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Abstract: Antimicrobial resistance is a growing concern in public health and current research shows
an important role for bacterial biofilms in recurrent or chronic infections. New strategies, therefore,
are necessary to overcome antimicrobial resistance, through the development of new therapies that
could alter or inhibit biofilm formation. In this sense, antibiofilm natural products are very promising.
In this work, a bioprospection of antimicrobial and antibiofilm extracts from Uruguayan soil bacteria
and insect gut bacteria was carried out. Extracts from extracellular broths were tested for their ability
to inhibit planktonic cell growth and biofilm formation. Genomic analysis of Bacillus cereus ILBB55
was carried out. All extracts were able to inhibit the growth of, at least, one microorganism and
several extracts showed MICs lower than 500 µg mL−1 against microorganisms of clinical relevance
(Staphylococcus aureus, Pseudomonas aeruginosa, and Enterobacter cloacae). Among the extracts evaluated
for biofilm inhibition only ILBB55, from B. cereus, was able to inhibit, S. aureus (99%) and P. aeruginosa
(62%) biofilms. Genomic analysis of this strain showed gene clusters similar to other clusters that
code for known antimicrobial compounds. Our study revealed that extracts from soil bacteria and
insect gut bacteria, especially from B. cereus ILBB55, could be potential candidates for drug discovery
to treat infectious diseases and inhibit S. aureus and P. aeruginosa biofilms.

Keywords: antibiofilm; antimicrobial; soil bacteria; genome

1. Introduction

Antimicrobial resistance is a growing concern in public health. According to WHO
reports, three of the ten main causes of death worldwide were infectious diseases, causing
around 6 million deaths [1] and more than 2 million deaths in children under 5 years old per
year [2]. Numerous programs, such as the ESKAPE program, are being conducted to find
a solution, promoting the development of new treatments. ESKAPE microorganisms [3]
Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumanii,
Pseudomonas aeruginosa, and various species of Enterobacter are currently the pathogens that
cause most of the hospital acquired infections in the US, which can effectively “escape”
the effects of antimicrobial drugs. In addition, recent studies pose that antimicrobials in
developing stages that could be commercialized—approximately one third of them—will
not be enough to gain ground against rapidly appearing resistance, and very few of the new
drugs actually possess novelty action mechanisms [4]. Fungal infections are also a cause of
worry in public health. It is estimated that, at any given time, a quarter of the population
is affected by a skin fungal infection, and that 75% of women experience vulvovaginal
candidiasis at least once in their lifetime [4]. Candida albicans is one of the most important
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fungal pathogens in humans, affecting particularly the immunocompromised population.
Its biofilms are resistant to conventional antifungals, as well as to the host immune defenses,
which has turned them into an important health issue [5].

Current research shows an important role for bacterial biofilms in recurrent or chronic
infections, including those that do not respond to antibiotics [6,7]. It is known that approxi-
mately 99% of bacteria exist as biofilms, and the NIH reports that 65% of recurrent diseases
and 80% of chronic diseases in humans are produced by them [8]. In addition, microorgan-
isms are capable of forming biofilms on medical devices, such as heart valves or catheters,
representing a large part of healthcare-associated infections, and can lead to increased
mortality and morbidity, higher healthcare costs, and increased length of hospital stay [9].
Resistance presented by microorganisms in a biofilm can be up to 1000 times higher than
their planktonic counterparts [10,11]. Moreover, cellular and community resistance can be
synergic, increasing greatly the general resistance of all microorganisms involved [12].

Traditionally, persistent infections are treated with conventional antimicrobials, us-
ing higher doses and longer time periods. However, tolerance to antimicrobials can be
developed through metabolic dormancy or molecular persistence programs inside the
biofilm [13]. New strategies, therefore, are necessary to overcome antimicrobial resistance
through the development of new therapies that could alter biofilms and destroy their
constituent bacteria [14,15]. The field of natural products with activity against biofilms
has shown promising results. For example, anti-biofilm activity of plant derived extracts
against the infectious pathogen P. aeruginosa PAO1 was recently reported [16]. Various an-
tibiofilm molecules have been identified. These molecules act in different ways, penetrating
physical barriers of the biofilm, destabilizing the matrix, inhibiting quorum sensing, induc-
ing oxidative stress, etc. [17–19]. Among natural products, the production of secondary
metabolites with antimicrobial activity are a common feature of bacteria. However, most of
them have been assessed for their antimicrobial activity against planktonic bacteria, but
not against biofilms. Among these antibiofilm metabolites, nisin as well as gallidermin can
inhibit the formation of staphylococcal biofilms [20,21].

Apart from Streptomyces and Pseudomonas, Bacillus cereus sensu lato, and Serratia spp.
are soil-dwelling bacteria also regarded as producers of secondary metabolites. Members
of these genera, capable of colonizing a range of environments, represent a source of
undisclosed secondary metabolites that needs to be explored [22,23]. Hence, the search for
antimicrobial and antibiofilm compounds in isolates from these genera, obtained from dif-
ferent environments, is envisaged as a starting point for the discovery of novel compounds
with activity against resistant pathogens and biofilms.

The aim of this work was the bioprospection of extracts from Uruguayan soil bacteria
or insect gut bacteria—in particular members of Bacillus and Serratia genera—that could
inhibit planktonic cell growth and biofilm formation in clinically relevant microorganisms.

2. Results
2.1. Antimicrobial Activity

Previously identified microbial strains isolated from Uruguayan soil or insect gut
(Table 1) were retrieved and used to inoculate broths and obtain a concentrated extract.
Thirteen extracts were analyzed for their antimicrobial activity against seven microorgan-
isms of clinical relevance (planktonic cells). The results of minimal inhibitory concentration
(MIC) are listed in Table 2.

All culture broth (CB) extracts were able to inhibit the growth of at least one microor-
ganism in the assay conditions. Additionally, several CB extracts showed MICs lower than
500 µg mL−1. Taking this value into consideration, three of the CB extracts had promising
activity against Staphylococcus aureus, six against Pseudomonas aeruginosa, one against En-
terobacter cloacae, and one against Candida albicans. ILBB162 had a MIC lower than 200 µg
mL−1 against S. aureus, P. aeruginosa, and E. cloacae and ILBB55 against C. albicans. MICs
against E. faecalis, K. pneumonia, and A. baumannii were above 500 µg mL−1 for all extracts.
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Planktonic cells of P. aeruginosa were susceptible to 6 out of 13 of the tested CB extracts
(Table 2). Because it was the most sensitive among the five Gram-negative strains, it was
selected to test CB extracts for biofilm inhibition.

Table 1. Bacterial strains screened for production of antimicrobial and antibiofilm extracts.

ILBB55 Bacillus cereus

ILBB44 Bacillus pumilus

ILBB19 Bacillus thuringiensis

ILBB139 Bacillus wiedmannii

ILBB7 Lysinibacillus fusiformis

ILBB63 Lysinibacillus xylanilyticus

ILBB68 Paenibacillus durus

ILBB15 Peribacillus butanolivorans

ILB172 Priestia megaterium

ILBB95 Priestia megaterium

ILBB 162 Serratia bockelmannii

ILBB 219 Serratia nevei

ILBB 145 Serratia ureilytica

Table 2. Determination of minimal inhibitory concentration of the extracts against planktonic cells.

CB Extract
Minimal Inhibitory Concentration (µg mL−1)

S. aureus P. aeruginosa E. cloacae E. faecalis K. pneumoniae A. baumannii C. albicans

ILBB55 1250 312 2500 NI NI NI 125

ILBB44 312 156 2500 NI NI NI NI

ILBB19 625 2500 2500 NI NI 2500 NI

ILBB139 1250 NI 2500 2500 2500 NI NI

ILBB7 625 625 NI ND NI NI NI

ILBB63 625 NI 2500 625 2500 NI NI

ILBB68 1250 NI 2500 2500 2500 NI NI

ILBB15 312 76 2500 ND NI NI NI

ILBB172 625 312 2500 1250 2500 2500 NI

ILBB95 1250 1250 NI 2500 NI 2500 2500

ILBB162 156 63 76 NI NI 1250 NI

ILBB219 1250 2500 2500 NI NI NI NI

ILBB145 1250 250 1250 NI NI 1250 NI

NI: No inhibition. ND: Not done.

2.2. Antibiofilm Activity
2.2.1. Biofilm Formation

In order to study different types of biofilms, three strains were selected: a Gram-
positive bacterium (S. aureus), a Gram-negative bacterium (P. aeruginosa), and a yeast
(C. albicans).

The results of the biofilm-forming ability of the strains is shown in Figure 1, where
1 BBU (biofilm biomass unit) was arbitrarily defined as 0.1 OD590.
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Figure 1. Biofilm-forming ability of Candida albicans, Pseudomonas aeruginosa, and Staphylococcus
aureus. Right: Sterile control. Left: Strain. * p < 0.05.

Since all the evaluated strains were classified as moderate (S. aureus) or strong (P. aerug-
inosa and C. albicans) biofilm producers, they were used in the in vitro antibiofilm activ-
ity test.

2.2.2. Biofilm Inhibition Ability

The same thirteen extracts were analyzed for their ability to inhibit biofilm growth.
The lowest concentration of each extract which inhibited the biofilm formation is
shown in Table 3. The inhibitory concentrations ranged from 4 to 500 µg mL−1.

For Pseudomonas aeruginosa biofilms, four of the extracts could partially inhibit
biofilm growth, showing statistically significant differences from the non-treated con-
trol (Table 3). In all cases, higher concentrations tested did not yield important differ-
ences in percentage of inhibition. Only the ILBB55 extract showed a relatively high
inhibition with a low MIC.

For Staphylococcus aureus, five extracts showed significant biofilm inhibition (Table 3).
As described in Methods, minimal biofilm inhibitory concentration (MBIC) was determined
as the minimal concentration able to inhibit at least 90% of the biofilm formation. Four of
the extracts (ILBB19, ILBB55, ILBB145, and ILBB162) were able to inhibit at least 90% of S.
aureus biofilm growth at some of the tested concentrations. MBICs were 500, 16, 125, and
500 µg mL−1, respectively. For the ILBB55 extract, the inhibition was significant at doses as
low as 16 µg mL−1 (Figure 2). For ILBB19, the inhibition capacity diminished progressively
at lower concentrations, stimulating the biofilm growth at sub-inhibitory concentrations
(Figure 3).
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Table 3. Inhibition of extracts on biofilm formation.

C. albicans P. aeruginosa S. aureus

Concentration
(µg mL−1)

Inhibition
(%)

Concentration
(µg mL−1)

Inhibition
(%)

Concentration
(µg mL−1)

Inhibition
(%)

ILBB55 16 71 125 62 16 99

ILBB44 16 60 NI NI

ILBB19 125 55 NI 32 42

ILBB139 250 40 63 9 NI

ILBB7 16 79 NI NI

ILBB63 16 64 500 68 NI

ILBB68 250 68 63 13 NI

ILBB15 16 30 NI NI

ILBB172 125 71 NI NI

ILBB95 500 93 NI NI

ILBB162 63 54 NI 250 77

ILBB219 32 49 NI 500 78

ILBB145 32 46 NI 125 94
NI: no inhibition.
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Different letters (a, b) represent significant differences (p < 0.05).

When analyzing Candida albicans biofilms, extracts ILBB7, ILBB55, ILBB44, and ILBB63
showed a higher inhibition percentage than the sterile broth at 16 µg mL−1. However, no
inhibition of the C. albicans planktonic growth was detected at this concentration of the
extracts (Table 2). Figure 4 shows that all concentrations of ILBB7 extract tested were able
to inhibit C. albicans biofilm growth to some extent. A slight decrease in inhibition was
observed at lower concentrations; however, this difference was not statistically significant.

Among the 13 extracts evaluated for biofilm inhibition, only ILBB55 was able to inhibit
C. albicans (71%), S. aureus (99%), and P. aeruginosa (62%) biofilms.
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2.3. Genomic Analysis of Bacillus Cereus ILB55

Since among all the extracts evaluated only ILBB55 was able to inhibit the biofilm
formation of C. albicans, S. aureus, and P. aeruginosa, and it was also the only strain whose
extract could inhibit C. albicans planktonic cells, this bacterial strain was selected for
genomic analysis.
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The assembled draft genome of Bacillus cereus ILBB55 contained 5,842,177 bp, 34.9% GC,
and 36 contigs with parameters N50 = 573,946, L50 = 4. Genome mining carried out using
antiSMASH 5.1.2 allowed us to identify types of secondary metabolite biosynthetic gene
clusters that could be related to the observed antimicrobial and antibiofilm activity of
ILBB55 extract.

Bacillus cereus ILBB55 was found to contain 16 biosynthetic gene clusters (BGC) com-
prising 4 clusters of non-ribosomal peptide synthetase (NRPS), 1 NRPS-like cluster, 4 ri-
bosomally synthesized and post-translationally modified peptides (RiPPs), 1 betalactone,
1 siderophore, 1 terpene, 1 lanthipeptide class ii (RiPP), 1 sactipeptide (RiPP), 1 arylpolyene,
and 1 linear azole-containing peptide (LAP, RiPP). Of these, 100% similarity with known
BGC was found for the siderophore petrobactin (BGC0000942), 70% for sactipeptide thur-
incin H (BGC0000600), 46% for NRPS bacillibactin (BGC0000309), 40% for the betalactone
(fengycin BGC0001095), and 17% with terpene molybdenum cofactor (BGC0000916).

2.4. Thin Layer Chromatography (TLC)

For all extracts analyzed, various phenols, organic acids, and lactones were detected by
TLC. However, alkaloids, cardenolides, and indoles were not detected using this method.

3. Discussion

We explored extracts that could have antimicrobial and antibiofilm effects against
clinically relevant microorganisms from a collection of bacteria originally obtained from
complex environments where resident microbes interact and compete with other members
of microbial communities [24].

S. bockelmanii ILBB162 and B. cereus ILBB55 showed the most promising activities.
ILBB162 CB had a very low MIC against S. aureus, P. aeruginosa, and E. cloacae, whereas
ILBB55 CB was the only one with a low MIC against Candida albicans. ILBB162 has been
shown to inhibit the fungus Pythium cryptoirregulare through the production of diffusible
and volatile metabolites in vitro [25], so this strain could be considered of biotechnological
interest. Its genome mining [25] showed that it carries the BGC for althiomycin, which is
known to inhibit S. aureus, and has the swrA gene coding for non-ribosomal serrawettin
synthetase and can potentially produce serrawettin W2, a biosurfactant with low range
antimicrobial activity that can affect the clinical P. aeruginosa strain PA3 [23].

CB of ILBB55 was not only able to inhibit C. albicans planktonic cells, but also re-
duced the biofilm formation of S. aureus and C. albicans at the lowest concentration of
16 µg mL−1. Interestingly, synthetic Dermaseptin-S1 peptide, previously isolated from
Phyllomedusa sauvagii, inhibited C. albicans biofilm formation at 50 µg mL−1 [26]. In this
work, a first chemical analysis of ILBB55 extracts was carried out by TLC, a simple and
inexpensive method to determine the nature of the constituents in the extract [27]. These
studies allowed the detection of organic acids and phenols, but not alkaloids, cardenolides,
or indoles. Therefore, it would be interesting to encourage future works to isolate the
highly active compound or mix of compounds excreted by B. cereus ILBB55 to evaluate
the antibiofilm properties. Furthermore, we selected the strain Bacillus cereus ILBB55 for
the genomic analysis because, as explained before, it was the only strain whose culture
broth extract inhibited C. albicans planktonic cells and the biofilm formation of C. albicans,
S. aureus, and P. aeruginosa. Then, genome mining allowed types of secondary metabolite
biosynthetic gene clusters to be identified that could be related to the antimicrobial and
antibiofilm activities. In this regard, fengycin was reported as an antifungal lipopeptide
with activity against filamentous fungi but not yeast, while bacillibactin also inhibited
fungal species [28]. Additionally, siderophores produced by Bacillus sp. GZDF3 were
active against C. albicans [29], and it is known that iron plays a crucial role in C. albicans
growth [30]. According to the genomic analysis, B. cereus ILBB55 showed a cluster 46%
similar to another known cluster that codes for bacillibactin, suggesting that it could be
a variant of that compound [31]. In a recent report, isolates which showed antimicrobial
activity were screened for the presence of NRPS [32]. Despite most isolates being positive
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for NRPS, these genes were not detected for B. cereus isolates. However, in our work,
genomic analysis of Bacillus cereus ILB55 showed four clusters of NRPS. This having been
stated, these compounds were not expected to be present in the extracts analyzed, as
their solubility in ethyl acetate is very low. Nevertheless, a global comprehension of the
metabolite production of this microorganism could help in unveiling the structure of the
metabolites implicated in the antibiofilm activity or aid in further investigations using other
extraction methods.

Overall, results of antimicrobial assays against planktonic cells showed that all extracts
inhibited the growth of at least one clinically relevant microorganism in the evaluated conditions.

Metabolites from Bacillus pumilus with antibacterial activity have been reported against
pathogenic bacteria, including S. aureus, Micrococcus luteus, Salmonella gallinarum, Pasteurella
multocida, Salmonella enterica, and Escherichia coli, with MICs of 1.6–2.0 mg mL−1 [33]. From
our results, S. aureus was more sensitive to B. pumilus ILBB 44 and Peribacillus butanolivorans
ILBB15 extracts, with a MIC of 0.3 mg mL−1. Furthermore, this extract was able to inhibit
P. aeruginosa growth at 0.1 mg mL−1.

Extracellular extracts of a marine bacterial isolate, identified as Lysinibacillus xylani-
lyticus, showed that extracellular components present in the culture supernatant had
antibacterial and antifungal properties [34]. We here determined that extracts from L. xy-
lanilyticus ILBB63 isolated from Uruguayan soil showed a MIC of 0.6 mg mL−1 against two
bacteria of clinical relevance, namely S. aureus and E. faecalis.

Paenibacillus strains isolated from various ecological niches synthesize a wide range of
antibiotics, with inhibitory activity against both Gram-positive and Gram-negative bacteria.
Recently, antibacterial activity against P. aeruginosa and A. baumanii but not S. aureus was
reported for Paenibacillus spp. [32]. However, extracts from Paenibacillus durus ILBB68
isolated from soil in Uruguay were able to inhibit S. aureus, with a MIC of 1.25 mg mL−1.

Apart from antimicrobial potential against planktonic cells, extracts from different
natural products have shown potential activity against microbial biofilms. Moreover,
bacterial extracts from Streptomyces chrestomyceticus showed antimicrobial activity against
Candida biofilms in concentrations ranging from 4 to 250 µg mL−1 [35], and extracts from
three different species of Bacillus were able to inhibit Alteromonas sp. biofilms [36]. In this
work, the antibiofilm activity of thirteen extracts from soil bacteria and insect gut bacteria
is reported. The inhibitory concentrations ranged from 4 to 500 µg mL−1, which are very
promising values compared to previous reports.

For all the extracts able to inhibit biofilm growth of P. aeruginosa, the minimal biofilm
inhibitory concentration (MBIC) was lower than the MIC (Tables 2 and 3). This indicates
that the metabolites are interfering with the biofilm forming mechanism and not with the
planktonic cell growth. Similarly, extracts ILBB7, ILBB55, ILBB44, and ILBB63 showed
a significant inhibition percentage of C. albicans biofilm at 16 µg mL–1 (Table 3), but no
inhibition of the planktonic growth was detected at this concentration of the extracts
(Table 2). This suggests that the bacterial metabolites are able to disrupt the formation of the
biofilm without affecting yeast cell growth. Mechanisms involved in this phenomenon can
be very different; for example, molecules may be able to interfere with any of the steps in
biofilm formation, such as adherence, cellular communication (quorum-sensing), structural
integrity of the biofilm matrix, etc. Future works should be focused on the evaluation of
these antibiofilm mechanisms of action.

For ILBB19, the ability to inhibit S. aureus biofilm diminishes progressively at lower
concentrations. Interestingly, for subinhibitory concentrations, stimulation of the biofilm
growth was observed (Figure 3), as previously reported by Ranieri et al. [37].

Therefore, novel microorganisms, such as soil bacteria used here, could be used as
resources for the renewable production of antibiofilm compounds.

In conclusion, extracts from soil bacteria and insect gut bacteria were able to inhibit
bacterial and yeast biofilm growth, showing promising results at low concentrations, being
potential candidates for drug discovery to treat and prevent infectious diseases.
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4. Materials and Methods
4.1. Organisms and Culture

The microbial strains used in the screening were isolated from rhizospheric soil sam-
ples, or the digestive tract of natural insect populations, and identified. Pure cultures
deposited in INIA Las Brujas Bacteria Culture Collection (ILBB) were retrieved and used to
inoculate broths and obtain a concentrated extract (Table 1). The bacteria were grown in
500 mL Erlenmeyer flasks containing 200 mL of modified liquid LB medium (10 g peptone,
10 g NaCl, and 0.05 g yeast extract, per litre of distilled water), incubated in a rotary shaker
at 180 RPM, at 25 ◦C, for 48 h. Sterile broth was also used as a control in order to evaluate
the influence of its components on the antimicrobial and antibiofilm activity.

4.2. Preparation of Extracts

Cell-free culture broths (CBs) were saturated with NaCl and filtered through cotton. A
liquid–liquid extraction was then performed using ethyl acetate (AcOEt). Three portions
(from three times extraction) were combined, and the solvent evaporated to dryness in a
vacuum. Extracts were dissolved in dimethylsulfoxide (DMSO) for biological assays.

4.3. Antimicrobial Assays
Determination of Minimal Inhibitory Concentration (MIC)

The extracts were evaluated against the following microorganisms: S. aureus ATCC6538P,
E. cloacae CCMGb3, E. faecalis CCMGb2, K. pneumoniae CCMG12716, A. baumanii CCMGb1,
C. albicans ATCC 101231, and P. aeruginosa ATCC 15442. The MIC of the extracts was deter-
mined by the microdilution technique according to the Clinical and Laboratory Standards
Institute [38]. MIC analyses were carried out in a microdilution plate with 96 wells con-
taining Mueller–Hinton broth. The extracts were dissolved in DMSO. The initial solutions
of the extracts were prepared, and further serial dilutions of the extracts and DMSO were
performed. Growth controls were prepared containing inoculum and sterile broth assuring
no antimicrobial effect. Gentamicin (100 µg mL−1) and propiconazole (125 µg mL−1) were
used as antibacterial and antifungal controls, respectively. The MIC was determined as
the lowest extract concentration (antimicrobial agent) that inhibited the visible growth of a
microorganism after incubation.

4.4. Antibiofilm Activity
4.4.1. Biofilm Formation Assay

The biofilm-forming ability of the strains was measured based on the facility of
bacterial (S. aureus ATCC6538P, P. aeruginosa ATCC 15442) and yeast (C. albicans ATCC
101231) strains to form biofilms on solid surfaces, stained with crystal violet. The assay was
adjusted to 96-well microtiter plates according to a previously published procedure [39].

Briefly, a bacterial cell suspension (1 × 107 cells mL−1) was inoculated in sterile nu-
trient broth [40,41] (Oxoid), and plates were incubated at 37 ◦C for 24 h without shaking
to allow the attachment of cells on the surface. Control wells contained only sterile nu-
trient broth. After incubation, non-adhered cells were removed by washing the wells
with distilled water. Then, plates were dried for 40 min at 50 ◦C prior to crystal violet
(1% w/v) staining. Adherent biofilms were washed with water to remove unbound dye.
Finally, crystal violet was extracted with the bleaching solution (0.2 mL) ethanol:acetone
(70:30). The optical density (OD) was determined at 590 nm using a microplate reader. The
average OD of the strain was compared with average OD of the control wells (ODc), both
reported as means ± standard deviations. The amount of formed biofilm was expressed as
biofilm biomass unit (BBU), which was arbitrarily defined as 0.1 OD590 equal to 1 BBU [25].
Strains were classified according to its ability to form biofilm by following these crite-
ria: OD ≤ ODc = no biofilm producer; ODc < OD ≤ (2 × ODc) = weak biofilm producer;
(2 × ODc) < OD(4 × ODc) = moderate biofilm producer; and (4 × ODc) < OD = strong
biofilm producer.
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For C. albicans, a suspension of yeast cells (1 × 106 cells mL−1) in potato dextrose
broth (PDB, HiMedia) was incubated for 30 min in each plate well (except for the sterile
control) at 37 ◦C. Supernatant was removed and the wells washed with PBS 1×. Then,
fresh PDB was placed in the wells. Control wells containing sterile PDB were included.
Plates were incubated for 24 h at 37 ◦C. Then, the procedure was done as described for the
bacteria assay.

4.4.2. Determination of Minimal Biofilm Inhibitory Concentration (MBIC)

The effect of extracts on biofilm formation was examined by using the modified
microdilution method [42]. Briefly, assays against bacterial biofilms were carried out in a
96-well plate, with four replicates. Serial dilutions of the extracts and DMSO in nutrient
broth were deposited, and a bacterial suspension (1 × 108 cells mL−1) was added. Control
wells containing sterile nutrient broth and nutrient broth + DMSO + bacterial suspension
(non-treated biofilm, NTB) were included. The plate was incubated for 24 h at 37 ◦C.
Supernatant was removed, and the wells were washed with distilled water and dried at
50 ◦C for 40 min. Then, the attached cells were dyed with 1% crystal violet solution. The
crystal violet was resuspended in ethanol:acetone (70:30) and the absorbance of the solution
measured at 590 nm. The absorbances of each sample, extract, NTB, and sterile nutrient
broth were compared, and inhibition percentage was calculated. The MBIC was determined
as the minimal concentration able to inhibit at least 90% of the biofilm formation.

For C. albicans, a suspension of yeast cells (1× 106 cells mL−1) in PDB was incubated for
30 min in each plate well (except for the sterile control) at 37 ◦C. Supernatant was removed
and the wells washed with PBS 1×. Then, serial dilutions of the extracts and DMSO in PDB
were deposited. Control wells containing sterile PDB and PDB + DMSO + yeast suspension
(non-treated biofilm, NTB) were included. The plate was incubated 24 h at 37 ◦C. Then, the
procedure was continued as described for the bacteria assay.

4.4.3. Statistical Analysis

Experiments were performed at least in quadruplicate, and the averages and standard
deviations were calculated for all experiments. Results were plotted as mean values
with error bars that represent standard deviations. Data were statistically analyzed using
ANOVA and a post hoc Tukey test for multiple comparisons (p value < 0.05).

4.5. Genomic Analysis

Bacillus cereus ILBB55 was used for mining biosynthetic gene clusters (BGC). For
whole genome sequencing, DNA was purified with a kitDNeasy Blood & Tissue (QIAGEN,
Düsseldorf, Germany) and quantified with a Qubit 4 (Thermo Fisher, Waltham, MA, USA).
One gram of genomic DNA was randomly fragmented by Covaris, followed by purification
by an AxyPrep Mag PCR clean upkit. The fragments were end repaired by End Repair
Mix and purified afterwards. The repaired DNAs were combined with A-TailingMix, and
then the Illumina adaptors were ligated to the Adenylate3′Ends DNA, followed by product
purification. All kits and mixes contained BGI self-prepared reagents. The products were
selected based on the insert size (350 bp). After purification, the library was qualified by
the Agilent Technologies 2100 bioanalyzer and ABI Step One Plus Realtime PCR System.
Finally, 150 bp paired-ends were sequenced using the Hiseq 4000 System (Illumina, San
Diego, CA, USA) by BGI (Shenzhen, China). Adaptors and low-quality reads were filtered
with BGI internal software SOAPnuke v1.5.2 (parameters: −l 15-q 0.2-n0.05-i). Reads were
then assembled into contigs with CLC software (QIAGEN, Düsseldorf, Germany) to obtain
the draft genome.

The draft genome of ILBB55 was submitted to Genbank and automatically annotated
using prokka (www.ncbi.nlm.nih.gov/, accessed on 17 February 2022) as part of BioProject
PRJNA745340, accession JAIQVG000000000. The version described in this paper is version
JAIQVG010000000. Putative antimicrobial biosynthetic gene clusters were predicted using
antiSMASH software version 5.1.2.

www.ncbi.nlm.nih.gov/
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4.6. Thin Layer Chromatography (TLC)

For all extracts, TLC analyses were carried out. Extracts (10 µL) were applied in TLC plates
(Silica Gel 60 F254, Merck Co., Kenilworth, NJ, USA) and developed with a variety of solvents,
CH2Cl2:MeOH in different proportions (95:5 to 50:50), toluene/AcOEt/Diethylamine 70:20:10,
ethyl acetate/methanol/water (100:13.5:10), and ethyl acetate/formic acid/glacial acetic
acid/water (100:11:11:26) in order to analyze the metabolites contained in the extracts.
Detection was carried out using different reagents and methods, such as Fast Blue B
Salt, Draggendorff, Ehrlich, Van Urk’s, Kedde’s, and Natural Products II reagents for
polyphenols, alkaloids, indoles, lactones, cardenolides, and phenols and phenolic acids,
respectively. As general detection reagents, copper sulfate reagent/heat and UV detection
at 254 and 356 nm were used [43–45].
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