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Abstract: Bacillus velezensis ST03 and ST32, Bacillus amyloliquefaciens ST06 and ST109, and Bacillus
subtilis ST08 were isolated from artisanal-produced kimchi and were identified based on 16S rRNA
partial sequencing. DNA obtained from the investigated bacilli generated positive results for licheni-
cidin, iturin, subtilosin, and surfactin on a strain-specific basis. The strains were found to produce
antimicrobial metabolites with activity levels ranging between 800 and 1600 AU/mL on a strain-
specific basis, as determined against Listeria monocytogenes ATCC15313. Moreover, all tested strains
in this study were still active after treatment with proteolytic enzymes, even with reduced inhibition
zones compared to the controls, pointing to additional antimicrobial activity possibly related to a
non-proteinaceous molecular structure. Most probably these strains may express surfactin as an
additional factor in their complex antimicrobial activity. B. amyloliquefaciens ST09 and B. velezensis
ST03 and ST32 were characterized as positive for β-hemolysis. B. subtilis ST08 was shown to be
positive for hblC and nheC and B. amyloliquefaciens ST109 for nheB. B. amyloliquefaciens ST109 generated
positive results for gelatinase activity. The ability of the studied Bacillus strains to metabolize different
carbohydrate sources was done based on the API50CHB test, while the enzyme production profile
was recorded by the APIZym kit. All studied strains were positive producers for biogenic amines
production. Studied Bacillus spp. strains were resistant to some of the evaluated antibiotics, tested
according to recommendations of CLSI and EFSA.

Keywords: Bacillus velezensis; Bacillus amyloliquefaciens; Bacillus subtilis; Listeria monocytogenes; bacteri-
ocins; safety; antibiotic resistance

1. Introduction

Evaluation of microbial diversity in different traditional fermented food products may
open ways for isolating beneficial microbial strains. Probiotic cultures, bacteriocinogenic
strains, producers of enzymes, exopolysaccharides, and other bioactive metabolites were
obtained from fermented food products of all continents and were explored by biotechnical,
pharmaceutical, and food industries [1,2]. Asian countries are considered as a promising
source of different beneficial microbial strains. This huge potential is suggested by several
remote regions on this continent and the fact that local groups have been producing
typical fermented food products according to conventional artisanal practices and without
commercial standardized starter cultures [3]. Moreover, the extent of biological diversity
can be considered as an indicator for the health of the planet.

Kimchi is perhaps the most well-known among several traditional fermented Korean
food products, and it forms part of the heritage of Asian culture, especially of the Korean
peninsula. According to Encyclopedia Britannica there are hundreds of varieties of kimchi
based on the methods of preparation and the specific raw materials used including vegeta-
bles such as cabbage, Korean radish, leak; and supplemented with a varying selection of
seasonings including salts, chili powder, spring onions, garlic, fermented seafood (jeotkal),
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and ginger [4,5]. However, due to lack of standardization, preparation of traditional fer-
mented food products can be hiding unexpected problems related to their safety and quality.
In general, good manufacturing practices are an assurance for the safety of the products.
Food fermentation processes were developed and established over centuries. Fermentation
processes of food preparation normally involve participation of microorganisms that can
produce different arsenals of antimicrobial metabolites, including organic acids, hydrogen
peroxide, carbon dioxide, antibiotics, antimicrobial proteins, bioactive peptides, and low
molecular antimicrobial organic molecules [6,7]. Changes in water activity, redox potential,
and pH are some of the key factors involved in food safety [8] and stability, and can change
in a positive way during fermentation of kimchi. Food fermentation can be considered
as a dynamic process in which implicit factors related to microbial interactions (competi-
tion, symbiosis, and synergism) play a key role. However, food safety assurance not only
implies the absence of pathogenic or food spoilage microorganisms, but also of toxic or
detrimental metabolites or residues. Some microbial cultures can be producers of biogenic
amines by amino acid decarboxylase activity [9]. Potentially pathogenic strains can be
characterized by either hemolytic [10] and/or gelatinase or mucus degrading activities [11].
These characteristics can serve as indicator(s) of the potential virulence of a specific strain.
Some virulent characteristics of bacterial cultures maybe expressed only under specific
conditions, e.g., at a typical body temperature of 37 ◦C, and even escape detection during
fermentation processes normally occurring at room temperature [12].

Representative strains of Bacillus spp. are found to be biotechnological application as
producers of a variety of bioactive metabolites, including antimicrobial proteins, antibiotics,
enzymes, exopolysaccharides, vitamins, and surfactants [13–17]. Industrial exploring of
particular Bacillus strains is widely practiced [18,19] and has been part of the preparation of
different fermented food products including kimchi [20]. Even when the beneficial potential
of different Bacillus strains has been widely proven, some representatives of this genus have
also been clearly identified as human and animal pathogens, including Bacillus anthracis [21]
and opportunistic pathogens such as some strains of Bacillus cereus [22]. On the beneficial
side, different strains of the species B. clausii, B. coagulans, B. licheniformis, B. polyfermenticus,
B. pumilus, and B. subtilis have been widely commercialized as probiotics and their efficacy
proven [23–25]. In Italy, a B. clausii spore suspension has been available since 1958 as part
of endospore-based probiotics for human consumption [26].

In our study, we attempted to isolate producers lactic acid bacteria (LAB) and Bacillus
spp.) of antimicrobial metabolites from kimchi of locally produced fermented cabbage
(Pohang region, Republic of Korea). However, based on the predominate yield of Bacillus
spp. isolated in preliminary screening, the present work was focused on obtained bacilli.
In addition to the antibacterial properties of the expressed antimicrobial(s) and their
specific potential application in the control of food borne pathogen organisms, represented
by Listeria monocytogenes, a well-known, highly contagious pathogen able to survive at low
pH and refrigeration temperatures, an additional goal has been to collect more information
about the safety of kimchi.

2. Materials and Methods
2.1. Isolation of Antagonistic Strains and Evaluation of Antimicrobial Activity

Kimchi, a traditional Korean fermented cabbage, was evaluated as a source for isolation
of bacteriocinogenic strains. Kimchi samples were obtained from artisanal sources prepared
by local producers (Pohang, Republic of Korea). Each sample of around 50 g was collected
aseptically and according to good microbiological practices, and investigated for the
presence of bacterial strains with the potential ability to produce antimicrobial metabolites.
Twenty-five grams of each kimchi sample were homogenized with 9 volumes of sterile saline
solution (0.85% NaCl, m/v) in sterile sample bags (Whirl-Pak stomacher sampling bag,
Neogen, Lansing, MI, USA) and homogenized in a stomacher (Stomacher 400 Circulator,
Worthing, West Sussex, UK) for 3–5 min. After 10x serial dilution, 100 µL were surface-
plated in triplicates on de Man, Rogosa and Sharpe (MRS) (Difco, Detroit, MI, USA)
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supplemented with 2% agar (Difco). An extra layer of 2% agar was added to each plate
and then incubated for 48 h at 37 ◦C. Plates were covered with an additional layer of Brain
Heart Infusion (BHI) (Difco) supplemented with 1% agar and L. monocytogenes ATCC15313
at a final concentration of around 105 CFU/mL and incubated for an additional 24 h at 37
◦C. Colonies surrounded by inhibition zones larger than 5 mm in diameter were selected,
isolated, and cultured in MRS broth for 24 h at 37 ◦C. Bacterial cultures were evaluated
based on recommendations for good microbiological practices for purity, macroscopic
observation of colonies, microscopic observation, and Gram-staining. The production
of oxidase and catalase enzymes was determined in addition to tests recommended by
Bergey’s Manual of Systematic Bacteriology of Archaea and Bacteria [27]. All pure bacterial
cultures were stored at−80 ◦C in presence of 20% glycerol. All additional bacterial cultures
applied in this study and microorganisms part of the spectrum of activity evaluation
experiments (Table 1) were grown under their respective recommended growth conditions
(media and temperatures) and stored at −80 ◦C in the presence of 20% glycerol as the
cryoprotector. Before each experiment, all cultures were propagated at least 2 times.

Table 1. Spectrum of activity of supernatants from B. velezensis ST03, B. amyloliquefaciens ST06, B. subtilis ST08, B. velezensis
ST32, and B. amyloliquefaciens ST109 against selected bacteria from different culture collections.

Activity of Bacteriocins Produced by

ST03 ST06 ST08 ST32 ST109

Bacillus spp. 0/12 * 2/12 1/12 1/12 2/12
Bacillus amyloliquefaciens 0/2 0/2 0/2 0/2 0/2

Bacillus velezensis 0/1 0/1 0/1 0/1 0/1
Bacillus subtilis 0/4 2/4 1/4 0/4 2/4
Bacillus cereus 0/1 0/1 0/1 0/1 0/1

Bacillus pumilus 0/1 0/1 0/1 0/1 0/1
Bacillus sonorensis 0/1 0/1 0/1 0/1 0/1

Bacillus megaterium 0/1 0/1 0/1 0/1 0/1
Bacillus firmus 0/1 0/1 0/1 1/1 0/1

Enterococcus spp. 0/51 1/51 8/51 3/51 5/51
Enterococcus faecium 0/12 1/12 2/12 1/12 1/12

Enterococcus avium 0/3 0/3 0/3 0/3 1/3
Enterococcus faecalis 0/2 0/2 0/2 0/2 0/2

Enterococcus thailandicus 0/1 0/1 1/1 0/1 0/1
Enterococcus durans 0/1 0/1 0/1 0/1 0/1

Enterococcus gallinarum 0/1 0/1 1/1 1/1 0/1
VRE (vancomycin resistant enterococci) 0/31 0/31 4/31 1/31 3/31

Lactobacillus spp. 0/50 0/50 0/50 6/50 0/50
Lactobacillus coryniformis 0/1 0/1 0/1 0/1 0/1

Lactobacillus plantarum 0/9 0/9 0/9 0/9 0/9
Lactobacillus brevis 0/3 0/3 0/3 2/3 0/3

Lactobacillus curvatus 0/2 0/2 0/2 2/2 0/2
Lactobacillus fermentum 0/3 0/3 0/3 0/3 0/3

Lactobacillus paracasei 0/5 0/5 0/5 1/5 0/5
Lactobacillus plantarum 0/9 0/9 0/9 1/9 0/9

Lactobacillus reuteri 0/2 0/2 0/2 0/2 0/2
Lactobacillus rhamnosus 0/5 0/5 0/5 0/5 0/5

Lactobacillus sakei 0/4 0/4 0/4 0/4 0/4
Lactobacillus salivarius 0/3 0/3 0/3 0/3 0/3

Lactobacillus sanikiri 0/4 0/4 0/4 0/4 0/4

Lactococcus spp. 0/2 0/2 0/2 0/2 0/2
Lactococcus lactis 0/2 0/2 0/2 0/2 0/2

Leuconostoc spp. 0/8 0/8 0/8 2/8 0/8
Leuconostoc citreum 0/1 0/1 0/1 0/1 0/1

Leuconostoc mesenteroides 0/7 0/7 0/7 2/7 0/7

Listeria spp. 5/5 5/5 5/5 5/5 5/5
Listeria innocua 2/2 2/2 2/2 2/2 2/2

Listeria monocytogenes 3/3 3/3 3/3 3/3 3/3
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Table 1. Cont.

Activity of Bacteriocins Produced by

ST03 ST06 ST08 ST32 ST109

Pediococcus spp. 0/9 0/9 2/9 0/9 0/9
Pediococcus acidilactici 0/3 0/3 0/3 0/3 0/3

Pediococcus lolii 0/1 0/1 0/1 0/1 0/1
Pediococcus pentosaceus 0/5 0/5 2/5 0/5 0/5

Weissella spp. 0/1 0/1 0/1 0/1 0/1
Weissella cibaria 0/1 0/1 0/1 0/1 0/1

Total tested strains 5/138 11/138 16/138 16/138 12/138

* The number of strains sensitive to the tested antimicrobial(s) is shown against the total number of tested strains. Data on each genus are
summarized in bold; representatives (species) are shown below each genus.

2.2. Differentiation and Identification of Selected Isolates

Bacterial isolates of interest with confirmed production of antimicrobial metabolites,
were subjected to DNA fingerprinting through Random Amplification of Polymorphic DNA
(RAPD)-PCR and subsequently identified on basis of tests recommended by Bergey’s man-
ual [27] and by 16S rRNA sequencing. Bacterial cultures were grown in 50 mL of MRS broth
for 24 h at 37 ◦C, and for future isolation of DNA, cells were collected by centrifugation
(8000× g, 10 min, 4 ◦C). Total DNA was obtained using the ZR Fungal/Bacterial DNA kit
(Zymo Research, Irvine, CA, USA) in accordance with the manufacturer’s protocol and quanti-
fied by SPECTROstar Nano nanodrop (BMG LABTECH, Ortenberg, Germany). Differentiation
between the evaluated cultures was based on RAPD-PCR performed with primers OPL-01
(5′-GGC ATG ACC T-3′), OPL-09 (5′-TGC GAG AGT C-3′), and OPL-11 (5′-ACG ATG AGC
C-3′) according to de Moraes et al. [28] on a Veriti 96 well Thermal Cycler, Applied Biosystems
(Thermo Scientific, Waltham, MA, USA). Specificity of the obtained amplicons was evaluated
via gel electrophoresis on 1.0% (w/v) agarose gels for 1 h in the presence of 0.02 µL/mL of
SYBR®Safe (Thermo Fisher) in 1x TAE buffer at 100 V (GH-200 Genera Biosystems, Victoria,
Australia; Elite 300 Plus Power Supply, Wealtec Bioscience Co., Ltd., Taiwan) and visualized
using Omega Lum™ G gel documenter (Aplegen, Inc., Pleasanton, CA, USA). The RAPD
profiles generated from the isolates were analyzed and specific profiles and their representative
strains were selected, and subjected to identification based on 16S rRNA [28] on Veriti 96 well
Thermal Cycler, Applied Biosystems, and further sequenced at the SolGent Analysis Services
(Solgent Co. Ltd., Daejeon, Republic of Korea). The generated sequences were analyzed using
the Basic Local Alignment Search Tool (BLAST, GenBank, National Center for Biotechnology
Information, Bethesda, MD, USA) for identification.

2.3. Sugar Fermentation Profile (API50CHB) and Production of Enzymes (APIZym)

Sugar fermentation abilities of the evaluated strains were studied by culturing in
API50CHB strips in accordance with the manufacturer’s recommendations (bioMérieux,
Marcy l’Etoile, France) at 37 ◦C for 24, 48, and 72 h. In a separate experiment, the enzymatic
activity profiles of studied strains, previously grown in MRS for 24 h at 37 ◦C were
determined using APIZYM strips (bioMérieux), in accordance with the manufacturer’s
instructions and incubated at 37 ◦C for 4 h. The evaluation of the enzymatic activity was
based on changes in the intensity of coloration in accordance with the manufacturer’s
instructions (bioMérieux).

2.4. Detection of Bacteriocin Genes and Other Antimicrobial Genes

DNA from the selected strain, isolated as described before, was scanned for presence
of different genes related to previously described antimicrobials, including Class IIa bac-
teriocins (Oli48/105: 5′- TAY GGI AAY GGI GTI TAY TG -3′ and 5′- CYT CDA TNG CRT
TRT C -3′); lichenicidin (bli: 5′- GGA AAT GAT TCT TTC ATG G -3′ and 5′- TTA GTT ACA
GCT TGG CAT G-3′), thuricin (thu: 5′- GTA GGT CAA ATG GAA ACA C-3′ and 5′- TTA
ACT TGC AGT ACT AGC TC-3′), iturin (ituc: 5′- GGC TGC TGC AGA TGC TTT AT-3′
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and 5′- TCG CAG ATA ATC GCA GTG AG-3′), surfactin (srfa: 5′- TCG GGA CAG GAA
GAC ATC AT-3′ and 5′- CCT CTC AAA CGG ATA ATC CTG A-3′), coagulin (coa: 5′- GGT
GGT AAA TAC TAC GGT AAT GGG GT-3′ and 5′- GTG TCT AAA TTA CTG GTT GAT
TCG T-3′), subtilosin (sbo: 5′- GGT TGT GCA ACA TGC TCG AT-3′ and 5′- CTC AGG
AAG CTG GTG AAC TC-3′), and pediocin PA-1(ped: 5′- CAA GAT CGT TAA CCA GTT
T-3′ and 5′- CCGTTG TTC CCA TAG TCT AA-3′) [29,30] on Veriti 96-well Thermal Cycler,
Applied Biosystems. The generated amplicons were visualized on gel electrophoresis on
1.0–2.0% (w/v) agarose gels in 1x TAE buffer at 100 V for 1 h in the presence of 0.02 µL/mL
of SYBR®Safe (Thermo Fisher) (GH-200 Genera Biosystems/Elite 300 Plus Power Supply)
and visualized using OmegaLum™ G gel documenter (Aplegen).

2.5. Determination of Antimicrobial Activity and Nature of Antimicrobial Agent(s)

The selected and previously identified producers of antimicrobial metabolites were
grown in MRS at 37 ◦C for 24 h. The pH of the cell-free supernatant (CFS), obtained by
centrifugation (8000× g, 10 min, 20 ◦C), was adjusted to pH 5.5–6.0 with sterile 1 M of
NaOH, subjected to 80 ◦C for 10 min, and filtered via 0.20-µm syringe filters (Sartorius
Ministart Syringe Filter, Göttingen, Germany). Antimicrobial properties of the obtained
CFS were tested for activity against L. monocytogenes ATCC15313 formerly used in the initial
screening process for selection of producers of antimicrobials and, in addition, against
selected test strains from the culture collections of HEM Inc. (Holzapfel Effective Microbes
Inc., Pohang, Republic of Korea), KCTC (Korean Culture Type Collection, Jeongeup, Re-
public of Korea), KACC (Korean Agricultural Culture Collection, Jeollabuk-do, Republic
of Korea), and ATCC (American Type Culture Collection, Manassas, VA, USA), listed in
Table 1. These strains were incorporated in the recommended growth media supplemented
with 1% agar at a final concentration of 105 CFU/mL, and 10 µL of previously prepared
CFS were deposited on the surface. Plates were kept for 1 h at room temperature in order
to facilitate diffusion of the tested CFS and then incubated at temperatures recommended
for the test microorganisms according to dos Santos et al. [31]. Diameters of the inhibition
zones greater than 2 mm were considered as positive evidence for potential production
of antimicrobial metabolites, including bacteriocins. For evaluating the nature of the in-
hibitory agent, possible inhibition due to organic acids and H2O2 was excluded based on
the specificity of the pretreated CFS. All experiments were performed in triplicate on at
least two independent occasions.

For evaluation of the titer of produced extracellular antimicrobial metabolites, the ap-
proach recommended by Todorov et al. [32] was applied. CFS obtained as described before
was serially diluted two-fold in sterile 100-mM phosphate buffer (K2HPO4/KH2PO4) with
a pH of 6.5, and 10 µL of each dilution were tested against L. monocytogenes ATCC15313
as previously described, with inhibition zones of at least 2 mm in diameter considered as
positive. Levels of antimicrobial activity were expressed as arbitrary units per milliliter
(AU/mL), taking into consideration a value corresponding to the reciprocal of the highest
dilution that presented inhibitory halos from each experiment [32].

The proteinaceous nature of the produced extracellular antimicrobial compounds in
the CFS was analyzed according to recommendations of dos Santos et al. [31]. CFS samples
were subjected to treatment with different proteolytic enzymes (proteinase K, pronase,
pepsin, trypsin, and α-chymotrypsin for confirmation of proteinaceous nature), α-amylase
(for evaluation of the potential presence of carbohydrate moieties, which are part of the
active molecular complex), and catalase (for excluding possible H2O2 production) (all en-
zymes from Sigma–Aldrich, St. Louis, MO, USA) at a final concentration of 0.1 mg/mL at
37 ◦C for 2 h. To stop the enzymatic reactions, set-ups were heat treated (95 ◦C for 3 min)
and then evaluated for evidence of active antimicrobial proteins, as described above [31].
Antimicrobial activity was determined against L. monocytogenes ATCC15313 as the test
microorganism. In addition, CFS of the examined strain not treated with enzymes, and pure
enzymes were evaluated as controls.
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2.6. Stability of the Antimicrobial Substance(s)—pH, Temperature, and Chemicals

Antimicrobial metabolites produced by the studied strain were evaluated for its
activity in the presence of some chemicals, and at different temperatures and pH values [31].
Previously prepared CFS was mixed with 10 mg/mL of Tween 20, Tween 80, NaCl, SDS,
EDTA (all provided from Sigma–Aldrich), milk (Difco), and glycerol (Junsei Chemical
Co., Ltd., Nihonbashi-honcho, Chuo-ku, Tokyo, Japan) to a final volume of 2 mL and
incubated for 60 and 120 min at 37 ◦C. Before testing for antimicrobial activity, the pH of all
experimental set-ups was adjusted to 5.5–6.5 if needed. In the experiment for evaluation
of the effect of pH, CFS of the selected strains was prepared as described previously,
and adjusted to pH values of 2.0, 4.0, 6.0, 8.0, and 10.0, respectively (with 1 M of HCl
or 1 M of NaOH), and incubated for 60 and 120 min at 37 ◦C. Effect of temperature on
antimicrobial metabolites stability was evaluated by incubating previously prepared CFS of
the evaluated strain (with adjusted pH 5.5–6.5) at 30, 37, 45, 60, 80, and 100 ◦C, respectively,
for 60 and 120 min, and by autoclaving at 121 ◦C for 20 min. Activity of all set-ups were
tested against L. monocytogenes ATCC15313, a sensitive indicator strain. Untreated CFSs
of the examined strains at the examined temperatures, pH, or chemicals and solutions of
applied chemicals were evaluated as controls.

2.7. Screening of Virulence Genes

In these experiments, genes, parts of the expression of hemolysin BL, and non-
hemolytic enterotoxin were evaluated by PCR reactions [33], performed on the Veriti
96-well Thermal Cycler, Applied Biosystems. The selected strains were tested for the
presence of virulence genes encoding hemolysin BL (hblA: 5′- AAG CAA TGG AAT ACA
ATG GG -3′and 5′- AGA ATC TAA ATC ATG CCA CTG C -3′; hblB: 5′- AAG CAA TGG
AAT ACA ATG GG -3′ and 5′- AAT ATG TCC CAG TAC ACC CG -3′; hblC: 5′- GAT
ACY AAT GTG GCA ACT GC -3′ and 5′- TTG AGA CTG CTC GYT AGT TG -3′) and
nonhemolytic enterotoxin (nheA: 5′- GTG AGG ATC ACA ATC ACC GC -3′ and 5′- ACG
AAT GTA ATT TGA GTC GTC GC -3′; nheB: 5′- TTT AGT GGA TCT GTA CGC -3′ and
5′- TTA ATG TTC GTT AAT CCT GC -3′; nhe C5′- TGG ATT CCA AGA TGT AAC G
-3′and 5′- ATT ACG ACT TCT GCT TGT GC -3′), in accordance with the PCR protocols of
Guinebretière et al. [33]. The generated amplicons were separated via gel electrophoresis
on 1.0–2.0% (w/v) agarose gels in 1x TAE buffer at 100 V for 1 h in presence of 0.02 µL/mL
of SYBR®Safe (Thermo Fisher) as described before.

2.8. Virulence Activity—Physiological Approach

The evaluated strains were investigated by selected phenotypic tests to identify their
hemolytic activity and gelatinase production according to Colombo et al. [11]. All tests
were performed in at least three independent replicates.

The representatives of the evaluated culture were streaked on the surface of trypticase
soy agar (TSA) supplemented with 5% (v/v) defibrinated sheep blood (Synergy Innovation,
Seongnam-si, Republic of Korea). Plates were incubated for 24 h at 37 ◦C and the hemolytic
activity of each isolate was evaluated as total or β-hemolysis (clear halos around the
colonies), partial or α-hemolysis (greenish halos around the colonies), or γ-hemolysis
(absence of hemolysis). B. cereus ATCC27348, Escherichia coli ATCC25922, and Lactobacillus
plantarum ATCC14197 were applied as positive and negative controls, respectively.

For the evaluation for gelatinase activity of the investigated strains, the approach
proposed by Colombo et al. [11] was followed. For the purpose of the experiment, 1-µL
aliquots of the evaluated cultures were spotted on the surface of Luria–Bertani (LB) agar
(BD, Franklin Lakes, NJ, USA) supplemented with 3% (w/v) gelatin (BD). Plates were
incubated at 37 ◦C for 48 h, followed by maintaining the plates at 4 ◦C for 4 h. Evidence
for gelatin hydrolysis was recorded based on the formation of opaque halos around the
growing colonies. E. coli ATCC25922 served as a positive control, while Lb. plantarum
ATCC14197 and E. faecalis HEM200 served as negative controls.
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The potential to produce biogenic amines from the evaluated strains was performed
according to Bover–Cid and Holzapfel [9]. Evaluated cultures were grown at least five
times consecutively to MRS broth supplemented with 0.1% (w/v) amino acid precursors for
the production of biogenic amines. The biogenic amine precursors were added individually
and comprised lysine, tyrosine, ornithine, and histidine (Sigma–Aldrich) and 0.005% (w/v)
pyridoxal-5-phosphate (Sigma–Aldrich). The incubation was performed for 24 h at 37 ◦C,
and the last transfer performed was streaked in duplicate on a modified MRS agar according
to Bover–Cid and Holzapfel [9] which was supplemented with one of each biogenic amine
precursor described as above (1% w/v). All plates were incubated for 4 days at 37 ◦C and
the change of the color from yellow to purple was considered as a positive result for the
production of a biogenic amine. E. coli ATCC25922 and Lb. plantarum ATCC14197 served
as positive and negative controls, respectively.

2.9. Antimicrobial Susceptibility Profiling

The antimicrobial susceptibility testing for the Bacillus strains was performed accord-
ing to recommendations by the Clinical and Laboratory Standards Institute (CLSI) on the
Performance Standards for Antimicrobial Susceptibility Testing M45 for Bacillus spp. Using
the broth micro-dilution method, minimum inhibitory concentrations (MIC) were deter-
mined for the antibiotics ampicillin, gentamycin, kanamycin, streptomycin, erythromycin,
clindamycin, tetracycline, chloramphenicol (all from Sigma–Aldrich), vancomycin (Cheil
Jedang Pharma Co., Republic of Korea), and ciprofloxacin (Sigma–Aldrich), which is com-
monly applied as an antibiotic agent in treatment of Bacillus infections (https://clsi.org/,
accessed on 25 March 2020).

Cation-adjusted Mueller–Hinton broth, additionally supplemented with 5.0 g/L (v/v)
MRS was distributed in a sterile 96-well micro-dilution plate (SPL Life Sciences, Pocheon-
si, Gyeongi-do, Republic of Korea). Fifty microliters in different concentrations of each
antibiotic, previously prepared to cover expected ranges of MIC values, were added to 50 µL
of a bacterial suspension, adjusted to approximately 105 CFU/mL based on the McFarland
scale. The plates were incubated for 24 h at 35 ºC ± 1, according to recommendations
of EUCAST [34]. The MIC values, defined as the lowest concentration that completely
inhibits bacterial growth, were read in a spectrophotometer and compared to the cut-off
set of EUCAST. Each antibiotic was assessed in at least two individual experiments.

2.10. Detection of Vancomycin Resistant Genes

The DNA previously isolated from the evaluated strains was subjected to PCR analysis
for investigating the presence of vancomycin resistance genes vanA (vanAB/F: 5′ –GTA
GGC TGC GAT ATT CAA AGC - 3′; vanA/R: 5′ – CGA TTC AAT TGC GTA GTC CAA - 3′),
vanB (vanAB/F: 5′ – GTA GGC TGC GAT ATT CAA AGC - 3′; vanB/R: 5′ – GCC GAC AAT
CAA ATC CTC - 3′), vanC (vanC/F: 5′ – ATC CAA GCT ATT GAC CCG CT - 3′; vanC/R:
5′ –TGT GGC AGG ATC GTT TTC AT - 3′), vanD (vanD/F: 5′ – TGT GGG ATG CGA TAT
TCA A - 3′; vanD/R: 5′ – TGC AGC CAA GTA TCC GGT AA - 3′), vanE (vanE/F: 5′ – TGT
GGT ATC GGA GCT GCA G - 3′; vanE/R: 5′ – GTC GAT TCT CGC TAA TCC - 3′) and
vanG (vanG/F: 5′ – GAA GAT GGT ACT TTG CAG GGC A - 3′; vanG/R: 5′ – AGC CGC
TTC TTG TAT CCG TTT T - 3′) previously reported by Valledor et al. [35]. PCR products
were separated on 2.0% (w/v) agarose gels in 1x TBE and visualized as described before.

3. Results

Based on the application of the triple layer approach, applying MRS supplemented
with 2% agar as principal growth medium resulted in predominant growth of colonies with
morphology typical for representatives from genus Bacillus. Preliminary screening of bac-
terial strains with potential antimicrobial properties against L. monocytogenes ATCC15314
resulted in selection of 21 isolates. Based on preliminary observations, all isolates were
catalase positive, showed specific Bacillus colony morphology on solid media, and Gram-
positive, and thereby pre-identified as Bacillus spp. Additional antimicrobial activity tests

https://clsi.org/
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confirmed that 12 isolates were producers of antimicrobial compounds based on activity
against L. monocytogenes ATCC153131.

3.1. Differentiation and Identification

Twelve isolates with confirmed production of antimicrobial metabolites were differ-
entiated based on fingerprinting generated by RAPD-PCR and 5 distinct clusters were
identified (Figure 1). Biochemical, morphological, and physiological results were taken into
account in the selection of 5 representatives out of 12 isolates for 16S rRNA sequencing and
specific identification of these strains. Representatives from each cluster, ST03, ST06, ST08,
ST32, and ST109, were identified to belong to Bacillus velezensis, Bacillus amyloliquefaciens,
and Bacillus subtilis; and named Bacillus velezensis ST03, Bacillus velezensis ST32, Bacillus
amyloliquefaciens ST06, Bacillus amyloliquefaciens ST109, and Bacillus subtilis ST08.
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Figure 1. RAPD-PCR products generated with (A) primer OPL01 and (B) primer OPL11 for various isolates differentiated
in this study; lane M: O’GeneRuler 1 kb DNA Ladder (Fermentas).

3.2. Sugar Fermentation Profile (API50CHB) and Enzymes Production (APIZym)

The ability of the studied Bacillus strains (ST03, ST06, ST08, ST32, and ST109) to metabolize
different carbohydrates sources was evaluated based on the API50CHB test, and all tested
strains were able to ferment glycerol, L-arabinose, ribose, D-xylose, D-glucose, D-fructose,
D-mannose, inositol, mannitol, sorbitol, α-methyl-D-glucosamine, amygdalin, arbutin, esculin,
salicin, cellobiose, maltose, saccharose, trehalose, D-raffinose, amidon, and glycogen (Table 2).
In addition, only B. amyloliquefaciens ST109 fermented L-xylose and α-methyl-D-mannoside;
B. amyloliquefaciens ST06 and ST109 galactose andβ-gentiobiose, B. velezensis ST03 and ST32 and
B. amyloliquefaciens ST06 and ST109 lactose, B. amyloliquefaciens ST06 and ST109 and B. subtilis
ST08 melibiose and D-turanose, and B. subtilis ST08 inulin (Table 2).
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Table 2. Carbohydrate fermentation profile recorded for B. velezensis ST03, B. amyloliquefaciens ST06, B. subtilis ST08, B.
velezensis ST32, and B. amyloliquefaciens ST109 based on API50CHB (BioMerieux).

Carbohydrates ST03 ST06 ST08 ST32 ST109

control (no carbohydrate) − − − − −
glycerol, L-arabinose, ribose, D-xylose, D-glucose, D-fructose, D-mannose, inositol, mannitol, sorbitol,
α-methyl-D-glucosamine, amygdalin, arbutin, esculin, salicin, cellobiose, maltose, saccharose, trehalose, D-raffinose,
amidon, glycogen

+ + + + +

L-xylose, α-methyl-D-mannoside − − − − +
galactose, β-gentiobiose − + − − +
lactose + + − + +
melibiose, D-turanose − + + − +
inulin − − + − −
erythritol, D-arabinose, adonitol, β-methyl-xyloside, L-sorbose, rhamnose, dulcitol, N-acetylglucosamine, melezitose,
xylitol, D-lyxose, D-tagatose, D-fucose, L-fucose, D-arabitol, L-arabitol, gluconate, 2-keto-gluconate, 5-keto-gluconate − − − − −

+ Bacterial growth, evidence for fermenting the evaluated carbohydrate; − no bacterial growth.

Expression of different enzymes (alkaline phosphatase, esterase (C4), lipase esterase
(C8), acidphosphatase, naphthol phosphohydrolase, α-galactosidase, α-glucosidase, and β-
glucosidase) were recorded for the studied strains (ST03, ST06, ST08, ST32, and ST109) (Table 3).

Table 3. Enzyme production profile recorded for B. velezensis ST03, B. amyloliquefaciens ST06, B. subtilis ST08, B. velezensis
ST32, and B. amyloliquefaciens ST109 based on APIZym (BioMerieux).

Target Enzymes ST03 ST06 ST08 ST32 ST109

Control 0 * 0 0 0 0
alkaline phosphatase 5 3 3 3 3
esterase (C4) 4 4 4 5 3
lipase esterase (C8) 5 4 4 5 3
acid phosphatase 0 0 1 0 3
naphthol phosphohydrolase 3 3 3 3 3
α-galactosidase 0 0 1 0 0
α-glucosidase 3 3 5 3 3
β-glucosidase 1 3 4 4 4
lipase (C14), leucinearylamidase, valinearylamidase, cystinarylamidase, trypsin,
α-chymotrypsin, β-galactosidase, β-glucuronidase, N-acetyl-β-glucosaminidase,
α-mannosidase, α-fucosidase

0 0 0 0 0

* 3–5: Strong enzymatic activity, 1–2: Weak enzymatic activity. 0: No evidence for enzymatic activity (interpretation was performed in
accordance with the manual provided by BioMerieux).

3.3. Detection of Bacteriocin and Other Antimicrobial Genes

DNA samples obtained from the studied strains (ST03, ST06, ST08, ST32, and ST109)
generated positive results for the presence of lichenicidin in B. subtilis ST08, iturin in
B. velezensis ST03, B. amyloliquefaciens ST06 and B. amyloliquefaciens ST109, subtilosin in
B. velezensis ST03, B subtilis ST08 and B. amyloliquefaciens ST109, and surfactin in all studied
bacillus strains. No evidence based on the PCR reactions wasrecorded for the presence of
Class IIa bacteriocins thuricin, coagulin, orpediocin PA-1 (Table 4).

Preliminary results evaluating bacterial growth and production of bacteriocins sug-
gested that Luria–Bertani (LB) and nutrition broth can support bacterial growth; however,
bacteriocin production was recorded only at 200 AU/mL or lower for the studied strains.
Higher levels of expressed bacteriocins, between 800 and 1600 AU/mL, were recorded
when strains were cultured in MRS broth. Based on these observations, MRS was selected
as the growth medium for evaluation of bacteriocinogenic properties of B. velezensis ST03,
ST32, B. amyloliquefaciens ST06 and ST109, and B. subtilis ST08. The selected strains were
found to produce antimicrobial metabolites at an activity level of 800 AU/mL for B. velezen-
sis ST03, B. amyloliquefaciens ST06, and B. velezensis ST32, and 1600 AU/mL for B. subtilis
ST08 and B. amyloliquefaciens ST109, as determined against L. monocytogenes ATCC15313.
Moreover, the spectrum of activity of these antimicrobial metabolites produced by strains
ST03, ST06, ST08, ST32, and ST109 was determined against selected test organisms obtained
from different collections (Table 1).
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Table 4. Spread of antimicrobials, virulence- and vancomycin-resistant related genes in DNA obtained from B. velezensis
ST03, B. amyloliquefaciens ST06, B. subtilis ST08, B. velezensis ST32, and B. amyloliquefaciens ST109.

Bacillus
velezensis ST03

Bacillus
amyloliquefaciens ST06 Bacillus subtilis ST08 Bacillus

velezensis ST32
Bacillus

amyloliquefaciens ST109

Antimicrobials related genes

Class IIa bacteriocins − − − − −
Lichenicidin − − + − −
Thuricin − − − − −
Surfactin + + + + +
Iturin + + − − +
Coagulin − − − − −
Subtilosin + − + − +
Pediocin PA-1 − − − − −

Virulence genes

hblA − − − − −
hblB − − − − −
hblC − − + − −
nheA − − − − −
nheB − − − − +
nheC − − + − −

Vancomycin resistance genes

vanA − − − − −
vanB − − − − −
vanC − − − − −
vanD − − − − −
vanE − − − − −
vanG − − − − −

+ Detection of targeted gen; − absence of targeted gene.

All tested strains in this study (ST03, ST06, ST08, ST32, and ST109) remained partially
active after proteolytic enzyme treatment, albeit with reduced inhibition zones compared
to the controls (non-treated supernatants) suggesting that antimicrobial activity may be
related to a combination of antimicrobial protein (bacteriocin) in a combination with a
non-proteinaceous antimicrobial molecular structure, or partial resistance of bacteriocins
(antimicrobial peptide) to the effect of applied specific proteolytic enzymes. PCR analysis of
the DNA from strains ST03, ST06, ST08, ST32, and ST109 showed evidence for the presence
of a surfactin-related gene in all tested Bacillus spp. strains in this study.

3.4. Stability of the Antimicrobial Substances—Effect of pH, Temperature, and Chemicals

Antimicrobials produced by the strains ST03, ST06, ST08, ST32, and ST109 generally
presented stability of the activity after being exposed to the effect of different pH levels
(pH of 2.0, 4.0, 6.0, 8.0, and 10.0) and temperatures (30, 37, 45, 60, 80, and 100 ◦C, respectively,
up to 120 min, and at 121 ◦C for 20 min). In addition, their stability was not affected
notably in the presence of 10 mg/mL of Tween 20, Tween 80, NaCl, SDS, EDTA, milk,
or glycerol, respectively.

3.5. In Vitro Hemolytic Activity and Presence of Genes Related to Hemolysin and Non-Hemolytic
Enterotoxin Virulence Factors; Gelatinase and Biogenic Amine Production

Strains ST03, ST06, ST08, ST32, and ST109 generated different results and were evalu-
ated for their hemolysis behavior on blood agar plates. ST03, ST09, and ST32 were tested
positive for β-hemolysis. On the other side, results from PCR analysis targeting hblA, hblB,
hblC, nheA, nheB, and nheC showed that strains B. subtilis ST08 could carry hblC and nheC
and B. amyloliquefaciens ST109 was positive for nheB (Table 2).

From the tested strains ST03, ST06, ST08, ST32, and ST109, only ST109 generated posi-
tive results for gelatinase activity. However, for strains ST03, ST06, ST08, ST32, and ST109
we recorded production of all 4 tested biogenic amines, histamine, tyramine, putrescine,
and cadaverine, derived from histidine, tyrosine, ornithine, and lysine, respectively.

3.6. Antibiotic Resistance

Based on PCR analysis, no evidence for the investigated vancomycin resistance genes
(vanA, vanB, vanC, vanD, vanE, and vanG) could be recorded in the studied Bacillus strains
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(Table 2). Based on the in vitro test with vancomycin, all tested Bacillus strain were sus-
ceptible with cut-off values of 0.5 µg/mL, suggesting their susceptibility according to the
recommendations of CLSI (≤4 µg/mL) and EFSA (4 µg/mL) (Table 5).

Table 5. Antibiotic susceptibility for B. velezensis ST03, B. amyloliquefaciens ST06, B. subtilis ST08, B. velezensis ST32, and B.
amyloliquefaciens ST109.

Antibiotics
Experimental MIC (µg/mL) Values for Strains CLSI Cut-Offs (S, I, R) for

Bacillus spp. (µg/mL)
EFSA Cut-Offs for

Bacillus spp. (µg/mL)ST03 ST06 ST08 ST32 ST109

ampicillin 128 16 ≤0.25 128 64 ≤0.25, -, ≥0.5 n.r.
vancomycin 0.5 0.5 0.5 0.5 0.5 ≤4, *, * 4
gentamycin 0.5 0.5 2 0.5 0.5 ≤4, 8, ≥16 4
kanamycin 2 2 8 4 16 ≤1, 2, ≥4 8

streptomycin 8 8 64 8 2 n.r. 8
erythromycin 2 2 2 2 2 ≤0.5, 1-2, ≥4 4
clindamycin 0.5 ≤0.25 1 0.5 0.5 ≤0.5, 1-2, ≥4 4
tetracycline 4 4 4 8 ≤0.25 <4, 8, >16 8

chloramphenicol 4 2 4 1 2 ≤8, 16, ≥32 8
ciprofloxacin ≤0.25 ≤0.25 ≤0.25 ≤0.25 ≤0.25 ≤1, 2, ≥4 n.r.

S: Sensitive; I: Intermediate; R: Resistant; * no set values; n.r.: Antibiotic not listed in the recommendations of cited agency.

Results of the performed in vitro tests for determination of interaction of the studied
Bacillus strains and selected antibiotics are summarized in Table 5. All tested Bacillus
strains (ST03, ST06, ST08, ST32, and ST109) were susceptible to vancomycin, gentamycin,
chloramphenicol, and ciprofloxacin according to breakpoint values recommendations of
CLSI and EFSA (Table 5). The other tested antibiotics showed different interference with
activity of the studied Bacillus strains. Only strain ST08 showed susceptibility to ampicillin
with MIC value of≤0.25 µg/mL, while the other Bacillus strains were resistant to ampicillin.
All strains were resistant to kanamycin according to EFSA (with a cut-off value of 8 µg/mL),
however, intermediate for ST03 and ST06 according to CLSI (with cut-off of 2 µg/mL).
Based on the EFSA recommendations, only ST109 was susceptible to streptomycin and
the other strains were resistant. In addition, according to the recommendations of EFSA,
the studied strains were susceptible to clindamycin and tetracycline, but according to
CLSI, ST08 was intermediate to clindamycin (with cut-off of 1–2 µg/mL), and ST109 was
intermediate to tetracycline (with cut-off of 8 µg/mL). All tested strains were classified as
intermediate to the effect of erythromycin (with cut-off of 1–2 µg/mL) (Table 5).

4. Discussion

Preliminary screening of bacterial strains with anti-listerial activity resulted in selec-
tion of 21 isolates. Selection of L. monocytogenes as principal test organism in screening for
producer(s) of antimicrobial metabolites strains was based on relevance of that food-borne
pathogen for human and other animals’ health. L. monocytogenes is highly contagious mi-
croorganisms, able to survive in low pH and under refrigeration, and was listed as having
“zero tolerance” for different food products and by several countries [6,32,35]. All selected
potential bacteriocin producers were pre-identified as Bacillus spp. Different Bacillus strains
are well known as producers of an arsenal of antimicrobial metabolites, including bacte-
riocins, antibiotics, and enzymes [13–19,36–39]. These features are frequently explored
for industrial microbiological applications, and different Bacillus strains are used for large
scale production of antibiotics and enzymes [13,15,16]. Despite the fact that bacteriocin
production by Bacillus spp. is well documented [18,19,36–39], industrial production of such
bacteriocins has not been explored yet. On the other side, Bacillus starter cultures are well
known and applied in the production of different fermented food products in different
regions of Asia and Africa, including soybean paste [40], bikalga, an alkaline fermented
food [40], lanhouin, a traditional fish-based condiment from West Africa [41], kimchi and
chongkukjang from Korean Peninsula [42], and natto, soybean products from Japan [43,44].
Some of these Bacillus starter cultures are described as producers of bacteriocin [18,19] and
antibiotics [15]. On the other hand, application of antimicrobial metabolites produced by
Bacillus spp. in the control of spoilage or pathogenic organisms is well explored in the food
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industry. However, scientific questions are related to the identification and characterization
of the produced antimicrobials and their role in the effective control of spoilage organisms
and pathogens.

From 21 initially selected potential bacteriocin producers, 12 isolates with confirmed
production of antimicrobial metabolites were differentiated based on fingerprinting gener-
ated by RAPD-PCR, grouped in 5 distinct clusters (Figure 1) and were identified as Bacillus
velezensis ST03, Bacillus velezensis ST32, Bacillus amyloliquefaciens ST06, Bacillus amyloliquefa-
ciens ST109, and Bacillus subtilis ST08. Strains belonging to B. velezensis and B. subtilis subsp.
subtilis were previously isolated from kimchi [25,45], even if their role in the production
of this fermented cabbage product is still not very well established [25]. Bacillus spp. are
generally described as soil-related organisms, and their presence in kimchi may most prob-
ably be the consequence of low hygienic practices in the preparation process. On other
side, Bacillus spp. were described as important microbial cultures, taking part in the fer-
mentation processes of traditional fermented food products of plant origin [25,40,45,46].
Still, the putative role of Bacillus strains in the fermentation process of kimchi merits more
precise scientific evaluation.

The ability of the studied Bacillus strains to metabolize different carbohydrate sources
was evaluated based on the API50CHB test (Table 2). These results represent additional rel-
evant information for confirmation differences between the evaluated strains. Furthermore,
the carbohydrate fermentation profile can be applied as important information in the de-
sign of effective and low-cost growth-production media for the production of bacteriocins
in future potential biotechnological applications.

Expression of different enzymes were recorded for the studied strains by APIZym test
(Table 3). Bacillus spp. are known for their biologically active molecules, including enzy-
matic production abilities, and this is well explored by biotechnological industry [13–17].
Specific enzymatic activity can be discussed both as a positive and negative feature. Mon-
tel et al. [47] pointed out that aldehydes, alcohols, and acids derived from the breakdown
of some amino acids (leucine, valine, phenylalanine, and methionine) have a minimal
effect on the sensory quality (i.e., taste and smell) of the fermented products, but can be
more relevant in the reduction of allergenic characteristics of some proteins, and, related
to this, can be considered as beneficial. El Mecherfi et al. [48] suggested the production of
proteolytic and lipolytic enzymes is to be beneficial in the reduction of allergenicity in dairy,
meat, and even gluten in cereal-based products. Park et al. [49] evaluated the production
of lipolytic enzymes of Bacillus strains with regard to their potential application in the de-
velopment of anti-obesity probiotics. George [50] pointed to the fact that β-glucuronidase
is a carcinogenic bacterial enzyme that exerts negative effects on the liver and that such
enzymatic activity needs to be considered with special attention to the safety evaluation of
bacterial cultures.

Based on the bio-molecular approach, studied strains (ST03, ST06, ST08, ST32, and
ST109) generated positive results for the potential production of lichenicidin in B. subtilis
ST08, iturin in B. velezensis ST03, B. amyloliquefaciens ST06, and B. amyloliquefaciens ST109,
subtilosin in B. velezensis ST03, B subtilis ST08, and B. amyloliquefaciens ST109, and surfactin
in all studied Bacillus strains (Table 2). An overview of the literature showed that Bacillus
spp. can be multi-antimicrobial producers. Yang and Chang [51] reported on two bacteri-
ocins of 2.4 and 4.5 kDa produced by B. subtilis MJP1, isolated from meju. Wu et al. [52]
investigated two bacteriocins produced by B. subtilis JM4 isolated from soil in Korea, and
found a molecular mass of 1422.71 and 1422.65 Da, respectively, and differences only in the
seventh amino acid, as determined after purification, mass spectrometry, and amino-acid
sequencing. Salazar et al. [53] reported on two bacteriocins produced by B. amyloliquefaciens
ELI149 isolated from soil in Mexico.

The most widely studied bacteriocins produced by different representatives of the genus
Bacillus are subtilin [54,55] and subtilosin A [56,57]. Some reports focused on the application of
bacteriocins in the control of food spoilage and pathogenic organisms, with producing strains
belonging to B. subtilis, B. cereus, B. thuringiensis, and other Bacillus spp. [58,59]. Most bacte-
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riocins produced by Bacillus spp. strains were classified as class I (lantibiotics), with some
exceptions of a class II pediocin-like bacteriocin, such as coagulin [60].

The ability to produce and express antimicrobial metabolites, including antimicrobial
peptides, needs to be evaluated as an adaptive process, giving selective benefits for better
survival and colonization opportunity to the producing strain. This adaptive ecological
specificity also applies to representative strains of Bacillus spp. Generally, as part of
the soil–plant ecosystem, Bacillus spp. have to compete with several other groups of
organisms, and an arsenal of different antimicrobial metabolites can provide competitive
benefits to a producing strain, resulting in domination in a mixed culture. However, from
a metabolic point, additional research needs to be performed in order to clarify which
specific antimicrobials are expressed and/or in what proportions, based on purification
and mass spectrometry identification and/or following the specific RNA expression related
to appropriate genes involved in the production of reported antimicrobials. Thereby,
it should also be considered that environmental conditions may play a regulatory role in
the expression of these genes, as well as investigating how these processes are regulated.
As suggested by Chikindas et al. [6] investigations should also be directed to information
on activation of these genes either by inhibitory metabolites or whether these bacteriocins
play an additional role in the life cycle of the producer organism(s).

Studied strains were able to express bacteriocins between 800 and 1600 AU/mL when
cultured in MRS broth at 30 ◦C for 24 h, as determined against L. monocytogenes ATCC15313
and against some other test organisms obtained from different collections (Table 1). Most of
the studied antimicrobials showed a narrow spectrum of activity, generally inhibiting only
a few of the test strains. The specificity in the spectrum of activity is one of the principal
differences between these two classes of antimicrobial agents [61,62]. Therefore, these
results suggest that the evaluated strains are expressing bacteriocins rather than antibiotics.

The protein nature is a primary characteristic of bacteriocins, and by definition they are
considered as polypeptides [6,7,32]. However, while some classes of antibiotics are proteins
by nature as well, their final formation is by additional posttranslational modification [61].
In addition, they are characterized as peptides with significantly higher molecular mass
compared to other bacteriocins. Taking into consideration that preparation of the cell-free
supernatant was also included, heat treatment for 10 min at 80 ◦C by larger proteins was
supposed to be inactivated. Thus, the antimicrobials produced by strains ST03, ST06, ST08,
ST32, and ST109 may be considered as typical bacteriocins. However, all tested strains in
this study (ST03, ST06, ST08, ST32, and ST109) remained active after proteolytic enzyme
treatment, albeit with reduced inhibition zones compared to the controls (non-treated
supernatants) pointing that antimicrobial activity may be related to a non-proteinaceous
molecular structure, or partial resistance of bacteriocins (antimicrobial peptide) to the effect
of applied specific proteolytic enzymes. PCR analysis of the DNA from strains ST03, ST06,
ST08, ST32, and ST109 showed evidence for the presence of a surfactin related gene in
all tested Bacillus spp. strains in this study. Most probably the set strains may express
surfactin, a substance that has been previously shown to have antimicrobial activity [29].
Moreover, this is not surprising, since Bacillus spp. are known for their ability to produce a
variety of bioactive metabolites [13–17].

For scientific and technological information, the stability of antimicrobial compounds
at different temperatures, levels of pH, and in the presence of chemicals is a relevant prop-
erty in the characterization of newly isolated metabolites. Interactions with surfactants and
chelating agents can provide information related to the structures of proteins. Moreover,
interaction with common chemical additives applied in the food industry can provide
information about the relevance of application of specific antimicrobial metabolites in food
systems. Thereby, pH and temperature stability are important parameters for the practical
application of such antimicrobials as food additives and preservatives, and are important
characteristics in the development of antimicrobials for human and veterinary applica-
tions. Antimicrobials produced by the strains ST03, ST06, ST08, ST32, and ST109 generally
presented stability of the activity after being exposed to the effect of different pH levels
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(pH of 2.0–10.0) and temperatures (30–100 ◦C, respectively, up to 120 min, and at 121 ◦C for
20 min). In addition, their stability was not affected notably in the presence of 10 mg/mL
of Tween 20, Tween 80, NaCl, SDS, EDTA, milk, or glycerol, respectively. Stability in the
presence of different chemicals, exposure to temperatures, and various levels of pH has
been reported for numerous bacteriocins produced by LAB and Bacillus spp. [54–57].

Only ST03, ST09, and ST32 tested positive for β-hemolysis. Moreover, results from
PCR analysis targeting hblA, hblB, hblC, nheA, nheB, and nheC showed that strains B. subtilis
ST08 can carry hblC and nheC and B. amyloliquefaciens ST109 was positive for nheB (Table 4).
However, in order to be considered as positive for expression of hemolysin, a strain needs
to be positive for hblA, hblB, and hblC. For expression of non-hemolytic enterotoxin(s),
a strain needs to carry nheA, nheB, and nheC genes. Safety evaluation is a priority in the
evaluation of beneficial organisms. As part of these tests, hemolytic activity is considered as
an important virulence factor and a key in the safety evaluation of newly isolated bacterial
cultures towards their characterization as beneficial organisms. Hemolytic activity can play
a role in pathogenesis of harmful bacteria and was associated with anemia or edema in the
host based on facilitating acquisition of iron to the pathogen [63].

Only ST109 from all five tested strains generated positive results for gelatinase activity.
Production of the gelatinase enzyme is considered as a virulence factor in the evaluation
of safety of beneficial organisms, being related to the ability to hydrolyze collagens and
thereby maybe directly involved in the initiation of inflammatory responses [64]. Barbosa
et al. [64] reported in a study evaluating 76 enterococcal cultures that high numbers of them
(26%) were gelatinase producers. Franz et al. [65] previously reported similar observations
in the evaluation of safety for different beneficial cultures.

Biogenic amines are typically formed as decarboxylation products of amino acids.
For strains ST03, ST06, ST08, ST32, and ST109, we have recorded production of all 4 tested
biogenic amines, histamine, tyramine, putrescine, and cadaverine, derived from histidine,
tyrosine, ornithine, and lysine, respectively. Production of biogenic amines is an important
safety concern, and is frequently associated with the presence of food spoilage organ-
isms [66,67], but are also commonly produced during fermentation [68,69]. Uptake of high
levels of biogenic amines, and especially of histamine and tyramine, can result in health is-
sues and be associated with severe symptoms such as abdominal pain, diarrhea, headache,
hypertension, migraine, and possibly other neurological complications [70]. Characteri-
zation of the strains ST03, ST06, ST08, ST32, and ST109 as producers of biogenic amines
may compromise their application as beneficial cultures. On the other hand, appropriate
detection and quantification of the levels of biogenic amines need to be clearly assessed
in the products (kimchi) from where these strains were isolated in order to compare levels
of the produced biogenic amines in the fermented food products with the international
safety standards.

Biogenic amines are considered as toxic compounds and their levels in food prod-
ucts should not exceed specific levels (histamine, 100 mg/kg; tyramine, 100–800 mg/kg;
β-phenylethylamine, 30 mg/kg; total biogenic amines, 1000 mg/kg) [71,72]. Some polyamines
such as putrescine and cadaverine were reported to potentially have toxic consequences when
present in food [71], especially for sensitive persons. The ability of the specific strain to produce
biogenic amines is genetically determined; however, it is dependent on the specific growth
conditions and presence of precursors for this production. Levels of expression of specific
genes by studied strains and levels of accumulation of biogenic amines in the food products
need to be evaluated in the future to confirm if this will generate a concern issues related to
safety of studied strains.

Protein metabolism and formation of different free amino acids and/or small peptides
were intensively studied in different groups of microorganisms and their role as spoilage
or beneficial processes were evaluated [73–75]. Atanasova et al. [73] reported on the role
of starter cultures in the formation and free amino acids and different bioactive peptides
in cheeses fermented with Lactobacillus delbrueckii subsp. bulgaricus and Streptococcus
thermophilus; Stribny et al. [74] detailed the evaluated role of Saccharomyces spp. in the
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production of aroma-related higher alcohols and acetate esters in metabolism of amino acid
precursors; Perea–Sanz et al. [75] investigated the involvement of Debaryomyces hansenii
in the production of volatile sulfur compounds from sulfur amino acids and the related
metabolic pathway in different strains from food origins. Different bacterial cultures can
play an essential role as starters in the formation of organoleptic characteristics of the final
products; however, they can be stated as spoilage, when they were leading to formation of
unpleasant or toxic metabolites, including different sulfur compounds or biogenic amines.

Some of types of kimchi can contain additional ingredients, and high levels of proteins
and free amino acids can be recorded, and as consequence of fermentation processes,
accumulation of biogenic amines may occur during kimchi preparation [76]. Kimchi is a
highly popular side dish in the Korean Peninsula and, besides different beneficial properties,
its safety evaluation has been the subject of different studies, including the presence of
biogenic amines and their quantification in the final, ready-to-eat products [77–80].

No evidence for the presence of vanA, vanB, vanC, vanD, vanE,or vanG was recorded in
the studied Bacillus strains (Table 4). Based on the in vitro test with vancomycin, all tested
Bacillus strains were susceptible with cut-off values of 0.5 µg/mL, suggesting their sus-
ceptibility according to the recommendations of CLSI (≤4 µg/mL) and EFSA (4 µg/mL)
(Table 5). Moreover, additional results regarding the interaction of the studied Bacillus
strains and selected antibiotics are summarized in Table 5.

Kang et al. [81] reported on the isolation of LAB from kimchi and the identification of
high levels of tetracycline resistance. Ten out of 50 different batches of kimchi were sources
of isolation of antibiotic-resistant LAB with MICs of tetracycline ranging between 25 and up
to higher than 100 µg/mL, in addition to the identification of specific genetic determinants
as well [81]. Kang et al. [81] even alarmed that “kimchi can be considered as a potential
vehicle for the spread of antibiotic-resistant lactic acid bacteria along the food chain to
the consumers”. Antibiotic resistance is a highly relevant topic in the safety evaluation of
beneficial organisms. The possible spread of antibiotic-resistant genes between beneficial
organisms and pathogens or other inhabitants of the gastro intestinal tract (GIT) is a justified
argument in discussing the safety features of probiotics and starter cultures. However,
Suvorov [82] pointed out that scenarios of horizontal transfer of antibiotics resistance genes
in Enterococcus spp. are most probably somewhat exaggerated, and deeper studies on this
topic need to be conducted. On the other side, present knowledge is pointing to the fact
that strains carrying antibiotic resistance factors need to be considered as a potential hazard,
and according EFSA and CLSI recommendations, such strains should not be recommended
for application as starter cultures or as live probiotics.

5. Conclusions

Different bacteriocinogenic Bacillus strains were isolated from kimchi. Bacteriocin
production is generally considered as a beneficial property by which starter cultures
may have selective advantage in a mixed population for conquering an ecological niche.
This may also include inhibition and elimination of sensitive pathogenic bacterial strains.
However, when bacteriocinogenic strains are characterized to carry virulence or antibiotic
resistance determinants, or found to possess virulence characteristics, then production
of antimicrobial peptides may be considered as enhancing factors of virulence potential.
The presence of strains with hemolytic activity in kimchi needs to be regarded as undesired
and a potential health hazard to the consumers. On other side, antimicrobial properties
of the strains may serve as basis for the development of appropriate biotechnological
processes, and for exploring the application of the expressed antimicrobials.
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