef]

56. Zhang, X.; Xu, L.; Shen, J.; Cao, B.; Cheng, T.; Zhao, T.; Liu, X.; Zhang, H. Metabolomic signatures of esophageal cancer,
NMR-based metabolomics and UHPLC-based focused metabolomics of blood serum. Biochim. Biophys. Acta 2013, 1832, 1207–1216.
[CrossRef]

57. Wan, N.; Wang, H.; Ng, C.K.; Mukherjee, M.; Ren, D.; Cao, B.; Tang, J.Y. Bacterial metabolism during biofilm growth investigated
by 13C tracing. Front. Microbiol. 2018, 9, 2657. [CrossRef] [PubMed]

58. Stipetic, L.H.; Dalby, M.J.; Davies, R.L.; Morton, F.R.; Ramage, G.; Burgess, K.E.V. A novel metabolomic approach for the
comparison of Staphyloccocus aureus planktonic cells and biofilm samples. Metabolomics 2016, 12, 75. [CrossRef] [PubMed]

59. Qiu, W.; Zheng, X.; Wei, Y.; Zhou, X.; Zhang, K.; Wang, S.; Cheng, L.; Li, Y.; Ren, B.; Xu, X.; et al. d- Alanine metabolism is essential
for growth and biofilm formation of Streptococcus mutans. Mol. Oral. Microbiol. 2016, 31, 435–444. [CrossRef] [PubMed]

60. Yeom, J.; Shin, J.H.; Yang, J.Y.; Kim, J.; Hwang, G.S. 1H NMR-Based metabolite profiling of planktonic and biofilm cells in
Acinetobacter baumannii 1656-2. PLoS ONE 2013, 8, ee57730. [CrossRef] [PubMed]

61. Djonovic, S.; Urbach, J.M.; Drenkard, E.; Bush, J.; Feinbaun, R.; Ausubel, J.L.; Traficante, D.; Risech, M.; Kocks, C.;
Fischbach, M.A.; et al. Trehalose biosynthesis promotes Pseudomonas aeruginosa pathogenicity in plants. PloS Pathog. 2013,
9, e1003217. [CrossRef]

62. Casaité, V.; Bruzyté, S.; Meskys, R. Effect of glycine betaine on osmoadaptation of Arthrobacter strain. Biologija 2006, 4, 46–48.
63. Lee, J.J.; Lee, S.-K.; Song, N.; Nathan, T.O.; Swarts, B.M.; Eum, S.-Y.; Ehrt, S.; Cho, S.-N.; Eoh, H. Transient drug-tolerance

and permanent drug-resistance rely on the trehalose-catalytic shift in Mycobacterium tuberculosis. Nat. Commun. 2019, 10, 2928.
[CrossRef] [PubMed]

64. Kart, D.; Recber, T.; Nemutlu, E.; Sagiroglu, M. Sub-Inhibitory concentration of Ciprofloxacin alone and combinations with
plant-derived compounds against P. aeruginosa biofilms and their effects on the metabolomic profile of P. aeruginosa biofilms.
Antibiotics 2021, 10, 414. [CrossRef]

65. Beaume, M.; Kohler, T.; Fontana, T.; Tognon, M.; Renzoni, A.; van Delden, C. Metabolic pathways of Pseudomonas aeruginosa
involved in competition with respiratory bacterial pathogens. Front. Microbiol. 2015, 6, 321. [CrossRef] [PubMed]

66. Zhang, Y.; Pei, G.; Chen, L.; Zhang, W. Metabolic dynamics of Desulfovibrio vulgaris biofilm grown on a steel surface. Biofouling
2016, 32, 725–736. [CrossRef] [PubMed]

67. Shukla, S.K.; Rao, R.S. An improved crystal violet assay for biofilm quantification in 96-well microtiter plate. BioRxiv 2017, 100214.
[CrossRef]

http://doi.org/10.1016/j.marpolbul.2014.03.018
http://doi.org/10.1111/jam.12893
http://www.ncbi.nlm.nih.gov/pubmed/26171834
http://doi.org/10.1007/s11356-017-0179-8
http://www.ncbi.nlm.nih.gov/pubmed/28920176
http://doi.org/10.5650/jos.ess17039
http://doi.org/10.3390/antibiotics10101252
http://doi.org/10.3389/fmicb.2015.00059
http://doi.org/10.1007/s13213-015-1045-x
http://doi.org/10.1038/s41522-018-0066-1
http://doi.org/10.1111/j.1365-2672.2005.02826.x
http://doi.org/10.1016/j.micpath.2018.11.039
http://doi.org/10.1016/j.bbamem.2011.07.025
http://doi.org/10.1074/jbc.M007101200
http://www.ncbi.nlm.nih.gov/pubmed/11050088
http://doi.org/10.1016/B978-0-12-822696-4.00004-8
http://doi.org/10.1016/j.bbadis.2013.03.009
http://doi.org/10.3389/fmicb.2018.02657
http://www.ncbi.nlm.nih.gov/pubmed/30515135
http://doi.org/10.1007/s11306-016-1002-0
http://www.ncbi.nlm.nih.gov/pubmed/27013931
http://doi.org/10.1111/omi.12146
http://www.ncbi.nlm.nih.gov/pubmed/26526529
http://doi.org/10.1371/journal.pone.0057730
http://www.ncbi.nlm.nih.gov/pubmed/23483923
http://doi.org/10.1371/journal.ppat.1003217
http://doi.org/10.1038/s41467-019-10975-7
http://www.ncbi.nlm.nih.gov/pubmed/31266959
http://doi.org/10.3390/antibiotics10040414
http://doi.org/10.3389/fmicb.2015.00321
http://www.ncbi.nlm.nih.gov/pubmed/25954256
http://doi.org/10.1080/08927014.2016.1193166
http://www.ncbi.nlm.nih.gov/pubmed/27299565
http://doi.org/10.1101/100214


Int. J. Mol. Sci. 2023, 24, 4249 16 of 16

68. Stach, J.E.M.; Bathe, S.; Clapp, J.P.; Burns, R.G. PCR-SSCP comparison of 16S rDNA sequence diversity in soil DNA obtained
using different isolation and purification methods. FEMS Microbiol. 2001, 36, 139–151. [CrossRef] [PubMed]

69. Carrillo, P.G.; Mardaraz, C.; Pitta-Álvarez, S.I.; Giulietti, A.M. Isolation and selection of biosurfactant-producing bacteria. World J.
Microbiol. Biotechnol 1996, 12, 82–84. [CrossRef]

70. Youssef, N.H.; Duncan, K.E.; Nagle, D.P.; Savage, K.N.; Knapp, R.M.; Mclnerney, M.J. Comparison methods to detect biosurfactant
production by diverse microorganism. J. Microbio. Methods. 2004, 56, 339–347. [CrossRef] [PubMed]

71. Morikawa, M.; Hirata, Y.; Imanaka, T. A study on the structure-function relationship of lipopeptide biosurfactants. Biochim.
Biophys. Acta 2000, 1488, 211–218. [CrossRef]

72. Das, M.; Das, S.K.; Mukherjee, R.K. Surface active properties of the culture filtrates of a Micrococcus species grown on n-alkanes
and sugars. Bioresour. Technol. 1998, 63, 231–235. [CrossRef]

73. Ghribi, D.; Ellouze-Chaabouni, S. Enhancement of Bacillus subtilis lipopeptide biosurfactants production through optimization of
medium composition and adequate control of aeration. Biotechnol. Res. Int. 2011, 2011, 653654. [CrossRef]

74. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye biding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

75. Widdel, F. Theory and measurement of bacterial growth. Di Dalam Grund. Mikrobiol. 2007, 4, 1–11.
76. Mikkelsen, H.; Duck, Z.; Lilley, K.S.; Welch, M. Interrelationships between colonies, biofilm and planktonic cells of Pseudomonas

aeruginosa. J. Bacteriol. 2007, 189, 2411–2416. [CrossRef] [PubMed]
77. Villa-Ruano, N.; Velásquez-Valle, R.; Zepeda-Vallejo, L.G.; Pérez-Hernández, N.; Velázquez-Ponce, M.; Arcos-Adame, V.M.;

Becerra-Martínez, E. 1H NMR-based metabolomic profiling for identification of metabolites in Capsicum annuum cv. Mirasol
infected by beet mild curly top virus (BMCTV). Food. Res. Int. 2018, 106, 870–877. [CrossRef]

78. Liu, Y.; Fan, G.; Zhang, J.; Zhang, Y.; Li, J.; Xiong, C.; Zhang, Q.; Li, X.; Lai, X. Metabolic discrimination of sea buckthorn from
different Hippophaë species by 1H NMR based metabolomics. Sci. Rep. 2017, 7, 1585. [CrossRef]

79. Villa-Ruano, N.; Ramírez-Meraz, M.; Méndez-Aguilar, R.; Zepeda-Vallejo, L.G.; Álvarez-Bravo, A.; Pérez-Hernández, N.; Becerra-
Martínez, E. 1H NMR-based metabolomics profiling of ten new races from Capsium annuum cv. Serrano produced in Mexico.
Food. Res. Int. 2019, 119, 785–792. [CrossRef]

80. Cerceau, C.I.; Barbosa, L.C.A.; Filomeno, C.A.; Alvarenga, E.S.; Demuner, A.J.; Fidencio, P.H. An optimized and validated 1H
NMR method for the quantification of α-pinene in essential soils. Talanta 2016, 150, 97–103. [CrossRef]

81. Farag, M.A.; Fekry, M.I.; Al-Hammady, M.A.; Khalil, M.N.; El-Seedi, H.R.; Meyer, A.; Porzel, A.; Westphal, H.; Wessjohann, L.A.
Cytotoxic effects of Sarcophyton sp. soft corals-Is there a correlation to their NMR fingerprints? Mar. Drugs 2017, 15, 2011.
[CrossRef]

82. Al-Khelaifi, F.; Diboun, I.; Donati, F.; Botré, F.; Alsayrafi, M.; Georgakopoulos, C.; Suhre, K.; Yousri, N.A.; Elrayess, M.A. A
pilot study comparing the metabolic profiles of elite-level athletes from different sporting disciplines. Sports Med. 2018, 4, 1–15.
[CrossRef]

83. Kim, J.; Jung, Y.; Song, B.; Yeon-Sik, B.; Ryu, D.H.; Kwang-Sik, L.; Geum-Sook, H. Discrimination of cabbage (Brassica rapa ssp.
pekinesis) cultivars grown in different geographical areas using 1H NMR-based metabolomics. Food Chem. 2013, 137, 68–75.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1111/j.1574-6941.2001.tb00834.x
http://www.ncbi.nlm.nih.gov/pubmed/11451518
http://doi.org/10.1007/BF00327807
http://doi.org/10.1016/j.mimet.2003.11.001
http://www.ncbi.nlm.nih.gov/pubmed/14967225
http://doi.org/10.1016/S1388-1981(00)00124-4
http://doi.org/10.1016/S0960-8524(97)00133-8
http://doi.org/10.4061/2011/653654
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1128/JB.01687-06
http://www.ncbi.nlm.nih.gov/pubmed/17220232
http://doi.org/10.1016/j.foodres.2018.01.065
http://doi.org/10.1038/s41598-017-01722-3
http://doi.org/10.1016/j.foodres.2018.10.061
http://doi.org/10.1016/j.talanta.2015.10.087
http://doi.org/10.3390/md15070211
http://doi.org/10.1186/s40798-017-0114-z
http://doi.org/10.1016/j.foodchem.2012.10.012
http://www.ncbi.nlm.nih.gov/pubmed/23199992

	Introduction 
	Results 
	Isolation and Identification of Marine Forming Biofilm Bacteria 
	Biosurfactant Production from Bacillus niabensis 
	Effects of Biosurfactant in Growth and Biofilm Inhibition 
	Metabolomic Changes in Planktonic Cells and Biofilm by Effect of Biosurfactant 

	Discussion 
	Materials and Methods 
	Chemical and Strain Identification 
	Culture and Biosurfactant Properties of Bacillus niabensis 
	Inoculum and Culture Conditions 
	Drop Collapse Test 
	Oil Displacement Test 
	Emulsification Assay 

	Assay of Effect of BS in the Growth and Biofilm Formation 
	Production and Extraction of Crude Biosurfactant 
	Antibacterial and Antibiofilm Activity 

	1H NMR Metabolic Analysis 
	Biofilm and Planktonic Cells Source and Sample Preparation 
	Nuclear Magnetic Resonance (NMR) Experiments and Data Analysis 
	Identification and Quantification of Metabolites 
	Statistical Analysis 


	Conclusions 
	References

