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Preface to ”Probiotics and Antimicrobial Effect”

Dear Colleagues,

According to the definition accepted by the WHO and FAO in 2001 and the grammatical update

conducted by the Panel of the International Scientific Association for Probiotics and Prebiotics in

2014, probiotics are defined as “live microorganisms that, when administered in adequate amounts,

confer a health benefit on the host.”The antimicrobial or antagonistic activity of probiotics is an

important property that includes the production of antimicrobial compounds, competitive exclusion

of pathogens, enhancement of the intestinal barrier function in resisting pathogens and others. There

are many methods to ascertain probiotic properties, including various in vitro and in vivo methods.

The in vitro methods include various modifications of the spot-on lawn assay, agar well diffusion

assay (AWDA), co-culturing methods, usage of cell lines and others. The in vivo methods utilise

animal models; however, their use is being restricted according to the European legislation OJ

L136. The most important studies are double-blinded randomized placebo controlled clinical trials;

however, these studies are difficult to perform as it is not easy to achieve uniform conditions. There is

a clear need for more elaborate assays that would better represent the complex interactions between

the probiotics and the final host. Our issue mainly focuses on the antimicrobial or antagonistic activity

of probiotics and the methods to ascertain probiotic properties, including various in vitro and in vivo

methods.

Sabina Fijan

Editor
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Editorial

Probiotics and Their Antimicrobial Effect
Sabina Fijan

Faculty of Health Sciences, University of Maribor, Žitna ulica 15, 2000 Maribor, Slovenia; sabina.fijan@um.si

This Special Issue of the journal Microorganisms highlights the importance of the
antimicrobial effect of probiotics. According to the definition accepted by the World Health
Organization and the Food and Agriculture Organization of the United Nations in 2001 and
2002 [1,2] as well as the grammatical update conducted by the Panel of the International
Scientific Association for Probiotics and Prebiotics (ISAPP) in 2014 [3], probiotics are
defined as “live microorganisms that, when administered in adequate amounts, confer
a health benefit on the host.” The antimicrobial or antagonistic activity of probiotics is
an important property that includes the production of antimicrobial compounds, such as
bacteriocins, competitive exclusion of pathogens, enhancement of the intestinal barrier
function in resisting pathogens, as well as enhancing the immune system of the host in order
to successfully combat pathogens [4,5]. There are many methods to ascertain antimicrobial
probiotic properties, including various in vitro and in vivo methods. The in vitro methods
include various modifications of the spot-on lawn assay, agar well diffusion assay (AWDA),
co-culturing methods, usage of cell lines and others [6]. The in vivo methods utilize animal
models; however, in favour of the protection of animals, alternative methods are being
researched to replace all animal research according to the EU directive 2010/63/EU and
its consolidated text EUR-Lex—02010L0063-20190626 from 2019 [7,8]. The most important
studies on the efficacy of probiotic strains are robust and well-designed, double-blinded
randomized placebo-controlled clinical trials that face their own challenges as it is not easy
to achieve uniform conditions of participants to eliminate all other influences [6,9]. There is
a clear need for more elaborate assays that would better represent the complex interactions
between the probiotics and the final host.

The main common probiotics are members of the lactobacilli group, which has re-
cently been divided into 25 genera [10] (including, but not limited to, certain strains of
the following species: Lactobacillus acidophilus, Lactobacillus delbrueckii subsp. bulgaricus,
Lactobacillus gasseri, Lactobacillus crispatus, Lacticaseibacillus rhamnosus, Lacticaseibacillus casei,
Lactiplantibacillus plantarum, Limosilactobacillus reuteri, Levilactobacillus brevis, Ligilactobacil-
lus salivarius and others), and Bifidobacterium genera (e.g., Bifidobacterium animalis subsp.
infantis, Bifidobacterium longum, Bifidobacterium bifidum, and others). Furthermore, certain
strains from other bacterial species (e.g., Lactococcus lactis, Pediococcus mesenteroides, Ente-
rococcus faecium, Streptococcus thermophilus, Bacillus subtilis, Bacillus coagulans, Clostridium
butyricum, Escherichia coli) and even certain strains from certain yeasts (e.g., Saccharomyces
cerevisiae var. boulardii) qualify as probiotics [11]. Lactic acid bacteria constitute a diverse
group of Gram-positive, non-spore-forming bacteria, involved in numerous fermentation
processes that produce lactic acid from carbohydrates via the homofermentative or het-
erofermentative pathway [12,13]. The major representatives of this group are Lactobacillus,
Lactococcus, Streptococcus, Leuconostoc, Pediococcus, Enterococcus, Oenococcus and Weissella
genera [12]. The Lactobacillus genus as well as other lactic acid bacteria have many strains
with well-known antimicrobial properties [14]. Cytokine production is also attributed to
probiotic lactic acid bacteria, linked to their action in the gut-associated lymphoid tissue
that influences host immunity by protecting the host from infections caused by pathogens
as well as suppressing allergic symptoms and even cancer [15–17]. In the study by Yin and
co-authors [15], it was found that the strain Levilactobacillus brevis JCM 1059 was most effi-
cient in bacterial uptake by differentiated monocytic THP-1 cells, as well as in subsequent
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interleukin-12 (IL-12) production. The review by Ahmed and co-authors [17] investigated
the antimicrobial and anti-inflammatory effects of various Weissella species, and found that
they are clinically treatable bacteria with emerging antimicrobial and probiotic benefits
ranging from oral health, skin care, obesity, and inflammatory diseases to cancer.

Current research is focused on finding novel or next-generation probiotic strains
with antimicrobial properties that can efficiently modulate the ecological taxa composition
and functionality of the human microbiota in the gut and beyond. The most commonly
used pathogens to assess the antimicrobial activity in the publication of this issue were
from the following genera or species: Pseudomonas spp., Klebsiella spp., Escherichia coli,
Staphylococcus aureus, Streptococcus spp., Bacillus spp. and Salmonella spp. [18–22]. In the
study by Schifano and co-authors [22] several novel Leuconostoc mesenteroides strains (C1,
C2, C3) and a Weissella soli strain (T4), isolated from carrots exhibited strong inhibition
against common pathogens. Some strains of the Bacillus genus that fulfil the criteria of
safety assessment and the status of qualified presumption of safety [23] have also shown
an efficient phenotypic antimicrobial effect. Torres-Sánchez and co-authors [18] found
that Bacillus siamenensis-like strains (rB1, rB3), isolated from the human gut microbiota,
were most efficient in antimicrobial activity. Additionally, two potential probiotic strains:
Bacillus subtilis CP9, isolated from a desert camel, in the study by Sudan and co-authors [20]
and Bacillus subtilis Fa17.2, isolated from wild Bromelia sp. Flowers, in the study by Tenea
and co-authors [21], exhibited antimicrobial activity. On the other hand, the strain Bacillus
coagulans MTCC 5260 used in the study by Fijan and co-authors [19] exhibited only a slight
antimicrobial effect against clinical wound pathogens, thus proving the importance of
addressing strain specific properties [3,24].

Several multi-strain probiotics used in the study by Fijan and co-authors [19], such
as OMNi-BiOTiC® dietary supplements, Bio-Kult® and NutriVital Ultra SB, exhibited
more efficient antimicrobial action compared to single-strain probiotics, perhaps due to
interactions in mixed microbial cultures are driven by metabolite exchanges and are de-
pendent on symbiotic and sometimes competitive behaviours [20]. However, the same
study [19] also found that various single strain lactobacilli with well-known antimicrobial
properties, including Lacticaseibacillus rhamnosus LGG, Lacticaseibacillus paracasei Shirota,
Limosilactobacillus reuteri DSM 17938 and Lactiplantibacillus plantarum subsp. plantarum DSM
2601 showed efficient antagonistic activity against clinical wound pathogens. The author
concluded that perhaps an individualistic approach such as a ‘probiogram’ could be a
possibility in the future as a method to find the most efficient targeted probiotic strains, cell-
free supernatants, or neutralized cell-free supernatants that have the highest antagonistic
effects against individual clinical wound pathogens.

The agar well diffusion assay using cell-free supernatants [18–22] was the most com-
monly used method to assess the antimicrobial efficiency of the selected probiotics and
other beneficial microbes with probiotic properties. Cell-free supernatants are regarded
as postbiotics if a beneficial effect to health is observed [25]; thus, efficient antimicrobial
effects found in in vitro studies are the first step in establishing new postbiotics. Cell-free
supernatants contain metabolites with antimicrobial properties such as bacteriocins, or-
ganic acids, including fatty acids, amphiphilic membrane active biosurfactants as well
different metabolites with possible antimicrobial effects such as tryptophan-, polyamine-,
glutathione- metabolites and others [19–21]. Organic acids may have potentiated the activ-
ity of other antimicrobial metabolites, which can trigger acidification and/or acid-mediated
cell membrane variation to exert an apparent antagonistic effect [21]. Bacteriocins, such as
nisins, lactacins, enterocins, colicins, etc., are ribosomal-synthesized peptides or proteins
produced by bacterial strains with a strong ability to inhibit pathogenic bacteria and na-
noencapsulation prevents proteolytic enzyme degradation and unwanted interactions with
food components by enhancing food stability, as found by Shafique and co-authors [26].
Heat stability of antimicrobial substances is also an important trait when selecting bac-
teriocinogenic producer strains intended to be used as preservation agents in processed
foods [21]. The agar spot and co-culturing assays were used in two publications of this
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issue [19,20]. Both methods investigate the antagonistic effect of viable probiotics against
pathogens, where one measures the zone of inhibition of pathogen growth around the
spotted probiotic and the other determines the cfu of the pathogen after incubation with
the probiotic.

One route to treat or prevent infectious diseases caused by viruses is the use probiotics.
Steyer and co-authors [27] conducted a literature review of randomised placebo controlled
clinical studies on the antiviral properties against rotavirus gastroenteric infections in
children and Hung and co-authors [28] conducted a literature review on the evidence of
oral probiotics as a therapy for the gastrointestinal involvement in COVID-19 patients.
Oral probiotics had been evidenced to improve gut health in achieving homeostasis by
exhibiting their antiviral effects via the gut–lung axis [29] and patient with COVID-19 have
significant changes in fecal microbiomes, characterized by the enrichment of opportunistic
pathogens and the depletion of beneficial commensals, which is vastly associated with
disease severity [28,30]. Registered clinical trials of probiotics in COVID-19, mainly with
lactobacilli and mixtures of bifidobacteria and lactobacilli genera are ongoing and thus
the preventive or therapeutic role of probiotics for such patients can be elucidated in the
near future [28]. Saccharomyces cerevisiae var. boulardii, Lacticaseibacillus rhamnosus GG, and
various multi-strain probiotics exhibited antiviral properties against rotavirus gastroenteric
infections in children [27]. The underlying mechanism of the probiotics against rotavirus
gastroenteric infections in children included immune enhancement and modulation of
intestinal microbiota leading to the shortening of diarrhoea. Many factors influence the
outcome of the clinical study, including: correct strain selection and dosage of probiotics, du-
ration of treatment, quality of probiotics as well as the production process of probiotics [27].
More robust, well-designed clinical studies addressing all factors are warranted.

Overall, this Special Issue has brought together new studies on the antimicrobial ef-
fects of various novel probiotics from the Weissella, Bacillus, Leuconostoc and Levilactobacillus
genera, as well as well-known probiotic food supplements. It also highlights successful ap-
plications of probiotics for different infectious diseases including rotaviral gastrointestinal
infections, wound infections and even COVID-19.

Conflicts of Interest: The author declares no conflict of interest.
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Uptake of Levilactobacillus brevis JCM 1059 by THP-1 Cells via
Interaction between SlpB and CAP-1 Promotes
Cytokine Production
Tingyu Yin 1,† , Xiaoxi Zhang 2,†, Shun Iwatani 1,3, Kazuhiko Miyanaga 4 and Naoyuki Yamamoto 1,*

1 School of Life Science and Technology, Tokyo Institute of Technology, Yokohama 226-8501, Kanagawa, Japan
2 Department of Microbiology and Immunology, School of Medicine, Keio University, 35 Shinanomachi,

Shinjuku, Tokyo 160-8582, Japan
3 Tsukuba Biotechnology Research Center, Astellas Pharma Inc., 5-2-3, Tokodai,

Tsukuba-shi 300-2698, Ibaraki, Japan
4 Department of Infection and Immunity, School of Medicine, Jichi Medical University, 3311-1, Yakushiji,

Shimotsuke-shi 329-0498, Tochigi, Japan
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Abstract: Several probiotic lactic acid bacteria (LAB) exert immunomodulatory effects on the host.
However, the reasons for the different effects of LAB have not been fully elucidated. To understand
the different immunomodulatory effects of LAB, we evaluated the levels of critical molecules in
differentiated monocytic THP-1 and dendritic cells (DCs) following the uptake of various LAB strains.
Lactobacillus helveticus JCM 1120, Lactobacillus acidophilus JCM 1132, Levilactobacillus brevis JCM 1059,
and Lentilactobacillus kefiri JCM 5818 showed significantly higher uptake among the 12 LAB species
tested. The uptake of microbeads by THP-1 DC increased when coupled with the surface layer
proteins (Slps) from the tested strains. SlpB was mainly observed in the L. brevis JCM 1059 Slps extract.
The expected cell surface receptor for SlpB on THP-1 DC was purified using SlpB-coupled affinity
resin and identified as adenylyl cyclase-associated protein 1 (CAP-1). SlpB binding to THP-1 DC
decreased after the addition of anti-CAP-1 and anti-DC-SIGN antibodies but not after the addition
of anti-macrophage-inducible C-type lectin (Mincle) antibody. These results suggest that SlpB on
L. brevis JCM 1059 plays preferentially binds to CAP-1 on THP-1 DC and plays a crucial role in
bacterial uptake by THP-1 cells as well as in subsequent interleukin-12 (IL-12) production.

Keywords: lactic acid bacteria; THP-1; dendritic cells; Levilactobacillus brevis; SlpB; CAP-1; IL-12

1. Introduction

Probiotics are bioactive microbes that have beneficial effects on the host and improve
their intestinal microbial balance [1]. The human microbiota primarily includes bacteria that
can profoundly influence health and disease. Several studies have shown that probiotics
have various biological functions. They can improve intestinal morphology, maintain
intestinal microbial balance, and improve host immunity [2,3]. Several probiotic lactic acid
bacteria (LAB) exert immunomodulatory effects on the host, protecting from the infections
caused by pathogenic bacteria and suppressing allergic symptoms [4]. Lactobacillus strains
are known to be potent inducers of proinflammatory cytokines, such as interleukin-12
(IL-12) and tumour necrosis factor α (TNFα) in the gut [5,6]. The immunomodulatory
effects of lactobacilli are closely linked to their uptake by the gut-associated lymphoid
tissue (GALT) and ability to modulate mucosal immune responses. Sampling intestinal
bacteria, such as probiotic LAB strains, by the mucosal epithelium is essential for initiating
immune responses in the GALT. The uptake of LAB by the microfold cells (M cells) in
the follicle-associated epithelium (FAE) is a crucial event for the activation of the immune
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cells, such as the antigen-presenting dendritic cells (DCs), within the lymphoid follicles of
the GALT [7].

DCs play a crucial role in defence against many pathogens by inducing cellular immu-
nity after pathogen recognition [8,9]. DCs are activated in response to intestinal microbes
and mediate the differentiation of naïve T cells into T helper type 1 (Th1) and Th2 cells [10].
DCs recognise pathogens via cell surface receptors, such as toll-like receptors [11,12] and
C-type lectins [13]. DC-specific ICAM-3-grabbing non-integrin (DC-SIGN) is a DC-specific
type II transmembrane protein with a C-type lectin extracellular domain [14,15] that plays
a crucial role in the first contact between DCs, and probiotic and pathogenic bacteria.

Microbial-associated molecular patterns (MAMPs) modulate multiple host immune
responses. Lipopolysaccharide (LPS), lipoproteins (LP), peptidoglycan (PG), polysaccha-
ride A (PSA), lipoteichoic acids (LTA), microbial RNA, and DNA have been reported as
MAMPs components [16]. Recognition of pathogenic and commensal bacteria-derived
MAMPs by host pattern recognition receptors (PRRs) leads to the induction of different
host immune responses [17].

Enterobacteriaceae, such as Escherichia coli [18], Shigella spp., and Salmonella spp [19,20]
have been reported to induce phagocytosis after binding to DC-SIGN on DC surfaces.
Among LAB, the surface layer proteins (Slps) on Lactobacillus acidophilus [21,22], Lentilacto-
bacillus kefiri [23], and Lactobacillus helveticus [22] have been shown to bind to the DC-SIGN
receptor induced on DCs. Macrophage-inducible C-type lectin (Mincle), a C-type lectin
on differentiated macrophages, was reported to be the receptor for the Slps from Levilac-
tobacillus brevis [24]. However, the binding of Slps of Lactobacillus species with various
sequences and isoelectric points [25] involved in these immunomodulatory properties
remains unknown. Slps are readily released from Lactobacillus cells by treatment with
chaotropic reagents, such as LiCl [26], due to their non-covalent ionic binding to the cell
surface. Twelve kinds of strains commonly used as probiotic LAB species were randomly
selected. The major Slps from various LAB strains were coupled with microbeads to deter-
mine their ability to support bacterial uptake. Additionally, the critical receptors on THP-1
DC, which are involved in LAB binding, were identified.

Here, we report a novel receptor protein called adenylyl cyclase-associated protein
1(CAP-1), which is expressed on THP-1 DC and has an affinity for L. brevis JCM 1059 SlpB.
Finally, we outline the importance of SlpB-CAP-1 binding for cellular uptake and subse-
quent cytokine production.

2. Materials and Methods
2.1. Bacterial Strains and Fermentation

All LAB strains listed in the Table 1 were obtained from the Japan Collection of
Microorganisms (JCM) and our culture collections. LAB strains were cultured in Man
Rogosa Sharpe (MRS, Becton, Dickinson and Company, Sparks, MD, USA) medium at
30 ◦C or 37 ◦C for 20 h, as described in Table 1. Human originated THP-1 monocyte cells
were obtained from RIKEN Cell Bank (JRCB0112).

2.2. Induction of DC-SIGN and CAP-1 Expression on Differentiated THP-1 Cells

To confirm the differentiation of THP-1 cells into DC (THP-1 DC), the cell surface
expression of DC-SIGN was evaluated by flow cytometry (EC800, SONY) after adding
anti-DC-SIGN (Novus Biologicals USA, Centennial, CO, USA) and anti-CAP-1 antibodies
(Novus Biologicals USA, Centennial, CO, USA). THP-1 cells obtained from JCM were
maintained in Roswell Park Memorial Institute 1640 (RPMI 1640) supplemented with 10%
fetal bovine serum (FBS) at 37 ◦C in a 5% CO2 humidified incubator. THP-1 cells were
seeded in 24-well culture plates (3 × 105 cells/mL) and treated with 50 nM phorbol 2-
myristate 13-acetate (PMA, Adipogen Life Science, Liestal, Switzerland) and 20 ng/mL IL-4
(Peprotech, Cranbury, NJ, USA) to promote the differentiation of THP-1 DCs. THP-1 cells
were cultured with PMA for 1 d, PMA mixed with IL-4 for one day, PMA for two days, PMA
mixed with IL-4 for two days, or PMA for two days, followed by IL-4 for two days at 37 ◦C.
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Before harvesting the cells, they were incubated in 4% paraformaldehyde (PFA) for 10 min.
The cells in each well were then detached by adding 1 mM ethylenediaminetetraacetic acid
(EDTA)-PBS and transferred to a 1.5 mL plastic microtube. After washing the cells thrice
with PBS, DC-SIGN and CAP-1 gene expression were monitored at 490/525 nm via flow
cytometry. Anti-DC-SIGN or anti-CAP-1 antibody was added to the cells (5 ng/mL) before
incubation at room temperature for 1 h. After washing the cells with PBS, they were mixed
with anti-IgG-Alexa 488 (50 ng/mL, Thermo Fisher Scientific Company, Waltham, MA,
USA) and incubated at 25 ◦C for 1 h.

Table 1. Lactic acid bacteria and culture incubation temperature.

Strain Temperature
(◦C) Origin

Lactobacillus helveticus JCM 1120 37 Cheese

Lactobacillus acidophilus JCM 1132 37 Human feces

Lactobacillus amylovorus JCM 1126 37 Cattle waste

Lacticaseibacillus rhamnosus JCM 1136 37 Unknown

Lactobacillus delbrueckii subsp.
bulgaricus JCM 1002 37 Bulgarian yogurt

Levilactobacillus brevis JCM 1059 30 Human feces

Lactiplantibacillus plantarum JCM 1100 30 Unknown

Lentilactobacillus kefiri JCM 5818 30 Kefir grains

Lacticaseibacillus paracasei subsp.
paracasei JCM 8130 30 Milk product

Lactiplantibacillus plantarum subsp.
plantarum JCM 1149 30 Pickled cabbage

Lactococcus lactis subsp. cremoris NZ9000 30 Mutant of L. lactis MG1363

Lactococcus lactis subsp. lactis IL1403 30 Cheese
All LAB strains obtained from the Japan Collection of Microorganisms (JCM) and our culture collections were
cultured in MRS medium at 30 ◦C or 37 ◦C for 20 h. Reported origin for each strain was showed.

2.3. Sulfo-Cyanine3 Labelling

Twelve types of LAB cells were labelled with sulfo-cyanine3 (Cy3) using a Cy3 Mono-
reactive dye labelling kit (GE Healthcare Bio-Sciences KK, Tokyo, Japan), according to the
manufacturer’s instructions. Briefly, all LAB strains were cultured in 50 mL MRS medium
at 30 ◦C or 37 ◦C for 20 h, harvested via centrifugation at 6000× g for 10 min, and then
washed twice with 5 mL of 0.1 M NaHCO3 (pH = 9.3). Cells were suspended in 500 µL of
1 M NaHCO3 (pH 9.3) and mixed with the Cy3-labelling reagent at 25 ◦C for 1 h. The Cy3
labelled LAB were washed with PBS and used for the THP-1 DC uptake study.

2.4. Preparation of Slps Coupled Microbeads

Twelve LAB strains were washed twicw with PBS by centrifugation at 6000× g for
10 min to collect the pellet. Then the cells in the pellet were suspended in 1 M LiCl
and washed once with 1 M LiCl. Then, the collected cells were suspended in 20 mL
of 5M LiCl and the supernatant was collected after centrifugation and dialysed against
300 times the volume of 20 mM phosphate buffer (pH 6.8) and freeze-dried for storage
at −30 ◦C until future use. To prepare the Slps and ovalbumin conjugated fluorescein
isothiocyanate (FITCOVA, Invitrogen) coupled microbeads, Slps (5 µg/mL) and FITCOVA
(5 µg/mL) were incubated with the hydrophilic 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide hydrochloride (GN) microbeads (Kamakura Techno-Science, Inc., Tokyo, Japan)
pre-activated in 3.3% (v/v) glutaraldehyde at 30 ◦C for 1 h (Slps-microbeads). Subsequently,
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the Slps-microbeads were blocked by mixing with 40 nM glycine-PBS (phosphate buffered
saline, pH 7.4, 0.8% NaCl) at 30 ◦C for 1 h.

2.5. Uptake of LAB and Slps-Microbeads by THP-1 DC

To prepare THP-1 DC, THP-1 cells were suspended in RPMI 1640 containing 10% FBS,
50 nM PMA, and 20 ng/mL IL-4 and seeded on a 24-well culture plate at a concentration of
1 × 106 cells/mL for two days at 37 ◦C. THP-1 DC were co-cultured with Cy3 labelled LAB
cells (MOI = 10) for 2 h in 24-well culture plates with 500 µL RPMI 1640 containing 10% FBS.
After cultivation, THP-1 DC were washed thrice with PBS and harvested by adding 10 mM
EDTA containing PBS. Uptake of Cy3 labelled LAB and FITCOVA was measured using a
SONY EC800 flow cytometer. Flow cytometric analyses were performed at 550/570 and
490/525 nm.

2.6. Cytokine Measurement

THP-1 DC were cultured in RPMI 1640 medium supplemented with 10% FBS, 100 U/mL
penicillin, and 100 µg/mL streptomycin. The cells were then stimulated in 96-well culture
plates with 50 nM PMA for 1 or 2 d, with or without IL-4 (final concentration of 20 ng/mL).
Cells in the other two groups were incubated with PMA for 1 or 2 d and additional 1 or
2 d with IL-4, respectively. Heat-killed Lactobacillus cells were incubated with THP-1 DC
(MOI = 10) at 37 ◦C for 24 h. After incubation, the culture supernatant was collected by
centrifugation at 6000× g for 10 min. IL-10 and IL-12p40 (IL-12) in the supernatant were
analyzed by using ELISA kits obtained from BioLegend Inc. (San Diego, CA, USA) and
R&D systems (Minneapolis, MN, USA), respectively, with a plate reader (Thermo Fisher
Scientific, Varioskan LUX SkanIt Software 4.0) in triplicates.

2.7. Purification of the SlpB Receptor on THP-1 Cells

To purify the SlpB receptor on THP-1 cells, purified SlpB from L. brevis JCM 1059
was covalently coupled with an affinity resin. The affinity resin was prepared by mixing
10 mg purified JCM 1059 SlpB with 1 mL of Profinity Epoxide (Bio-Rad Laboratories, Inc.
Hercules, CA, USA). THP-1 DC (differentiated with 50 nM PMA and 20 ng/mL IL-4 for 1 d)
were washed with PBS and harvested. Subsequently, their cell surface components were
extracted with 0.1% Triton PBS (cell extract). The cell extract was centrifuged at 8000× g
for 10 min to remove aggregates and cell debris. After centrifugation, the supernatant was
mixed with the SlpB-resin and incubated at room temperature for 1 h. Next, the SlpB-resin
was washed with 0.15 M NaCl PB containing 0.1% Triton-X 100. Proteins with an affinity
for SlpB were eluted by washing with 0.1% triton containing 0.5 and 1 M NaCl PB.

2.8. Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis and Western Blotting Analysis

Slps released from the 12 LAB with the help of 5 M LiCl were analysed using sodium
dodecyl sulphate-10% polyacrylamide gel electrophoresis (SDS-10%PAGE). The released
proteins were mixed with sample buffer (6 × 125 nM Tris-HCl, 4% SDS, 20% glycerol,
0.012% bromophenol blue, and 10% 2-mercaptoethanol) and heated for 5 min at 95 ◦C.
Then, the Slps were analysed by SDS-10%PAGE according to the Laemmli method [27].
Protein bands in the gel were visualised by staining the gels with Coomassie Brilliant Blue
(CBB). Protein Ladder One Plus (Nacalai Tesque, Kyoto, Japan) was used as the marker.
Proteins in the gel were transferred to polyvinylidene difluoride (PVDF) membranes in
Tris-Cl buffer, pH 8.3 (190 mM glycine, 5 mM Tris-Cl, 20% methanol), for 1 h, at 150 mA.
Specific proteins were detected with antibodies against Mincle (NK MAX, Santa Ana, CA,
USA), DC-SIGN (SAB, Greenbelt, MD, USA), and CAP-1 (Novus Biological. Centennial,
CO, USA) after 1000-fold dilution and following bionylated anti-rabbit IgG after 1000-fold
dilution and avidin-peroxidase reaction). Finally, the band was detected by adding of
4-Chloro-1-naphthol as a substrate (Wako, Japan).
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2.9. Protein Identification

Proteome analysis was performed to identify the proteins. Protein bands were excised
from SDS-10%PAGE gels after CBB staining. To remove the dye from the gel, a de-staining
solution (30% acetonitrile, 50 mM NH4HCO3) was added and incubated for 30 min. Then,
60% acetonitrile and 20 mM NH4HCO3 were added to remove water from the gel. Next,
5% (w/w) trypsin (Promega Japan, Tokyo, Japan) was added to the dried gel and incubated
at 37 ◦C for 12 h. Peptides released from the gel were analysed by mass spectrometry using
an UltrafleXtreme TOF/TOF MS (Bruker Daltonics GmbH, Bremen, Germany) operating in
positive reflection ion mode between m/z 0 and 5000 Da.

2.10. Binding of Glycan and SlpB to THP-1

THP-1 DCs were washed twice with cold PBS after differentiation and were fixed in
1% PFA for 10 min at 4 ◦C. Subsequently, Cy3SlpB was added (0.3 mg/mL) with or without
galactose (Sigma-Aldrich, St. Louis, MO, USA) or mannose (Nacalai Tesque Inc., Kyoto,
Japan) (each 0.5 mg/mL) and incubated for 1 h at 37 ◦C. THP-1 DCs were collected and
subjected to flow cytometry to evaluate the binding of Cy3SlpB to THP-1 DC.

2.11. Binding of Deglycosylated SlpB to THP-1

A microwell plate was coated with anti-CAP-1 antibody (1 µg/mL) for 24 h at 4 ◦C,
and THP-1 DC cell extract was incubated for 2 h at 25 ◦C. Then, Cy3SlpA or deglycosylated
Cy3SlpB were added to each well, and the plates were incubated for 2 h at 25 ◦C. To remove
the polysaccharides from SlpB, 4 µg of recombinant glycosidase (PNGase F PRIMETM,
N-Zyme Scientifics, Doylestown, PA, USA) was mixed with 20 µg of Cy3SlpB in PBS and
incubated for 24 h at 37 ◦C. Cy3 fluorescence originating from Cy3SlpB was measured using
a plate reader (Thermo Fisher Scientific, Varioskan LUX SkanIt Software 4.0).

2.12. Statistical Analysis

Statistical significance was analysed using GraphPad Prism software version 9.1.
Statistically significant differences were was set at p < 0.05 by using one-way analysis of
variance (ANOVA) followed by Duncan’s test.

3. Results
3.1. Induction of DC-SIGN on THP-1 Cells

A previous study reported that SlpA binding was required for the basal level expres-
sion of DC-SIGN on THP-1 DC after PMA and IL-4 treatment [21,28,29]. Here, THP-1 cells
were treated with a combination of PMA and IL-4 according to a previously report [29].
THP-1 cells showed a dendritic-like morphology (THP-1 DC) when PMA treatment (for
2 d) was followed by IL-4 treatment (for 2 d) (Figure 1A). The expression of DC-SIGN on
THP-1 DC was then quantified as one of the differentiation markers by flow cytometry
using anti-DC-SIGN antibody (Figure 1B). The results showed that administering PMA
and PMA combined with IL-4 for 1 d was not effective in inducing DC-SIGN (induced less
than 2%) expression (Figure 1C). Conversely, treatment with PMA for 2 d, PMA for 1 d and
IL-4 for 1 d, or PMA combined with IL-4 for 2 d showed increased DC-SIGN expression on
THP-1 cell surface (8.5, 9.2, and 10.3%, respectively) whereas the impact of additional IL-4
on DC-SIGN induction was not clear (Figure 1C). DC-SIGN levels on the cell surface were
highest on THP-1 DC that were subjected to 2 days of PMA treatment, followed by IL-4
treatment for 2 days (23.3%) (Figure 1C).
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Figure 1. (A) Differentiation of monocytic THP-1 cells into dendritic-like THP-1 cells (THP-1 DC)
by treatment with phorbol 2-myristate 13-acetate (PMA) and interleukin-4 (IL-4). (B) Expression of
DC-specific ICAM-3-grabbing nonintegrin (DC-SIGN) on the surface of THP-1 DC was evaluated by
flow cytometer using anti-DC-SIGN antibody. (C) Quantification of THP-1 cells expressing DC-SIGN
on their cell surfaces after PMA and IL-4 treatment.

3.2. Uptake of LAB by THP-1 DC and IL-12 Induction

The SlpA on specific LAB strains is the key protein that binds to the DC-SIGN on THP-
1 DC and plays a crucial role in the subsequent immune reaction. However, little is known
about the other LAB cell surface proteins that may be capable of THP-1 DC binding. Twelve
LAB strains were labelled with Cy3 and their uptake by THP-1 DC was analysed by flow
cytometry. Significant differences were observed in the uptake ratios of the 12 LAB strains
that were tested (Figure 2A). In particular, L. helveticus JCM 1120, Lactobacillus delbrueckii
subsp. bulgaricus JCM 1002, L. kefiri JCM 5818, L. acidophilus JCM 1132, Lactiplantibacillus
plantarum JCM 1100, and L. brevis JCM 1059 showed significantly higher uptake ratios than
that of Lacticaseibacillus paracasei subsp. paracasei JCM 8130, which had the lowest uptake
ratio (Figure 2A). Next, the Slps that were released from the LAB strains after treatment
with the chaotropic reagent 5 M LiCl were coupled to FITCOVA conjugated microbeads and
the importance of Slps in the uptake of the microbeads by THP-1 DC was evaluated. The
microbeads coupled with Slps from various LAB strains showed different uptake ratios
among the tested strains (Figure 2A). Microbeads-coupled with the Slps from L. helveticus
JCM 1120, L. acidophilus JCM 1132, L. brevis JCM 1059, L. plantarum JCM 1100, and L. kefiri
JCM 5818 showed potent uptake ratios, whereas decreased uptake ratios were observed for
the microbeads that were coupled with the Slps from the LAB strains exhibiting reduced
uptake (Figure 2A). This strongly suggests that the Slps released from L. helveticus JCM 1120,
L. acidophilus JCM 1132, L. brevis JCM 1059, L. plantarum JCM 1100, and L. kefiri JCM 5818
contain the key components necessary for the binding of the bacteria to specific receptors on
THP-1 DC. To understand the effect of LAB uptake on cytokine production, we monitored
IL-12 production in THP-1 DC after treatment with 6 different LAB strains. Among the
tested 6 strains, two types of L. lactis subspecies with lower uptake ratios showed lower
IL-12 production, whereas L. helveticus JCM 1120, L. acidophilus JCM 1132, and L. brevis
JCM 1059 with higher uptake ratios showed higher IL-12 production (Figure 2B). Therefore,
the increased uptake of Slps by THP-1 DC may be important for the induction of IL-12
production in THP-1 DC. There were no significant differences in cytokine productions
with bacterial cells collected at different growth times.
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Figure 2. (A) Uptakes of Cy3 labelled surface layer protein A (Cy3SlpA) lactic acid bacteria (LAB) and
Slps-coupled microbeads by THP-1 DC. (B) Uptake of Cy3 labelled LAB (Bacterial uptake), and IL-12
production from THP-1 cells by treatments with various LAB strains.

3.3. Slps from Various LAB Strains and Binding to DC-SIGN

Previous studies have reported on the ability of the SlpA in the 5 M LiCl extract to
bind the DC-SIGN receptor on THP-1 DC [21,30]. Thus far, no other Slps from the tested
LAB strains have been described to have the ability to bind the DC-SIGN on THP-1 DC.
Therefore, the Slps released in the 5 M LiCl extracts of various LAB strains were compared
by SDS-10% PAGE analysis [27]. Expectedly, dense bands with molecular sizes of 47 and
45 kDa, corresponding to SlpA, were observed in L. helveticus JCM 1120 and L. acidophilus
JCM 1132, respectively (Figure 3, lanes 8 and 9). In contrast, a major band with a molecular
weight of 52 kDa was observed for L. brevis JCM 1059 (Figure 3, lane 6). The 52 kDa protein
isolated from L. brevis JCM 1059 was identified as SlpB based on the proteome analysis after
trypsin digestion of the excised gel by SDS-10%PAGE.

Figure 3. Sodium dodecyl sulphate-10% polyacrylamide gel electrophoresis (SDS-10%PAGE) analysis
of 5 M LiCl released proteins. Lane 1: L. plantarum subsp. plantarum JCM 1149, lane 2: L. lactic subsp.
cremoris NZ 9000, lane 3: L. amylovorus JCM 1126, lane 4: L. paracasei subsp. paracasei JCM 8130, lane 5:
L. kefiri JCM 5818, lane 6: L. brevis JCM 1059, lane 7: L. plantarum JCM 1100, lane 8: L. helveticus JCM
1120, lane 9: L. acidophilus JCM 1132, lane 10: L. plantarum TIN- KL 001, lane 11: L. lactis subsp. lactis
IL1403, lane 12: L. rhamnosus JCM 1136 and lane M: Marker proteins.
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DC-SIGN on THP-1 DC is known to be the receptor for SlpAs and is crucial for the
cellular uptake of L. helveticus and L. acidophils [21,22,29]. Mincle is also known as the
receptor for the Slps on L. brevis [24]. However, the receptor for SlpB, which is induced on
THP-1 DC and is necessary for the binding of L. brevis JCM 1059, has not been elucidated
thus far. To confirm the ability of SlpA of L. acidophilus JCM 1132 and SlpB of L. brevis JCM
1059 to share the DC-SIGN receptor, Cy3SlpA and Cy3SlpB were prepared for competitive
binding assays. As shown in Figure 4, the binding of Cy3SlpA SlpA to THP-1 DC was
significantly inhibited by the addition of 10-fold of both, non-labelled SlpA and non-labelled
SlpB. The binding of Cy3SlpA SlpB showed a reduced trend (p = 0.069) with the addition of
10-fold non-labelled SlpB, but not with non-labelled SlpA. These results suggest that SlpB
on L. brevis JCM 1059 binds to both, DC-SIGN and other receptors on THP-1 cells.

Figure 4. Bindings of Cy3SlpA prepared from L. acidophilus JCM 1132 and Cy3SlpB prepared from
L. brevis JCM 1059 to THP-1 DC with or without 10 × non-labelled SlpA and SlpB. (Means ± SD.
* p < 0.05).

3.4. Purification and Identification of the Receptor for SlpB from THP-1 Cells

Probable SlpB receptors in the THP-1 DC cell surface extract (THP-1 DC extract) were
isolated with 0.1% Triton-PBS and applied to SlpB coupled Profinity Epoxide resins (SlpB-
resin). The THP-1 DC extract was mixed with the SlpB-resin and the bound components
were eluted with 0.5 and 1.0 M NaCl-PB after washing with 50 mM NaCl-PB. SDS-10%PAGE
analysis showed the release of various sizes of components in 0.5 M elution, but a main
protein with 57 kDa in 1 M NaCl-PB (Figure 5A). Proteome analysis indicated that the
57 kDa protein was CAP-1 [31,32]. To confirm the presence of CAP-1, and reported C-type
lectin receptors, DC-SIGN, and Mincle in the THP-1 DC extract, western blotting was
performed. A single band corresponding to 57 kDa was observed with anti-CAP-1 antibody
for the affinity purified CAP-1 protein and for THP-1 cell extract (Figure 5A). The antibody
against DC-SIGN showed a weak reaction towards some proteins including DC-SIGN
corresponding reaction (arrow) as observed in previous study (29). However, no signal
for Mincle was observed in THP-1 DC (Figure 5B). CAP-1 was observed on the whole cell
surface of THP-1 DC when FITC-labelled anti-CAP-1 DC antibody was used (Figure 6A),
as illustrated in Figure 6B.
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Figure 5. (A) SDS-10%PAGE of the affinity-purified 57 kDa receptor. (B) Western blotting analysis
of affinity purified protein with anti-adenylyl cyclase-associated protein 1 (CAP-1) and crude ex-
tract of THP-1 cells with anti-CAP-1, anti-DC-SIGN, and anti-macrophage-inducible C-type lectin
(Mincle) antibodies.

Figure 6. (A) Immunostaining of THP-1 DC with anti-CAP-1 antibody. CAP-1 on THP-1 DC was
detected by incubation with FITC-labelled anti-CAP-1 antibody. (B) Illustration for L. brevis JCM
1059 binding of SlpB with CAP-1 and DC-SIGN.

3.5. Inhibition of SlpB Binding to THP-1 DC by Anti-CAP-1, Anti-DC-SIGN, and Anti-Mincle
Antibodies

To confirm the preferential binding of SlpB to the receptors on THP-1 DC, we mon-
itored the ability of Cy3SlpB to bind THP-1 DC in the presence of different antibodies.
Addition of anti-CAP-1 antibody prevented the binding between Cy3SlpB and THP-1 DC
(Figure 7A). The anti-DC-SIGN antibody also caused significant inhibition of the interaction
between Cy3SlpB and THP-1 DC, whereas no significant inhibition was observed with the
anti-Mincle antibody. The signal for DC-SIGN toward THP-1 DC extract was not strong in
Western blotting (Figure 5); however, the specific binding of JCM 1059 with DC-SIGN was
confirmed by the addition of anti-DC-SIGN antibody (Figure 7A). CAP-1 expression was
induced in THP-1 DC after PMA and PMA/IL-4 treatment (Figure 7B).
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Figure 7. (A) Cy3SlpB was incubated with THP-1 DC with normal mouse serum (Control), anti-Mincle
antibody, anti-DC-SIGN antibody, and anti-CAP-1 antibody for 1 h. (B) CAP-1 expression in THP-1
DC differentiated with PMA, and PMA and IL-4 (B). (Means ± SD. * p < 0.05; *** p < 0.001).

DC-SIGN is known for its ability to bind the carbohydrates in SlpA, and mannose
prevents SlpA-DC-SIGN binding [22]. Therefore, we evaluated the effect of mannose and
galactose on SlpB-THP-1 DC binding. As shown in Figure 8A, mannose and galactose
strongly inhibited SlpB binding. Moreover, the interaction between Cy3SlpB and CAP-1
was significantly decreased after glycosidase treatment of Cy3SlpB (Figure 8B). Miner bands
likely released from SlpB were observed after glycosidase treatment (Figure 8C). These
results suggested that CAP-1 can recognise the carbohydrates on SlpB and function as a
lectin-like protein. To confirm the existence of carbohydrates on SlpB, CAP-1 was captured
on a microplate with anti-CAP-1 antibody and thereafter, Cy3SlpB was detected on the CAP-
1 coated microplate. However, Cy3SlpB was not captured when Cy3SlpB was pre-treated
with glycosidase (Figure 8B). These results indicate the presence of lectin-like activity of
CAP-1 and are demonstrative of its interaction with the carbohydrates on SlpB.

3.6. Cytokine Production in THP-1 DC

To evaluate the impact of the SlpB from L. brevis JCM 1059 on bacterial uptake by
THP-1 DC, we used Slp (mainly SlpB) removed L. brevis JCM 1059 and Slp associated JCM
1059 to monitor bacterial uptake and cytokine production. The uptake of L. brevis JCM
1059 was significantly reduced when Slp was removed from the cell surface (Figure 9).
Furthermore, Slp associated L. brevis JCM 1059 induced robust IL-12 production, whereas
Slp removed L. brevis JCM 1059 showed significantly reduced IL-12 production. The levels
of IL-10 and IL-6 were relatively low. However, Slp associated L. brevis JCM 1059 induced
IL-10 and IL-6 production. These results suggest that binding of SlpB in Slp fraction to
the receptors on THP-1 DC may trigger L. brevis JCM 1059 uptake and cytokine (especially
IL-12) production (Figure 9) during 24 h incubation.
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Figure 8. (A) Cy3SlpB and THP-1 DC binding with or without galactose (Gal) and mannose (Man).
(B) Binding between CAP-1 and Cy3SlpB or glycosidase treated Cy3SlpB. (C) SDS-10%PAGE analysis
of SlpB and deglycosylated SlpB. (Means ± SD. * p < 0.05; *** p < 0.001).

Figure 9. (A) Uptake of L. brevis JCM 1059 (slpB +) and LiCl treated JCM 1059 (slpB-) coating into
THP-1 DC. (B) IL-12, and (C) IL-10 production by THP-1 DC after treatment with L. brevis with (+) or
without (-) SlpB. (Means ± SD. * p < 0.05; ** p < 0.01, *** p < 0.001).

4. Discussion

Previous studies have highlighted the importance of the microbiota in the host immune
system and other gut functions [33,34]. In the host gut immune system, little is known
about the sampling of intestinal bacteria. Moreover, the Slps-receptor interactions between
some Lactobacillus species, and DCs or macrophages facilitate bacterial uptake and induce
the production of cytokines, such as IL-6, IL-10, IL-12, IL-17, and IL-23 [17,35,36]. Knocking
out SlpA or the addition of a SlpA-specific antibody was shown to reduce the binding
between L. acidophilus NCFM and THP-1 DC [21]. Furthermore, the interaction between the
SlpA from L. acidophilus NCFM and DC-SIGN from THP-1 DC induced IL-10 and IL-12p70
production [21]. These results suggest that the frequent uptake of LAB by DC for 24 h may
be essential for cytokine production. Most of previous studies mainly focused on C-type
lectin receptor to identify receptors for SlpA [21] and SlpB [24] since C-type lectin localized
on cell membrane of macrophage conserved carbohydrate recognition domains need for
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bacterial interactions [23]. In the present study, SlpB affinity purification was performed
to screen SlpB receptors including non-C-type receptor and understand the role in the
immunomodulatory responses and CAP-1 was identified as a novel SlpB receptor.

In the present study, we observed that among the tested LAB strains, L. helveticus
JCM 1120, L. acidophilus JCM 1132, and L. brevis JCM 1059 had the highest uptake ratios,
and could promote the productions of the proinflammatory (IL-12) and anti-inflammatory
(IL-10) cytokines (Figure 2). Consistent with previous studies on the other L. helveticus
and L. acidophilus strains, we identified SlpA to be the major Slps in the 5 M LiCl extracts
from L. helveticus JCM 1120 and L. acidophilus JCM 1132 [21,29]. Furthermore, the present
comparative study with various LAB strains is the first to demonstrate the importance of
SlpB-CAP-1 binding for L. brevis JCM 1059 uptake and subsequent cytokine production
by THP-1 DC. Previous studies have reported on the SlpB-dependent uptake of L. kefiri
via its 3interaction with the Mincle receptor on macrophages [36]. However, Mincle was
not expressed on the PMA/IL-4 differentiated THP-1 DC in the present study (Figure 5).
SlpB binding to THP-1 DC was significantly reduced after the addition of anti-DC-SIGN
antibodies. However, the decrease in SlpB binding was higher with the anti-CAP-1 antibody
than that with the anti-DC-SIGN antibody. The higher production of CAP-1 than that of DC-
SIGN (Figure 5) could be the main reason for the frequent access to THP-1 DC. Although
CAP-1 was involved in the SlpB-dependent uptake of L. brevis JCM 1059 by THP-1 DC, the
mechanism of binding and specificity remain unclear. Previously, CAP-1 was reported as a
functional receptor for resistin expressed on monocyte and activated intracellular signalling
pathway to modulate NF-κB-related inflammatory cytokines [31]. DC-SIGN is a C-type
lectin receptor that contains the carbohydrate-recognition domain called Glu-Pro-Asn
(EPN) [37] and has the potential to bind glucose-, mannose-, and N-acetylglucosamine-
containing oligosaccharides [38]. There was no clear EPN sequence in CAP-1 sequence,
but was low homology with DC-SIGN and Mincle (EPN-like sequence in Figure 10). Both
galactose and mannose reduced SlpB binding to THP-1 DC (Figure 8A), indicative of the
involvement of the galactose and mannose from SlpB in its binding with CAP-1. However,
the ability of DC-SIGN and CAP-1 to recognise the different carbohydrates on SlpB remains
unknown.

Figure 10. EPN sequence among DC-SIGN and Mincle, and similar sequence in CAP-1 Identical
amino acids among 3 sequences were shown in red and between CAP-1 and Mincle of DC-SIGN
were in blue.

DC-SIGN on THP-1 DC is crucial for its interaction with the SlpA on L. helveticus and
L. acidophilus [21,30]. In the present study, we generated Cy3SlpA and Cy3SlpB to compare
the ability of SlpB from L. brevis JCM 1059 and SlpA from L. helveticus JCM 1120 and
L. acidophilus JCM1132 to interact with THP-1 DC. The binding between Cy3SlpA and the
receptors on THP-1 DC was significantly inhibited by the addition of excess amounts of
non-labelled SlpA or SlpB (Figures 4 and 7). In contrast, the interaction between Cy3SlpB
and THP-1 DC was replaced by non-labelled SlpB but not by SlpA (Figure 7). SlpB has
low homology with SlpA but shares the receptor DC-SIGN on THP-1 DC with the protein.
Previous studies have predicted the carbohydrate-binding module sequences in the SlpB
from L. kefiri that are involved in recognising DC-SIGN [23]. Carbohydrate-binding module-
like sequences were also observed in the SlpB from L. brevis JCM 1059 (Figure 10).

The present study is the first to show that the ability of CAP-1 to bind the SlpB
from L. brevis 1059 was greater than that of DC-SIGN. L. brevis can activate THP-1 cells
after SlpB-dependent uptake by CAP-1. This contributes to our present knowledge of the
immunomodulatory effect of SlpB-positive LAB on the gut immune system especially on
gut-associated lymphoid tissues (GALT) and the host response.
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5. Conclusions

Comparative studies with different 12 LAB species for the cytokine productions and
the cell surface proteins revealed that SlpA on L. helveticus JCM 1120 and L. acidophilus JCM
1132 plays a crucial role for bacterial uptake by THP-1 DC. In contrast, SlpB on L. brevis
JCM 1059 was a crucial to bind to THP-1 DC and following proinflammatory cytokine IL-12
production. SlpB receptor on THP-1 DC was purified by SlpB coated affinity resin and
identified as CAP-1. CAP-1 expression on THP-1 DC was higher than that of DC-SIGN
reported as the receptor for SlpB in WB analysis. Moreover, SlpB binding to THP-1 DC
was completely inhibited by adding of anti-CAP-1 antibody and deglycosylation of SlpB,
suggesting CAP-1 with interaction with carbohydrates on SlpB might be a major receptor
for SlpB on THP-1 DC. Here, we identify a novel SlpB receptor CAP-1 on THP-1 DC which
plays a crucial role in immunomodulatory effect of L. brevis in THP-1 cells.
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Abstract: Bacteriocins are ribosomal-synthesized peptides or proteins produced by bacterial strains
and can inhibit pathogenic bacteria. Numerous factors influence the potential activity of bacteriocins
in food matrices. For example, food additives usage, chemical composition, physical conditions of
food, and sensitivity of proteolytic enzymes can constrain the application of bacteriocins as beneficial
food preservatives. However, novel bacteriocin nanoencapsulation has appeared as an encouraging
solution. In this review, we highlight the bacteriocins produced by Gram-negative bacteria and Gram-
positive bacteria including lactic acid bacteria that have shown positive results as potential food
preservatives. In addition, this review encompasses the major focus on bacteriocins encapsulation
with nanotechnology to enhance the antimicrobial action of bacteriocins. Several strategies can be
employed to encapsulate bacteriocins; however, the nanotechnological approach is one of the most
effective strategies for avoiding limitations. Nanoparticles such as liposomes, chitosan, protein, and
polysaccharides have been discussed to show their importance in the nanoencapsulation method.
The nanoparticles are combined with bacteriocins to develop the nano-encapsulated bacteriocins
from Gram-negative and Gram-positive bacteria including LAB. In food systems, nanoencapsulation
enhances the stability and antimicrobial functionality of active peptides. This nanotechnological
application provides a formulation of a broad range of antimicrobial peptides at the industry-scale
level. Nano-formulated bacteriocins have been discussed along with examples to show a broader
antimicrobial spectrum, increase bacteriocins’ applicability, extend antimicrobial spectrum and
enhance stability.

Keywords: bacteriocins; lactic acid bacteria; Gram-negative bacteria; Gram-positive bacteria;
nanoencapsulation; antimicrobial activity

1. Introduction

Synthetic products based on chemicals are typically used to avoid spoilage and en-
hance the shelf life of foods. However, these chemicals have numerous adverse impacts on
the health of humans. Compared with synthetic chemicals, naturally derived compounds
are preferable and are applied by biopreservation [1,2]. Bacteriocins are antimicrobial
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peptides, therefore ribosomes are used to synthesize them. The main criterion for the
classification of bacteriocins is their origin. Depending on whether they are produced by
Gram-positive or Gram-negative bacteria, classes and subclasses of bacteriocins can be
distinguished as shown in Figure 1. Lactic acid bacteria are utilized to produce bacteriocins
that have the potential to retard the growth of pathogenic microorganisms [3]. Bacteriocins
produced by lactic acid bacteria have been recognized as efficient at helping to maintain
food safety and are generally recognized as safe (GRAS) [4,5]. Bacteriocins of lactic acid
bacteria and their phylogenetically associated strains have a much broader antimicrobial
activity spectrum [6].
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Lactic acid bacteriocins are utilized in both the medical field and the food sector.
Concerning food applications, they have been successfully applied as co-cultures or starters
in experiments in the pilot study [7]. In the last decade, significant research has shown the
effectiveness of bacteriocins in several branches of the food industry [8]. For example, one
particular bacteriocin, nisin, is successfully used to improve the quality and storage period
of milk and milk products [9,10]. Another study demonstrated that lactic acid bacteria
and paracin with broad antimicrobial spectrum were successfully used to protect apple
juice before bacterial contamination [11]. Enterocins are the broad-spectrum cyclic peptides
against Gram-positive and Gram-negative bacteria, can be applied in milk products as well.
Other products such as beef or fresh fish can also be protected with bacteriocins [12–14].

Metabolic products, bactericidal proteins, and antibiotic substances are produced by
lactic acid bacteria. Lactic acid bacteria have the potential to inhibit numerous microorgan-
isms in the food environment and exhibit vital antimicrobial characteristics related to food
safety and preservation. In addition, strains of lactic acid bacteria provide health-enhancing
capabilities regarding their potential in the medical sector. For instance, gastrointestinal
pathogenic bacteria such as Escherichia coli, Salmonella, and Helicobacter pylori are mitigated
by bacteriocins [15].

The functionality of bacteriocins produced by lactic acid bacteria is determined by
many factors such as storage conditions, food matrix interaction, processing, pressure,
temperature, and enzyme availability [16]. Effective nanoparticles are applied through
nanoencapsulation to safeguard bacteriocins from degradation and deterioration. Nanoen-
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capsulation is applied to bio-preservative bacteriocins to prevent enzyme degradation and
to improve food product shelf life [17]. Nanoconjugates such as pediocin and nisin act as
bacteriocins, and their applications provide unique packaging in food systems [18].

Gram-negative bacteriocins are used as proteins that efficiently play multi functions
behavior to target pathogenic bacteria and bacterial species. Gram-positive bacteriocins
are associated with advantageous properties such as the ability to deteriorate internal
membranes and inhibit the growth of pathogenic microbes. Bacteriocins, either produced
by Gram-negative or positive bacteria, always have the target of inhibiting the growth of
other microorganisms in competition with the same environment. Hundreds of bacteriocins
species have been discovered. The classification of bacteriocins is based on the sequence
of amino acids, identified action mechanisms, and structure [19]. Starter cultures are used
to produce bacteriocins, and exhibit potential applications in the dairy industry to protect
fermented foods from the transmission of food pathogens [20]. Gram-positive bacteriocins
are nano-encapsulated for application as bio-preservatives. Bacteriocin AS48 actively
prevents pathogenic microbes such as L. monocytogenes, S. aureus, and B. cereus when used
to prepare gelatin puddings, soy desserts, and baking cream. L. monocytogenes strains exist
extensively in nature and are present in ready-to-eat meat. It has been recognized that
Gram-positive bacteriocins inhibit or reduce the growth of L. monocytogenes during the
processing of meat products [21].

Nanoencapsulation prevents proteolytic enzyme degradation and unwanted interac-
tions with food components by enhancing food stability. Recently, several studies have
revealed that bacteriocins encapsulation by nanoparticles improved the activity of peptides
against multidrug-resistant bacteria and food spoilage microorganisms [22]. Anti-biofilms
are manufactured by nanoencapsulation and have been regarded as a substantial mode
for antimicrobial activity. Natural and synthetic nanoparticles are used in combination
with bacteriocins to show improved efficacy in retarding the formation of biofilm and
to assist in reducing antibiotic resistance [23]. Nanoparticles thus provide a wide range
of characteristics to antimicrobial peptides such as bacteriocins with better functionality.
These characteristics are physiological solution stability, a broad antibacterial spectrum,
non-toxic nature, and ease of synthesis with less production cost and concentration [23].

Liposomes, silver nanoparticles, niosomes, nanovesicles, chitosan, solid lipid nanopar-
ticles, phosphatidylcholine liposomes, and nanoliposomes are combined with Gram-
negative and Gram-positive bacteriocins to develop nano-encapsulated bacteriocins for
food systems. Nanoencapsulation promotes the antimicrobial action of bacteriocins to kill
harmful bacteria, inhibits the interaction of pathogens directly with food substances, and
ultimately extends the shelf life of food [24]. Nanoencapsulation is performed by several
methods including nano-emulsification, nanoliposomes, electrospray, and formation of nanos-
tructure with nanocrystals, nanostructure lipid carriers, and solid lipid nanoparticles [25].

This review addresses the importance of nanoencapsulation and highlights the bac-
teriocins of Gram-negative and Gram-positive bacteria and their potential application in
various food industry systems. In addition, we review significant literature studies on
the formulation of nano-encapsulated bacteriocins and the action mechanism of nano-
encapsulated bacteriocins produced by lactic acid bacteria.

2. General Action Mechanism of Bacteriocins

Bacteriocins have been categorized into diverse classes, including Class I: lantibiotics
that are stable in heat; Class II: non-lantibiotics (unmodified postranslationally); Subclass
IIa: anti-Listeria-like and pediocin bacteriocins, Subclass IIb: two-peptide bacteriocins
classified further into Subclass IIc: sec-dependent bacteriocins; Class III: non-lantibiotics
that are labile to heat [26]. More bacteriocins have been separated and classified from lactic
acid bacteria. Numerous bacteriocins have developed a position as effective antimicrobial
agents due to their efficiency as food preservatives and provision of antagonistic impact to
retard significant pathogens. The notable ones are nisin, pediocin, bulgarican, diplococcin,
lactacins, acidophilin, plantaricins and helveticins [27].
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The action mechanism of bacteriocins is focused on two diverse activity aspects,
the physical interaction kinetics between susceptible cells and bacteriocin and certain
biochemical lesions detection in target cells [28]. A wide variety of chemical structures
permits bacteriocins to exhibit their impact on several important living cell functions
(translation, transcription, biosynthesis of the cell wall, and replication, although most
action is through the forming pores or membrane channels that disturb the potential
energy [29]. It has been extensively postulated that the bacteriocin interacts with the target
cell in two ways. The first way, which is perhaps reversible, resembles the bacteriocin’s
physical adsorption using receptors in the cell. At this stage, bacteriocins are emerged to
remove the cell intact; meanwhile, no perpetual physiological damage could be done. The
second way causes irreversible pathological alternations because of certain biochemical
cell damage [30].

In nature, microorganisms contribute to various mechanisms for establishing pro-
tection and interaction. These mechanisms are linked with the bacteriocins peptides
production with prolonged antimicrobial activity. Gram-negative bacteriocin protein estab-
lishes an effective approach to prevent multi-drug-resistant bacteria through the folding of
proteins into bacteria and by the production of certain species of antibiotics [31]. Protein
bacteriocins capture pathways of nutrient uptake to cause cell death and translocation of
the cell envelope. Their importation is strengthened by the parasitizing of intermembrane
complexes of protein joined to the motive proton force, which causes the delivery of a toxic
domain within the cell. A plethora of biophysical, genetic, biochemical, and structural
procedures have taken place to uncover the components of the cell envelope involved in
the import of bacteriocin [32].

Colicins are antibacterial proteins that are produced by some intestinal strains of
bacteria, primarily situated in chromosomally encoded plasmids. These huge proteins
contain three domains such as the amino-terminal domain that facilitates the transport of
the target cell’s outer membrane, a receptor-binding domain that facilitates the transport
within the periplasm, and a cytotoxic carboxy-terminal domain that shows the inhibitory
impacts [33]. Three major action mechanisms for colicins have been described. These three
mechanisms are the nuclease activity (e.g., target cell RNA/DNA), the formation of the
pores that damage the integrity of the membrane, and murein synthesis inhibition [34].
E. coli is mainly responsible for the production of colicins which are bactericidal proteins
that protect a colicinogenic plasmid. An immunity protein (imX or cxi), lysis proteins
encoded gene and structural gene (cxa) are present in colicinogenic plasmids [32].

Colicin production regulation is facilitated by the response of SOS, which emerges to
play a significant role in the host bacterial cell response to DNA damage. Three different
action modes are provided by colicins: (1) the channels formation depends on voltage in
the Gram-negative bacterial inner membrane, (2) the action of nuclease into the cytoplasm
cells and (3) peptidoglycan degradation [32]. Genetic machinery available on chromosomes
or plasmids is used to encode microcins. Microcins are categorized on the basis of three
criteria: (1) the nature, localization, and presence of posttranslational modifications; (2) the
organization of gene clusters; and (3) leader peptide sequences [35].

Bacteriocins display action by joining with the conforming receptor on the sensitive
bacteria surface to retard bacterial growth. Bactericidal action mechanisms involve the pep-
tidoglycanase type, RNase, and DNase function of the nuclease type and pore-developing
type. Subtilisin A has an unmodified bacteriocin peptide structure and a low molecular
weight. Colicin Ia and bacteriocin AS-48 have modified bacteriocin protein and peptide
structures and low molecular weight as well. The strain is grown on the soft agar of
sensitive bacteria LB to produce bacteriocin, and production zone occurs around the strains
that produce bacteriocin. However, strains that do not produce bacteriocin have no inhi-
bition zone [36]. The general bacteriocin mechanisms involve bacterial growth reduction
comprising bacteriocin binding, bacteriocin translocation, enzyme activity modulation,
and pore formation of the cytoplasmic membrane [37]. The general method of bacteriocins
synthesis, anti-bacterial activity, and action mechanism of bacteriocins is shown in Figure 2.
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3. Formulation of Nano-Encapsulated Bacteriocins

Nanoencapsulation is well defined as a novel technology to package constituents in
minute assembly, with the usage of methods such as nano emulsification, nano structura-
tion, and nanocomposite. It carries the final functionality of the product (containing limited
core release) to maintain product quality expectations during storage [38]. Modification of
nanomaterials can occur in the form of nanospheres, nanorods, nanoparticles, and nano
frames and play their role in applications specifically with the means of biomedicine, elec-
tronic, solar energy conversion, environmental applications, water treatment, and some
catalysis processes [39]. The principle of encapsulation includes core material or solid ma-
trix usage to isolate bacterial cells, bioactive components, and other concerned agents from
the environment. Nanoencapsulates are usually semi-permeable and spherical networks
ranging in size from 10−9 m to 10−6 m [40,41].

3.1. Chitosan-Encapsulated Nisin

Nisin acts as a bacteriocin, also known as a food additive (E234) obtained from
Lactococcus lactis, and exhibits antimicrobial properties and potential applications in food.
Nisin imparts strong sporostatic and bactericidal actions to retard Gram-positive bacterial
growth. Perhaps the bactericidal activity shown by nisin to inhibit Gram-negative bacterial
growth is restricted due to nisin’s inaccessibility to the plasma membrane [42]. A liposome
is applied as a shell material by encapsulation but faces numerous disadvantages, compris-
ing increased oxidative degradation susceptibility, increased phospholipids cost, and joined
liposomes sedimentation during storage [43]. Nonionic surfactant niosomes or vesicles are
better substances for shell material by encapsulation in the food area due to their low surfac-
tant material cost compared to the more expensive liposome materials. Numerous nonionic
surfactant classes such as glucosyl dialkyl ethers, polyglycerol alkyl ethers, polyoxyethylene
alkyl esters, and ether and crown ether are added in niosomes preparation [44].
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Nano-encapsulated nisin imparts significant actions to suppress the growth of S. aureus
in raw milk for 24 h and pasteurized samples for 48 h as compared to free nisin, whose action
cannot exceed the storage life of milk and remains 14 and 24 h, respectively [45]. Chitosan is
a biodegradable, nontoxic copolymer that contains units of N-acetyle-D-glucosamine and D-
glucosamine from the deacetylation of chitin in hot alkali availability. Chitosan is a nontoxic,
biocompatible polymer that has the cohesive capability to act as an antimicrobial peptide
and is developed as a nanoparticle-based vehicle. Chitosan also shows antimicrobial
activity to retard numerous pathogenic and spoilage microorganisms from Gram-negative
and Gram-positive bacteria, yeasts, and molds. The antimicrobial effect shown by chitosan
is based on microorganism type, pH value, deacetylation degree, and molecular weight.
Chitosan-encapsulated nisin is utilized to retard microbial growth and thus increase the
shelf-life of food products [46–48].

3.2. Liposome-Encapsulated Pediocin

Nano-delivery systems containing carbohydrates, lipids, protein surfactants, and poly-
mers have been modified to enhance and stabilize the biological activity of bacteriocins.
For example, liposomes are comprised of spherical structures with phospholipids encom-
passing an aqueous medium through single or multiple bilayer membranes, and their size
ranges from 10−9 to 10−6 nm. Liposomes are biodegradable and nontoxic agents appropri-
ate for encapsulating both hydrophobic and hydrophilic substances [49]. The encapsulation
of bacteriocins has been a significant development in utilizing natural antimicrobials in the
area of food science. The activity of bacteriocins is influenced by various factors such as
solubility changes, bacteriocins’ charge, inactivation through proteases, and bacteriocins
binding to food components. A liposome is potentially used to encapsulate pediocin to
sustain its antimicrobial activity for a long duration. Silver nanoparticles have antimicrobial
efficiency, which can be achieved and increased by encapsulation with antimicrobial agents,
namely bacteriocins. Nanotechnology is a novel, fabricated, and a new platform to develop
nano-structured substances possessing antimicrobial activities [50].

Pediococcus acidilactici ITV26 is potentially utilized to produce pediocin bacteriocin
which is a bioconservative and exhibits antilisterial activity. Inactivation of pediocin may
occur when available in foods in free form. The binding/interaction of proteolytic enzymes
with a few food substances is an antimicrobial activity-affected factor. Therefore, encap-
sulation must be applied to protect these peptides and limit their release into liposomes.
Researchers must express interest in Class II of bacteriocin, namely pediocin, because of its
thermostability and strong action to prevent Listeria monocytogenes [51]. Liposomes contain
more than one phospholipid bilayer and are known as spherical vesicles. Liposomes also
possess active peptides and are recognized as bacteriocins by enclosing peptides between
phospholipids bilayers and into the aqueous center due to their amphiphilic nature. Liposo-
mal vesicles contain molecules of amphiphilic nature, and their structure can be described
as molecules with a non-polar tail, a polar head, a concentric series, and two hydrophobic
chains that are found on each molecule [52]. Class IIa bacteriocin contains pediocin in
the gelatinous form to reduce Listeria infection from the consumption of hot dogs. Addi-
tionally, phosphatidylcholine nanovesicles are loaded with pediocin AcH possessing high
antimicrobial activity, high efficiency for entrapment (80%), and high stability [53].

Nanoliposomes have diverse compositions and structures and are regarded as versatile
tools for encapsulation technologies. Liposomes consist of spherical, closed structures and
are made up of curved lipid bilayers. These lipid bilayers enclose the surrounding solvent
in their interior part. Major liposomal substances are phospholipids containing amphiphilic
molecules with a water-soluble section consisting of a hydrophilic head and a lipid-soluble
section consisting of a hydrophobic tail which forms the composition of liposomes [54].
This phospholipid property provides distinctive benefits to liposomes, such as enclosing
themselves in aqueous media and establishing a perfect carrier system. Liposomes provide
applications in cosmetics, pharmaceuticals, and most importantly, food. Liposomes are
extensively utilized as carrier systems based on lipids in the food area, predominantly
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antimicrobial formulations by liposomes. Phosphatidylcholine, lecithin, nanoliposomes;
guar gum, and alginate capsules; plus guar gum and alginate hybrid capsules are combined
with nanoliposomes to form nano liposomal encapsulated pediocin [55].

3.3. Solid Lipid Nano-Encapsulated Colicin

Colicins are sensitive to heat and protease enzymes with more molecular weight
(30–80 kDa). They are known as bactericidal proteins produced by the strains of E. coli and
have one colicinogenic plasmid. Colicins compounds are primarily used and studied as
model systems to study the bacteriocin evolution functions and structures [56]. Synthesis of
colicin is lethal for the production of cells because of lysis protein co-expression. Colicins are
categorized into three major groups: degrading peptidoglycan, pore-forming, and nuclease
based on the interaction mechanism with the target cell. The accomplishment of uptake
of colicin due to the target cell is conducted by involved receptors in nutrients transport
such as Fiu-bound iron, Tsx receptor nucleosides, cobalamin receptor BtuB vitamin B12,
siderophore FepA-, FhuA-, and Cir- [57]. Colicins, lantibiocins, and enterocins are broad-
spectrum bacteriocins that affect the larger bacterial genera group. Moreover, porin proteins
are used by colicins to limit the passive diffusion of amino acids, phosphates, and sugars
with the aid of the outer membrane [58].

Gram-negative bacteria have the potential to manufacture an extensive bacteriocins
variety that is named specifically after the Klebsiella pneumoniae klebicins genus or species-
producing bacteriocins such as Serratia marcescens-producing marcescins, E. coli-producing
colicins, Hafnia alvei-producing alveicins, and Enterobacter cloacae-producing cloacins. Pseu-
domonads are generally associated with the production of pyocins [59]. Gram-negative
bacteria mainly produce bacteriocins from Enterobacteriaceae. They are categorized into
two major families such as colicins having more molecular mass (30–80 kDa) and microcins
having less molecular mass (between 1 and 10 kDa) peptides [60]. SOS response regulon
causes the mitigation in colicins production and emerges to play a key role in bacteria
to DNA damage response. Microcins are hydrophobic peptides with increased stability
and maximum stress production, mainly depletion of nutrients. Microcins and colicins
are significantly available in Escherichia coli. However, many species of Gram-negative
bacteria produce bacteriocin-like constituents [32]. Major bacteriocins of Gram-ve bacteria
are colicins [33], pyocins [61] and microcins [62].

Colicin is a representative Gram-negative bacteriocin mainly produced by Escherichia
coli. It is a protein with maximum molecular weight and it is used to reduce several
Gram-negative bacteria. Mice-treated streptomycin is survived by E. coli rather than the
non-colicin. The competitive benefit is gained, which permits the existence of the strain
produced by bacteriocin. Multi-strain and even in multispecies, probiotics are superior
and endorsed to produce bacteriocin [63,64]. Solid lipid nanoparticles (SLN) compose a
suitable solid triglyceride core for the slow formulation of drug release. Colicins and nisin
can be protected by SLN against degradation, increasing the anti-bacterial activity for the
duration. Rather than free colicin and nisin, SLN enclosing colicin and nisin exhibited a
great ability to retard L. plantarum TISTR 850 for up to 15 days and L. monocytogenes DMST
2871 for 20 days [65].

3.4. Nano-Encapsulated Microcins

The third type of bacteriocins produced by Gram-negative bacteria is microcins. Mi-
crocin is a bacteriocin that is synthesized by E. coli and has similarities with Gram-positive
bacteriocins concerning thermal stability, protease resistance, and pH [66]. Microcins dis-
play dominant anti-bacterial activity and depend on subtle penetration mechanisms by the
Gram-negative inner and outer bacterial membranes. Siderophore-microcins are involved
in the binding of receptors to avoid the outer membrane in the transportation of iron. Cyclic
microcin J25 is formed by the availability of an N-terminal macrolactam ring and utilizes
the receptor of hydroxamate and intracellular protein SbmA membrane. Microcin C is syn-
thesized as heptapeptide adenylate, requires external porins membrane and transporters
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of ABC membrane, and transforms into an adenylate that is a non-hydrolyzable aspartyl
equivalent in the cytoplasm [67].

Microcin N (McnN) acts as antimicrobial peptides which have been examined for their
capability to combat these foodstuff pathogens and selected for aquatic and human con-
sumption. Bacteriocin McnN is synthesized by a non-pathogenic E. coli strain that shows
activity to combat Salmonella and E. coli species [68]. Microcins from Class I contain Mirocin
C7–C51, Microcin J25, and Microcin B. Microcin peptides from Class IIa are encoded by
a plasmid including linkages of disulfide and require no modification of post-translation.
Microcin peptides from Class IIb are chromosomally encoded peptides and undergo a gen-
eral post-translation siderophore by C terminal modification [69]. Currently, antimicrobial
peptides (AMPs) are known as host defense peptides (HDPs) and are interesting due to
their potential for substitution in the novel strategies for resistance offered by bacteria to
combat antibiotics in diseases and infections. However, several drawbacks are linked to
antimicrobial peptides due to their lesser bioavailability, lesser solubility, and easy protease
degradability that controls their antimicrobial usage. Vehicles used for AMPs delivery
include polymers, micelles, nanoparticles, dendrimers, carbon nanotubes, and other system
types which permit the AMPs to be used as a substitute for antibiotic treatment [70].

3.5. Nano-Encapsulated Lantibiotics

Gram-positive bacteria are categorized into four broad groups: lantibiotics, large
proteins, non-modified small peptides, and cyclic peptides [71]. Gram-positive bacteriocins
are classified into two major classes: lantibiotics are included in Class I while unmodified
postranslationally small bacteriocins are included in Class II. Lantibiotics are known as
peptides that include wide modifications of post-translational and possess methyllanthio-
nine and/or lanthionine residues. In the previous literature, it has been elucidated that
this ribosomally and postranslationally synthesized class of modified peptides (RiPPs) is
considerably unusual [19].

Gram-positive bacteriocins establish an extensive anti-bacterial spectrum as compared
to other bacteriocins. A peptidoglycan multilayered thick wall is generally attributed to
providing a large spectrum rather than an outer membrane. Small peptide penetration is
enabled by outer organization regardless of any binding of the receptor [72]. The third
bacteriocins class formerly comprised bacteriolysins, currently recognized tailocins, and
large anti-bacterial proteins of Gram-positive bacteria (up to 10 kDa). Lantibiotics include
typical amino acids such as methylanthionine (MeLan), dehydrobutyrin (Dhb), D-alanine
(D-Ala), lanthionine (Lan), and dehydroalanine (Dha) [73].

Lantibiotics are peptides that have a reduced molecular weight of approximately
5 kDa and include residues of methyllanthionine and/or lanthionine. Lantibiotics provide
stability to the bacteriocin structure and resistance to protease action. Lantipeptides are clas-
sified into four classes depending on the biosynthesis specifics, in which two compounds
possess anti-bacterial activity. Lantibiotics are categorized into three types depending on
the structure features, such as AI, AII, and B equivalent linear bacteriocins, combined
bacteriocins, and globular bacteriocins conformation [74].

AI-type lantibiotics contain microbisporicin, nisin, and epilancin 15×. Their anti-
bacterial action depends on the reduction of cell wall production due to the N-terminal
domain bacteriocin binding to lipid II, also known as peptidoglycan precursor. Moreover,
the domain C-terminal plays a significant role in pores formation that causes potential
membrane violation. Type-B lantibiotics include mersacidin, cinnamicin, and actagardin
with a globular tertiary compact structure [75]. An isolated group contains two lantibiotic
components that provide synergistic anti-bacterial action. The most-reported two compo-
nents of lantibiotic are lactacin 3147 which includes type A1 β-peptide (LtnA2) and type B
α-peptide (LtnA1). Lactacin 3147 shows anti-bacterial action and is examined in the tar-
geted cell membrane by the formation of the pores. Lantibiotics exhibit strong activity and
structural diversity in combatting Gram-positive pathogens. For instance, nisin has been
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utilized as an effective food preservative for the last 50 years. Numerous novel lantibiotics
are presently undergoing clinical trials to examine their antimicrobial potential [76].

3.6. Nano-Encapsulated Peptides

The most interesting and stable form of bacteriocins are cyclic structure bacteriocins
for practical applications. The compounds of this class are glycocins, lasso peptides, and
peptide bonds with “head-to-tail” bacteriocins. Lasso peptides are named thus due to
tertiary structure characteristics which are observed by the isopeptide bond formation be-
tween the N-terminal macrolactam amine ring and the aspartic acids or glutamic carboxylic
acid residue at the 7, 8, or 9 positions of the C-terminal tail peptide sequence. Recently, the
three lasso peptide bacteriocin structures have been synthesized by Gram-positive bacteria
that have been categorized as follows: streptomonomycin from Streptomonospora alba,
svicenin from Streptomyces sviceus, and lariatin A from Rhodococcus jostii [77].

The highly stable structures of lasso peptides are resistant to high temperatures and
enzyme action. Properties of lasso peptides are lost during linearization; thus, it is not
required to synthesize active bacteriocins chemically. At the receptors, every lasso pep-
tide is target-specific according to the bacterial specie. As a result, streptomonomycin
is a prevailing bacillus species inhibitor. It is supposed that the activity of the bacteria
resulted in the interaction of the WalR protein for division and metabolism in the cell
wall. Consequently, regardless of the other classes of bacteriocins that have comparable
action mechanisms due to structural features, three-dimension structure of every peptide
produces a definite signaling molecule [78]. Bioactive peptides by nanoencapsulation thus
enhance bioavailability and defend stability during distribution, processing, and storage.
The result is that consumers are presented with food with potential health benefits, and
the stability of these peptides is also improved [79,80]. Studies on the formulation of
nano-encapsulated bacteriocins through different nanoparticles are shown in Table 1.
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4. Advantage of Antimicrobial Peptides at the Food Industry Scale

The potential application of nano-encapsulated antimicrobial peptides such as bacteri-
ocins at the food industrial level needs to be encouraged. Several studies have demonstrated
the possible use of lactic acid bacteria in the manufacturing of cheese. In this process, the
active conversion of lactose to lactic acid produces bacteriocins to change the composition
of complex cheese microflora and inhibition of pathogenic bacteria or adventitious spoilage.
Particularly, the Joint Food and Agriculture Organization/World Health Organization
Expert Committee on Food Additives in 1969 claimed that nisin is regarded as safe to be
potentially used in food. In 1983, number E234 was allocated to this bacteriocin; it was
added to the European food additive list and, finally, US Food and Drug Agency approved
it to be used effectively in processed, pasteurized cheese spreads in 1988. Bacteriocins
that are produced from lactic acid bacteria are generally utilized to preserve food and
inhibit the spoilage and pathogenic microbes in food products and provide significant
antimicrobial dimensions [90].

Enterocin AS-48 treatment deactivates L. monocytogenes cells inoculated on the slices
and surface fruit and completely or partially disables S. Aureus in several sauces of fruit
and vegetable [91]. A wild strain of Streptococcus thermophilus ACA-DC 0001 was isolated
from traditional products such as Greek yogurt used to produce Thermophilin ST-1 [92].
Thermophilin ST-1 has an inhibitory impact on numerous foodborne pathogens, food
spoilage microorganisms, lactic acid bacteria, and on a few phytopathogens of Gram-
negative bacteria including the following: Enterococcus faecalis EF1, Xanthomonas campestris
BPIC 1660, Listeria innocua BL 86/20, Erwinia rubrifasciens BPIC 1710, Pseudomonas syringae
BPIC 1549 and Staphylococcus aureus ATCC 29996. Antimicrobial substances are sensitive to
increased alkaline and acidic conditions, to proteolytic enzymes, specifically trypsin and
pronase, heat-labile at 60 ◦C for 10 min, and exhibit a bactericidal action mode to prevent
the Lactococcus lactis ssp. cremoris CNRZ-117 indicator strain [92].

Lactacin has an active antimicrobial potential that can be utilized in food products
such as powdered soup, baby milk, cottage cheese, and yogurt [57]. It has been reported
that lactacin is non-immunogenic and nontoxic and mitigates the occurrence of infection.
Lactacin is produced by lactic acid bacteria (Lactococcus lactis 3147), which is utilized
significantly to prevent the development of several types of Gram-positive microorganisms
such as Pediococcus acidilactici, Clostridium botulinum, Listeria monocytogenes, Clostridium
sporogenes, Staphylococcus aureus, Enterococcus faecalis, and Bacillus spp. [93,94].

Nanoencapsulation of bacteriocins is the successful development through regulatory
approval from initial biological experimentation and observation to commercial application.
In recent years, it has stimulated a new approach in bacteriocins research for the industrial
model and market innovations. It is a fact that without understanding the nature and
mode of action, bacteriocins can be problematic in food. To reduce these disadvantages,
nanoencapsulation can be an effective approach in various important commercial and
imaginative applications. The core matrix and structurally enhanced nanocapsule probably
have the potential in food applications, especially to encapsulate the antimicrobial peptides
that are produced by food-grade LAB. Most importantly, it is more likely to meet regulatory
approval specifically to their origin for their introduction into fermented foods without any
purification or concentration [4].

5. Conclusions

This review highlighted the integral role, features, action mechanism and nanoencap-
sulation method of bacteriocins produced by lactic acid bacteria. Nowadays, food spoilage
is a major concern in the food industry. The trend of applying natural and chemical-free
preservatives has been increasing due to consumer concerns regarding the side effects of
artificial preservatives as well as due to their chronic health effects. Bacteriocins are more
efficient, anti-bacterial agents with fewer adverse effects. However, challenges and limita-
tions are associated with bacteriocins usage as anti-bacterial agents or bio-preservatives in
the food industry. Currently, available bacteriocin peptides have proven their efficacy, and
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various examples have been provided to ensure their commercial applications in the food
sector. For example, nanoencapsulation acts as a suitable strategy to preserve biological
activities and enhance the stability of nanoparticles when successfully applied to a food
product. The efficient technique of nanoencapsulation uses nanomaterials that enhance
the antimicrobial potential of bacteriocin. Moreover, these nanomaterials interact with
bacteriocins to develop nano-formulated bacteriocins as well as establish the mechanism of
action against targeted microorganisms which have been explained.

6. Future Recommendations

Although nano-encapsulated bacteriocins have been applied in the food industry
efficiently, additional research effort is needed to encapsulate nutraceuticals and to explore
them as nutraceutical carriers [49]. It is of great importance to conduct more studies on
nano-encapsulated enterocin, lactacin, thermophilin, lacidin, sakacin, and bulgaricin [6].
Novel research approach is required to produce bacteriocins from genetically modified
organisms and to develop suitable conditions for their application through nanoencap-
sulation methods [95]. Further studies are also needed to evaluate the in vivo efficiency
and safety of peptides. Identifying the gene of new recombinant bacteriocins has become
important by using polymerase chain reaction techniques to determine their applicability
in food and medicine [36]. The bioavailability and stability of bacteriocins throughout the
food chain during production, processing, distribution and storage is significant through
nanoencapsulation method to modify the food with health benefits.
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Abstract: The skin is the largest organ in the human body and is colonized by a diverse microbiota
that works in harmony to protect the skin. However, when skin damage occurs, the skin microbiota
is also disrupted, and pathogens can invade the wound and cause infection. Probiotics or other
beneficial microbes and their metabolites are one possible alternative treatment for combating skin
pathogens via their antimicrobial effectiveness. The objective of our study was to evaluate the
antimicrobial effect of seven multi-strain dietary supplements and eleven single-strain microbes that
contain probiotics against 15 clinical wound pathogens using the agar spot assay, co-culturing assay,
and agar well diffusion assay. We also conducted genera-specific and species-specific molecular
methods to detect the DNA in the dietary supplements and single-strain beneficial microbes. We
found that the multi-strain dietary supplements exhibited a statistically significant higher antagonistic
effect against the challenge wound pathogens than the single-strain microbes and that lactobacilli-
containing dietary supplements and single-strain microbes were significantly more efficient than the
selected propionibacteria and bacilli. Differences in results between methods were also observed,
possibly due to different mechanisms of action. Individual pathogens were susceptible to different
dietary supplements or single-strain microbes. Perhaps an individual approach such as a ‘probiogram’
could be a possibility in the future as a method to find the most efficient targeted probiotic strains,
cell-free supernatants, or neutralized cell-free supernatants that have the highest antagonistic effect
against individual clinical wound pathogens.

Keywords: probiotics; beneficial microbes; wound pathogens; skin pathogens; agar spot; co-culturing;
agar well diffusion; molecular methods; PCR

1. Introduction

The skin is the largest organ in the human body and is colonized by diverse micro-
biota. Most of these microbes are harmless or even beneficial and serve as physical barriers,
protecting our bodies from potential assaults by foreign organisms or toxic substances. The
skin, therefore, prevents disruption of this balance caused by the invasion of pathogens due
to skin damage because of illness, surgery, and burns [1,2]. Skin damage can be caused by a
variety of different reasons such as trauma (including cuts, abrasions, chemical burns, fire
burns, cold, heat, radiation, and surgery), or as a consequence of underlying illnesses such
as diabetes [3]. The most common wound pathogens include biofilm-forming bacteria such
as Staphylococcus aureus, Pseudomonas aeruginosa, Enterococcus faecalis, Acinetobacter bauman-
nii, Escherichia coli, Klebsiella pneumoniae, Enterobacter spp., Bacteroides spp., Peptostreptococcus
spp. [4–7]. Especially chronic wounds are a prominent health concern as they represent an
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important cause of morbidity and mortality and can significantly reduce the quality of life
of patients due to delayed healing, inflammation process, and excessive scarring. They also
result in enormous healthcare expenditures [6,8–10]. Wound debridement and the topical
application of antibiotics or other antimicrobial substances are the conventional methods
usually considered to eradicate wound infection. The main disadvantage of recurrent
antibiotics used in the context of delayed wound healing and frequent hospitalizations is
exacerbated by the rising risk of therapeutic resistance [3].

Probiotics that are by definition ”live microorganisms that, when administered in
adequate amounts, confer a health effect on the host” [11] aid in skin healing by stimulating
the production of immune cells. They also exhibit antagonistic effects against pathogens via
the competitive exclusion of pathogens [3,9,12]. Interestingly enough, the Organization for
Economic Cooperation and Development (OECD) also states that probiotics are a promis-
ing alternative therapy to the topical use of antibiotics due to the increasing occurrence
and transmission of antibiotic-resistant microorganisms [13]. A recent review found that
exogenous and oral application of probiotics has shown a reduction in wound infections,
especially when used as an adjuvant to antibiotic therapy, and therefore the potential use of
probiotics in this field remains worthy of further studies, perhaps focused more on typical
skin inhabitants as next-generation probiotics with high potential [9]. On the other hand,
using postbiotics could be a safer adjuvant therapy for wound or skin infections as this
would mean a safer version of applying metabolites of beneficial microbes without live
cells as postbiotics are by definition a “preparation of inanimate microorganisms and/or
their components that confers a health benefit on the host” [14].

Some probiotic strains or their cell-free supernatants, mainly from the lactobacilli
group, which was recently divided into several genera [15], have shown strong antimi-
crobial potential against some common wound pathogens using in vitro studies [9]. The
investigated probiotics include Lactiplantibacillus plantarum ATCC 10241 [16,17], Limosilacto-
bacillus fermentum NCIMB 7230 [18], Limosilactobacillus reuteri SD2112 [19], Lacticaseibacillus
rhamnosus GG [20], Cutibacterium acnes ATCC 6919 (previously known as Propionibacterium
acnes) [21] as well as some multi-strain probiotics [22–26] and the investigated pathogens
in these studies mainly include Pseudomonas aeruginosa, Staphylococcus aureus, and Es-
cherichia coli. Animal studies have also shown that topical application of probiotics such
as: Lactiplantibacillus plantarum ATCC 10241 [17,27–29], ATCC 8014 [30], USM8613 [31],
Limosilactobacillus fermentum NCIMB 7230 [32], and Cutibacterium acnes ATCC 6919 [21]
were efficient in reducing the pathogen load of skin wounds. The most important type of
study to ascertain the efficacy of probiotics is clinical study. In fact, probiotics can only
be named as such, if a beneficial effect is supported by at least one well-designed human
clinical study [33]. Two human clinical studies have shown that topical application of
probiotics reduced pathogen load [5,34] and some recent clinical studies have shown that
probiotic consumption indirectly reduced pathogen load via improvement of immune func-
tion [9,35–39]. A recent study [40] also addressed the differences between the in vitro and
in vivo effects of probiotics on the removal of pathogens using Lactiplantibacillus plantarum
ATCC 8014 (PTCC 1058) in simulated wound fluid together with Pseudomonas aeruginosa
and Staphylococcus aureus on and animal model. The authors found that the efficacy of
probiotics in the presence of different wound pathogens was different and that further
investigations are warranted.

To our knowledge, no study has investigated a wide range of single-strain and
multiple-strain dietary supplements against a wide range of clinical wound pathogens.
Therefore, the aim of our study was to evaluate the antimicrobial effect of eleven single-
strain and seven multiple-strain probiotic dietary supplements or other beneficial microbes
and their efficiency against fifteen clinical wound pathogens using three methods: agar-spot
assay, co-culturing assay, and an agar well diffusion assay, and to statistically compare
all results.
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2. Materials and Methods
2.1. Microbial Strains and Clinical Isolates

Eleven single-strain and seven multi-strain dietary supplements or other beneficial
microbes noted in Tables 1 and 2 were used.

Table 1. Multi-strain dietary supplements containing various probiotic strains.

Label Supplement Lactobacilli 1 Bifidobacteria Other Bacteria or Fungi

MS1

OMNi-BiOTiC®

HETOX,
Institut Allergosan,

Austria

Lacticaseibacillus casei W56
Lactobacillus acidophilus W37
Levilactobacillus brevis W63
Lactobacillus salivarius W24

Bifidobacterium lactis W52
Bifidobacterium bifidum W23

Lactococcus lactis W58
Lactococcus lactis W19

MS 2

OMNi-BiOTiC®

STRESS Repair,
Institut Allergosan,

Austria

Lacticaseibacillus casei W56
Lactobacillus acidophilus W22

Lacticaseibacillus paracasei W20
Lactiplantibacillus plantarum W62

Ligilactobacillus salivarius W24

Bifidobacterium lactis W52
Bifidobacterium lactis W51

Bifidobacterium bifidum W23
Lactococcus lactis W19

MS 3
OMNi-BiOTiC® 6,
Institut Allergosan,

Austria

Lactobacillus acidophilus W55
Ligilactobacillus salivarius W57

Lacticaseibacillus casei W56
Bifidobacterium animalis W53 Enterococcus faecium W54

Lactococcus lactis W58

MS 4

OMNi-BiOTiC®

FLORA plus+,
Institut Allergosan,

Austria

Lactobacillus crispatus LBV88
Lacticaseibacillus rhamnosus LBV96

Lactobacillus gasseri LBV150N
Lactobacillus jensenii LBV116

/ /

MS 5

OMNi-BiOTiC®

Activ,
Institut Allergosan,

Austria

Lacticaseibacillus casei W56
Lactobacillus acidophilus W37,
Levilactobacillus brevis W63,

Ligilactobacillus salivarius W24

Bifidobacterium lactis W52,
Bifidobacterium longum W108,

Bifidobacterium breve W25,
Bifidobacterium lactis W51,

Bifidobacterium bifidum W23

Lactococcus lactis W58,
Lactococcus lactis W19,

MS 6
NutriVital Ultra SB,
NutriVital Ply Ltd.,

Australia

Lactobacillus acidophilus La14
Lactiplantibacillus plantarum Lp-115

Bifidobacterium animalis subsp.
lactis BI-04

Saccharomyces cerevisiae var.
boulardii

MS 7
(Bio-Kult®),

Protexin Lopsen Head,
UK,

Lacticaseibacillus casei PXN 37,
Lactiplantibacillus plantarum PXN 47,
Lacticaseibacillus rhamnosus PXN 54,

Lactobacillus acidophilus PXN 35,
Lactobacillus delbrueckii subsp.

bulgaricus PXN 39,
Lactobacillus helveticus PXN 45,

Ligilactobacillus salivarius PXN 57

Bifidobacterium bifidum PXN 23,
Bifidobacterium breve PXN 25,

Bifidobacterium longum PXN 30,
Bifidobacterium infantis PXN 27

Bacillus subtilis PXN 21,
Lactococcus lactis subsp. lactis

PXN 63,
Streptococcus thermophilus

PXN 66

1 The Lactobacillus genus has been recently divided into novel genera [15], therefore the novel genera have
been used.

Table 2. Single-strain dietary supplements and other beneficial microbes.

Label Supplement Strains

SS01 Waya® LGG® forte, Medis GmbH, Austria Lacticaseibacillus rhamnosus LGG

SS02 Yakult®, Yakult Honsha Co, Ltd., Yakult Europe, Italy Lacticaseibacillus paracasei Shirota

SS03 BioGaia®, TwoPac AB, Sweden Limosilactobacillus reuteri DSM 17938

SS04 German Collection of Microorganisms and Cell Cultures GmbH Lactiplantibacillus plantarum subsp. plantarum DSM 2601

SS05 Probactiol® senior, Metagenics Italia S.r.l., Italia Bifidobacterium animalis subsp. lactis HN019

SS06 Baby Linbi®, Lek Pharmaceutical company d.d., Slovenia Bifidobacterium animalis subsp. lactis BB-12

SS07 ProLife® sporogenes, Zeta Farmaceutici, S.p.a., Italy Bacillus coagulans MTCC 5260

SS08 German Collection of Microorganisms and Cell Cultures GmbH Propionibacterium freudenreichii subsp. freudenreichii DSM 20271

SS09 German Collection of Microorganisms and Cell Cultures GmbH Acidipropionibacterium acidipropionici DSM 20272

SS10 Optim PropioniBacter, Laboratoire Optim, Bionoto sprl, Belgium Propionibacterium freudenreichii subsp. shermanii
SS11 SB Probiotic, Blooms, Phytologic Pty Ltd., Australia Saccharomyces cerevisiae var. boulardii
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As noted in Tables 1 and 2, all multi-strain dietary supplements MS1 to MS7 and
single-strain supplements SS1 to SS4 contain different strains of lactobacilli. Eight strains of
the modified Lactobacillus genus (MS1 to MS7), seven strains of the Lacticaseibacillus genus
(MS1, MS2, MS3, MS4, MS5, MS7, SS01, SS02), three strains of Ligilactobacillus salivarius
(MS1, MS2, MS3, MS5, MS7), three strains of Lactiplantibacillus plantarum (MS2, MS6, MS7,
SS04), one strain of Levilactobacillus brevis (MS1, MS5) and one strain of Limosilactobacillus
reuteri in SS03. The bifidobacteria genus is included in eight samples: MS1, MS2, MS3, MS5,
MS6, MS7, SS05, and SS06. All eight samples include strains of the species Bifidobacterium
animalis that contains two subspecies: B. animalis subsp. lactis and B. animalis subsp. animalis.
Two strains of Bifidobacterium breve W25, PXN 25 and two strains of Bifidobacterium longum
W108, PXN 30 in MS5, and MS7, one strain of Bifidobacterium bifidum W23 in MS1, MS2,
MS5, and MS7 and one strain of Bifidobacterium infantis in MS7. Three lactococci strains were
included in MS1, MS2, MS3, MS5, and MS7. Three propionibacteria strains are included in
SS08, SS09, and SS10, [41]. One strain of each of the following bacteria are also included:
Enterococcus faecium in MS3, Bacillus subtilis PXN 21 in MS7, Bacillus coagulans MTCC 5260
in SS07, and Streptococcus thermophilus in PXN 66 MS7. Saccharomyces cerevisiae var. boulardii
is included in MS6 and SS11. The clinical pathogens were selected from the bacterial strains
isolated from the wound samples received at the Institute of Microbiology and immunology
at the Faculty of Medicine, University of Ljubljana, Slovenia in 2021. The genera/or species
and origin are noted in Table 3.

Table 3. Clinical pathogenic isolates and their origin.

Label Pathogen Origin

1 Staphylococcus aureus Patient with leg ulcer infection
2 Patient with diabetic ulcer infection

3 Pseudomonas aeruginosa Patient with inguinal infection after cardio intervention
4 Patient with gastrostomy site infection

5 Enterococcus faecalis Patient with infection at central venous catheterization
6 Patient with sternal wound infection

7
Escherichia coli

Patient with surgical wound infection and dehiscence
8 Patient with surgical wound infection

9 Klebsiella pneumoniae Patient with sternal wound infection
10 Patient with surgical wound infection

11 Enterobacter spp. Patient with leg ulcer infection
12 Patient with inguinal infection after cardio intervention

13 Acinetobacter spp. Patient with bedsore (pressure ulcer) infection

14 Bacteroides spp. Patient with perianal infection
15 Patient with bedsore (pressure ulcer) infection

Clinical strains Staphylococcus aureus, Pseudomonas aeruginosa, Enterococcus faecalis,
Escherichia coli, Klebsiella pneumoniae, Enterobacter spp., Acinetobacter spp. and Bacteroides spp.
noted in Table 3 were collected from various different skin or wound infections, including
skin ulcers, diabetic ulcers, pressure ulcers, inguinal infections, infections at jejunostomy,
infections at central venous catheterization, sternal infection, wound dehiscence, surgical
wound infection, perianal infection. All pathogens were identified using conventional
microbiological methods in the medical diagnostics laboratory Institute of Microbiology
and Immunology at the Faculty of Medicine, Ljubljana, Slovenia. All pathogens and
probiotics except for those containing lactobacilli were cultured in tryptic soy broth (Fluka,
51228) as overnight cultures, incubated at 35 ◦C. All lactobacilli containing probiotics or
other beneficial microbes were cultured in De Man, Rogosa, and Sharpe broth (Merck,
1.10661) as overnight cultures, incubated at 35 ◦C.
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2.2. Molecular Methods for the Detection of Probiotic Strains

For the detection of bacterial and fungal strains of probiotics and other beneficial
microbes used in our assays, genus-specific and species-specific PCR primers were used as
shown in Table 4.

Table 4. Primer pairs of selected microbial genera or species.

Microorganism Primer Pairs (5′–3′) Product Size Reference

Lactobacilli spp.

Lactobacilli spp. LbLMA1-rev CTC AAA ACT AAA CAA AGT TTC 220 bp Dubernet et al.,
2002 [42]R-16-1 CTT GTA CAC ACC GCC CGT C

Lacticaseibacillus
rhamnosus

Rham 1 GTC GAA CGA GTT CTG ATT ATT G 158 bp
Sul et al., 2007 [43]

RhamR GAA CCA TGC GGT TCT TGG AT

Lactobacillus
acidophilus

LacidoF CAC TTC GGT GAT GAC GTT GG 575 bp
LacidoR CGA TGC AGT TCC TCG GTT AAG C

Lacticaseibacillus casei
PrI CAG ACT GAA AGT CTG ACG G 200 bp

Walter et al., 2000
[44]

CasII GCG ATG CGA ATT TCT TTT TC

Limosilactobacillus
reuteri

Lfpr GCC GCC TAA GGT GGG ACA GAT 350 bp
Reu AAC ACT CAA GGA TTG TCT GA

Lactobacillus gasseri Lgas-3 AGC GAC CGA GAG AGA GAG A 360 bp Takahashi et al.,
2006 [45]Lgas-2 TGC TAT CGC TTC AAG TGC TT

Lactiplantibacillus
plantarum

LplanF CGA GAC AGC AAT TCC TGC ACT CG 176 bp Gaspar et al., 2019
[46]LplanR CCT CAG AAA CAG TCC GGT TGA C

Bifidobacteria spp.

Bifidobacterium spp. Bif164F GGG TGG TAA TGC CGG ATG 453 bp Bernhard et al.,
2000 [47]Bif601R TAA GCC ATG GAC TTT CAC ACC

Bifidobacterium bifidum BifF ATT TGA GCC ACT GTC TGG TG 431 bp
Sul et al., 2007 [43]

BifR CAT CCG GGA ACG TCG GGA AA

Bifidobacterium longum BiflongF TTC CAG TTG ATC GCA TGG TC 831 bp
BiflongR GGG AAG CCG TAT CTC TAC GA

Bifidobacterium
animalis

Bani-tF TCA CGA CAA GTG GGT TGC CA 178 bp Sheu et al., 2010 [48]Bani-tR GTT GAT CGG CAG CTT GCC G

Other bacteria and fungi

Lactococcus spp. L1 AAC TCT GTT GTT AGA G 570 bp Deasy et al., 2000
[49]L2 ATC TCT AGG AAT AGC AC

Propionibacterium spp. PB1 AGT GGC GAA GGC GGT TCT CTG GA 865 bp Rossi et al., 1999
[50]PB2 TGG GGT CGA GTT GCA GAC CCC AAT

Bacillus coagulans BC1-F ACA GGG CTT TCA GAT ACC CG 990 bp Majeed et al., 2017
2017 [51]BC1-R CGG GGA TCC GTC CAT CAA AA

Bacillus subtilis
Bsub5F AAG TCG AGC GGA CAG ATG G 595 bp Wattiau et al., 2001

[52]Bsub5R CCA GTT TCC AAT GAC CCT CCC C

Enterococcus faecium EM1F TTG AGG CAG ACC AGA TTG ACG 658 bp Cheng et al., 1997
[53]EM1R TAT GAC AGC GAC TCC GAT TCC

Saccharomyces
cerevisiae

SC1 AAC GGT GAG AGA TTT CTG TGC 1170 bp Mitterdorfer et al.,
2002 [54]SC2 AGC TGG CAG TAT TCC CAC AG

Bacterial and fungal genomic DNA was extracted from the suspension of microorgan-
isms using PrepMan Ultra Sample Preparation Reagent (Applied Biosystems) in accordance
with the manufacturer’s instructions. Amplification was carried out in a thermal cycler (S
Labcycler, Sensoquest, Germany), applying the cycling conditions as presented in Table 5.
The reaction mixture (50 µL) contained 2.5 U of Taq DNA Polymerase (Qiagen, Germany),
0.5 µM of each primer, 0.2 mM of each deoxyribonucleotide triphosphate, 1.5 mM of

39



Microorganisms 2022, 10, 2518

10× reaction buffer, and different concentrations of MgCl2 2.5 mM MgCl2 for Lacticaseibacil-
lus casei, Limosilactobacillus reuteri, Lactobacillus gasseri, Lactiplantibacillus plantarum, Bacillus
subtilis, 2 mM MgCl2 for Lacticaseibacillus rhamnosus, Lactobacillus acidophilus, Bifidobacterium
bifidum, Bifidobacterium longum, 1.5 mM MgCl2 for Bifidobacterium animalis, Bacillus coagulans,
Lactococcus genus, Saccharomyces cerevisiae, 1 mM MgCl2 for Propionibacterium genus, and En-
terococcus faecium and approx. 10 to 100 ng of bacterial or fungal DNA. In the case of single
strains, a lower concentration of template was used to avoid inhibition of the reaction.

Table 5. Cycling parameters for polymerase chain reaction programs of selected microbes.

PCR Program Denaturation 1 Annealing Extension No. of
Cycles

Reference/Modified
Program

Lactobacilli spp.
30 s at 94 ◦C 30 s at 55 ◦C 30 s at 72 ◦C

20 Dubernet, et al., 2002 [42]

Lacticaseibacillus casei,
Limosilalactobacillus reuteri 30 Walter et al., 2000 [44]

Lacticaseibacillus rhamnosus,
Lactobacillus acidophilus,
Bifidobacterium longum

30 s at 94 ◦C 30 s at 63 ◦C 30 s at 72 ◦C 30 Sul, et al., 2007 [43]

Lactobacillus gasseri 30 s at 94 ◦C 120 s at 65 ◦C 120 s at 72 ◦C 35 Takahashi et al., 2006 [45]

Lactiplantibacillus plantarum 15 s at 94 ◦C 30 s at 60 ◦C 60 s at 72 ◦C 40 Gaspar et al., 2019 [46]

Bifidobacterium spp. 30 s at 94 ◦C 60 s at 53 ◦C 120 s at 72 ◦C 35 Bernhard et al., 2000 [47]

Bifidobacterium bifidum 30 s at 94 ◦C 45 s at 57 ◦C 30 s at 72 ◦C 35 Modified in this study

Bifidobacterium animalis 35 s at 94 ◦C 35 s at 60 ◦C 40 s at 72 ◦C 35 Sheu et al., 2010 [48]

Propionibacterium spp. 30 s at 94 ◦C 15 s at 70 ◦C 60 s at 72 ◦C 40 Rossi et al., 1999 [50]

Bacillus coagulans 30 s at 94 ◦C 30 s at 60 ◦C 60 s at 72 ◦C 30 Majeed et al., 2017 [51]

Bacillus subtilis 30 s at 94 ◦C 120 s at 65 ◦C 120 s at 72 ◦C 30 Wattiau et al., 2001 [52]

Enterococcus faecium 60 s at 94 ◦C 60 s at 54 ◦C 60 s at 72 ◦C 40 Fijan et al., 2018 [55]

Lactococcus spp. 60 s at 94 ◦C 60 s at 50 ◦C 60 s at 72 ◦C 30 Modified in this study

Saccharomyces cerevisiae 60 s at 94 ◦C 60 s at 50 ◦C 60 s at 72 ◦C 30 Mitterdorfer et al., 2000 [54]
1 Initial denaturation and final extension are 15 min at 95 ◦C and 7 min at 72 ◦C respectively for all amplifications.

Aliquots of the amplified products were subjected to electrophoresis (100 V, 45 min) in
1.5% agarose gel in TBE buffer (89 mM Tris base, 89 mM boric acid, 2 mM EDTA, pH 8.0).
Gels were stained with 8 µL of Syber Green I and visualized under UV light (312 nm).

2.3. Agar Spot Assay

The antimicrobial effect of the chosen single-strain and multi-strain dietary supple-
ments, probiotics, or other beneficial microbes against common skin or wound pathogens
was determined using the modified agar spot assay [55–57]. Briefly, each probiotic overnight
culture with a final concentration (108 cfu/mL) was inoculated as spots onto the following
media: De Man, Rogosa, and Sharpe agar (Millipore, 1.10660) for all multi-strain probiotics
and SS01-SS04, TOS-propionate agar (Sigma-Aldrich, 43314) for SS05 and SS06, Mannitol
Egg Yolk Polymyxin agar (Merck, 1.05267) for SS07, Clostridium perfrigens agar (Liofilchen,
610207) for SS08-SS10, and Sabouraud glucose agar (BioMerieux, AEB152202) for SS11.

The plates were dried for 30 min at room temperature. All De Man, Rogosa, and
Sharpe agar plates were then incubated anaerobically at 35 ◦C for 24 h using anaerobic jars
together with a Genbag anaerobic pouch. Other agar plates were incubated aerobically for
24 h. All plates were then overlaid with 7 mL of soft agar (15g tryptic soy bujon (Fluka,
51228)/500 mL and 2g agarose (Fluka, 51228)/500 mL) inoculated with overnight cultures
of the pathogens (with final concentration 7 log cfu/mL) and incubated at 35 ◦C for 48 h.
Figure 1a shows a scheme of the agar spot assay.
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After 48 h of incubation, measurements of inhibition zones around the colonies were
measured using a ruler. The diameter of the zone of inhibition measuring from both sides
of the clear zone around the colony was measured. The result also included 6–7 mm of
the colony. Zones of more than 20 mm, between 10 and 20 mm, and less than 10 mm were
considered as strong (3+), intermediate (2+), and low inhibitions (+), respectively. This is
a modified scale [57], similar to those proposed by Davis and Stout [58]. If no zone was
detected the result was reported as less than 6 mm. This assay was performed in triplicate.
The mean of the zones of inhibition as well as the standard deviation SD were calculated.
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2.4. Co-Culturing for Microbial Competition Assay

The co-culturing for microbial competition assay of the pathogens and the chosen
single-strain and multi-strain dietary supplements, probiotics, or other beneficial microbes
was conducted similarly to Tranberg and co-authors [60] as follows: aliquots of 1 mL of
an overnight culture of probiotics and 1 mL of the overnight culture of the clinical wound
pathogens were inoculated into 500 mL sterile tubes with fresh broth containing 1 mL
tryptic soy broth (Fluka, 51228) and 1 mL De Man, Rogosa and Sharpe broth (Merck,
1.10661). As controls, 1 mL overnight cultures of pathogens were grown in 1 mL tryptic soy
broth and 1 mL De Man, Rogosa, and Sharpe broth. All samples were incubated overnight
at 35 ◦C for 24 h.

After 24 h of incubation, colonies of surviving pathogens were counted using serial
dilutions, ranging from 101 to 108. The following selective media were used for clinical
isolates: Baird-Parker agar (Biolife, 4011162) for Staphylococcus aureus isolates, cetrimide
agar (22470, Fluka) for Pseudomonas aeruginosa isolates, kanamycin esculin azide agar
(Biolife, 4015522) for Enterococcus faecium isolates, violet red bile glucose agar (Fluka, 70189)
for Escherichia coli and Enterobacter spp. isolates, HiCrome Klebsiella selective agar (Fluka,
90925) for Klebsiella pneumoniae isolates, MacConkey agar without salt (Sigma Aldrich,
51405) for Acinetobacter spp. isolates and bile esculin agar (Sigma Aldrich, 48300) for
Bacteroides spp. isolates. All selective media were then incubated aerobically at 35 ◦C for
24 or 48 h according to the manufacturer’s recommendation except for bile esculin agar
for Bacteroides spp. isolates which were incubated anaerobically at 35 ◦C for 24 h using
anaerobic jars together with a Genbag anaerobic pouch.

The reduction and log step reduction were then calculated as follows:

%R =
c f upa − c f upa+pro

c f upa
× 100

log10 R = log
c f upa+pro

c f upa

where: %R is the percent of reduction of the pathogen, log10R is the log step reduction,
cfupa is the cfu of the pathogen after incubation and cfupa+pro is the cfu of the pathogen
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after incubation of the pathogen together with the probiotic. A log step reduction of more
than six was considered strong inhibition as it corresponds to a 99.9999% reduction in the
case of initial concentration of 106 cfu/mL. Between 3 and 6 was considered intermediate
inhibition and less than 3 was considered low inhibition. Two separate experiments were
conducted, and the average was calculated for each sample.

2.5. Agar Well Diffusion Assay

A slightly modified method of the agar well diffusion assay for the inhibition of
pathogens by cell-free supernatants of chosen single-strain and multi-strain dietary sup-
plements, probiotics, or other beneficial microbes by Holder and Boyce [61] was used.
Briefly, overnight cultures of pathogens were confluently streaked onto Müller Hinton
agar (BioLife, 4017402) plates with sterile cotton swabs and the plates were left to dry for
30 min. Wells (5 mm in diameter) were cut using 1000 µL sterile pipette tips. Cell-free
supernatants of overnight cultures of chosen probiotics and other beneficial microbes were
prepared by sedimentation of cells with centrifuging (4000× g for 10 min). The cell-free
supernatant was filtered through a 0.22 µm pore size syringe filter. Half of each cell-free
supernatant was used directly by inoculating 800 µL into the wells. The other half was neu-
tralized using NaOH and adjusted to pH = 7 to achieve a neutralized cell-free supernatant
that was inoculated into the remaining wells. Figure 1b shows a scheme of the agar well
diffusion assay.

The antibacterial effect was determined by measuring the diameter of the zone of
inhibition around the wells. Again, zones of more than 20 mm, between 11 and 20 mm, and
less than 10 mm were considered strong (3+), intermediate (2+), and low inhibitions (+),
respectively. The mean of the radii measuring from the edges of the colonies to the edges
of the clear zones was calculated as well as the standard deviation SD. This assay was also
performed in triplicate.

After 48 h of incubation, measurements of inhibition zones around the wells were
measured using a ruler. The diameter of the zone of inhibition measuring from both sides
of the clear zone around the well was measured. The result also included 6 mm diameters
of the wells. Zones of more than 20 mm, between 10 and 20 mm, and less than 10 mm were
considered as strong (3+), intermediate (2+), and low inhibitions (+), respectively according
to the modified scale by Shokryazdan and co-authors [57]. If no zone was detected, the
result was reported as less than 6 mm. This assay was performed in triplicate. The mean of
the zones of inhibition as well as the standard deviation SD were calculated.

2.6. Statistics

The mean zones of inhibition were presented as 95% Confidence Intervals (CI) com-
paring, agar spot assay, co-culturing, and agar well diffusion assay respectively, explored
and evaluated with appropriate statistical as needed for various probiotics groupings, such
as single-/multi-strain, species. Student t-test was used to compare single-/multi-strains.
One-way ANOVA test with post-hoc HSD comparing mean zone was used for multiple
probiotic groups and two-factor ANOVA was used to compare agar well diffusion assay in-
teraction with various groups. Assumptions of those tests were also checked. The statistical
analysis was performed in the statistical program R (version 4.2.1).

3. Results
3.1. Identification of Species and Genera of Microbial Strains Using Molecular Detection Methods

The results of the polymerase chain reactions (PCR) using genera-specific and species-
specific primer pairs for multi-strain probiotic dietary supplements and single-strain probi-
otics and other beneficial microbes are noted in Tables 6 and 7, respectively.
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Table 6. Presence of conducted genera-specific and species-specific PCR products of multi-strain
probiotics.

Sample

Confirmed Lactobacilli Confirmed Bifidobacteria Confirmed Other Bacteria or
Fungi

Genus-Specific
PCR

Species-Specific
PCR

Genus-Specific
PCR

Species-Specific
PCR

Genus-
Specific

PCR

Species-
Specific

PCR

MS1 Lactobacilli 1 spp. L. acidophilus, L. casei Bifidobacterium B. animalis,
B. bifidum Lactococcus /

MS2 Lactobacilli spp. L. acidophilus, L. casei,
L. plantarum Bifidobacterium B. animalis,

B. bifidum Lactococcus /

MS3 Lactobacilli spp. L. acidophilus, L. casei Bifidobacterium B. animalis Lactococcus E. faecium

MS4 Lactobacilli spp. L. gasseri,
L. rhamnosus / / / /

MS5 Lactobacilli spp. L. acidophilus, L. casei Bifidobacterium
B. animalis,
B. bifidum,
B. longum

Lactococcus /

MS6 Lactobacilli spp. L. acidophilus,
L. plantarum Bifidobacterium B. animalis / Saccharomyces

cerevisiae

MS7 Lactobacilli spp.
L. acidophilus, L. casei,

L. plantarum,
L. rhamnosus

Bifidobacterium
B. animalis,
B. bifidum,
B. longum

Lactococcus B. subtilis

1 The Lactobacillus genus has been recently divided into novel genera [15], therefore the novel genera have
been used.

Table 7. Presence of conducted genera-specific and species-specific PCR products of single strain
microbes.

Confirmed Genus-Specific PCR Confirmed Species-Specific PCR

SS01 Lactobacilli spp.1 Lacticaseibacillus rhamnosus
SS02 Lactobacilli spp. Lacticaseibacillus casei
SS03 Lactobacilli spp. Limosilactobacillus reuteri
SS04 Lactobacilli spp. Lactiplantibacillus plantarum
SS05 Bifidobacterium genus Bifidobacterium animalis
SS06 Bifidobacterium spp. Bifidobacterium animalis
SS07 (Not conducted) Bacillus coagulans
SS08 Propionibacterium spp. (Not conducted)
SS09 Propionibacterium spp. (Not conducted)
SS10 Propionibacterium spp. (Not conducted)
SS11 (Not conducted) Saccharomyces boulardii

1 The Lactobacillus genus has been recently divided into novel genera [15], therefore the novel genera have
been used.

The PCR primer pairs LbLMA1-rev and R-16-1 that targets the nucleotide sequence of
the spacer between the 16S and 23S rRNA genes in all lactobacilli genera confirmed by a
positive band at 220 bp was found for all seven multi-strain probiotics and all single-strain
samples that contained lactobacilli (SS1 to SS4). Species-specific PCR using primer pairs
noted in Table 4 was run for the following lactobacilli species: Lactobacillus acidophilus,
Lactobacillus gasseri, Lacticaseibacillus casei, Lactocaseibacillus rhamnosus, Lactiplantibacillus
plantarum and Limosilactobacillus reuteri. Species-specific DNA fragments were found for
Lactobacillus acidophilus in MS1, MS2, MS3, MS5, MS6, MS7, Lactobacillus gasseri in MS4,
Lacticaseibacillus casei in MS1, MS2, MS3, MS5, MS7, and SS02, Lactocaseibacillus rhamnosus
in MS4, MS7, and SS01, Lactiplantibacillus plantarum in MS2, MS6, MS7, and SS04 and
Limosilactobacillus reuteri in SS03.
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The genus Bifidobacterium using the primer pairs Bif164F and Bif601R for amplifying
the 16S ribosomal rRNA fragments confirmed by a positive band at 453 bp was also
confirmed for all bifidobacterial containing samples (MS1, MS2, MS3, MS5, MS6, MS7, SS05,
SS06). Species-specific PCR using primer pairs noted in Table 4 was run for the following
bifidobacterial species: Bifidobacterium animalis, Bifidobacterium bifidum, and Bifidobacterium
longum. Species-specific DNA fragments were found for Bifidobacterium animalis in MS1,
MS2, MS3, MS5, MS6, MS7, SS5, and SS6, Bifidobacterium bifidum in MS1, MS2, MS5, and MS7
and Bifidobacterium longum in MS5 and MS7. The genera Lactococcus and Propionibacterium
were confirmed by primer pairs noted in Table 4 for MS1, MS2, MS3, MS5, and MS7
and SS08, as well as SS09 and SS10, respectively. Species-specific DNA fragments were
also found for the bacteria Enterococcus faecium (MS3), Bacillus subtilis (MS7), and Bacillus
coagulans (SS07). Saccharomyces cerevisiae species-specific DNA fragments were found (MS6,
SS11) thus confirming the presence of Saccharomyces cerevisiae subsp. boulardii.

3.2. Agar Spot Assay

The evaluation of the mean zone of inhibition and standard deviation of the agar
spot assay for all investigated probiotics and other beneficial microbes against the clinical
pathogens, isolated from various skin wounds are noted in Table 8. All results of the zone
of inhibition and standard deviation are noted in Supplementary Table S1.

Table 8. Evaluation of the antagonistic effect of various probiotics and other beneficial microbes
against clinical skin pathogens using the agar spot assay.

Evaluation of Zone of Inhibition Using the Agar Spot Assay *
Sa1 Sa2 Pa3 Pa4 Ef5 Ef6 Ec7 Ec8 Kp9 Kp10 Ent11 Ent12 Ac13 Bac14 Bac15

MS1 3+ 3+ 3+ 3+ 3+ 2+ 3+ 2+ 2+ 2+ 2+ 2+ 3+ 3+ 3+
MS2 3+ 3+ 3+ 3+ 3+ 2+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+
MS3 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 2+ 3+ 3+ 3+
MS4 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 2+ 2+ 2+ 3+ 3+
MS5 3+ 2+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 2+ 3+ 3+ 3+ 3+
MS6 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 2+ 3+ 3+ 3+ 3+
MS7 3+ 3+ 2+ 3+ 3+ 3+ 2+ 3+ 3+ 3+ 2+ 3+ 3+ 3+ 3+
SS01 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 2+ 3+ 3+ 3+
SS02 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 2+ 2+ 2+ 3+ 3+ 3+
SS03 2+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 2+ 2+ 3+ 3+ 3+
SS04 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 2+ 3+ 3+ 3+ 3+
SS05 2+ 2+ 2+ 2+ 2+ 2+ 2+ 3+ 3+ 2+ 3+ 3+ 2+ 2+ 3+
SS06 2+ 2+ 2+ 2+ 2+ 2+ 2+ 3+ 3+ 3+ 3+ 3+ 2+ 3+ 2+
SS07 + 2+ 2+ 2+ + + + + + + + + + + +
SS08 + + + + + + + + + + + + + + +
SS09 + + + + + + + + + + + + + + +
SS10 + + + + + + + + + + + + + + +
SS11 2+ 2+ 3+ 3+ 2+ 3+ 3+ 2+ 2+ 2+ + + 2+ 2+ 2+

* More than 20 mm was considered strong inhibition (3+), between 11 and 20 mm was considered intermediate
inhibition (2+), and less than 10 mm was considered low inhibition (+). The diameter of the colony is included. If
no zone of inhibition was detected the result was reported as <6 mm.

As obvious from Table 8, all multiple-strain probiotics and single-strain probiotics
SS01to SS04 (including Lacticaseibacillus paracasei Shirota, Limosilactobacillus reuteri DSM
17938, Lacticaseibacillus rhamnosus GG, and Lactiplantibacillus plantarum DSM 2601) were
successful against most clinical wound pathogens as strong inhibition (the zone of inhibition
was more than 20 mm) was found in most of the assays. On the other hand, the single strain
probiotics Bacillus coagulans MTCC 5260 (SS07), Propionibacterium freudenreichii DSM 20271
(SS08), Propionibacterium propionici DSM 20272 (SS09), and Propionibacterium freudenreichii
susp. shermanii (SS10) exhibited only low inhibition (the zone of inhibition was less than
10 mm). Intermediate average inhibition (zone of inhibition was between 10 and 20
mm) was found for both single-strain bifidobacteria: Bifidobacterium lactis HN019 (SS05),
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Bifidobacterium lactis BB12 (SS06), and the single-strain fungi Saccharomyces boulardii (SS11).
The average zone of inhibition of all probiotic strains against individual clinical pathogens
was intermediate for most strains and even above 20 mm for one strain of Staphylococcus
aureus, Pseudomonas aeruginosa, Escherichia coli, and Acinetobacter and both clinical strains
of the Bacteroides genus thus indicating that no specific pathogen stood out or was more
resistant to the antimicrobial effect of the chosen probiotics.

The means of the inhibition zone of probiotics against wound pathogens with 95%
CI are noted in Figure 2. The Propionibacterium strains and the Bacillus strain (SS07-SS10)
seem to have smaller mean zones of inhibition and all multi-strain probiotics seem to have
a larger zone of inhibition against all challenge wound pathogens. Checking the mean zone
of inhibition against all wound pathogens for the various probiotics we observed statistical
differences (F(17.252) = 40.5, p < 0.001).
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As obvious in Figure 3, looking just at multi-strain (M = 25.15, SD = 3.95) and single-
strain probiotics or beneficial microbes (M = 16.74, SD = 1.74), we showed that the latter has
a statistically significant lower mean inhibition zone (t = −7.553, p < 0.001), which is also
indicated in Figure 3. Grouping the data along the lines for species we observed the average
means of the inhibition zone in descending order as follows: multi-strain probiotics that
contained mainly lactobacilli strains and single-strain lactobacilli (M = 25.20, SD = 4.20),
single strain bifidobacteria probiotics (M = 18.05, SD = 3.09), probiotic yeast strain and
Bacillus strain (M = 16.98, SD = 6.31), and finally the Propionibacterium (M = 7.48, SD = 0.42).
These means had a statistically significant difference (F(3.56) = 47.38, p < 0.001).
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A post-hoc HSD test comparing pairs showed that the mean zone of inhibition against
wound pathogens for all lactobacilli-containing probiotics was higher than others and the
mean zone of inhibition of the Propionibacterium strains was lower than the others, which
can also be at least partially indicated in Figure 4.
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Figure 4. Means of inhibition zones together with 95% CI of probiotics and other beneficial mi-
crobes, divided into groups according to main species, against clinical skin pathogens using the agar
spot assay.

3.3. Co-Culturing for Microbial Competition Assay

The evaluation of the average log step reduction for all investigated probiotics and
other beneficial microbes against the clinical pathogens, isolated from various skin wounds
using co-culturing is noted in Table 9. The scale of a log step reduction of more than 6 was
considered strong inhibition, between 3 and 6 was considered intermediate inhibition and
less than 3 was considered low inhibition. All results of the average log step reduction and
percentage of reduction are noted in Supplementary Table S2.
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Table 9. Evaluation of the antagonistic effect of various probiotics and other beneficial microbes
against clinical skin pathogens using the co-culturing assay.

Evaluation of Log Step Reduction Using the Co-Culturing Assay *

Sa1 Sa2 Pa3 Pa4 Ef5 Ef6 Ec7 Ec8 Kp9 Kp10 Ent11 Ent12 Ac13 Bac14 Bac15

MS1 2+ 2+ 3+ 3+ 2+ 2+ 3+ 2+ + 2+ 3+ 3+ 3+ 3+ 3+
MS2 2+ 2+ 3+ 3+ 2+ 2+ 2+ 2+ + 2+ 3+ 3+ 3+ 3+ 2+
MS3 2+ 2+ 2+ 3+ 2+ 2+ 3+ 3+ + 3+ 3+ 3+ 3+ 3+ 2+
MS4 2+ 2+ 3+ 3+ 2+ 2+ 3+ 3+ 3+ 3+ 2+ 3+ 3+ 3+ 3+
MS5 2+ 2+ 3+ 3+ + 2+ 3+ 3+ 3+ 2+ 3+ 3+ 3+ 2+ 3+
MS6 2+ 2+ 3+ 2+ + 2+ 2+ + + 2+ 2+ 3+ 3+ 2+ +
MS7 2+ 2+ 3+ 3+ 2+ 2+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 2+ 2+
SS01 2+ + 3+ 3+ + + 2+ 2+ 2+ + 2+ 3+ + 2+ +
SS02 2+ 2+ 3+ 3+ 2+ + 2+ 2+ 2+ + 3+ 3+ 2+ 2+ +
SS03 2+ 2+ 3+ 3+ 2+ 2+ 2+ 3+ + 2+ 3+ 3+ 2+ + +
SS04 3+ 3+ 3+ 2+ 2+ 2+ 3+ 3+ 3+ 2+ 3+ 3+ 2+ 3+ 2+
SS05 2+ 2+ 3+ 2+ 2+ 2+ 3+ 3+ + 3+ 3+ 3+ 2+ 3+ 2+
SS06 3+ 3+ 3+ 3+ + 2+ 2+ 3+ 2+ 3+ 3+ 3+ 2+ + +
SS07 2+ + 3+ 3+ 2+ + 2+ 2+ 2+ 2+ 2+ 2+ 2+ + +
SS08 + + + + + + + + + + + + 2+ 2+ +
SS09 + + + + + + + + + + + + + + +
SS10 2+ + 2+ + + + + 2+ 2+ 2+ 2+ 2+ 2+ + 3+
SS11 2+ 2+ + + + + 2+ + + + + 2+ + + +

* a log step reduction of more than 6 was considered strong inhibition (3+), between 3 and 6 was considered
intermediate inhibition (2+) and less than 3 was considered low inhibition (+).

As obvious from Table 9 strong reduction of pathogens (log step reduction of more
than 6 log steps) was found for three multiple-strain probiotics (MS4, MS5, and MS7),
whilst a low reduction of pathogens was found for three single-strain probiotics including
Propionibacterium freudenreichii DSM 20271, Propionibacterium propionici DSM 20272, and
Saccharomyces boulardii (SS8, SS9, and SS11 respectively). All other probiotics achieved
an intermediate reduction of pathogens (log step reduction between 3 and 6 log steps).
One clinical pathogen of the Enterobacter genus was less resistant as an average log step
reduction above 6 log steps was achieved for all probiotics and one clinical pathogen of
Enterococcus faecalis was most resistant as the average log step reduction under 3 log steps
was achieved for all probiotics. Comparing the log step reduction of the wound pathogens
after co-culturing with probiotics and other beneficial microbes we observed lower in-
hibition compared to agar spot assays for all probiotics and other beneficial microbes
(F(17.252) = 12.08, p < 0.001).

The same was observed when comparing the inhibition effect of multi-strain and
single-strain probiotics against wound pathogens (t = −3.962, p < 0.001), where multi-
strain probiotics (M = 5.62, SD = 129) achieved a higher log step reduction of all challenge
pathogens than single-strain probiotics (M = 3.94, SD = 1.03). When comparing the in-
hibition effect of probiotic species against all pathogens we found a statistical difference
(F(3.56) = 26.79, p < 0.001). When comparing pairs with HSD post-hoc tests, we showed that
there was no statistical difference between the inhibition effect of lactobacilli-containing pro-
biotics (M = 5.30, SD = 1.20) and bifidobacteria-containing probiotics (M = 5.51, SD = 1.38)
against the wound pathogens. However, there was a difference when comparing both
lactobacilli and bifidobacteria containing probiotics to single-strain beneficial microbes
that contained propionibacteria, the Bacillus species, and the probiotic yeast. Additionally,
there was no difference between the probiotic yeast (M = 2.25, SD = 1.46) and the beneficial
microbes that contained propionibacteria (M = 2.78, SD = 0.94).
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3.4. Agar Well Diffusion Assay

Below are the results of the mean zone of inhibition for all investigated cell-free
supernatants (S) (Table 10) and neutralized cell-free supernatants (NS) (Table 10) of pro-
biotics and other beneficial microbes against the clinical pathogens, isolated from vari-
ous skin wounds. Exact values of inhibition zones and standard deviation are noted in
Supplementary Tables S3 and S4.

Table 10. Evaluation of the antagonistic effect of various cell-free supernatants of probiotics and other
beneficial microbes against clinical skin pathogens using the agar well diffusion assay.

Evaluation of Zone of Inhibition Using the Agar Well Diffusion Assay *
Sa1 Sa2 Pa3 Pa4 Ef5 Ef6 Ec7 Ec8 Kp9 Kp10 Ent11 Ent12 Ac13 Bac14 Bac15

MS1 2+ 2+ 2+ 2+ 2+ 2+ 2+ 2+ 2+ 2+ 2+ + 2+ 2+ +
MS2 2+ 2+ + + + + 2+ 2+ 2+ 2+ 2+ + + – +
MS3 2+ + + 2+ 2+ + 2+ 2+ + 2+ 2+ + + 2+ +
MS4 2+ + + 2+ 2+ – 2+ 2+ + 2+ 2+ 2+ + + 2+
MS5 2+ + – 2+ + – 2+ 2+ + 2+ + 2+ + + 2+
MS6 + + 2+ – + + + 3+ + + 2+ 2+ + + 2+
MS7 2+ 2+ 2+ – 2+ 2+ + 2+ + + + + + +
SS01 2+ 2+ 2+ + – – 2+ 3+ + + + – + – +
SS02 2+ + + 2+ + + 2+ 2+ + 2+ + 2+ + – –
SS03 – 2+ + + – – 2+ 2+ + – 2+ 2+ + – +
SS04 2+ + – + + – + 2+ + + 2+ + + – –
SS05 2+ 2+ 2+ + – – 2+ 2+ 2+ 2+ + + – –
SS06 + – + + + 2+ 2+ 2+ 2+ 2+ 2+ 2+ – –
SS07 – + 2+ 2+ – – – – – – + – + 2+ –
SS08 + + – – – – + – – – 2+ – – – –
SS09 + 2+ – – – – + – – – – – – – –
SS10 + + 2+ + – 2+ + + + + – + – + –
SS11 + – 2+ 2+ + – – 2+ – – + – + + –

* Cell-free supernatant after filtration; more than 20 mm was considered strong inhibition (3+), between 11 and
20 mm was considered intermediate inhibition (2+), and less than 10 mm was considered low inhibition (+). The
diameter of the colony is included. If no zone of inhibition was detected the result was reported as <6 mm (–).

As obvious from Table 10, the cell-free supernatants of all multiple-strain probiotics
except MS7 exhibited an intermediate average inhibition (zone of inhibition was between
10 and 20 mm). All cell-free supernatants of single-strain probiotics and MS7 exhibited only
a low inhibition (the zone of inhibition was less than 10 mm). Only two probiotics (MS6 and
SS01) exhibited high inhibition of cell-free supernatant, both for the same clinical strain of
Escherichia coli. No pathogen stood out in its resistance against the cell-free supernatants. All
results show a lower inhibition ability of the cell-free supernatant compared to probiotics.

As obvious from Table 11 (Supplementary Table S4) the neutralized cell-free super-
natants of all probiotic strains exhibited only low average inhibition for all investigated
clinical pathogens from wounds. Only one neutralized cell-free supernatant of Limosilacto-
bacillus reuteri DSM 17938 exhibited a strong inhibition against one clinical strain from the
Bacteroides genus. No pathogen stood out in its resistance against the neutralized cell-free
supernatants. All results show a lower ability of the neutralized cell-free supernatant
compared to cell-free supernatants.
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Table 11. Evaluation of the antagonistic effect of various neutralized cell-free supernatants of probi-
otics and other beneficial microbes against clinical skin pathogens using the agar well diffusion assay.

Evaluation of Zone of Inhibition Using the Agar Well Diffusion Assay *
Sa1 Sa2 Pa3 Pa4 Ef5 Ef6 Ec7 Ec8 Kp9 Kp10 Ent11 Ent12 Ac13 Bac14 Bac15

MS1 – + 2+ – – – – 2+ – – – – – – –
MS2 – + + + + – 2+ 2+ – 2+ – – + 2+ +
MS3 – + + + 2+ + 2+ + 2+ 2+ – – + – +
MS4 – + – – + + – 2+ – 2+ 2+ 2+ – – 2+
MS5 – – – – – – – – – 2+ – + – – 2+
MS6 + – – – – – – – – – – – + – 2+
MS7 + 2+ – – 2+ 2+ 2+ – – – + 2+ – – –
SS01 – 2+ + 2+ – – 2+ 2+ – – 2+ – – – –
SS02 – 2+ – – – – 2+ 2+ – – 2+ – – 3+ –
SS03 – 2+ – 2+ – – 2+ 2+ – – 2+ 2+ – – –
SS04 + 2+ – – – – + 2+ – 2+ 2+ – + – –
SS05 + + – – – – – 2+ – – 2+ – + 2+ –
SS06 + – – – 2+ – 2+ + 2+ 2+ + + + – 2+
SS07 + + – – – – – – – – – – + – –
SS08 2+ + – – – – – – – – 2+ – – – –
SS09 + 2+ – – – – + + – – 2+ – – – –
SS10 – + – – – – + + 2+ – – – – – –
SS11 + – 2+ – – – – – – – – – + – –

* Neutralized cell-free supernatant after filtration with pH = 7 by addition of NaOH. More than 20 mm was
considered strong inhibition (3+), between 11 and 20 mm was considered intermediate inhibition (2+), and less
than 10 mm was considered low inhibition (+). The diameter of the colony is included. If no zone of inhibition
was detected, the result was reported as <6 mm.

The visual comparison of the results of the inhibition zones of cell-free supernatants
(S) and neutralized cell-free supernatants (NS) of all probiotics and beneficial microbes
against clinical pathogens are noted in Figure 5. Figure 6 displays the comparison of the
inhibition zones of S and NS of multi- and single- strain probiotics and microbes against
clinical wound pathogens and Figure 6 displays the results of the inhibition zones of S
and NS for all probiotics and beneficial microbes, divides into main species against the
wound pathogens.

Statistically comparing results of the inhibition of cell-free supernatant and neutralized
cell-free supernatants agar well diffusion, S and NS respectfully (Figure 6), with the afore-
mentioned groups we observed, that there was no statistically significant interaction be-
tween agar well diffusion results and all probiotics of beneficial microbes (F(17.504) = 1.281,
p = 0.199), but there was a simple main effect on various probiotics (p < 0.001) and agar
well diffusion (p < 0.001) on the mean zone.

Looking at multi- and single- strain probiotics (Figure 7), we can observe a statistically
significant interaction between the effect of both S and N supernatants using the agar well
diffusion assay against wound pathogens (F(1.56) = 7.475, p = 0.008) as well as simple
main effects, more precisely mean zones of supernatants of multi-stain probiotics were
higher compared to single-stain supernatants (p < 0.001) and inhibition was higher for
S compared to NS (p < 0.001). There was also no interaction between the inhibition of
cell-free supernatants of probiotics and other beneficial microbes, divided into main species
(F(3.112) = 2.740, p = 0.610) against all wound pathogens. However, both supernatants
exhibited significant simple main effects, higher for S than NS (p = 0.007) and also higher
for bifidobacteria-containing single strain probiotics (p = 0.030) and lactobacilli-containing
probiotics (p = 0.001) than for propionibacteria-containing single strain beneficial microbes
(p = 0.005).
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4. Discussion

One important attribute of probiotics and probiotic candidates is their antimicrobial
effect against pathogens. It is a well-known attribute of the lactobacilli and bifidobac-
teria genera [62]. The antimicrobial effect against pathogens is mostly attributed to the
production of metabolites such as bacteriocins, organic acids, short-chain fatty acids, and
hydrogen peroxide. Other important mechanisms of action of probiotics include competi-
tive exclusion, immune modulation, stimulation of host defenses, and the production of
signaling molecules that trigger changes in gene expression [55,63,64]. However, appropri-
ate methodology is important in order to determine realistic and repeatable results. Our
study used three different in vitro methods for determining the antimicrobial effect: the
agar-spot assay, the co-culturing assay, and the agar-well diffusion assay. The first two
methods utilised live microbes, whilst the last method utilised cell-free supernatant or post-
biotics. The methods presented differences in the results. All dietary supplements achieved
a certain level of inhibition of all pathogens, although there were variations between strains
and multi-strain supplements, where the latter exhibited higher inhibition of the clinical
pathogens than the single strain (p < 0.05), regardless of the method.

Our analysis of the collected data showed that the means of inhibition of probiotics
and other beneficial microbes against all wound pathogens were statistically different
(F(17.252) = 40.5, p < 0.001), where single strain beneficial microbes containing propioni-
bacteria and Bacillus species (SS07-SS10) exhibited smaller inhibition zones against wound
pathogens compared to all other probiotics and all multi-strain probiotics exhibited larger
inhibition than single-strain probiotics. Looking at interactions via two-way ANOVA anal-
ysis, we observed a statistically significant interaction between multi- and single- strain
probiotics or beneficial microbes and agar well diffusion (F(1.56) = 7.475, p = 0.008) as
well as higher simple main effects for mean zones of multi-stain probiotics compared to
single-stains (p < 0.001) and mean zones in agar well diffusion was lower in neutralized
supernatant compared to the supernatant (p < 0.001) against wound pathogens.

The three methods to assess the antimicrobial effect of probiotics and other beneficial
microbes or their metabolites against skin pathogens deployed in this study are based
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on phenotype characteristics that can be used for culturable microorganisms [65]. The
most time-consuming is the co-culturing assay which requires the preparation of 10-fold
dilutions for the enumeration of the pathogen after incubation with probiotics to determine
the reduction effect. There are several modifications to this method, including incubation
time, media type, and final detection method [55,66–68]. The advantage of this method
is that both the probiotics and the pathogens are in a liquid environment enabling more
simulation of the natural environment than existing in a colony on a solid surface, where
immobilisation restricts growth. Such an environment causes different dynamics, less
growth restriction, quorum sensing, and planktonic growth of both the probiotic and
pathogen microbes [69–71]. Both the agar-well diffusion assay and the agar spot assay
are conducted on solid media and require the measurement of the zone of inhibition
against challenge pathogens. The agar spot assay investigates the inhibition effect of
microbes, grown in a colony, whilst the agar-well diffusion assay investigates the inhibition
effect of the cell-free supernatant, either in direct form or neutralized to eliminate the
effect of organic acids. Both methods also exhibit several modifications with regard to
solid media preparation, incubation conditions, initial concentration, and diffusion of
metabolites [21,22,25,66,72–74]. Some authors measured either the whole diameter of the
zone of inhibition which includes the diameter of the formed probiotic colony or the well
with the supernatant [22,66,72,73], whilst other authors measured only the radius of the
inhibition zone [25,55,74]. In our study, all cell-free supernatants of lactobacilli-containing
multi-strain dietary supplements exhibited some inhibition as the average inhibition was
intermediate for all except MS7. However, the cell-free supernatants of single-strain
lactobacilli achieved average low inhibition. In the study by Lopes and co-authors [25], all
investigated lactobacilli strains exhibited inhibition against examples of possible wound
pathogens including Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus.
However, when examining the results, it is obvious that in some cases, the radius of the
zone of inhibition is only 1 mm, meaning the inhibition was also low for some strains, as
found in our study. Similarly, in the study by Tejero-Sarinena and co-authors [74] the radii
of the zones of inhibition of the non-adjusted cell-free supernatant of various lactobacilli
and bifidobacteria strains were low, between 0.7 mm and up to 2 mm.

Neutralization of the culture supernatants with alkali vastly reduced the antagonistic
effects of all our multiple-strain dietary supplements and our single strains thus indicating
that the main mechanism of antagonism was the production of organic acids, such as lactic
acid, propionic acid, butyric acid, and that bacteriocinogenic potentials were only partially
used. On the other hand, the neutralized cell-free supernatant of Lactiplantibacillus plantarum
DSM 2601 (SS04), Propionibacterium freudenreichii DSM 20271 (SS08), and Propionibacterium
acidipropionici DSM 20272 (SS09) exhibited a somewhat higher average inhibition than
the non-adapted cell-free supernatant, thus indicating that bacteriocins, such as perhaps
plataricins, pediocins, or other neutral metabolites were produced [75–77]. The neutralized
cell-free supernatant Bifidobacterium animalis subsp. lactis BB12 had a higher antagonistic
effect than the non-neutralized for some pathogens (Enterococcus faecium, Escherichia coli,
Klebsiella pneumoniae, and Bacteroides spp.) but not for Pseudomonas aeruginosa, Enterobacter
spp. or Acinetobacter spp. Similarly, in the study by Fredua-Agyeman and co-authors [78]
the neutralized cell-free supernatants of BB12 and Lactobacillus acidophilus La-5 did not
show inhibition against Pseudomonas aeruginosa. Additionally, in the study by Lopes and
co-authors [25], the antimicrobial activity of the cell-free supernatant was also attributed
to organic acid production as the neutralized supernatant did not exhibit inhibition. The
same conclusions were also found in the study by Tejero-Sarinena and co-authors [74].

In order to enable some comparison between all three methods, we created a scale of
the co-culturing method based on the disinfection requirement for medical devices accord-
ing to the Food and Drug Administration [79], where a log step reduction of 6 log steps or
more is considered a strong reduction of the pathogen. This was based on the disinfection
requirement of disinfectants where the log step reduction of 6 log steps corresponds to a
99.9999% reduction in the case of the initial pathogen concentration of 106 cfu. All chosen
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probiotics achieved a log step reduction for all challenge pathogens. According to the scale,
three of our five chosen multi-strain dietary supplements (MS4, MS5, MS7) exhibited a
strong average reduction of pathogens, whilst the other multi-strain dietary supplements
achieved intermediate log step reduction of the pathogen. Eight of our chosen single-strain
beneficial microbes achieved an average intermediate reduction of pathogens, whilst three
achieved a low average reduction of the pathogen (Propionibacterium freudenreichii DSM
20271, Propionibacterium acidipropionici DSM 20272, and Saccharomyces boulardii). Other
studies using the co-culturing method found that probiotics or probiotic candidates caused
a reduction of pathogens, including Escherichia coli and Staphylococcus aureus co-cultured
with Lactobacillus acidophilus La5 and Bifidobacterium longum ATCC 15707 [67], Staphylococcus
aureus, and Pseudomonas aeruginosa co-cultured with Limosilactobacillus fermentum [68], Es-
cherichia coli, Salmonella Enteritidis, Salmonella serotype (ser.) Typhimurium, Staphylococcus
intermedius, Klebsiella oxytoca, and other pathogens co-cultured with lactobacilli isolated
from piglet feces [66].

Molecular methods are much less time-consuming than classical phenotype methods
that cannot easily distinguish between various species of the same genera and are also
applicable for enumeration [80,81]. Although we did not conduct all species-specific PCR
protocols for all species declared in all dietary supplements, we found positive results
for all the PCR protocols that we conducted to detect genera or species thus proving that
the reliability of the labelling system of probiotic supplements has improved compared
to previous years [43,82]. Despite the recent division of lactobacilli into 23 novel gen-
era [15] we found positive bands for all lactobacilli-containing dietary supplements using
the primers pairs LbMA1-rev/R-16-1 [42], and it is obvious that these new genera share
a common DNA section. Almost no dietary supplements used this new nomenclature.
Another interesting finding was the positive band for Lacticaseibacillus paracasei Shirota
(SS01, Yakult®), using the primer pairs Prl/CasII for the casei species, published by Walter
and co-authors in the year 2000 [44]. As Lacticaseibacillus paracasei Shirota was reclassified
from the casei species [83] after the publication of the primers, it is obvious that they are
not species-specific and share a common DNA section as they belong to closely related
species [84]. Recently the heterogenous genus of propionibacteria was divided into cuta-
neous (Cutibacterium spp.) and dairy propionic acid-producing bacteria (Propionibacterium
and Acidipropionibacterium spp.) [41]; however, using the primer pairs PB1/PB2 [50] all
propionibacteria: Propionibacterium freudenreichii subsp. Freudenreichii DSM 20271, Propi-
onibacterium freudenreichii subsp. Shermanii, and Acidipropionibacterium acidipropionici DSM
20271 (SS08-SS10, respectively) were detected. Additionally, the primer pair CS1/SC2 [54]
was used to detect Saccharomyces cerevisiae and we found a positive band for MS6 and SS11,
which both contain Saccharomyces boulardii according to the manufacturers, confirming
it is in fact a variant of Saccharomyces cerevisiae [54]. These findings also indicate that all
manufacturers are not up to date with taxonomic changes.

The probiotic Lacticaseibacillus rhamnosus GG, also known as LGG, was the first lacto-
bacilli strain to be patented in 1989 and has proven health benefits as shown by systematic
reviews of several clinical studies, focused on antibiotic-associated diarrhoea [85], paedi-
atric diarrhoea [86], gastroenteritis [87] and respiratory tract infections in children [88]. It is
a biofilm-forming and immunomodulating probiotic that has shown antimicrobial effect
against several pathogens [89] and is often used in in vitro studies as a reference strain for
examining the antimicrobial effect of potential new probiotic strains [90,91]. In our study,
this strain was SS03 and it also exhibited strong inhibition of most clinical pathogens using
the agar spot method. However, using the co-culturing method, our results show that only
an intermediate inhibition rate was achieved, thus implying that complex mechanisms
of the probiotic are at work in different circumstances and that promising in vitro results
using one method does not necessarily correlate with other methods [55] or correlate to
statistically significant health benefits in clinical studies [92,93].

Lacticaseibacillus paracasei Shirota and Limosilactobacillus reuteri DSM 17938 are also
well-researched probiotic strains (SS01 and SS02). Both strains exhibited the same results
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as SS03, namely strong average inhibition using the agar spot assay and an intermediate
inhibition rate using the co-culturing assay. The same results were also found for the less-
researched strain Lactiplantibacillus plantarum DSM 2601 (SS04). The latest clinical studies
of Lacticaseibacillus paracasei Shirota (Yakult®), find consumption leads to improvement
of depressive symptoms [83], lipid metabolism and intestinal microbiota [94], digestive
disorders [95], and immunological function [96]. Lacticaseibacillus paracasei Shirota has also
shown antifungal activity [97] and, similarly to our study, antibacterial activity against
Escherichia coli and Bacteroides spp. [98]. Limosilactobacillus reuteri DSM 17938 (BioGaia®)
has replaced the original strain Limosilactobacillus reuteri ATCC 55730 as it does not contain
plasmid-borne antibiotic resistance and both strains exhibit success in the treatment of
acute gastroenteritis, especially in children [99]. Although Limosilactobacillus reuteri DSM
17938 exhibits strong antimicrobial potential against major gastric and enteric bacterial
pathogens and rotavirus [100], it did not prove effective as eradication therapy for infection
with Helicobacter pylori, thus indicating that further studies are needed to establish the role
of probiotics as adjuvant therapy, as the authors concluded [101].

Two well-known strains of the same species of bifidobacteria were used as single-strain
probiotics: Bifibacterium animalis subs. lactis HN019 and BB-12 (SS05 and SS06, respectively).
Both strains exhibited comparable results using the agar spot assay. On the other hand,
there were differences in individual results for the inhibition of pathogens for co-culturing
and the agar-well diffusion assay, although the average inhibitions were almost the value,
proving that many probiotics traits are indeed strain-specific [11] and cannot be generalized
to all representatives of the same species. The strain HN019 proved successful against
periodontal pathogens in a recent clinical trial [102] and is a well-known probiotic with
immune-enhancing properties [103]. In an in vitro study using the co-culturing method
Bifidobacterium animalis subs. Lactis, BB-12 successfully inhibited the growth of Clostridoides
difficile (previously known as Clostridium difficile) [104]. This strain reduced the risk of
respiratory infections in infancy in a clinical study [105].

The challenge propionic acid-producing bacteria used in our study included three
strains: Propionibacterium freudenreichii subsp. freudenreichii DSM 20271, Acidipropionibac-
terium acidipropionici DSM 2072, and Propionibacterium freudenreichii subsp. Shermanii (SS08,
09, and 10, respectively), and achieved only intermediate, low, or even no average inhibition
of pathogens, depending on the method. The common feature of these three bacteria is
the ability to produce propionic acid. Our results are similar to the study by Dyshlyuk
and co-authors [106] where moderate antimicrobial activity using a version of the agar
spot method was found for Propionibacterium jensenii B-6085 and Propionibacterium thoenii
B-6082, but not for Propionibacterium freudenreichii B-11921 and Propionibacterium acidipro-
pionici B-5723 against pathogens Escherichia coli ATCC 25922, Salmonella enterica ATCC
14028, Staphylococcus aureus ATCC 25923, Pseudomonas aeruginosa B6643, Proteus vulgaris
ATCC 63, and Listeria monocytogenes ATCC 7644. Propionibacterium freudenreichii subsp.
freudenreichii DSM 20271 is known to produce cobalamin or vitamin B12 [107] and Propioni-
bacterium freudenreichii subsp. shermanii has shown probiotic effect as part of multi-strain
dietary supplements in clinical studies against irritable bowel syndrome-related intestinal
microbiota stabilization [108], intestinal microbiota changes during anti-Helicobacter pylori
treatment [109].

Our challenge spore-forming representative Bacillus coagulans MTCC 5260 (Prolife®)
also achieved only intermediate, low, or even no average inhibition of pathogens, depend-
ing on the method. Probiotic Bacillus strains used either in spore or vegetative forms have
shown antimicrobial, anticancer, antioxidant, and vitamin production properties. However,
they can also produce toxins and biogenic amines and transfer antibiotic resistance genes;
therefore, their safety is a concern. Studies on the microbiome using probiotic Bacillus
strains are limited in humans [110]. The strain MTCC 5260 is also known as Unique IS2
and ATCC PTA-11748 [111] and has documented clinical efficacy against constipation [112].
It also exhibits antimicrobial effectiveness as it was efficient as an adjuvant in the treatment
of bacterial vaginosis [113].
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Saccharomyces cerevisiae var. boulardii (SS11) is the only representative of probiotic fungi
used in our study and it achieved average intermediate or low pathogen reduction, de-
pending on the method used. It is a well-known probiotic that produces various bioactive
compounds and is mostly known for its role in treating gastrointestinal diseases [114,115].
Together with Lacticaseibacillus rhamnosus GG, it is even one of the few probiotics recom-
mended by the ESPGHAN (European Society for Paediatric Gastroenterology, Hepatology,
and Nutrition) and ESPID (European Society for Paediatric Infectious Diseases) [116,117]
for treating acute gastroenteritis in children. Saccharomyces boulardii has also been proposed
as an alternative to treating bacterial infections [114], however, our results do not support
this claim for our challenge wound pathogens.

In our study, the multi-strain dietary supplement MS7 (Bio-Kult®) was effective in
strong average inhibition found against most clinical pathogens using the agar spot method.
This dietary supplement was also the most effective mixture against Enterococcus faecalis in
another study using the agar spot test [72]. In a clinical study, this multi-strain probiotic
was also associated with significant improvement in symptoms in patents with diarrhoea-
predominated irritable bowel syndrome [118].

Several commercial dietary supplements including OMNi-BiOTic® Hetox, OMNi-
BiOTic® 6, OMNi-BiOTic® Stress repair, OMNi-BiOTic® Flora plus+, and OMNi-BiOTic®

Activ (MS1 to MS5) achieved strong average inhibition against all pathogens in our study.
MS1, MS4, and MS5 also achieved strong average inhibition using the co-culturing method,
whilst the average inhibition of cell-free supernatant was intermediate or even low. The
lower effect of cell-free probiotic supernatant indicates that bacterial response is important
in cell-cell signaling and/or bacteria-host interaction. The multi-strain dietary supplement
MS2 was also used in a clinical study that found that this multi-strain probiotic might be
a well-tolerated tool to positively influence the gastrointestinal quality of life as well as
mental and somatic health, cognition, and immune response and potentially have effects on
psychiatric symptoms [119]. In another clinical study, this multi-strain probiotic positively
influenced the gastrointestinal tract of patients with diarrhoea-predominated irritable
bowel syndrome [120]. In another study, the multi-strain postbiotic supernatant of the
dietary supplement OMNi-BiOTic AAD10 with similar composition exhibited positive
antibacterial and antifungal effects in vitro [121].

Our results show that several dietary supplements were efficient in reducing the
pathogen loads of the investigated clinical pathogens. The concept that certain bacteria
can destroy other, even pathogenic bacteria, especially with respect to the skin, is not
new and many historic researchers, such as Metchnikoff, Nissle, Cantini, and others have
investigated and proven this concept [9,122,123]. More than a decade ago, Howard and
co-authors concluded that probiotics could be beneficial in the prevention and treatment of
wound infections [124]. Probiotics also give positive results for wound healing, wound-
epithelization, and neovascularization [125]; however, as such treatment represents a
shift in the doctrine of wound treatments where using bacteria to fight bacteria is not
intuitive [126,127], many more studies are needed to establish a consensus on the efficacy
of using probiotics against skin pathogens.

5. Conclusions

The scientific evidence of the health benefits of using probiotics and postbiotics for
wounds is becoming more extensive and, therefore, an important possible application of
probiotics in the future. In light of our results, it seems that each clinical pathogen was
differently susceptible to different probiotic strains, although in general the multispecies
probiotics were more efficient than the single-strain probiotics; however, the method
deployed also impacted the results. Perhaps a new approach such as a ‘’probiogram”
or ‘’postbiogram” as an analogue to antibiograms could be a possibility in the future in
finding the most efficient targeted probiotic strains, cell-free supernatants, or neutralized
cell-free supernatants that have the highest antagonistic effect against individual clinical
wound pathogens. Additionally, more robust, well-designed clinical trials of probiotics
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targeting different clinical skin pathogens are needed to establish more knowledge on
the exact efficacy and mechanisms of individual probiotics against pathogens to draw
evidence-based conclusions for clinical recommendations.
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clinical skin pathogens using the agar well diffusion assay. S4: Results of the antagonistic effect of
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skin pathogens using the agar well diffusion assay.
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Abstract: Weissella is a genus earlier considered a member of the family Leuconostocaceae, which was
reclassified into the family Lactobacillaceae in 1993. Recently, there have been studies emphasizing
the probiotic and anti-inflammatory potential of various species of Weissella, of which W. confusa and
W. cibaria are the most representative. Other species within this genus include: W. paramesenteroides,
W. viridescens, W. halotolerans, W. minor, W. kandleri, W. soli, W. ghanensis, W. hellenica, W. thailandensis,
W. fabalis, W. cryptocerci, W. koreensis, W. beninensis, W. fabaria, W. oryzae, W. ceti, W. uvarum, W. bombi,
W. sagaensis, W. kimchi, W. muntiaci, W. jogaejeotgali, W. coleopterorum, W. hanii, W. salipiscis, and
W. diestrammenae. Weissella confusa, W. paramesenteroides, W. koreensis, and W. cibaria are among
the few species that have been isolated from human samples, although the identification of these
and other species is possible using metagenomics, as we have shown for inflammatory bowel
disease (IBD) and healthy controls. We were able to isolate Weissella in gut-associated bacteria (post
24 h food deprivation and laxatives). Other sources of isolation include fermented food, soil, and
skin/gut/saliva of insects/animals. With the potential for hospital and industrial applications, there
is a concern about possible infections. Herein, we present the current applications of Weissella on its
antimicrobial and anti-inflammatory mechanistic effects, the predisposing factors (e.g., vancomycin)
for pathogenicity in humans, and the antimicrobials used in patients. To address the medical concerns,
we examined 28 case reports focused on W. confusa and found that 78.5% of infections were bacteremia
(of which 7 were fatal; 1 for lack of treatment), 8 were associated with underlying malignancies,
and 8 with gastrointestinal procedures/diseases of which 2 were Crohn’s disease patients. In cases
of a successful resolution, commonly administered antibiotics included: cephalosporin, ampicillin,
piperacillin-tazobactam, and daptomycin. Despite reports of Weissella-related infections, the evolving
mechanistic findings suggest that Weissella are clinically treatable bacteria with emerging antimicrobial
and probiotic benefits ranging from oral health, skin care, obesity, and inflammatory diseases to
cancer.

Keywords: probiotic; antimicrobial; anti-inflammatory; anticancer; GRAS; starter culture; food; gut
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1. Introduction

The Weissella genus has begun to take center stage in the past few years owing to
its probiotic potential and its many prospective applications, ranging from the healthcare
industry to the skin care and food industries. Due to its ability to thrive in stomach acid and
bile, adherence to intestinal cells, and its antimicrobial potential against other pathogenic
microorganisms including but not limited to Staphylococcus aureus, Listeria monocytogenes,
Salmonella typhi, and Salmonella enterica, most Weissella species meet the pre-requisites
needed to be classified as a probiotic. The only limitation to its widespread use is the
lack of a significant volume of research at the moment and a handful of reported cases of
pathogenicity. However, a bulk of these cases are a result of some preexisting disposition
or comorbidity associated with the host. Despite such pathogenic potential, we set to
investigate to what extent this genus is clinically treatable with common antimicrobials
in the event of its identification in human infections. Herein, we primarily describe the
antimicrobial and anti-inflammatory potential of Weissella and summarize the commonly
used antibiotics in clinical settings where humans were diagnosed and treated/cured of
Weissella infections.

The Weissella genus was first considered a member of the family Leuconostocaceae due
to their significant shared similarities [1] but later on differentiated into a distinguished
genus, which was named ‘Weissella’ after the German microbiologist Norbert Weiss [2].
It was reclassified based on the phenotypic and genotypic analysis by Collins in 1993 [3].
The bacteria in this genus are non-spore-forming, generally non-motile, Gram-positive and
catalase-negative [4] in nature that exist as either rods or ovoid-shaped cocci [5] belonging
to the phylum Firmicutes and the family Lactobacillaceae. These bacteria are found to thrive in
various ecological environments such as soil [6], plants, freshwater lakes [7], spontaneously
fermented vegetables, and animal foods [8,9]. They can also be present as commensals
on the skin surface and in the saliva and gastrointestinal tract of humans and animals as
regular residents. The gastrointestinal tract is particularly thought to be a reservoir for
colonization by Weissella [10].

2. Taxonomy and Sources of Isolation

According to the taxonomy database at The National Center for Biotechnology Infor-
mation (NCBI, txid46255), as of October 2022, Weissella consists of 22 species: Weissella bombi,
Weissella ceti, Weissella cibaria, Weissella coleopterorum, Weissella confusa, Weissella diestram-
menae, Weissella halotolerans, Weissella hanii, Weissella hellenica, Weissella jogaejeotgali, Weis-
sella kandleri, Weissella koreensis, Weissella minor, Weissella muntiaci, Weissella oryzae, Weis-
sella paramesenteroides, Weissella sagaensis, Weissella salipiscis, Weissella soli, Weissella thailanden-
sis, Weissella uvarum, and Weissella viridescens. However, Teixeira et al. [11] (February 2021)
reported that 25 species of Weissella have been validated, whereas Fanelli et al. [12] grouped
26 species of Weissella into 6 phylogenetic clusters. Outside of the NCBI database, six
more species are found in the ‘List of Prokaryotic names with Standing in Nomenclature’
database (https://lpsn.dsmz.de/genus/weissella) accessed on 18 October 2022: Weis-
sella beninensis, Weissella cryptocerci, Weissella fabalis, Weissella fabaria, Weissella ghanensis, and
Weissella kimchi. Twenty-six of these species are validly published under the International
Code of Nomenclature (ICNP), except for Weissella salipiscis. It is to be noted that when
taking into consideration the NCBI and LPSN databases together, 28 species of Weissella
have been reported (Table 1).

Of the known species of Weissella, two (W. confusa and W. cibaria) have been reported
from human or animal clinical infections [13]. However, the metagenome analysis of hu-
man fecal samples obtained from IBD patients and controls in our laboratory revealed the
presence of several Weissella species (Singh et al. unpublished data). All known species
of Weissella and their varied sources of isolation include: meat (W. viridescens, W. halotoler-
ans, W. minor), fermented animal and plant-based food items (W. confusa, W. jogaejeotgali,
W. kimchi, W. hellenica, W. thailandensis, W. koreensis, W. ghanensis, W. sagaensis, W. beninensis,
W. fabaria, W. fabalis, W. oryzae, W. hanii, and W. salipiscis), animal/insect sources (W. ceti,
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W. diestrammenae, W. cryptocerci, W. bombi, W. muntiaci, and W. coleopterorum), wine/wine
grapes (W. paramesenteroides and W. uvarum), soil (W. soli and W. kandleri), and human
samples (W. cibaria).

Table 1. Summary of sources of most common Weissella species.

S. No. Bacterial Name Source Ref.

1 W. viridescens Cured meat [14]
2 W. paramesenteroides Wine [15]
3 W. confusa Fermented Greek sausage [16]
4 W. kandleri Namib desert [17]
5 W. halotolerans Meat products [18]
6 W. minor Meat products [18]
7 W. hellenica Fermented Greek sausage [16]
8 W. thailandensis Fermented fish [19]
9 W. soli Soil [20]
10 W. cibaria Malaysian food and human samples [21]
11 W. koreensis Kimchi [22]
12 W.ghanensis Ghanaian cocoa fermentation [23]
13 W. beninensis Submerged cassava fermentations [24]
14 W. fabaria Ghanaian cocoa fermentation [25]
15 W. ceti Beaked whales [26]
16 W. fabalis Cocoa bean fermentations [27]
17 W. oryzae Fermented rice grains [28]
18 W. diestrammenae Gut of a camel cricket [29]
19 W. uvarum Wine grapes [30]
20 W. cryptocerci Gut of the insect [31]
21 W. bombi Bumble bee gut [32]
22 W. jogaejeotgali Korean fermented seafood [33]
23 W. kimchi Kimchi [34]
24 W. muntiaci Feces of Formosan barking deer [1]
25 W. sagaensis Traditional Chinese yogurt [35]
26 W. hanii kimchi [36]
27 W. salipiscis fermented fish [37]
28 W. coleopterorum Intestine of the diving beetle [38]

As published in the BV-BRC (Bacterial and Viral Bioinformatics Resource Center)
database, as of 19 October 2022, the genome for the genus Weissella (Taxonomy Id: 46255)
has been reported a total of 448 times, of which the genome for Weissella cibaria has been
reported the most (n = 168), followed by Weissella confusa (n = 128) and Weissella paramesen-
troides (n = 44). The sources of isolation being: human (n = 95), insect (n = 20), avian (n = 9),
nonhuman mammal (n = 21), plants, and fermented food sources. The genomes of five
species have been reported as isolated from humans: Weissella cibaria, Weissella paramesen-
teroides, Weissella koreensis, and Weissella confusa. With respect to the genome size, Weissella
has a smaller pool of genes compared to other fecal commensal bacteria belonging to the
genera Parabacteroides, Bacteroides, Lactobacillus, and Pediococcus. As investigated in our
laboratory (Singh et al., unpublished), the genome size and the coding sequence (CDS) of
the Weissella genus are much smaller than the other fecal bacteria.

3. Safety and Virulence Genes

The safety of W. confusa has always been a controversial subject due to reports of its
isolation from human clinical samples. Although not formally assigned to a risk group by
the American Biological Safety Association (ABSA), it has been allocated to Risk Group
1 microorganisms by the German Committee for Biological Agents. The American Type
Culture Collection (ATCC) recommends using the strain ATCC 10881TM under biosafety
level 1 [7], which makes it unlikely to cause disease in healthy individuals.

Some potential virulence determinants, such as hemolysin, collagen, and adhesin, have
been discovered in some of the species of the genus Weissella through genome analysis [6],
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but their role and transferable potential across Weissella are still unknown. As in other
lactic acid bacteria (LAB), hemolysin genes are universally present in the genus, but their
role in pathogenicity remains unproven. The presence of some adhesins may be a desired
characteristic in favor of the probiotic potential of Weissella. For example, a fibronectin-
binding protein (FbpA) present in W. cibaria strains inhibits the biofilm formed by S. aureus,
thus being protective against S. aureus infections. While there is some evidence to suggest
the role of the gut-colonizing potential of FbpA in establishing infection in a host, one
cannot ignore that the ability for gut-colonization is essential to the probiotic potential of
Weissella, as demonstrated by Wang et al. [39]. Similarly, mucus-binding proteins play a
crucial role in the adhesion of probiotic bacteria to the host gut [40].

It is important to establish the safety of bacteria designed for human consumption to
ensure that the organisms are well tolerated and do not pose a health threat when properly
administered. To evaluate the safety of these organisms, animal models are typically
given higher doses than would be administered to a human. Lyophilized W. confusa
orally administered to rats at a concentration of 92 × 108 CFU/kg body weight/day for
90 days did not show any evidence of mental or physical ailment when evaluated using a
combination of behavioral tests as well as physical examination. Blood cell counts did not
show a significant difference in erythrocyte, white blood cell, or lymphocyte concentrations
in untreated versus treated rats when controlling for sex [41].

4. Opportunistic Infections That Respond to Antibiotics

There have been documented case reports of Weissella causing infections in immuno-
compromised patients, earning it the reputation of an opportunistic pathogen [3]. Reported
cases include sepsis, endocarditis, post-operative osteomyelitis, abscess, and meningi-
tis [3,42], among others, as listed in Table 2. Of the listed occurrences of Weissella infections,
barring a select few, all were successfully resolved with antibiotics. Of the 28 reported cases,
22 were reported to have developed bacteremia, either alone or in conjunction with other
infections, such as endocarditis. Fifteen of these people survived upon clinical interven-
tion with antibiotics. At least one reported patient with Crohn’s disease who developed
bacteremia had a history of probiotic consumption, which was postulated to be the source
of Weissella’s introduction into the host body. The probiotic product composition was,
however, never investigated.

Table 2. Antimicrobials and clinical infections with Weissella confusa: humans respond very well
to antibiotics.

Age, Sex Underlying Conditions Clinical
Infection Treatment Outcome Ref.

12, F Gastrostomy Bacteremia Cephalosporin Cured [43]
71, M Cecal carcinoma Bacteremia Cephalosporin Cured [43]

- - Organ colonization Ampicillin Cured [44]
49, M None Abscess infection Cephalothin Cured [45]

- - Organ colonization Ampicillin Cured [46]

46, M
Abdominal aortic dissection

repair, coronary artery bypass
grafting, parenteral nutrition

Bacteremia Piperacillin-tazobactam Cured [47]

49, M Alcohol abuse history, treatment
with corticosteroids

Endocarditis,
Bacteremia None Fatal [48]

65, M Aortic insufficiency Infective
endocarditis

Penicillin G, gentamicin,
moxifloxacin, cefoperazone Cured [49]

56.6,
6F, and 4M

Malignancy (4), chronic steroid
use (3), chemotherapy (3),

abdominal surgery (4),
polymicrobial infection (5),

central catheter (6)

Bacteremia

Vancomycin, ceftazidime,
ampicillin-sulbactam,

amoxicillin-clavulanate,
gentamicin, ciprofloxacin, and

trimethoprim-
sulfamethoxazole

Cured (4),
Fatal (6) [50]
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Table 2. Cont.

Age, Sex Underlying Conditions Clinical
Infection Treatment Outcome Ref.

34, M Hematopoietic stem cell
transplant recipient Bacteremia Vancomycin, aztreonam, and

daptomycin Cured [51]

58, M Severe burns, polymicrobial
infection, central catheter Bacteremia Vancomycin, imipenem, and

daptomycin Cured [51]

54, M
Hepatocellular carcinoma, Liver

transplant, hepatic artery
thrombosis, diabetes

Bacteremia Metronidazole and
levofloxacin Cured [52]

48, M Gastroesophageal
adenocarcinoma Bacteremia Cefoperazone-sulbactam

Metronidazole Cured [53]

60, F Hypertension, aortic intramural
hematoma Bacteremia Teicoplanin and

piperacillin-tazobactam Cured [54]

94, F Osteoarthritis, total knee
arthroplasty Prosthetic joint Levofloxacin Cured [55]

63, F
Crohn’s disease with

gastrointestinal strictures, central
venous catheter

Bacteremia Piperacillin/tazobactam Cured [56]

14, M
Medulloblastoma, surgery, chemo
and radiotherapy, polymicrobial

infection
Bacteremia Clindamycin, amikacin Cured [57]

78, M Immunodeficiency Meningitis Ampicillin [3]

25, M Crohn’s disease, short bowel
syndrome, intestinal failure Bacteremia Meropenem, metronidazole,

and cefuroxime Cured [10]

It is to be noted that the prevalence of Weissella in human samples is often under-
and over-reported owing to its shared characteristics and features with members of the
Leuconostocaceae family. Any recently reported increases in isolation can be attributed
to associated comorbidities, such as immunodeficiency, history of invasive procedures,
organ transplantation, as well as the use of vancomycin, to which Weissella is resistant.
For most of the healthy population, the source of exposure to Weissella is food culture. In
available reports, wherever W. confusa has been isolated from human tissues, there have
been predisposing factors, such as immunocompromised state, prior vancomycin exposure,
central venous catheter insertion, history of gastrointestinal procedures/pathologies, and
so forth. Due to Weissella’s gastrointestinal inhabitance, surgical procedures may lead to
the translocation of Weissella into the bloodstream. History of vancomycin usage should
not be discounted in cases of bacteremia where there has been a possible disruption of the
gut microbiome secondary to vancomycin use, allowing for naturally present/ingested
Lactobacilli/Weissella to thrive and overgrow [10].

In the case of a potential infection, it is to be noted that all Weissella isolates have
been found to be susceptible to antibiotics such as ampicillin, penicillin G, chlorampheni-
col, erythromycin, doxycycline, minocycline, quinupristin/dalfopristin, gentamicin, and
streptomycin [58]. However, some strains exhibit resistance to penicillin [59] and ampi-
cillin [60], and all are resistant to vancomycin [61]. The resistance of Weissella is reported
to be intrinsic, which may be due to the lack of D-Ala-D-lactate, a target site in their cell
wall for vancomycin [42]. Although vancomycin has justifiably been suggested to be a risk
factor for Weissella infections, their use has been reported in Weissella infections in humans
that responded to therapy in which other antibiotics were also administered (Table 2). For
clinicians, therefore, it is important to be mindful of using vancomycin as the antibiotic of
choice in cases of bacteremia that show growth of Gram-positive cocci, not disregarding a
possible Weissella infection and the in vitro resistance mentioned against vancomycin. There
remains, in general, a scarcity of information on the pathogenic pathways of Weissella [62].
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5. Probiotic/Postbiotic Potential and Health Benefits of Weissella

There has been a growing interest in studying the different strains of Weissella be-
ing isolated from diverse ecological environments due to the multitude of prospective
pharmacological functions associated with them. Newly isolated Weissella strains must
meet several criteria to be considered potential probiotic organisms. As per the consensus
statement issued by a panel of experts convened by the International Scientific Associa-
tion for Probiotics and Prebiotics (ISAPP) (October 2013), probiotics are defined as “live
microorganisms that, when administered in adequate amounts, confer a health benefit
on the host” [63]. In addition to demonstrating a positive effect on the host, a probiotic
organism intended for oral ingestion should be able to tolerate conditions in the digestive
tract and adhere to the intestinal lining [64]. Lakra et al. [65] sought to evaluate the ability
of two newly isolated Weissella species to colonize the digestive tract. W. confusa MD1 and
W. cibaria MD2 were both found to be capable of adhering to HT-29 intestinal epithelial
cells and mucous surfaces in vitro. Scanning electron microscopy images provided visual
confirmation of both strains’ ability to adhere to the intestinal cells in the presence of mucin
without damaging the underlying cells [65]. The W. confusa strain, Lb. Con, was also
evaluated to determine its ability to break down the pesticide chlorpyrifos. The strain
showed excellent ability to grow on glucose-free MRS medium supplemented with varying
concentrations of chlorpyrifos while being able to degrade 25% of the pesticide. This
finding may find its implementation in cases of in vivo and food pesticide toxicity [66].

Recently, much attention has been drawn to the application of postbiotics due to their
safety and beneficial advantage in the health and industrial sectors over live bacteria [67,
68]. As per the consensus statement issued by a panel of experts convened by ISAPP
(2019), postbiotics are defined as a “preparation of inanimate microorganisms and/or their
components that confers a health benefit on the host” [69]. These are microbial cells that
have been intentionally rendered inactive and may or may not produce metabolites or have
cell components that confer the established health benefits. Several research studies have
characterized the diversity of metabolites produced by the varied species in the Weissella
genus [70]. Postbiotics such as bioactive peptides, exopolysaccharides (EPS), enzymes,
organic acids, short-chain fatty acids (SCFA), and similar by-products play an important
role in the ‘biopreservation’ of food and possess antimicrobial, immunomodulatory, and
anti-inflammatory properties [71,72].

5.1. Antimicrobial Potential

Exopolysaccharides. Of the many metabolites produced by Weissella, most previous
avenues of research have primarily focused on the diversity of exopolysaccharides (EPSs)
secreted by the Weissella species. These are a diverse class of macromolecules that help
these bacteria execute a variety of functions while protecting them and aiding in general
survival [8,73]. The many properties of EPSs include antibacterial, antifungal, antioxidant,
and anti-inflammatory functions [9,74], as well as their growth-promoting potential [75,76].
In addition, Weissella seems to play an important role in the reduction of a depression-like
state [77] and in the strengthening of the gut epithelial barrier [78].

Among Weissella species, W. confusa is one of the most important EPS producers [11],
and different W. confusa strains, such as W. confusa VP30, XG-3, and KR780676, produce
several EPSs with distinct functions. The W. confusa strain KR780676 has been shown
to produce a galactan EPS that can resist enzymatic degradation in the gastrointestinal
tract, as demonstrated in in vitro studies [79]. Interestingly, this EPS also promoted the
growth of several probiotic species, including L. plantarum and L. fermentum, using in vitro
screening. When the strain was orally administered to mice, similar effects were observed,
as illustrated by an increase in the relative abundance of the probiotic Lactobacillus and
Bifidobacterium species in the stools of these mice [79].

Weissella cibaria strains have shown an extensive ability to thwart the population
growth of pathogenic microorganisms. Park et al. [75] showed that the EPS produced
by W. cibaria promoted the growth and the antibacterial activity of a well-established
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probiotic bacteria, L. rhamnosus. The concentration ranges for EPS in the growth media
of L. rhamnosus defined its antibacterial activity against a range of pathogens. A lower
concentration of EPS was sufficient to inhibit the growth of L. monocytogenes and S. aureus,
thereby demonstrating a higher antibacterial activity against these bacteria, whereas the
growth of B. cereus and E. coli was inhibited at higher concentrations of EPS. In another
study, a higher yield of EPS was observed in the W. cibaria strain W27 (isolated from kimchi)
when supplemented with sucrose. This also improved the bacteriocinogenic potential of
the bacteria by inducing its surface property [80]. The assimilation of sucrose helped enable
the hydrophobic nature of W27 that ultimately contributed to the enhanced antibacterial
activity as observed against S. aureus, B. cereus, and E. coli. Another study by Yeu et al. [81]
illustrated the inhibitory effect that the EPS derived from W. cibaria EIR/P2 has on biofilm
formation by the pathogens responsible for upper respiratory tract infections: S. aureus,
Streptococcus pyogenes, Streptococcus pneumoniae, and Moraxella catarrhalis. With respect to
removal of preformed biofilms, the best effect was elucidated against S. aureus, while no
effect against S. pneumoniae was observed. In a separate study, the strain W. cibaria JW 15
was shown to exhibit an anti-biofilm effect against S. aureus, L. monocytogenes, S. enterica,
and S. typhi [82,83], which are all known to possess pathogenic potential capable of causing
serious infections.

Bacteriocins. Probiotic bacteria also show bactericidal or bacteriostatic activity though
the synthesis of small ribosomal peptides called bacteriocins [84]. Only six purified bacte-
riocins have been reported to be produced by W. cibaria, W. paramesenteroides, and W. hel-
lenica [85]. Srionnual et al. [86] were the first to report a unique bacteriocin called ‘weissellicin
110’ produced by the W. cibaria strain, 110 (isolated from a Thai fermented fish product).
However, the full amino acid sequence information of w110 was not calculated by the
author at the time. The bacteriocin w110 showed narrow-spectrum antibacterial activity
against some Gram-positive bacteria but did not inhibit the growth of food-borne pathogen
L. monocytogenes. In 2017, Li et al. [87] deduced the full amino acid sequence of w110 through
whole-genome sequencing and classified it into class IId due to the presence of unique genes
and for having a 21-amino-acid N-terminal leader peptide. Teixeira et al. reported similar
narrow-spectrum antibacterial activity against LAB in another strain of W. cibaria, W25 [88].
Based on AntiSMASH analysis, the authors proposed the synthesis of two different types
of bacteriocins in W. cibaria W25 being produced by the translation of lassopeptide (MicJ25)
and RiPP-like bacteriocin_IIc genes, but the identification of these bacteriocin-producing
genes was not confirmed by the Bagel 4 software (http://bagel4.molgenrug.nl/, accessed
on 18 October 2022).

Another novel bacteriocin named ‘weissellicin D’ was reported to be synthesized by
W. hellenica strain D1501 (isolated from fermented meat) [89]. The thermostable ‘weissellicin
D’ exhibited a broad range of antibacterial activity against many food-borne pathogens,
such as E. coli, S. aureus, and L. monocytogenes. It was also found to inhibit the growth
of yeasts and molds that included Candida albicans, Debaryomyces, Mucor, Saccharomyces
cerevisiae, and Kluyveromyces marxianus. However, possibly due to its autoimmunity, weissel-
licin D did not affect the growth activity of its own producer strain. Later, Chen et al. [90]
successfully exploited the antagonistic activity of W. hellenica D1501 to improve the shelf
life of tofu by simultaneously co-culturing it with spoilage bacteria such as E. coli, S. aureus,
and K. gibsonii in soymilk.

Bacteriocin ‘weissellicin A’ was identified and characterized from the strain W. parame-
senteroides DX. It was heat-resistant and showed activity against a range of Gram-positive
bacteria [91]. The bacteriocin was classified into class II and predicted to affect the in-
tegrity of plasma membranes of pathogens, causing an efflux of required nutritious cellular
metabolites, thereby resulting in cell death. The thermostable and acid-resistant potential
of this bacteriocin can be used in the preservation of acidic foods at an industrial scale.
Another industrially important bacteriocin, ‘weissellicin L’, produced by W. hellenica was
reported by Leong et al. [92], and the nucleotide characterization performed by Chen
et al. [93] a year later declared it to be unique. The bacteriocin weissellicin L strongly inhibits

69



Microorganisms 2022, 10, 2427

L. monocytogenes and, therefore, can be used in the biopreservation of chilled food, which is
mostly contaminated by this spoilage pathogen.

The production of bacteriocins by any given Weissella strain depends on the nutrient
composition and availability of vitamins in the culture medium where the bacterium grows.
Isolated from Japanese pickles, W. hellenica, QU 13, as observed by Masuda et al. [94], was
interestingly found to produce multiple bacteriocins. The authors discovered that QU13
produced two different bacteriocins, named ‘weissellicin Y’ and ‘weissellicin M’, based on
their nutritional preferences. While weissellicin Y is produced in the MRS media, weissellicin
M is produced in the thiamine-rich media, APT. The vitamin, while accelerating the growth
of W. hellenica QU 13 on the one hand, reduced the synthesis of weissellicin Y on the other.
However, the production of weissellicin M was not affected by this transition at all. The
mechanism of production of these bacteriocins is still not fully elucidated. Both weissellicin
Y and weissellicin M possess broad antimicrobial spectra specifically targeted against B.
coagulans. Between the two, weissellicin M showed comparatively higher antibacterial
activity, as well as greater acid and thermal stability when compared to weissellicin Y.

Among other strains of Weissella, W. confusa Cys2-2 (isolated from ginger) was ob-
served to produce a bacteriocin that showed bactericidal activity against the Gram-negative
enterics, E. coli, Salmonella, and Shigella [95]. The Cys2-2 bacteriocin exerted this effect by
altering the membrane integrity of target cells. Similar broad-spectrum antibacterial activity
was reported by Goh and Philip [96] in another W. confusa strain, A3 (isolated from a dairy
source), against bacteria such as B. cereus, E. coli, P. aeruginosa, and M. luteus. No inhibitory
effect on the growth of S. aureus was noted. Yet another strain, W. confusa GCC_19R1, was
found to have antibacterial activity against the Gram-negative bacteria Stenotrophomonas
maltophilia, Acinetobacter johnsonii, Achromobacter spanius, and Cedecea davisae [85]. The bacte-
riocin synthesized by the W. confusa strain, PL9001, exhibits antagonistic activity against
the pathogen Helicobacter pylori and can be used to treat H. pylori-induced gastritis and
gastric ulcers [97,98]. Weissella paramesenteroides DFR-8 (isolated from cucumber) is reported
to produce a thermostable bacteriocin that shows a broad-spectrum antimicrobial effect
against both Gram-positive and -negative organisms [99]. In another study, the authors
Pal and Ramana [99] reported the production of non-bacteriocin antimicrobial components
from the same strain of Weissella that proved effective against Gram-negative bacteria.

BLIS: Apart from bacteriocins, some species of Weissella have also been found to pro-
duce ‘bacteriocin-like inhibitory substance’ (BLIS), a bacteriocin that has neither been fully
characterized nor purified. For instance, W. confusa MBF8-1 isolated from fermented soy-
bean showed BLIS activity against Leuc. mesenteroide and other closely related species [100].
Encoded by a large plasmid, pWcMBF8-1, the strain MBF8-1 produced a BLIS called
‘weissellicin MBF’.

Other metabolites/mechanisms: Some of the other miscellaneous mechanisms through
which the Weissella spp. exhibit antimicrobial effects include: the production of hydrogen
peroxide, organic acids (lactic, acetic, and citric acids), fatty acids, and specific proteins,
e.g., N-acetylmuramidase. Lim et al. [101] successfully explored the antimicrobial activity
of W. cibaria, CMU, against oral pathogens, possibly due to acid and hydrogen peroxide.
Another strain of W. cibaria, KY10, isolated from shrimp gut, was shown to have bac-
tericidal activity against Vibrio parahaemolyticus T.11 through the mechanism of organic
acid release [102]. In another study, Dey et al. [103] examined the antibacterial activity
of W. confusa DD_A7 isolated from kimchi and found that the DD-A7 strains trigger the
oxidative stress to inhibit the growth of extended-spectrum β-lactamase (ESBL)-positive
E. coli, which are emerging pathogens. Weissella also acts as an anti-mycobacterial, possi-
bly due to its obligate heterofermentative nature, which makes it unique and prominent
among other LAB. The authors emphasized that Weissella generates lactate and ethanol
as by-products at equivalent concentrations that could have a stronger anti-mycobacterial
effect than lactate alone [104].
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5.2. Immunomodulatory and Anticancer Potential

Different species within the Weissella genus have been investigated for their role as
potential probiotic organisms. There are several mechanisms through which such species
may provide a positive health effect for the host. Probiotic organisms can modulate the im-
mune system, reducing excess or unwarranted inflammation while simultaneously priming
the host’s defenses and immune system against pathogenic organisms. The multifaceted
nature through which probiotic organisms interact with the host’s immune system is still
incompletely understood, although it is known that these organisms can change the way
immune cells respond to identical stimuli.

One mechanism through which some species in the Weissella genus exert anti-inflammatory
effects is through the modulation of the NF-κB-mediated signaling pathway. W. confusa down-
regulates the expression of the iNOS gene responsible for regulating the production of nitric
oxide (NO), a proinflammatory mediator produced from L-arginine [103]. W. confusa also
metabolizes and uses arginine for its own growth, consequently further decreasing the NO
levels in the body. Using a larval zebrafish model system, Dey and Kang [105] demonstrated
that the EPS produced by W. confusa can reduce inflammation caused by E. coli-derived Shiga
toxin. This finding is supported by previous research using a murine model system that found
evidence that the EPS produced by W. confusa can modulate the immune system by increasing
the level of Immunoglobulin A, the absence of which leads to intestinal inflammation [106].

Within the intestine, the intactness of the intestinal epithelial barrier is an important
marker for gut health. Reduced adhesion between adjacent intestinal epithelial cells, termed
“leaky gut”, causes excessive permeability of the intestine and disruption of intestinal home-
ostasis, resulting in aberrant immune activation [107]. Restoration and maintenance of
barrier function is an important trait to be assessed for in orally administered probiotics.
One strain of W. cibaria named MW01, isolated from Chinese sauerkraut, was found to
restore the barrier integrity of Caco-2 intestinal epithelial cells (IECs) after barrier dys-
function was induced by LPS [106]. The restoration of barrier integrity was accomplished
through the inhibition of the nuclear translation of NF-κB and the subsequent blocking of
the MLCK (mitogen-activated protein kinases) pathway. This led to the upregulation of the
genes encoding for tight junction proteins (TJP), as well as increased TJP protein levels, and
reduced release of proinflammatory cytokines such as IL-6, IL-8, and TNF-α [106]. This
finding was corroborated by Silva et al. [108] when they analyzed the cell-free supernatant
after administering W. cibaria CIATEJ BI–48.1 to confluent HT-29 monolayers. Several short-
chain fatty acids (SFCAs) were detected, including acetic and butyric acids. SFCAs are
important metabolites in the human digestive tract, where upward of 90% of butyrate in the
intestinal lumen is metabolized to meet the energy needs of the colonocytes [109]. SCFAs
such as acetic and butyric acid are also considered important modulators of inflammation
in the colon and promote the upregulation of TJPs in the small intestine [110]

Probiotics in general can help reverse the gut dysbiosis implicated in the pathogene-
sis of several inflammatory and auto-immune conditions as well as cancers, and thereby
help prevent these conditions or attenuate their severity. Certain strains of Weissella are
being investigated as an adjuvant to conventional treatment in IBD. Various in vitro and
animal models have explored this. For example, W. paramesenteroides WpK4 was able to
reduce the disease activity index (DAI) as well as repair some of the mucosal damage in
mice models with DSS-induced colitis. The bacteria also helped reduce the production of
proinflammatory markers such as TNF- α, NO, IL-1β, and IL-6. As a consequence of this
immunomodulation, the colitis mice also demonstrated reduced anxiety and depression-
associated behavior [77]. The W. confusa strain F213 was shown to maintain the transepider-
mal resistance in an in vitro intestinal cell model employing Caco-2 cells where hydrogen
peroxide was used to induce IBD. It also decreased intestinal permeability as well as helped
maintain tight junctions, the disruption of which is seen in IBD [111]. The EPS purified
from milk fermented with W. confusa VP30 was found to have a remarkable laxative effect
on the constipated rat model and can be used to relieve constipation issues in humans [112].
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Some strains of Weissella, such as W. cibaria, demonstrate anticancer effects against
colorectal cancer by suppressing cell growth. Cha et al. [113] have a patent establishing the
anticancer effect of W. cibaria against colorectal cancer cells by selectively suppressing the
growth of cancer cells as opposed to normal cells. A review by Kwak et al. [114] investigated
the benefits of kimchi LAB (W. cibaria and L. plantarum) against cancer and derived the same
conclusion about W. cibaria [114]. The anti-proliferative activity of W. cibaria against cancer
cells such as HeLa and Caco-2 has been confirmed in other studies as well [112,115,116].
A unique single-center study by Kwon et al. investigated the role of probiotic usage
in post-operative cancer patients and noticed an increase in the populations of several
beneficial bacteria that also included a very significant increase in the Weissella bacteria
(a rise from 0.096% to 0.361%, p < 0.004) after 8 weeks of probiotic supplementation. This
increase correlated with the improved quality of life in these patients [117]. Recently, Amer
et al. [118] explored the anticancer effect of exopolysaccharides nanoparticles (EPS-NPs)
produced by W. paramesenteroides MN2C2 against breast MCF-7, colon Caco-2, and liver
HepG-2 malignant cells due to its potent antioxidant potential. These research findings
could be an innovative alternative approach in cancer treatment, minimizing the use of
prolonged conventional therapy and its adverse side effects.

Weissella cibaria has also been acknowledged for its ability to prime the immune sys-
tem in immunocompromised hosts. Park and Lee [75] investigated the role of W. cibaria
JW15 as a complementary treatment for counteracting the weakened immune system as a
consequence of chemotherapy. Oral administration of the bacteria to immunosuppressed
(secondary to cyclophosphamide) BALB/c mice resulted in increased splenocyte prolif-
eration and elevated white blood cell counts (WBC). Additionally, W. cibaria JW15 was
able to increase the production of TNFα, IL-1β, and IL-6 when challenged with purified
lipopolysaccharide (LPS). Together, these results demonstrate the capacity of the W. cibaria
JW15 strain to enhance the innate immune response in immunocompromised mice. Fur-
thermore, no evidence of toxicity or bacteriemia because of the administered bacteria was
observed in the treated mice despite their weakened immune system. Other studies by the
same set of researchers in aged mice found similarly increased populations of red blood
cells, WBS, and splenocytes along with elevated levels of cytokines IL-6 and IFN-γ [119].
When compared to the commercial strain of L. rhamnosus GG, the Weissella strain JW15
had higher immune-stimulating activity. In a nutshell, JW15′s use as a probiotic can help
augment the immune response of the host [120]. In contrast to the aforementioned studies,
the study by Seok et al. observed the suppression of the immune system in an in vitro
murine model and illustrated the reduced expression of proinflammatory cytokines IL-6,
IL-1β, and TNFα through inhibited activation of the NF-κB pathway in murine RAW 264.7
macrophages exposed to LPS. In addition, the administration of heat-killed W. cibaria JW15
resulted in the decreased production of nitric oxide and prostaglandin E2 [121].

5.3. Dental and Skin Health

Many of the traits that allow organisms such as W. cibaria and W. confusa to play a
beneficial role in the gut also allow these organisms to be advantageous to other sites in
the body that are susceptible to the same environmental challenges as the intestinal lumen.
Particularly, W. cibaria has been shown to display probiotic effects in other body sites in
animal studies. Using an induced-periodontitis mouse model, Kim et al. demonstrated that
W. cibaria CMU could reduce the severity of periodontitis in a dose-dependent manner [106].
Mice treated with this strain displayed reduced alveolar bone loss and lower levels of
the pathogenic Porphyromonas gingivalis. The authors posit that W. cibaria CMU has the
capacity to adhere to saliva-coated surfaces in the mouth, as well as produce antimicrobial
compounds that reduce the growth of pathogenic species that are responsible for the
development of periodontitis. In a similar set of experiments, W. cibaria CMU was found
to inhibit the co-aggregation of another oral pathogen, Fusobacterium nucleatum, which
is also known to contribute to the development of periodontitis [122]. Additionally, this
strain of W. cibaria reduced IL-6 and IL-8 secretion by oral epithelial cells previously
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challenged with F. nucleatum. A study by Kibar et al. into W. cibaria EIR/P-2 (isolated from
bee pollen) displayed its antibacterial activity against Streptococcus mutans, a bacterium
notorious for causing tooth decay and caries. The dextran derived from the EPS also
had proliferative activity, which, coupled with the antimicrobial/antibiofilm functions,
may find its application in the field of dentistry as an agent of ‘periodontal healing and
regeneration’ [82].

Weissella has been found to have applications in the skin industry as a prospective
treatment for many skin conditions. The WIKIM28 strain of W. cibaria has been shown
to benefit patients with atopic dermatitis [79]. The authors used an induced-dermatitis
model made by exposing mice to 2,4-dinitrochlorobenzene, which created skin lesions
and thickened the epidermal layer mimicking dermatitis in humans. Oral administration
of W. cibaria WIKIM28 resulted in a reduction of symptoms in treated mice, as observed
through improved histological scoring of skin sections [79]. Additionally, the treated mice
displayed an increased ratio of differentiated CD4+CD25+Foxp3+ regulatory T cells (Tregs),
along with a corresponding increase in IL-10 in polyclonal mesenteric lymphocytes, which
is associated with a suppressed immune response. Taken together, these results indicate that
W. cibaria WIKIM28 is capable of reducing inflammation in the skin through interactions
between the spleen, lymphatic system, and the intestine.

5.4. Anti-Obesity

Probiotic bacteria help maintain metabolic homeostasis by producing active metabo-
lites [123]. Weissella spp. such as W. koreensis (isolated from kimchi) have been reported to
exhibit anti-obesity effects by regulating lipid metabolism. A study by Moon et al. [124]
found that W. koreensis OK1-6 metabolized arginine into L-ornithine, a non-protein amino
acid that down-regulated the expression of adipocyte-specific genes C/EBPα, aP2, SREBP1,
and fatty acid synthase (FAS) in 3T3-L1 cells lines, thus preventing the accumulation of
intracellular lipid and triglyceride inside the cells [125].

Choi et al. [126] reported the anti-obesity effect of W. cibaria MG5285 in mice with
high-fat diet (HFD)-induced obesity. The study showed a significantly reduced expression
of lipogenic proteins, including peroxisome proliferator-activated receptor γ (PPAR-γ),
CCAAT/enhancer-binding protein α, FAS, and adipocyte-protein 2. In addition, sterol reg-
ulatory element-binding protein 1-c and its downstream protein FAS in the liver tissue were
significantly decreased. These strains attenuated fat accumulation in the liver by upregulat-
ing the phosphorylation of AMP-activated protein kinase and acetyl-CoA carboxylase in
the HFD-fed mice. Another study evaluated the anti-adipogenic capacity of whey that had
been ‘biotransformed’ by Weissella cibaria in 3T3-L1 adipocytes and found a disruption in
the intracellular signaling pathways responsible for the expression of obesity-associated
genes and transcription factors, such as PPAR-γ, resulting in reduced accumulation of
triglycerides and lipids inside the 3T3-L1 cells [127].

6. Starter Culture

Weissella spp. have tremendous functional and technological potential, which can
improve the safety and nutritional and sensory characteristics of food. They enhance the
flavor and improve the texture of food by producing beneficial metabolites such as organic
acids, short-chain fatty acids, and esters during food fermentation [128–130]. They have
been used as a starter culture in various ethnic foods in Europe and Asia [58]. For instance,
W. cibaria and W. confusa have been studied in the fermentation of bread. These starter
strains have been observed to enhance the production of functional components and rheo-
logical attributes of bread by eliminating the need for baker’s yeast [131] and also improving
the softness [132] and texture of gluten-free bread [133]. In addition, W. cibaria has been
studied in the manufacturing of functional bread fortified with riboflavin [134]. The starter
culture Weissella viridescens F2 was found to reduce the accumulation of biogenic amines
and to improve the quality of Roucha during fermentation [135]. An ornithine-producing
strain, W. koreensis DB1, isolated from kimchi, was studied in the fermentation of rice bran
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and found to have a significant effect on the organoleptic properties of rice. Such starter
cultures offer a dual role by contributing to food functionality through its fermentation.

Despite having probiotic and outstanding starter culture potential, the genus has not
yet been permitted for commercial use in the United States or the European Union nor
acknowledged as a part of the International Dairy Federation Inventory [7,136] due to the
lack of GRAS (Generally Recognized as Safe) status. The vast diversity of this genus and
the deficiency of scientific literature could be possible reasons for not being granted the
GRAS status by the FDA (Food and Drug Administration) or by the EFSA (European Food
Safety Authority). The genus is also often classified as opportunistic pathogens, which
seems to limit its application as potentially beneficial probiotics in the food industry despite
being potentially powerful starters for food fermentation [85,137].

7. Conclusions

The Weissella genus comprises environmentally omnipresent bacteria that also happen
to exist as commensals in the gastrointestinal tract of healthy vertebrates. In particular,
the species W. confusa and W. cibaria have become subjects of extensive research in recent
times, most of which involve an in-depth evaluation of their myriad health benefits as
probiotics. The other end of the research looks into the cases of proposed opportunistic
pathogenicity in people with underlying medical conditions. To date, the scales tip in
favor of the many health benefits attributable to the use of these species, whereas cases
of bacteremia, endocarditis, and meningitis remain low, with infections being seen in
already-compromised hosts with predisposing factors, such as immunocompromised
status, hospital procedures, and medical comorbidities, to name a few. Members of Weissella
species are not generally known to infect healthy populations. All reported cases have
been successfully treated with a variety of antimicrobials that the Weissella species remain
sensitive to. The use of vancomycin is discouraged, however, owing to extensive resistance
seen in this genus against the antibiotic. Weissella’s remarkable antimicrobial and anti-
inflammatory nature speak to its probiotic potential. With significant research backing the
use of Weissella, the genus may come to be recognized as an important probiotic in the near
future, with applications spanning across industries.
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Abstract: Enteric viruses, including the rotavirus, norovirus, and adenoviruses, are the most common
cause of acute gastroenteritis. The rotavirus disease is especially prevalent among children, and
studies over the past decade have revealed complex interactions between rotaviruses and the gut
microbiota. One way to treat and prevent dysbiosis is the use of probiotics as an antiviral agent.
This review focuses on the latest scientific evidence on the antiviral properties of probiotics against
rotavirus gastroenteric infections in children. A total of 19 studies exhibited a statistically significant
antiviral effect of probiotics. The main probiotics that were effective were Saccharomyces cerevisiae
var. boulardii, Lacticaseibacillus rhamnosus GG, and various multi-strain probiotics. The underlying
mechanism of the probiotics against rotavirus gastroenteric infections in children included immune
enhancement and modulation of intestinal microbiota leading to shortening of diarrhoea. However,
several clinical studies also found no significant difference in the probiotic group compared to the
placebo group even though well-known strains were used, thus showing the importance of correct
dosage, duration of treatment, quality of probiotics and the possible influence of other factors, such
as the production process of probiotics and the influence of immunisation on the effect of probiotics.
Therefore, more robust, well-designed clinical studies addressing all factors are warranted.

Keywords: probiotics; microbiota; rotaviruses

1. Introduction

Acute gastroenteritis is one of the most frequently reported infectious diseases in the
world. The most common cause of acute gastroenteritis (AGE) is various enteric viruses,
including rotaviruses, noroviruses, astroviruses, adenoviruses, and other less presentable
viruses [1]. Most are icosahedral nonenveloped viruses, known to present stability in the
environment, resistant to many physio-chemical conditions. Their stability in the envi-
ronment and on various fomites is also crucial for indirect transmission via contaminated
surfaces, food, and water [2]. As the infectious dose, particularly for noroviruses, is very
low [3], indirect infections are possible, and each year we can follow reports on food and/or
waterborne infections, mostly with noroviruses.

Rotaviruses are members of the Reoviridae family and are characterized by their non-
enveloped, segmented, double-stranded RNA genome (11 segments). Each of the 11 genes
code for a single gene product. Six of the proteins are found in the virus particle (vp1, vp2,
vp3, vp4, vp6 and vp7), whereas the remaining five proteins are non-structural (NDP1–
NSP5). The Rotavirus is classified into serogroups A to E based on antigenic properties.
Only groups A to C have been shown to infect humans, and the most human Rotavirus
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disease is caused by the group A Rotavirus. The group A Rotavirus is further classified into
G (serotypes) and P types based on identification of antigens on the outer capsid proteins.
Group A rotavirus genotypes are classified by a nucleotide-sequence-based, complete
genome classification system [4,5].

Rotavirus gastroenteritis is still an important public health concern. In particular,
low-income countries are fighting against the rotavirus disease, especially affecting small
children [6]. Rotavirus gastroenteritis is the leading global pathogen of diarrhoea-associated
mortality with the highest death rate among children under 5 years worldwide. Since
2006, efficient vaccines have been available to protect children from severe rotavirus gas-
troenteritis [7]. However, there are still high numbers of acute rotavirus gastroenteritis in
those countries.

During the post-marketing phase of rotavirus vaccines, one of the most exceptional
findings was the difference in vaccine effectiveness, being much lower in low- and middle-
income countries [8,9]. One of the possible explanations was the effect of histo-blood
groups, which may contribute to the virus binding on these antigens [10,11]. In parallel, a
new research area of the virus–bacteria interactions opened, showing that enteric viruses
may bind to bacteria surface antigens, which may influence the early phases of virus
pathogenesis [12–14]. Consequently, it is clear now that the pathogenesis of enteric viruses
is dependent not only on virus pathogenetic factors or host determinants, but also on
the environment. The microbiota is therefore of high importance and can influence the
effectiveness of the rotavirus or other enteric virus infections. In addition, studies on
probiotics are also promising in the prevention phase, and to some extent, also in the
curative phase of AGE [15–17].

The gastrointestinal tract is one of the most microbiologically active ecosystems with
a high density of bacteria and other microbes formulating the intestinal microbiota. This
microbiota has several beneficial roles for its human host, including antimicrobial activity,
competitive exclusion, immunomodulation, strengthening of the epithelial barrier func-
tion, as well as influencing the immune system, central nervous system, and endocrine
system [18–21]. Recent evidence-based research shows that the gut microbiota is an ally
for the interaction with most human cells via the microbiota-gut-brain axis, microbiota-
gut-skin axis, microbiota-gut-lung axis, microbiota-gut-liver axis, microbiota-gut-vagina
axis, and many more axes. The microbiota thus aids in achieving homeostasis of skin
health, respiratory health, organ health, mental health, and so forth of its host [19–28]. The
intestinal microbiota coexists with microbes that reach the intestine through food intake
and influences the immune cells associated with the lamina propria through the produc-
tion of metabolites, crucial for the maturation of immune cells in the mucosal immune
system [19,21,29]. Disruption of the homeostasis between the intestinal microbiome and
the host immune system can adversely impact viral immunity [30].

Rotaviruses infect the small intestine, an important site of colonization by the micro-
biota, and studies over the past decade have begun to reveal a complex set of interactions
between rotaviruses and the gut microbiota, as rotavirus infection can temporarily alter the
composition of the gut microbiota [13]. One way to treat and prevent dysbiosis is the use of
probiotics. Probiotics are, by definition, “live microorganisms that, when administered in
adequate amounts, confer a health effect on the host” [31]. Scientific evidence shows enough
evidence to justify the use of probiotics for the treatment of several disorders, including
gastrointestinal dysbiosis, antibiotic-associated diarrhoea, irritable bowel syndrome, and in-
flammatory bowel disease, as well as anxiety, depression, and wound healing [19,20,32–35].
In a review on the management of acute gastroenteritis in Jordanian children [36], it was
emphasised that prevention of diarrhoea diseases should focus on the improvement of
nutrition, hygiene, and sanitation. In the case of rotavirus gastroenteritis, the authors
proposed the introduction of routine vaccination against the rotavirus, as well as the use of
adjuvant therapies. One of these possible therapies is probiotics. Other reviews addressing
gastrointestinal infections also conclude that probiotics are one of the possible adjuvant
strategies for diarrhoea in children by resuming a healthy microbiota status following
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infection [37–39] A recently published review even suggested the potential of a combined
lactic-acid bacteria vaccine as an alternative recombinant vaccine against the rotavirus [40].
Two reviews have already addressed the efficacy of using probiotics for rotavirus infection
in children, one published in 2015 [41] and another published in 2020 [42]. The review
from 2015 focussed on the duration of rotavirus diarrhoea in children, whilst the 2020
review found that probiotics could reduce the occurrence of acute rotavirus diarrhoea
in children. Our review investigated the underlying antiviral mechanisms of probiotics
against rotavirus infections in children, includes updated information, and focused on the
effective mechanisms of probiotics.

2. Rotavirus Infection and the Gut

The Rotavirus infects the mature enterocytes in the middle and upper parts of the
villi and in the enteroendocrine cells in the small intestine, which ultimately leads to diar-
rhea [43]. Rotavirus infection can temporarily alter the composition of the gut microbiota,
thus leading to dysbiosis [13]. According to one study, dysbios is caused by a decrease
in the amount of bifidobacteria, normal Escherichia coli, and an increase in the amount
of lactose-negative Escherichia. In cases of pronounced dysbiosis in young children, the
clinical course of rotavirus infection is aggravated and the period of rotavirus excretion
is prolonged [44]. Other studies found that patients with diarrheal stools with rotavirus
had more bacterial communites at the genus level containing specific diarrheal causative
bacteria than those of healthy subjects, suggesting that co-infection with the virus and bac-
teria could have occurred in some diarrhea cases [43]. Gut dysbiosis due to viral infection
could be associated with a reduction in the populations of common and beneficial bacterial
species and the resulting loss of diversity, as well as the gain of harmful bacteria. It may
also be due to variations in crosstalk via direct interaction between rotaviruses and bacteria
in the gut [43,45].

A symptomatic infection with rotaviruses stimulates a strong humoral IgG immune re-
sponse which lasts for a lifetime. While the IgG responses are easily recorded, it is generally
thought that protection from rotavirus disease is mediated by local IgA antibodies [4,46].

3. Probiotics and the Antiviral Mechanisms

Probiotic administration stimulates the immune system by inducing a network of
signals mediated by various metabolites. Some probiotic strains stimulate the immune
response and are therefore beneficial for patients suffering from immune deficiency, whilst
other strains inhibit the immune response and are therefore beneficial for patients with
conditions with immune activation. Additionally, the effects of probiotic modulation
on the immune cells can be observed in lymphocytes, hematopoietic stem cells, T cells,
macrophages, natural killer cells, and dendritic cells. Additionally, molecules usually asso-
ciated with pathogens, such as lipopolysaccharide of gram-negative bacteria or lipoteichoic
acids of gram-positive bacteria, can be produced by probiotics and interact with different
toll-like receptors, and incite NF-κB-mediated antiviral gene expression [19,34,35,47,48].

It is also known that respiratory viruses can cause changes in the gut microbiome,
therefore probiotics are a possible medication to treat respiratory viral infections via gut-
microbiota modulation and production of immunomodulatory agents. Interactions between
probiotics, macrophages, and dendritic cells are seen in the lamina propria, resulting in
natural killer (NK) cell activation, which triggers interferon gamma (IFN-γ) production to
defend against viruses, and efficient immune cells go to infection sites via circulatory and
lymphatic systems to protect against respiratory viruses [35,47,48].

Bacteriocins produced by probiotics have also proven effective against viral infections
as they exhibit antimicrobial potential against viral pathogens by prevention of viral particle
aggregation and blocking the sites of host cell receptors or inhibition of viral penetration
into human cells [49–52].

All above-mentioned mechanisms collectively lead to the indirect consequence of a
shorter infectious period and overall reduction in the risk of viral infection [53–55].
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On the other hand, previous bacterial infections in children may increase the risk
of rotavirus infections by disrupting the balance of the intestinal microbiota, leading to
dysbiosis and increasing the ratio of pathogenic bacteria [56,57]. Co-infection with bacterial
diarrhoea-related bacterial pathogens, such as Escherichia, Shigella, Klebsiella, and Campy-
lobacter spp., can cause a more severe course of the rotavirus disease [43]. Although it is
well-established that probiotics display antibacterial activities against common pathogenic
bacteria, including competitive exclusion, bacteriocin production, enhancing intestinal
barrier function, and stimulation of host antimicrobial defences [46], these bacterial infec-
tions can antagonise the antivirus effects of probiotics while they are fighting off bacterial
pathogens. Therefore, more research into the complex mechanisms of actions of probiotics
and pathogens is warranted.

4. Clinical Trials with Established Antiviral Effect of Probiotics against Rotaviruses

We used the search strategy: “probiotics” AND rotavirus in various databases (PubMed,
Web of Science, Scopus) and included clinical trials, which found a statistically significant
antiviral effect of probiotics in the treatment of rotavirus gastroenteritis. Clinical trials
without the full text available and in languages other than English were excluded. Clinical
trials where rotaviruses were not determined or detected were also excluded. A total
of 19 clinical studies with a statistically significant antiviral effect of probiotics against
rotaviruses were found. These studies were conducted in Argentina, Bangladesh, Bolivia,
Brazil, Croatia, Denmark, Egypt, Greece, India, Israel, Italy, the Republic of Korea, the
Netherlands, Poland, Portugal, Slovenia, Taiwan, Turkey, and the United Kingdom. The
characteristics of the clinical trials are described in Table 1.
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Our review included two additional clinical trials [58,59] compared to the 2020 re-
view [42] and several more compared to the 2015 review [41] which selected clinical trials
published until the year 2013. Strain-specific antiviral activity of probiotic strains, as well
as the concentration of probiotic supplements and duration of supplementation, seem to be
the most important factors that influence the efficiency of probiotics on rotavirus disease in
children [55].

Rotaviruses can cause significant diarrhoeal disease in infants and young ones of
various mammalian and avian species [15]. According to European Society for Paediatric
Gastroenterology, Hepatology and Nutrition/ESPGHAN/ESMAD, the standard recom-
mended treatment for acute diarrhoea in children, whether due to the rotavirus, norovirus,
bacterial or other infection, includes oral rehydration solutions (ORS) and continuance of
feeding. Adjuvant therapy with micronutrients, probiotics, or anti-diarrhoea agents are also
rendered useful. The recommended probiotics are Lacticaseibacillus rhamnosus GG (ATCC
53103), also known as LGG, and the yeast Saccharomyces cerevisiae var. boulardii [77–80].

The underlying mechanism against rotavirus infections is immune enhancement, as
certain strains of lactobacilli promote immunological responses. This includes increas-
ing concentrations of anti-rotavirus-specific IgA [55,81], reducing intestinal microbiota
imbalance, enhancing the colonization of probiotics [82,83], and reducing the incidence
of diarrhoea [84]. One important activity of probiotics is also increasing the clearance of
stool rotavirus by reducing faecal rotavirus shedding, and thus aiding the epidemiological
importance in the transmission of rotaviruses [85,86].

The beneficial effects of probiotics in the 19 studies noted in Table 1 have confirmed
an antiviral effect of certain probiotics, leading to shortening of diarrhoea in children due
to rotavirus enteritis after supplementation. Some studies divided the intervention groups
of children into more than one group to ascertain the effect of different combinations of
probiotics or different concentrations on rotavirus diarrhoea. Five of these studies investi-
gated the single-strain probiotic Lactobacillus rhamnosus GG [61,63,67,74,75]. Saccharomyces
boulardii was investigated in six studies [58,60,64–66,72]. One aforementioned study [58]
also investigated the effectiveness of Lactiplantibacillus plantarum LRCC5310 on rotavirus in-
fection. Two other aforementioned studies [66,72] also investigated multi-strain probiotics.
All the remaining studies investigated various multi-strain probiotics [55,59,62,68–71,73].

Two abstracts of additional studies in the English language were found [87,88] that
noted a beneficial effect of the probiotics in the abstract, but a full text with all relevant data
was not available despite contacting the authors; therefore, they were also not included
in Table 1. Two studies [83,89] in the Chinese language also found a beneficial effect of
probiotics for the prevention of diarrhoea in children, some of which tested positive for
the rotavirus in stool samples; however, they were not included in Table 1 as only the
abstract was in English. According to the abstracts, both studies found that probiotic
supplementation with lactobacilli and/or bifidobacteria (species not specified in abstract)
significantly decreased the incidence and duration of diarrhoea. Another study in the
French language [90] also found an antiviral effect of Saccharomyces cerevisiae var. boulardii
supplementation in children with acute diarrhoea (15 with rotavirus infection) and found a
significant decrease in the duration of diarrhoea. The latter three mentioned studies were
not included in Table 1 due to language barriers.

The effect of different multi-strain probiotics on rotavirus diarrhoea was signifi-
cant after supplementation with Bifidobacterium longum BORI and Lactobacillus acidophilus
AD031 [59], Bifidobacterium longum IBG, Bifidobacterium lactis BL, Lactobacillus acidophilus
LA, Lacticaseibacillus rhamnosus LRH, Lactiplantibacillus plantarum, and Pediococcus pen-
tosaceus [55], Enterococcus faecalis T-110, Clostridium butyricum TO-A and Bacillus mesentericus
TO-A [62], unspecified strains of Lactobacillus acidophilus, Lacticaseibacillus rhamnosus, and
Saccharomyces boulardii [66,68], VSL#3, containing four lactobacilli strains, three bifidobacte-
ria strains, and one strain of Streptococcus thermophilus [69], BIFILAC, containing strains of
Enterococcus faecalis, Clostridium butyricum, Bacillus mesentericus and Bacillus coagulans [70],
Lakcid L, containing Lacticaseibacillus rhamnosus 573L/1, 573L/2, 573L/3 [71], Lactobacil-
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lus casei and Lactobacillus acidophilus strains CERELA [72] and Lacticaseibacillus rhamnosus
19070-2 and L. reuteri DSM 12,246 [73]. However, several studies did not report the strains
used, which decreased the quality and reproducibility of the studies.

The probiotic strain Lacticaseibacillus rhamnosus GG, previously known as Lactobacillus
rhamnosus GG (LGG), is a gram-positive lactobacillus, known to promote immunological
responses and influence the intestinal microbiota by producing both a biofilm that can
mechanically protect the mucosa, and different soluble factors beneficial to the gut by
enhancing intestinal crypt survival, diminishing apoptosis of the intestinal epithelium, and
preserving cytoskeletal integrity [91]. The ESPGHAN recommends LGG as an adjuvant
therapy for gastrointestinal infections in children [77,80]. It was used in a large multi-
centre European trial [74] with patients from Poland, Egypt, Croatia, Italy, Slovenia, the
Netherlands, Greece, Israel, the United Kingdom, and Portugal. Administering the oral
rehydration solution containing LGG to children with acute diarrhoea was found safe and
resulted in a shorter duration of diarrhoea, less chance of a protracted course, and faster
discharge from the hospital. There is also a large cohort of other studies using the same
strain LGG that also confirms this effect [61,63,67,75]. A study by Szajewska et al. [92]
that investigated the prevention of nosocomial diarrhoea found that supplementation
with Lacticaseibacillus rhamnosus GG resulted in a reduced risk of nosocomial diarrhoea
in children. A systematic review also confirms the reduction in the duration of rotavirus-
induced diarrhoea, where a higher dose was efficient [93]. Another important factor to
consider is the possible effect of rotavirus immunisation on the effectiveness of LGG, as
noted in the meta-analysis [94], where the authors concluded that rotavirus immunisation
affected the efficacy of LGG for the treatment of children with acute diarrhoea, which could
be one of the underlying reasons for the mixed results. However, other reviews conclude
that probiotics as adjuvants in vaccination should be considered in future studies, especially
in the elderly and in children, where vaccine effectiveness and duration of immunisation
really matter [38,95].

The probiotic yeast Saccharomyces cerevisiae var. boulardii is the only yeast used in
clinical practice and is recommended for the prevention of antibiotic-associated diarrhoea
and acute gastroenteritis in children as an adjunct [79,96] The mechanisms of action include
inhibition of growth and invasion of pathogens by interfering with pathogen attachment,
production of small peptides that inhibit endotoxins, as well as stimulation of short-chain
fatty acids, especially butyrate, that restore intestinal functions and immunoregulation.
However, the effect of Saccharomyces cerevisiae var. boulardii against common viruses re-
sponsible for diarrhoea, such as the rotavirus, adenovirus or norovirus, is still very limited,
and further research is advocated [96]. Saccharomyces cerevisiae var. boulardii was efficient
in the treatment of rotavirus gastroenteritis in children in six clinical studies noted in
Table 1 [58,60,64–66,72].

In a small clinical study conducted in the Republic of Korea by Shin and co-authors [58],
50 hospitalized children with rotavirus enteritis were divided into three groups. The first
group received a novel strain Lactiplantibacillus plantarum LRCC5310; however, neither
the concentration of the probiotic nor the dosage was specified. Group II was the control
group that did not receive any probiotics, and group III received a probiotic containing the
Saccharomyces cerevisiae species according to the treatment policy of the hospital. Group
III was retrospectively analysed through medical records. The novel strain LRCC5310
improved clinical symptoms and was comparable to, or more effective than the probiotic
containing a Saccharomyces cerevisiae species. Several rotavirus genotypes were detected in
stools, including: G9P8, G1P8, G1P18, G3P8, G2P4, G4P6, and G9P4. The rotavirus titre was
significantly reduced in patients that received the novel strain LRCC5310 compared to those
who did not take any probiotic formulations (Group II). Intake of LRCC5310 was found to
be effective in the suppression of viral symptoms, as well as in prognosis and treatment,
via virus titre reduction. The authors did not discuss the mechanisms involved, but the
most likely mechanisms of the antiviral effect of the probiotic was due to modulation of the
intestinal microbiota and the improvement of immune function, as several Lactiplantibacillus
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plantarum strains have exhibited enhancement of immune activity during infectious and
inflammatory conditions, as well as improving lower gastrointestinal symptoms and
modulation of intestinal microbiota after dysbiosis due to infections [97–104]. Although
some probiotic traits are strain-specific, other core traits are in fact species-specific [31].

The study by Lee and co-authors [55] investigated the antiviral influence of a multi-
strain probiotic against viral gastroenteritis in paediatric patients. Nine of the twenty-nine
patients had a rotavirus infection. A six-species supplement containing Bifidobacterium
longum, Bifidobacterium lactis, Lactobacillus acidophilus, Lacticaseibacillus rhamnosus, Lactiplan-
tibacillus plantarum, and Pediococcus pentosaceus (strains not specified) proved effective in
statistically significantly reducing the duration of diarrhoea in the probiotic group. Simi-
larly, another multi-species probiotic, containing Lactobacillus acidophilus, Lacticaseibacillus
rhamnosus, Bifidobacterium longum, and Saccharomyces boulardii (strains not specified) was
also efficient [66,68]. Supplementation with bifidobacteria, including the probiotic Bifi-
dobacterium bifidum Bb12, has been shown to protect against rotavirus infection, as children
receiving this probiotic had a statistically significant lower concentration of the rotavirus-
specific IgA antibody compared to the control group [105]. The well-known probiotic
VSL#3 was also used in a study by Dubey et al. [69], conducted in India, and found a
statistically significant lower duration and frequency of rotavirus diarrhoea in the probiotic
group compared to the control group. Interestingly, the authors report that the statistically
significant differences were still observed on day 4, but by day 8 the control group also
spontaneously improved, and the results became comparable with the probiotic group.
The antiviral effect of the multi-strain probiotic Bifilac was also found [70]. However, the
author does not specify the composition of the supplement in the clinical trial.

Huang et al. [62] found that supplementation with a three-strain probiotic containing
Enterococcus faecalis T-110, Clostridium butyricum TO-A, and Bacillus mesentericus TO-A
resulted in a significant decrease in the duration of severe diarrhoea in the probiotic group
compared to the placebo in children with infectious gastroenteritis. In the patients with
rotavirus, a statistically significant decrease in gastroenteritis (Vesikari score) and diarrhoea
frequency was also observed in the probiotic group. According to the authors of this study,
the three strains acted symbiotically to facilitate the proliferation of the others. The dosage
in this study was different compared to other clinical trials as the probiotic was given three
times daily, whereas other clinical studies supplemented their patients once or twice a day.

Some of the clinical studies were not double-blind, but either single-blind [65,68]
or open-labelled [61,62], which enhances the possibility of bias due to knowledge of the
patient’s treatment group [106].

Besides probiotics, prebiotics [107], synbiotics [108], postbiotics [109], or even fer-
mented foods [110] could have positive effects for rotavirus diarrhoea due to enhance-
ment of the natural intestinal microbiota, as a combination of probiotics and prebiotics
(synbiotics) could have a synergistic effect; in some cases, heat-killed probiotics or postbi-
otics could even be safer than viable microorganisms. Some human and animal studies
have addressed these effects [84,111–113], opening the possibility for more well-designed
clinical studies.

5. Studies with No Antiviral Effect of Probiotics against Rotavirus Infections

On the other hand, several other studies using the same strains or other strains did
not find statistically significant differences after probiotic administration. Lacticaseibacillus
rhamnosus GG did not appear to enhance short-term recovery following acute diarrhoeal
illness in children in five clinical studies [114–117]. In a large study by Freedman et al. [118],
no significant differences were found in paediatric patients aged between 3 and 48 months
with diarrhoea after a five-day supplementation with 4.0 × 109 cfu twice daily of either Lacti-
caseibacillus rhamnosus R0011 and Lactobacillus helveticus R0052 or Lacticaseibacillus rhamnosus
GG, regardless of whether there were gastroenteritis-causing pathogens (e.g., adenovirus,
norovirus, rotavirus, or bacteria). More results from the same clinical study (NCT01853124)
were also published and showed no indication that probiotic administration lessened
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the burden of disease, regardless of the etiologic pathogen group (i.e., virus, bacteria, or
parasite) or specific viral aetiologies (i.e., adenovirus, norovirus, or rotavirus) [119–122].
Perhaps the duration of supplementation with this probiotic was too short to exhibit a
positive immunological effect as other clinical studies using the same strain achieved
significant differences, such as Sindhu et al. [63] where the probiotic was consumed for
4 weeks, and an immunological effect was found in the probiotic group. Fewer children
with rotavirus diarrhoea on LGG had repeated diarrhoeal episodes. Although no differ-
ences were found in the duration of diarrhoea, the immunological effect was evident. The
dosage could also have been a factor, as Aggarwahl et al. and Basu et al. [61,67] both
reported a statistically significant shorter duration of diarrhoea in children with watery
diarrhoea after supplementation with LGG for five days at a dosage of 1010 CFU daily,
whilst the dosage in the Freedman et al. study was 8.0 × 109 CFU daily. No significant dif-
ferences were also found in the immunogenicity of the rotavirus vaccine given to infants in
a poor urban community in India after supplementation with the probiotic Lacticaseibacillus
rhamnosus GG in a study by Lazarus et al. [123]; however, among probiotic recipients, the
abundance of lactobacilli in stools showed a modest association with rotavirus shedding
after the first dose of the vaccine, consistent with the concept that probiotic bacteria may
promote vaccine virus replication and the immune response.

A study conducted in Vietnam [124] using Lactobacillus acidophilus (4.0 × 108 CFU
twice daily) also did not yield any significant differences in the duration of rotavirus
diarrhoea compared to the placebo. The strain used was not specified and perhaps it was
not a probiotic strain; or the dosage used was one log-step lower than other studies, which
could have caused the lack of significant differences, as an appropriate strain and adequate
administered amount of a probiotic are necessary to achieve a health benefit [31].

No significant differences were found in the studies conducted in Poland by
Urbanska et al. [125] and Wanke et al. [126], using Limosilactobacillus reuteri DSM 17,938 for
preventing nosocomial diarrhoea in children, including rotavirus infection. Limosilactobacil-
lus reuteri DSM 17,938 has otherwise shown to be effective in the prevention and treatment
of infantile colic and regurgitation and gastrointestinal disorders [127–129].

Several other clinical studies also did not show a statistically significant anti-rotavirus
effect after intervention with Bacillus coagulans [130], Lacticaseibacillus casei ST11 [131]. A
study using Bifidobacterium animalis subsp. lactis Bb-12 and Streptococcus thermophilus TH4
also did not find any differences in the treatment of gastroenteritis compared to the placebo;
however, a decrease in rotavirus shedding was observed [86].

One of the possible reasons for the lack of effect of probiotics in these clinical trials,
even though the same strains were used that previously exhibited a health benefit, could
have been the quality of the production procedures of the probiotic strains. Lyophilisa-
tion, and the form of probiotics including lyophilized or heat-dried powders in capsule
or powder form, can also influence the shelf-life and general quality of the probiotic [132].
Depending on production, some probiotics need to be stored in the refrigerator and others
do not. Finally, the stability of the product must remain during storage, as an adequate
concentration of viable probiotics must be persevered for the whole shelf-life. The probi-
otics used in clinical studies come from various commercial markets, and since many are
foodstuffs or dietary supplements—not medicinal products—the quality may not always
be assured or controlled [132,133]. All these factors can indirectly influence the reality of
the results of clinical studies.

6. Conclusions, Limitations, and Future Directions

The effect of probiotics on enteric virus infections has been studied for years, and there
is still much research to be done in the line of the microbiota–host–pathogen interactions.
Although probiotics have shown promising results in the prevention of viral AGE, we
still need an effective weapon to prevent the high mortality rate in early childhood in
low-income countries. At least for rotavirus infection, effective vaccines are available to
make progress in lowering the disease burden.
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In probiotics studies, we need to be cautious as results are inconsistent—sometimes
the same probiotic strain was not effective, whilst in other clinical studies it was, showing
the importance of correct dosages, the duration of treatment, and quality of the probiotic.

With careful consideration of strains, dosages, and durations of supplementation,
probiotics appear to be a safe and effective adjuvant in the treatment of rotavirus diarrhoea
via modulation of the immune system and the intestinal microbiota. However, more clinical
studies with different probiotics, perhaps combined with prebiotics to achieve a synergistic
effect to optimally influence the restoration of the intestinal microbiota after dysbiosis due
to diarrhoea, are warranted.
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Abstract: In the present study, we identified the Bacillus subtilis strain annotated Fa17.2 isolated
from Bromelia flower inflorescences collected from the subtropical humid mesothermal region, Santo
Domingo de Los Tsachilas Province, Ecuador. The probiotic capacity and antimicrobial potential
against four foodborne pathogens were assessed. The cell culture of Fa17.2 is highly resistant to
synthetic gastric acid (pH 2.5, 3.0, and 3.5), bile salts (0.3%), tolerating different sodium chloride con-
centrations (1, 3, and 5%), and growth conditions (15 ◦C and 45 ◦C), suggesting its potential probiotic
features. The isolate showed no antibiotic resistance and was considered safe as no hemolysis was
detected on sheep blood agar. The optimum medium for bacterial growth and the release of antimi-
crobial compounds was MRS with 10% glucose. The active components released in the neutralized
crude extract (NCE) were insensitive to organic solvents, surfactants, and nonproteolytic enzymes
and sensitive to proteolytic enzymes suggesting their proteinaceous nature. The antimicrobial activity
was enhanced by heat and maintained active over a wide range of pH (2.0–8.0). Moreover, the crude
extract (CE) showed inhibitory activity against several Gram-negative and Gram-positive bacteria.
The molecular weight of partially purified precipitated bacteriocin-like substances (BLISs) was about
14 kDa in 20% Tricine-SDS-PAGE. The CE obtained from Fa17.2 inhibits the growth of four foodborne
pathogens, Staphylococcus aureus, Escherichia coli, Kosaconia cowanii, and Shigella dysenteriae, which
implies its potential as an antimicrobial producer strain.

Keywords: probiotic; Bacillus subtilis; antimicrobials; foodborne pathogens

1. Introduction

Worldwide, millions of individuals suffer from gastrointestinal problems, most of
them due to the consumption of contaminated food and water [1]. Ecuador makes no
exception. Throughout 2019, foodborne pathologies reached 19,487 cases, while in 2021
a decrease in about 60% was reported [2]; however, there are still cases due to lack of
knowledge of health standards, and handling and conservation of food by sellers, to
guarantee the quality of the products that are marketed. This decrease may be related
to the pandemic disease of the coronavirus, as street sales were blocked. Nonetheless, in
most cities, the lack of an appropriate structure in the retail markets might be the main
cause of the contamination; however, the products failed to reach the required quality [3].
In addition, the use of beneficial microorganisms such as probiotics in foods that contain
antimicrobial substances is very limited in the Ecuadorian market. Probiotics are defined as
live microorganisms that are administered to hosts in adequate amounts to improve human
health [4]. However, only a few products contain such microorganisms as Lactobacillus
rhamnosus GG (ATCC53100), a commercial strain [5].

Customer demand for high-quality, free of chemicals or antibiotics containing foods is
increasing; therefore, the identification of natural alternatives using beneficial microorgan-
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isms, or their derivatives, can be a solution. In the last decade, several researchers have
investigated the use of antimicrobials fabricated by food-grade microorganisms, such as
peptides or proteins with antimicrobial activity that is secreted into the extracellular matrix
during the metabolic process of various bacteria, which can prevent the increase in single
or combined pathogens; they are easily degraded by enzymes, thus do not affect the human
body pathogenically [6]. Although many bacterial species generate antimicrobials, only a
few are applied to foods as biological preservatives [7].

One of the best-studied Gram-positive bacteria, Bacillus subtilis, an aerobic or facul-
tatively anaerobic bacterium, is considered a model of cell differentiation and industrial
exploitation [8]. Currently, various commercial formulations contain bacilli as active in-
gredients, thanks to their ability to colonize, reproduce easily, and their high stability
concerning endosporogenesis; this last characteristic is especially essential, as it allows
them to survive in stressful situations, such as abiotic conditions, that facilitate long term
production and storage [9]. These species remain widely distributed in a wide diversity
of habitats, integrated freshwater, rhizosphere, marine, and terrestrial ecosystems, and
their species are commonly associated with plants [10]. Bacillus subtilis are recognized as
safe and reliable probiotic strains that are non-pathogenic to humans and animals [11].
Antimicrobial metabolites are generated during their growth and reproduction [12].

Several registered strains have been marketed as probiotic supplements for human
consumption in Asia, Europe, and the US [13]. Feed supplementation with spores can
provide numerous benefits including animal improvement in digestibility and immune
modulation [14]. The spores are metabolically quiescent and should be in a metabolically
active state to perform certain probiotic functions such as secretion of antimicrobial com-
pounds and enzymes, and synthesis of short-chain fatty acids [15,16]. B. subtilis gained
more interest to be used as a probiotic, and their consumption in foods is believed to be
associated with numerous health benefits, such as increased immunity, reduced bone loss
in postmenopausal women, and antiallergic effects [17]. In addition, Bacillus isolates are
well-known for producing a wide range of antimicrobial compounds, including lipopep-
tides and BLIS [18]. The main types of antimicrobial compounds from B. subtilis comprise
peptides such as lantibiotics and lantibiotic-like peptides, and non-peptide compounds
such as polyketides, an amino sugar, and phospholipid [19].

The increase in the value of biological diversity and the exceptional richness of tropical
forests improve the chances of the systematic use of genetic resources or their derivatives
in various biotechnological processes. Ecuador has not yet used its genetic resources effec-
tively. There are no studies that quantify values in the bioproducts market. In the case of
biological products, research and development activities are concentrated in multinational
companies. From free of board (FOB), the annual import values of these products are close
to USD 250 million; therefore, there is a huge opportunity to enter this market with inno-
vative technologies, such as probiotics, nutraceuticals, and derivatives developed by the
researchers and transferred to different productive sectors of the Andean region [20]. Given
the extensive changes made by Ecuadorian government policies, some natural areas such
as subtropical forests have been considered relevant genetic resources for biotechnological
research. However, to detect and characterize new bacterial species, the bacterial micro-
biota associated with flowers and fruits was studied [21]. Particularly, lactic acid bacteria
(LAB) associated with these micro-niches were investigated [21]. We taught that the strains
associated with these extreme niches may allow selecting more robust strains with broad
antimicrobial capacity against foodborne pathogens as well as native strains with probiotic
potential. Throughout the selection process for isolates showing antimicrobial capacity
against at least two Gram-negative bacteria (Salmonella enterica and E. coli), one bacillus
showing sporulation “escapes” along with other isolated lactobacilli from the selection on
MRS media. Moreover, these isolates during cultivation were characterized by a “particular
flower-fragrance” which might be linked with the secretion of some volatile compounds
that need further attention. At this point, we speculate that this feature might be connected
to the Bromelia flower origin. Due to its comparable inhibitory activity with lactobacilli, we
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selected this isolate for further taxonomic identification and evaluated its probiotic capacity
and antimicrobial potential against some foodborne pathogenic bacteria. Therefore, we
performed various in vitro studies to test their tolerance to intestinal gastric acid, bile
salts, and sodium chloride, as well as different growth temperatures, and hemolysis and
antibiotic susceptibility for safety issues. In addition, the effect of medium composition
on the production of antimicrobial substances as well as the antimicrobial spectrum was
evaluated against several Gram-positive and Gram-negative bacteria. Moreover, the nature
of these antimicrobials was evaluated in vitro along with their sensitivity to various pH,
heat, inorganic, and organic treatments. Moreover, the partially precipitated BLIS were
analyzed by Tricine-SDS-PAGE to estimate their molecular weight.

2. Materials and Methods
2.1. Sampling, Bacterial Isolation, and Identification

Samples consisting of flower inflorescences of Bromelia sp. were collected aseptically
from a subtropical humid mesothermal region of Santo Domingo de Los Tsachilas Province,
43 km away from Quito, the capital city. Samples were packaged in clean bags, then stored
at 4 ◦C for further analysis. The isolation and selection procedures were performed as
described earlier [21]. One isolate assigned Fa17.2, showing spore formation, was selected
based on its capacity to inhibit Salmonella enterica subsp. enterica ATCC 51741 and E. coli
ATCC25922. The BBL Crystal Gram-positive identification system (cat # 245010, BD Com-
pany, Franklin Lakes, NJ, USA), a miniaturized identification method using 29 enzymatic
and biochemical substrates, was used for genera classification according to the manu-
facturer’s instructions. Moreover, 16S rRNA gene sequencing was used for taxonomical
classification following a standard procedure (Macrogen Inc., Seoul, Korea). The microor-
ganism culture was preserved by deep freezing in glycerol solution before use in further
analyses.

2.2. In Vitro Probiotic Feature Assessment
2.2.1. Survival under Gastric Juice Conditions

Survival was determined using 8 log CFU/mL of the overnight culture of Fa17.2
by the plate-agar method using the MRS agar medium (MRS, Difco, Detroit, MI, USA).
Briefly, after incubation at 37 ◦C (with shaking 200 rpm), the bacterial cells were harvested
at 5000× g for 5 min at 4 ◦C, the biomass was rinsed twice with sterile Ringer’s solution
(pH 7.2) and resuspended in synthetic gastric juice solution with the established pH of 2.5,
3.0, and 3.5 followed by incubation for 4 h at 37 ◦C. The cell viability was determined at
intervals of 1 h by counting the cells on the MRS agar. The gastric juice was formulated as
follows: glucose (3.5 g/L), NaCl (2.05 g/L), KH2PO4 (0.60 g/L), CaCl2 (0.11 g/L), and KCl
(0.37 g/L), adjusted to corresponding pH using 1 M HCl. After autoclavation at 121 ◦C for
15 min, porcine bile (0.05 g/L), lysozyme (0.1 g/L), and pepsin (13.3 mg/L) were added
as stock solutions before analysis [22]. Components were obtained from Sigma Aldrich
(Sigma Aldrich, St. Louis, MO, USA). The % of cell survival was calculated as follows:
((cell counts at initial incubation time − cell counts at the final incubation time)/cell counts
at the initial time) × 100). The results were compared with a probiotic reference strain,
Lactobacillus acidophilus ATCC4846 (LA).

2.2.2. Survival under Bile Conditions

In the case of bile, the overnight Fa17.2 cell culture (8 log CFU/mL) was incubated in
MRS broth containing 0.3% bile salt (oxgall, w/v) at 37 ◦C for 4 h (with shaking, 200 rpm).
The cell viability was determined by plating 100 µL bacterial cells on MRS agar (MRS,
Difco, Detroit, MI, USA). The % of cell survival was calculated as indicated in Section 2.2.1.
No modified MRS broth was used as control and the experiment was run in triplicates
starting from different batches of culture. The results were compared with the probiotic LA
reference strain.
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2.2.3. Optimum Temperature and Growth Tolerance in the Presence of Sodium Chloride

Overnight culture (8 log CFU/mL) of Fa17.2 was inoculated in tubes containing MRS
broth and incubated at 15 ◦C and 45 ◦C for 24 h (with shaking, 200 rpm), and the absorbance
at 605 nm was measured at the initial and final incubation time. Similarly, the tolerance
in the presence of sodium chloride was evaluated upon the inoculation of the overnight
culture of Fa17.2 in broth medium containing 1%, 3%, and 5% sodium chloride (w/v) for
24 h at 37 ◦C. Cell growth was monitored for each treatment and the effect of sodium
chloride on cell survival was determined using the plate-agar method. The % of cell
survival was determined and is described in Section 2.2.1. No modified MRS broth was
used as control and the experiment was run in triplicate starting from individual batches of
bacterial culture. The results were compared with the probiotic LA reference strain.

2.2.4. Hemolysis Test

The hemolytic activity of the isolate was determined as previously described [23]. The
Columbia agar containing 5% (w/v) sheep blood was used. After incubation at 37 ◦C for
48 h, the hemolytic activity was evaluated and classified based on the lysis of red blood
cells in the medium around the colonies: the green zones around colonies (α-hemolysis),
clear zones around colonies (β-hemolysis), and no zone around colonies (γ-hemolysis).
The strain is considered safe if γ-hemolysis was detected.

2.2.5. Antibiotic Susceptibility

Susceptibility to several antibiotics was determined using commercial disks of ampi-
cillin, gentamicin, kanamycin, amoxicillin/clavulanic acid, tetracycline, and cefuroxime at
the concentrations recommended by the Scientific Committee on Animal Nutrition (disks
provided by Merck, Darmstadt, Germany) by the disk diffusion assay as described in [21].
The experiment was run in triplicate starting with different batches of bacteria culture and
the disks were verified by E. coli ATCC25922, a reference strain for quality control. Using
a similar approach, the minimum inhibitory concentration (MIC) distribution within the
bacillus group was measured using the E-test (Biomerieux, Durham, NC, USA, E-test) assay
following the manufacturer’s instructions. The microbiological breakpoints reported by the
FEEDAP document were used to categorize bacilli as susceptible or resistant. The strains
showing a MIC higher than the EFSA breakpoint were considered resistant [24].

2.3. Characterization of Antimicrobial Substances Produced by Fa17.2 In Vitro
2.3.1. Preparation of CE and Antimicrobial Assay

CE from the target strain was obtained as described in [25]. In brief, the CE was recov-
ered by centrifugation (13,000× g for 20 min at 4 ◦C) and filtration using a 0.22 µm porosity
syringe filter (# STF020025H, ChemLab Group, Fort Smith, AR, USA) of an overnight
culture of Fa17.2. The indicator strain (100 µL) grown in broth medium (7 log CFU/mL)
was mixed with 3.5 mL of soft MRS agar (0.75%), overlaid on nutrient agar plates, and
incubated at 37 ◦C for 2 h. The CE (100 µL) were transferred onto wells (6 mm) on overlaid
agar, incubated at 37 ◦C, and subsequently examined for inhibition zones at 48 h. The
experiments were run in triplicate and the mean value of the inhibition zone was deter-
mined. As indicator microorganisms: S. aureus ATCC1026, S. dysenteriae UTNFa37-1, K.
cowanii B2Sh1 (laboratory isolate), and E. coli ATCC25922 were used. Each experiment was
performed in triplicates starting from individual bacterial cultures.

2.3.2. Effect of Medium Composition on Antimicrobials Production

The effect of medium composition on bacterial growth and the release of antimicrobial
compounds was evaluated. The following media were tested: (1) MRSS: MRS broth
supplemented with sucrose (5, 10, 20, 40, and 50%); (2) MRSG: MRS broth supplemented
with glucose ((5, 10, 20, 40, and 50%); (3) and MRSGly: MRS broth supplemented with
glycerol (5, 10, 20, 40, and 50%). As a control, MRS broth without additional nutrients was
used. The Fa17.2 strain was inoculated individually in each medium combination for 24 h
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and the CE obtained as mentioned above was used in the agar-well diffusion assay. As an
indicator, the microorganisms described in Section 2.3.1 were used. Each experiment was
performed in triplicates starting from individual bacterial cultures.

2.3.3. Evaluation of Antimicrobial Spectrum of Inhibition

The antimicrobial activity of the CE was obtained after growing the bacteria in the
optimum medium detected for each target bacteria. The results were compared with the
antimicrobial activity obtained from bacteria grown in MRS media (−) with no additional
nutrients. The percentage of antimicrobial activity change was calculated as follows: ((aver-
age diameter of inhibition zone of CE obtained from the optimum media—average diameter
of inhibition zone of CE obtained from MRS (−)/average diameter of inhibition zone of
CE obtained from MRS media (−)). The bacteriocinogenic strain L. plantarum ATCC8014
(LP) was used as a reference. The indicator strains of Gram-positive: S. aureus ATCC1026,
Lactococcus lactis ATCC11474, L. acidophilus ATCC4358, Bifidobacterium brevis ATCC15700,
and Streptococcus thermophilus ATCC19298; and Gram-negative: Shigella ssp. UTNShg1
(laboratory strain), S. enterica subsp. enterica ATCC51741, Salmonella ssp. UTNSm2 (lab-
oratory strain), S. sonnei ATCC25931, S. dysenteriae UTNFa37-1 (laboratory strain), E. coli
ATCC25922, E. coli ssp. UTNEc2 (laboratory strain), and K. cowanii B2Sh1 (laboratory strain)
were used.

2.3.4. Estimation of the Chemical Nature of CE

The CE were submitted to different treatments as described previously [25]. Briefly,
aliquots of CE were treated 10 min at 80 ◦C and pH 6.0 to rule out the effect of acids
on the antimicrobial activity (NCE). Moreover, NCE was treated with catalase enzyme
(1 mg/mL) to prevent the possible inhibitory of hydrogen peroxidase. Furthermore, NCE
was independently treated with proteinase K, pepsin, lysozyme, and α-chymotrypsin
(Sigma-Aldrich Corporation, St. Louis, MO, USA) at the final concentration of 1 mg/mL,
incubated for 2 h at 37 ◦C and 5 min at 100 ◦C for enzyme inactivation. All experiments
were run in triplicate using S. aureus ATCC1026, S. dysenteriae UTNFa37-1, K. cowanii B2Sh1,
and E. coli ATCC25922 as indicator strains. The control for all experiments was the sterile
MRS medium.

2.3.5. Effect of Heat, pH, and Detergents on Antimicrobial Activity

Aliquots of CE were incubated for 10, 30, and 60 min at 60, 80, 90, and 100 ◦C as well
as 15 min at 121 ◦C (autoclaving). In another batch, aliquots of CE were adjusted at pH
2.0, 4.0, 6.0, and 8.0, incubated for 3 h at room temperature. In addition, the effect of Triton
X-100 (BDH Chemicals Ltd., Poole, UK), sodium dodecyl sulphate ((SDS) Sigma-Aldrich
Corporation, St. Louis, MO, USA), and ethylenediaminetetraacetic acid ((EDTA) Sigma-
Aldrich Corporation, St. Louis, MO, USA) at the final concentration of 1 mg/mL was
evaluated. All experiments were run in triplicate using S. aureus ATCC1026, S. dysenteriae
UTNFa37-1, K. cowanii B2Sh1, and E. coli ATCC25922 as indicator strains. The control for
all experiments was the sterile MRS medium.

2.4. Bacteriocin Molecular Size Approximation

To obtain the precipitated bacteriocin, the CE was treated with 80% ammonium sulfate,
incubated overnight at 4 ◦C, and centrifuged at 10,000× g for 30 min. The bacteriocin was
recovered in ammonium acetate 25 mM (pH 6.5) and desalted using a midi dialysis kit (cat
# PURD10005-1KT, Sigma-Aldrich, St. Louis, MO, USA) pre-equilibrated with phosphate
buffer (pH 7.0) and stored at −80 ◦C before use. The bacteriocin molecular weight was
determined by the Tricine-SDS-PAGE method using pre-casted acrylamide gels (4–20%)
and a mini-vertical electrophoresis system (Expedeon, Abcam, Cambridge, MA, USA). The
broad range protein molecular marker (cat # V8491, Promega, Madison, WI, USA) was used
for molecular weight determination. The gel was stained with InstantBlue ready-to-use
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stain (Expedeon, Abcam, Cambridge, MA, USA) for 2 h and distained with a solution of
30% methanol (v/v) and glacial acetic acid, 10% (v/v) until the bands became clear.

2.5. Statistical Analysis

The means were calculated from repeated measurements performed three times. For
the antimicrobial activity, the effect of the medium and enzymes, one-way analysis of vari-
ance (ANOVA), and Tukey’s post hoc test were used to determine significant differences
between the means. For the effect of heat, and detergents, the ANOVA with a split-split-plot
experimental design was performed. Then, Duncan’s multiples tests and Least Significant
Difference with Bonferroni correction (LSD) were applied to determine significant differ-
ences between the means. The statistical significance used was p < 0.05 (SPSS version 10.0.6,
IBM, Armonk, NY, USA).

3. Results and Discussion

Based on the 16S rRNA gene sequences, a comparative sequence analysis, and a
biochemical characteristics analysis, the new isolate assigned Fa17.2 belongs to the genus
Bacillus with 99% identity to Bacillus subtilis. The strain was registered at GenBank with the
accession number KY046251.1 (1 November 2016). Using multiple sequences alignment
with Jalview (version 2.11.2.0) [26], the average distance was calculated from the percentage
of identity between the sequences of some Bacillus strains retrieved from the database and
the contig sequence of the target strain (Fa17.2). (Figure 1). The closest genome to Fa17.2
was B. subtilis strain subtilis (MN611449.1).

Figure 1. Average distance calculated based on percentage of similarity between sequences. Bacillus
strains from the database and the contig 16S rRNA sequence of Fa17.2. Trees were calculated based on
a measure of similarity between each pair of sequences in the alignment: PID. The percentage identity
between the two sequences at each aligned position. The number on the branch is the bootstrap
value that indicates the extent of relatedness between two subjects. Legend: KY046251.1: B. subtilis
strain Fa17.2; MH371284.1: B. subtilis strain C1; MK785123.1: B. vallismortis strain VS-5; LC335897.1: B.
subtilis PH; KF879098.1: Bacillus spp. BAB-2797; MN305772.1: B. subtilis strain OTG009; MN611449.1:
B. subtilis strain subtilis; LC187241.1: Lactobacillus murinus strain LAP1.
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3.1. Assessment of Probiotic Characteristics of B. subtilis Strain Fa17.2
3.1.1. Tolerance to Gastric Juice and Bile Salts

To exert their probiotic potential, the new bacterial isolates should present resistance
to gastric acid and bile [27]. Figure 2 shows the cell viability (%) of both strains after 4 h of
incubation with gastric juice at pH 2.5, 3.0, and 3.5. The initially inoculated population at the
time 0 (hours) and during 4 h of incubation is shown in Table S1. At pH2.5, the registered
percentage of decrease was 6.31% for B. subtilis Fa17.2 and 14.66% for the reference probiotic
strain L. acidophilus ATCC4846. Similarly, cell viability decreases of 5.71% and 12.43% were
registered at pH 3.0, and 6.79% and 11.75% at pH 3.5 for Fa17.2 and LA, respectively, upon
4 h of incubation. Although a percentage decrease in the growth of Bacillus spp. was
evidenced at pH 3.0, by increasing the pH (4.0), an increase in cell viability was observed. A
similar study indicates that the vegetative cells of B. subtilis DET6 and B. megaterium JHT3
had poor resistance to artificial gastric acid, whereas the spore cells were resistant to gastric
conditions [28]. In addition, the resistance to synthetic gastric acid of two B. subtilis CBD2
and KMKW4 strains isolated from Korean fermented foods were demonstrated [10]. At
4 h, a significant increase (p > 0.05) in the cell population of Fa17.2 was observed when
incubated with 0.3% bile salts (oxgall, w/v), while the cell population of the reference LA
strain decreases (Table S1). In a previous analysis, several selected LAB strains isolated
from wild fruits and flowers showed high bile resistance with a significant increase in
the cell population at 4 h of incubation, thus suggesting that bile might stimulate cell
growth [21]. In another study, an increase in B. subtilis P223 vegetative cells in bile salts
(0.3%) was registered [29]. Based on these results, we suggest that B. subtilis Fa17.2 can resist
acidic gastric conditions; therefore, it might pass through the intestinal gut, an important
criterion when selecting potential probiotic strains. Moreover, the bile stress did not affect
the growth of Fa17.2 cells, while the reference commercial probiotic cells were less tolerant.
We suggested that this property is species-specific and might be connected to the origin
(tropical flower), but this statement needs further investigation.

Figure 2. Cell viability (%) upon incubation with gastric juice at different pHs and bile salt (0.3%).
Legend: Fa17.2: B. subtilis Fa17.2; LA: L. acidophilus ATCC4846.
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3.1.2. Tolerance to Sodium Chloride and High-Temperature Growth Conditions

Temperature is one of the most important factors that affect the growth and survival
of microorganisms, it varies between different genera and reflects the optimal temperature
range of its natural habitat [28]. In this study, the results indicated that both strains grow at
15 ◦C and 45 ◦C and tolerate different concentrations of sodium chloride (Table S2). At 15 ◦C
a lower decrease in cell population was observed for the native Fa17.2 strain compared with
reference LA, while at 45 ◦C, the strains showed a comparable tolerance profile (Figure 3).
In a similar study, less tolerance at high temperature (43 ◦C) and salt concentrations (2, 4, 7,
and 10%) was noticed for different Bacillus strains [29]. Our results agreed with previous
studies showing that sodium chloride tolerance might be strain-dependent [21,29].

Figure 3. Cell viability (%) in different concentrations of NaCl upon 24 h of incubation at 15 ◦C and
45 ◦C. Legend: Fa17.2: B. subtilis Fa17.2; LA: L. acidophilus ATCC4846.

3.1.3. Antibiotic Susceptibility and Pathogenicity

Antibiotic susceptibility of bacterial strains intended for use as probiotics must be
confirmed for safety proof [30]. Antibiotic tolerance can help balance the gut microflora
after antibiotic administration [31]. The main concern about using Bacillus spp. as probiotics
is due to their ability to transfer antibiotic resistant genes [32]. In addition, Bacillus spp.
do not belong to the commensal microbiota of the digestive tract; however, several strains
of the genus are integrated into food supplies [33]. Moreover, some strains of Bacillus
are used as feed additives, biomass for animal feed consumption, or enzyme/vitamin
production [34], and many species have been added to the EFSA QPS list [35]. Based on
disk diffusion agar assay results, the strain Fa17.2 was sensible to all antibiotics except
gentamycin (data not shown). According to EFSA [24], Bacillus strains are listed as resistant
to all antibiotics except ampicillin. The selected Fa17.2 does not show ampicillin resistance.
In a similar study, B. clausii ATCC700160 and B. subtilis P223 strains were found resistant to
streptomycin [29]. The microbiological breakpoints reported by the FEEDAP were used to
categorize bacilli as susceptible or resistant [24]. In this study, the E-test assay confirmed
that the strain was sensible to the antibiotics tested. In addition, the resistance showed by
Fa17.2 to gentamycin was not confirmed by the E-test analysis (Table S3). Moreover, the
strain did not show any hemolysis on sheep blood agar, indicating that the strain is not
pathogenic.
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3.2. Assessment of Inhibitory Capacity and Characterization of Antimicrobial Substances Produced
by Fa17.2
3.2.1. Culture Medium Optimization to Enhance the Bacteria Growth and
Antimicrobials Production

The agar diffusion analysis was carried out to identify the effect of cell growth in
several culture media on the inhibitory activity against four indicator strains. The average
mean values registered against all indicator strains are presented in Tables S4–S7. The
results indicated that all media tested displayed favorable inhibitory effects against all
indicator strains. Nonetheless, the greater inhibitory effect of CE Fa17.2 against S. aureus
ATCC1026 was detected after growing in MRS media supplemented with 10% and 20%
glucose (Table S4). Comparable results were obtained against E. coli ATCC25922 when
growing Fa17.2 in MRS supplemented with 10% glucose (Table S5). Moreover, the results
indicated that against the B2Sh1 strain the optimum media for Fa17.2 to exert maximum
inhibitory activity were MRS supplemented with 20% glycerol and 10% glucose (Table S6).
The MRS media supplemented with 10% glucose had a favorable effect on the production
of antimicrobial compounds for the Fa17.2 strain against S. dysenteriae Fa37-1 (Table S7).
Likewise, the reference strain LP showed greater activity in medium supplemented with
20% glycerol against all tested indicator strains. Supplementation of MRS with different
concentrations of carbohydrates provided an increase in yield which varies depending on
the type of sugar used. Although several media compositions showed differences in the
growth of the cells and coupled with antimicrobial activity against the four pathogens, the
optimum media chosen for the target strain were MRS with 10%. Sucrose also served as a
carbon source for optimal growth; however, did not show the same antimicrobial effect
against all indicator bacteria, while glycerol appears to be deficient in growth. The optimum
media for the bacteriocin production of LP were MRS with 20% glycerol. Early research
showed the positive effect of a medium supplemented with different sugars (glucose,
sucrose, and xylose) on the B. subtilis growth, and an enhanced antimicrobial activity was
correlated with the accumulation of cell biomass [36]. In another study, Monteiro et al. [37]
found that for B. subtilis, glucose exerted an inhibitory effect on spore production if its
concentration exceeded 20 g/L. However, the results agreed with other studies indicating
that the inhibitory efficiency depends on the medium composition and pathogen.

3.2.2. Inhibitory Spectrum

In this study, the inhibitory activity of CE obtained from Fa17.2 and the reference LP
strains was evaluated against several indicator strains. The percentage of inhibitory activity
changes (%) is shown in Figure 4. Although both strains showed inhibitory activity against
all tested indicator strains, the highest activity was registered by the LP strain against
Shigella UTNShg1. Within the Fa17.2 group, the most sensitive strains were S. enterica
ATCC51741, S. aureus ATCC1026, E. coli ATCC25922, and Salmonella UTNSm2 (p > 0.05).
Lower activity was detected against Lactobacillus and Bifidobacterium strains. An early study
indicated a higher inhibitory capacity of a cell-free supernatant extracted from the B. subtilis
KKU213 strain against several Gram-positive pathogens such as B. cereus, S. aureus, and
L. monocytogenes, with the low levels of activity against lactic acid bacteria, E. faecalis BT2,
and MG30 [38]. In another study, antibacterial substances produced by B. subtilis LFB112
isolated from Chinese herbs were effective against Gram-positive and Gram-negative
bacteria involved in domestic animal diseases, including E. coli, S. pullarum, Pseudomonas
ssp., Clostridium perfringens, Micrococcus luteus, S. bovis, and S. aureus [38]. Due to its nature
as an endospore former strain, the ability of B. subtilis to resist harsh environments and
produce cocktails of antimicrobial substances such as bacteriocins and lipopeptides is an
advantage to stimulate the inhibition of pathogenic bacteria. In the industry, the control
of these microorganisms is of vital importance, so these strains represent a great option
to be used as natural biopreservatives [39]. Moreover, endospore formation allows it to
withstand extreme stresses and offers biological solutions to formulation conservation
problems when produced on an industrial scale [40]. Genome sequencing highlighted the
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genus Bacillus as an unexpected source of antimicrobial compounds including surfactin,
fengycin, iturin, mycosubtilins, and bacillomycins, which are amphiphilic, membrane-
active biosurfactants [41]. These molecules might contribute to the overall inhibitory action.
Further investigations are required to identify the antimicrobial molecules produced by the
target Fa17.2 as well as their mode of action against pathogenic strains.

Figure 4. Percentage of increase in the inhibitory activity of CE obtained from Fa17.2 and LP after
growth in optimum media versus control (MRS control).

3.2.3. Detection of the Nature of Antimicrobial Substances

Table 1 shows a comparison of the averages of the diameter of the inhibition zone
obtained at 48 h of incubation for different treatments of NCE with proteolytic and non-
proteolytic enzymes against the indicator bacteria under study. However, the treatment
with proteinase K (1 mg/mL) resulted in completely abolishing the antimicrobial activity,
suggesting the protein-like nature of compounds released in the CE. The treatment with
alpha-chymotrypsin, pepsin, and trypsin resulted in a little decrease in inhibitory activity
(p < 0.05), while the treatment with lysozyme did not show any change in the antimicrobial
activity. Thus, the substances released in the CE might not be affected by the presence of
these enzymes in the medium. The treatment with catalase resulted in the reduction in
the inhibitory effect indicating that the activity might be hydrogen peroxide dependent.
Similar results were observed in the case of B. subtilis strain RLID 12.1 isolated from the
soil when a decrease in activity was shown after treatment with proteinase K (10 mg/mL),
while the activity was partially lost upon exposure to pronase E, trypsin, amylase, and
lipase [18]. The activity was maintained after lysozyme treatment, indicating that the
protein might be glycosylated, while treatment with lipase and α-amylase can explain
the lack of carbohydrate or lipid moieties. Overall, our data indicated the presence of
antimicrobial substances (protein-like) in the bacterial CE of Fa17.2.
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Table 1. Effect of enzymes on the antimicrobial activity.

Strains Indicator Strains
NCE + Enzymes (1 mg/mL) NCE

(Control)α Chymotrypsin Lysozyme Proteinase K Catalase Pepsin

Fa17.2

S. aureus ATCC1026 9.33 ± 0.1 b 10.33 ± 0.1 a 6.01 ± 0.1 c 9.33 ± 0.2 b 9.67 ± 0.2 b 10.33 ± 0.1 a

S. dysenteriae UTNFa37-1 9.67 ± 0.6 b 10.33 ± 0.1 a 6.01 ± 0.1 b 9.33 ± 0.2 b 9.67 ± 0.2 b 10.33 ± 0.1 a

K. cowanii B2Sh1 8.33 ± 0.2 c 11.20 ± 0.2 a 6.01 ± 0.1 d 9.33 ± 0.2 b 8.67 ± 0.2 bc 11.33 ± 0.2 a

E. coli ATCC25922 9.33 ± 0.4 b 10.67 ± 0.1 a 6.01 ± 0.1 c 9.33 ± 0.2 b 9.33 ± 0.2 b 10.67 ± 0.1 a

LP

S. aureus ATCC1026 9.67 ± 0.2 b 10.33 ± 0.2 a 6.01 ± 0.1 d 8.33 ± 0.2 c 9.67 ± 0.1 b 10.33 ± 0.2 a

S. dysenteriae UTNFa37-1 8.67 ± 0.6 bc 10.33 ± 0.2 a 6.01 ± 0.1 d 9.33 ± 0.2 b 8.33 ± 0.2 c 10.33 ± 0.2 a

K. cowanii B2Sh1 8.33 ± 0.2 b 9.67 ± 0.2 a 6.01 ± 0.1 c 8.67 ± 0.1 ab 8.33 ± 0.2 b 9.67 ± 0.2 a

E. coli ATCC25922 8.33 ± 0.2 b 10.33 ± 0.2 a 6.01 ± 0.1 c 8.67 ± 0.1 b 8.67 ± 0.1 b 10.33 ± 0.2 a

Data are mean ± standard error. Values in the same row with small letters are significantly different versus NCE
(p < 0.05); NCE (control): neutralized CE (10 min heat at 80 ◦C and pH 6.0); CE: crude-extract.

3.2.4. Effectiveness of Inhibitory Activity upon Heat, pH, and Detergent Exposure

The antimicrobial substance was found to be heat stable at all temperatures and times
tested, this feature is important when selecting bacteriocinogenic producer strains intended
to be used as preservation agents in processed foods. In this study, the statistical analysis re-
vealed that the effectiveness of inhibitory activity was influenced by both temperature-time
and pathogen-temperature interactions (Figure 5). Analysis from the split-split-plot design
(where main plot: pathogen; sub-plot 1: temperature; and sub-plot 2: incubation time)
indicated that the activity was maintained with the incubation time at all four temperatures
tested, with a significant increase versus control recorded after 30 and 60 min of incubation
(LSD with Bonferroni correction) (Figure 5A). The greatest activity was registered against
K. cowanii B2Sh1 at all temperature tested indicating that the antimicrobial effectiveness
is pathogen-dependent (Figure 5B). Such an increase was not observed in the case of the
reference LP strain (data not shown). We hypothesized that the increased inhibitory activity
after heat exposure might follow the same path as the thermal process-induced chemical
reaction between active elements such as the amino and carbonyl groups, known as the
Maillard reaction [42]. Previous studies reported the efficacy of Maillard reaction products
with inhibitory action against pathogens, these properties might be linked with the high
molecular weight of the proteins released which can bind chemical elements such as iron,
copper, or zinc, increasing the antimicrobial effect [43]. Considering the tropical microenvi-
ronment origin of the raw material, this might be a significant finding as other studies did
not mention such property of heat-time inducing inhibitory activity of B. subtilis. At the
autoclavation temperature (121 ◦C for 15 min) the activity was maintained against the four
indicator strains under study (data not shown), suggesting the benefit of these molecules
if tested as preservatives in association with thermal processing foods. A statistically
significant increase (p < 0.05) in activity was observed in highly acidic conditions (pH 2.0)
towards all indicator strains. Table 2 shows the diameter of the inhibition zone registered
against indicator bacteria at different pH treatments of CE. The results indicated that the
acidity stimulates the antimicrobial activity, due to the increase in bacteriocin solubility or
due to the ability of acids to pass beyond the target cell membranes acidifying the cyto-
plasm and increasing its permeability [44]. At pH 4.0 and 6.0, the activity was maintained,
while a significant decrease was registered at pH 8.0. Nonetheless, the data obtained from
CE neutralization only provide a preliminary indication of the active ingredients. Other
experiments, integrated CE pH control and acidification of growing cultures, and further
investigation is need it to better verify the potential role of organic acids. In agreement with
other studies, we suggest that organic acids, if present, may have potentiated the activity of
other antimicrobial metabolites, which can trigger acidification and/or acid-mediated cell
membrane variation to exert an apparent antagonistic effect [45]. In addition to their pH
minimizing characteristics, the antimicrobial effect of organic acids might reflect a specific
mode of action that can subjectively be independent of pH. For example, acids permeabi-
lizes the outer membrane of Gram-negative species, causing structural alterations in the
phospholipid components [46]. However, the resistance of BLIS to different treatments
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such as acidity and temperature is an important characteristic of a probiotic strain, as this
resistance might enhance the strain capacity to pass through the digestive tract, adhere to,
and colonize the host gut [47]. In addition, a significant increase in antimicrobial activity
(p < 0.05) relative to the untreated counterpart was observed when adding EDTA and SDS
for both strains (Figure 6). The positive effect of EDTA and SDS on the inhibitory activity
against Gram-negative species was previously described [48]. This activity was linked
to the increase in outer membrane permeability beyond extracting cations (Ca2+, Mg2+);
thus, allowing bacteriocins to reach the cytoplasmic membrane. Similarly, in this study, the
effectiveness of inhibitory activity was positively influenced by the treatment with SDS and
chelating EDTA agent. Likewise, a slight decrease in activity was observed when CE was
treated with Triton-X100. Comparable results were obtained with the reference to the LP
strain (data not shown). In a similar study, no such increase in activity was observed when
treating the cell-free supernatant from B. subtilis RLID 12.1 with EDTA, Triton-X100, or SDS,
indicating that such effect might be bacteriocin-dependent [18]. In conclusion, our results
indicated that the efficiency of bacteriocin-like substances of the selected Fa17.2 strain was
positively regulated by heat, acidic condition, and chelating agents, these features might
help for further identification of the mode of action against multidrug-resistant pathogens.

Figure 5. Effect of heat on bacteriocin activity. (A) Diameter of the inhibition zone (mm) at different
temperatures and incubation time. Bars are the means ± standard error. Values with different letters
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are significantly different p < 0.05. Small letters show the difference between temperature-incubation
time and control (LSD with Bonferroni correction); capital letters show the differences within the
incubation time (Duncan’s test). (B) The influence of pathogen in the inhibitory activity. The changes
(%) in antimicrobial activity relative to the control are shown.

Figure 6. Effect of EDTA, Triton-X100, SDS on antimicrobial activity of CE obtained from Fa17.2.
Diameter of the inhibition zone (mm) is shown. Bars are the means ± standard error. Values with
different letters are significantly different p < 0.05. Small letters show the difference between treatment-
pathogen and control (LSD with Bonferroni correction); capital letters indicate the differences within
pathogen (Duncan’s test).

Table 2. Antimicrobial activity (inhibition zone expressed in mm) of the CE at different pH against
indicator bacteria.

Samples Indicator Strains

Diameter of the Inhibition Zone (mm)

pH Control CE
(No Treatment)2.0 4.0 6.0 8.0

Fa17.2

S. aureus ATCC1026 16.1 ± 0.1 eA 14.6 ± 1.0 dC 9.3 ± 1.0 abD 8.1 ± 0.1 bE 15.3 ± 0.6B

S. dysenteriae UTNFa37-1 18.3 ± 0.6 cA 15.1 ± 0.1 cdB 9.1 ± 0.1 bC 8.1 ± 0.1 bD 15.1 ± 0.2 B

K. cowanii B2Sh1 16.1 ± 0.1 eA 14.6 ± 1.0 dB 9.1 ± 0.1 bD 8.1 ± 0.1 bE 13.7 ± 0.6 C

E. coli ATCC25922 15.3 ± 0.6 fA 14.1 ± 0.1 dB 9.7 ± 1.0 aD 9.1 ± 0.1 abD 13.3 ± 0.1 C

LP

S. aureus ATCC1026 17.1 ± 0.1 dA 16.1 ± 0.1 bB 9.7 ± 1.0 aC 9.3 ± 0.6 aC 15.7 ± 0.6 B

S. dysenteriae UTNFa37-1 26.1 ± 0.6 aA 17.3 ± 1.0 aB 9.7 ± 1.0 aD 8.1 ± 0.1 bE 16.1 ± 0.1 C

K. cowanii B2Sh1 20.7 ± 0.6 bA 15.3 ± 1.0 cB 9.1 ± 0.1 bC 8.1 ± 0.1 bD 15.1 ± 0.1 B

E. coli ATCC25922 21.7 ± 1.0 bA 15.3 ± 0.1 cB 9.1 ± 0.1 bD 7.1 ± 0.1 cE 12.3 ± 0.6 C

Data are mean ± standard error. Values in the same column with small different letters are statistically different
(p < 0.05). Values in the same row with capital letters are significantly different versus control (no treatment).

3.3. Molecular Weight Estimation of BLIS Substances

Members of the genus Bacillus are known to produce a wide arsenal of antimicrobial
substances, including peptide and lipopeptide antibiotics, and bacteriocins [49]. Some
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bacteriocins were earlier characterized [50]. The molecular weight of the band in Tricine-
SDS-PAGE was estimated to be about 14 kDa (Figure 7). The size was larger than previously
characterized B. subtilis L-Q11 of 3.5 kDa [51] and 5 kDa of B. subtilis RLID 12.1 [18].
Bacteriocins with antimicrobial activity, greater than 10 kDa of class III, were already
detected in different Bacillus species [49]. For example, baciamin, bacisubin, CAMT2, and
Bac14B showed high antifungal and antimicrobial activity [52–55]. Further biochemical
and molecular characterization after complete purification will be undertaken.

Figure 7. Tricine-SDS-PAGE of the partial purified bacteriocin of Fa17.2. Legend: M: molecular
marker (low molecular range marker Promega); Fa17.2 purified peptide extract from B. subtilis
Fa17.2 strain.

4. Conclusions

To the best of our knowledge, this is the first study showing the presence of B. subtilis
in tropical Bromelia sp. inflorescence showing strain-specific probiotic and antimicrobial
strength. The Fa17.2 strain exerted high tolerance to artificial gastric acid, bile, and sodium
chloride and was sensible to various antibiotics. The selected strain tolerates high tempera-
tures thus, unlike many other probiotic strains can resist food processing. To a lesser extent,
the results were superior to the probiotic LA strain. The Fa17.2 strain was considered safe
as no hemolysis was detected in sheep blood agar. In addition, it generates highly ther-
mostable antimicrobials with characteristics very similar to the bacteriocinogenic LP strain.
The CE produced by the selected strain was effective against several indicator microorgan-
isms including Gram-negative bacteria, thus using CE as antimicrobial components can be
an interesting plan to combat spoilage microorganisms in foods. The antimicrobial activity
was stimulated by heat and remains active over a wide pH range. The molecular weight of
the partially purified BLIS was about 14 kDa, but more research is required to determine its
chemical composition. The present characterization revealed interesting properties of B.
subtilis strain Fa17.2 with potential applications for biological control of pathogenic strains.
Additional research should be aimed at identifying the molecular mechanism of pathogen
inhibition. Similarly, the selected microbiome associated with such a microenvironment
(tropical flowers and fruits) must be further tailored as a unique probiotic consortium
inoculum harboring several species that can confer multifunctional characteristics on the
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raw matrix with which they interact. Taken together, the data obtained from this research
represent the starting point of a demanding study aimed to select beneficial microorgan-
isms from native raw materials that should be further exploited in the food market as
an innovative strategy to maintain or improve the quality of the products, guaranteeing
food security in the region, while at the same time implementing sustainable solutions in
developing countries.

Supplementary Materials: The following are available online at: https://www.mdpi.com/article/
10.3390/microorganisms10050860/s1, Table S1. Cell viability (log CFU/mL) registered during incuba-
tion with the gastric juice at different pH and 0.3% bile (w/v, oxgall). Table S2. The cell viability (log
CFU/mL) was registered during incubation with NaCl at different concentrations and temperatures
for 24 h. Table S3. Antibiotic susceptibility of the B. subtilis Fa17.2 Table S4. Diameter of the zone of
inhibition (mm) produced by CE of Fa17.2 and LP in different media against S. aureus ATCC1026.
Table S5. Diameter of the zone of inhibition (mm) produced by CE of Fa17.2 and LP in different media
against E. coli ATCC25922. Table S6. Diameter of the zone of inhibition (mm) produced by CE of
Fa17.2 and LP in different media enriched with different carbon sources against K. cowanii B2Sh1.
Table S7. Diameter of the zone of inhibition (mm) produced by CE of Fa17.2 and LP in different media
against S. dysenteriae UTNFa37-1.
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Abstract: Lactic acid bacteria (LAB) share several beneficial effects on human organisms, such as
bioactive metabolites’ release, pathogens’ competition and immune stimulation. This study aimed at
determining the probiotic potential of autochthonous lactic acid bacteria isolated from carrots. In
particular, the work reported the characterization at the species level of four LAB strains deriving
from carrots harvested in Fucino highland, Abruzzo (Italy). Ribosomal 16S DNA analysis allowed
identification of three strains belonging to Leuconostoc mesenteroides and a Weissella soli strain. In vitro
and in vivo assays were performed to investigate the probiotic potential of the different isolates.
Among them, L. mesenteroides C2 and L. mesenteroides C7 showed high survival percentages under
in vitro simulated gastro-intestinal conditions, antibiotic susceptibly and the ability to inhibit in vitro
growth against Salmonella enterica serovar Typhimurium, Listeria monocytogenes, Pseudomonas aeruginosa
and Staphylococcus aureus pathogens. In parallel, the simple model Caenorhabditis elegans was used
for in vivo screenings. L. mesenteroides C2 and L. mesenteroides C7 strains significantly induced pro-
longevity effects, protection from pathogens’ infection and innate immunity stimulation. Overall,
these results showed that some autochthonous LAB from vegetables such as carrots have functional
features to be considered as novel probiotic candidates.

Keywords: probiotic; carrots; Caenorhabditis elegans; pathogen resistance

1. Introduction

The Food and Agriculture Organization of the United Nations (FAO) and the World
Health Organization (WHO) defined probiotics as live microorganisms that, when admin-
istered in adequate amounts, confer a health benefit on the host [1]. According to this
statement, probiotics must be safe, and not exert pathogenic effects or show antibiotic
resistance genes that could be transferred. Moreover, probiotic strains should be resistant
to gastrointestinal conditions, such as stomach acid pH and bile acids, produce antimicro-
bial compounds and compete with pathogens by stimulating immunity [2]. Furthermore,
probiotics’ efficacy should be confirmed in human studies.

Among the various microbial species associated with food, some of them may share
probiotic features. The main source of probiotics used in humans is represented by dairy
foods, but increasing evidence has highlighted the importance to select probiotics from
other sources, such as fresh fruits and vegetables [3]. Indeed, the availability of commercial
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milk-based products limits their consumption by people who are intolerant or allergic to
lactose. Therefore, fruits and vegetables offer healthy alternatives thanks to their large
distribution and nutritive value. Among them, carrot (Daucus carota L.), as well as being
rich in minerals and antioxidants, is reported to be a reservoir of carotenoids, vitamins
and fiber [4–6]. Many studies on carrots have focused on cultivation, breeding, tissue
culture, nutrient content and carotenoid synthesis regulation, while few works deal with
microbial composition in terms of potential probiotic bacteria [7,8]. Indeed, the most
common probiotics, isolated from fruits and vegetables, include different strains belonging
to the lactic acid bacteria (LAB) group. This heterogeneous group of Gram-positive and
non-spore-forming bacteria are normally present in food products, involved in numerous
fermentation processes and some of them are widely used in industrial processes [9]. The
major representatives of this microorganism group are Lactobacillus, Streptococcus, Leuconos-
toc, Pediococcus, Propionibacterium, Enterococcus, Bifidobacterium and Weissella genera [10].
Although the Weissella genus is found in multiple habitats, many species were isolated from
different foods, such as fermented crop products, meat and fish, along with Leuconostoc
species. Moreover, many of them produce exopolysaccharides, influencing the adhesion to
substrates and affecting the structure of fermented foods.

Since the direct evaluation of probiotic potentials in vivo is often expensive and
timewasting, the use of simple and inexpensive model systems is needed. Caenorhabditis
elegans is a powerful in vivo model to screen for probiotic bacteria. Nematodes feed only
on microorganisms, which reach the intestine, influencing nematodes’ physiology [11].
Among its many advantages, the possibility to easily monitor anti-aging markers or innate
immunity pathways could be used for the screening of microorganisms to identify new
probiotic strains and to explore the possible molecular pathways involved. Indeed, several
foodborne LAB were reported to exert positive effects in worms, and the mechanisms
correlated with innate immunity and lifespan extension have been elucidated [12]. Recently,
different Lactobacillus strains, isolated from vegetables or dairy products, were reported
to increase nematode viability, delay the aging process and protect against foodborne S.
enterica serovar typhimurium LT2 or L. monocytogenes OH pathogens [13,14]. Moreover, it
has been demonstrated that Bifidobacterium isolates can also exert beneficial effects on C.
elegans health and lifespan [15].

This study aimed at determining the probiotic potential of four lactic acid bacte-
ria strains isolated from carrots. Tolerance to gastrointestinal conditions, antibiotic sus-
ceptibility and antagonism toward human pathogenic microorganisms were evaluated
in vitro. The different isolates were tested in vivo using the C. elegans animal model to
analyze possible beneficial effects on worm lifespan, gut colonization, the aging process
and pathogen resistance.

2. Materials and Methods
2.1. Species Isolation and Identification

Carrots were provided by Aureli Mario S.S. Agricola (Ortucchio, AQ, Italy). The
carrot cultivar (Daucus carota L., Nantese Dordogne, Syngenta seeds) was grown in Fucino
highland (Abruzzo, Italy) and harvested at commercial maturity, as indicated by the
supplier’s geneticists. Epidermis and shallow flesh of five carrots (about 20 g) were
homogenized with mortar under aseptic conditions and diluted in sterile H2Odd. Dilution
aliquots were plated on De Man Rogosa Sharpe (MRS) medium for 24–48 h at 30 ◦C,
anaerobically. After that, morphologically different colonies were streaked on new MRS
plates and grown at 30 ◦C to isolate purified strains. Each strain was then inoculated in
MRS broth anaerobically and, after growth, a stock at −80 ◦C was carried out.

For bacterial identification, DNA was extracted and amplified according to Schi-
fano et al. [16]. The primer pairs F8 (5′-AGAGTTTGATCCTGGCTCAG-3′) and R1492
(5′-GGTTACCTTGTTACGACTT-3′) were used to amplify the 16S rDNA region of LAB
isolates. FASTA sequences of the amplified region from each LAB isolate were submitted
to GenBank, and the associated accession numbers are reported in the Results Section.
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2.2. Growth Conditions of Bacterial Isolates

Bacterial strains isolated from carrots and used in this study were Leuconostoc mesen-
teroides C1, L. mesenteroides C2, L. mesenteroides C7 and Weissella soli T4. The LAB strains
described in this work were grown in MRS medium at 30 ◦C under anaerobic conditions.
Commercial probiotic strain L. rhamnosus GG ATCC® 53103™ (LGG), used as the LAB
reference strain, was grown at 37 ◦C anaerobically. For C. elegans experiments, Escherichia
coli OP50 strain was used as standard food. For in vitro and in vivo resistance to pathogens,
Pseudomonas aeruginosa ATCC 15692, Staphylococcus aureus ATCC 25923, S. enterica serovar
typhimurium LT2 and L. monocytogenes OH were used. E. coli OP50 and pathogen strains
were grown in Luria-Bertani (LB) broth at 37 ◦C overnight, under shaking.

2.3. Resistance to Lysozyme, Acid pH and Bile Salts

Isolates were grown in MRS broth overnight at 30 ◦C. For the lysozyme tolerance
assay, 10 mL of overnight culture was centrifuged at 5000 rpm at 4 ◦C and suspended in the
same volume of SES buffer (0.22 g/L CaCl2, 6.2 g/L NaCl, 2.2 g/L KCl, 1.2 g/L NaHCO3)
containing 0.1 mg/mL of lysozyme (Sigma-Aldrich, St. Louis, MO, USA) [17]. After 30 min
and 2 h of incubation at 37 ◦C, 100 µL of each suspension was plated on MRS agar plates
and further incubated at 37 ◦C for 24 h, under anaerobic conditions. SES without lysozyme
was used as a control.

The acid tolerance assay was performed according to [18], with some modifications.
A 1 mL aliquot of overnight culture (109 cfu/mL) was inoculated into 10 mL of sterile
phosphate-buffered saline (9 g/L NaCl, 9 g/L Na2HPO4 2H2O, 1.5 g/L KH2PO4) adjusted
to pH 2.5 and pH 3.0 with 8M HCl. pH 5 buffer was used as a control. The tubes were
incubated at 37 ◦C and the viable organisms were recovered after 3 h of incubation on
MRS agar incubated for 48 h at 30 ◦C. For resistance to bile salts, the same protocol was
performed, using phosphate-buffered saline with 0.3% bile salts (Sigma-Aldrich).

The viability was measured as percent viability = [(CFUtreated/mL)/(CFUuntreated/mL)]
× 100. The untreated value corresponds to plate counts of inoculated bacteria in con-
trol phosphate-buffered saline, and the treated value corresponds to the bacterial counts
obtained after incubation in simulated GI conditions.

2.4. Antibiotic Resistance

For the susceptibility test, antibiotic discs (Biolab Zrt., Budapest, Hungary) were used.
The experiment was performed as described in [13]. Briefly, 100 µL of overnight cultures of
different isolates or LGG were plated onto MRS agar plates; then, the antibiotic discs were
gently placed on the plates and incubated under anaerobic conditions for 24 h at 37 ◦C.
The zones of inhibition were measured from the center of the disc, recorded and compared
with those of the reference strain.

2.5. Antimicrobial Activity

The agar diffusion test was performed using, as indicator strains, P. aeruginosa ATCC
15692, S. aureus ATCC 25923, S. enterica serovar typhimurium LT2 and L. monocytogenes
OH. To evaluate the antagonistic activity of LAB isolates against the different pathogens,
100 µL each of LAB overnight cultures was spotted onto MRS agar and coated with 5 mL
of TSA soft agar (0.7%), previously inoculated with 500 µL of each pathogen indicator
strain. Plates were incubated at 37 ◦C for 24 h. The antagonist activity was recorded as the
diameter (mm) of growth inhibition halo around each spot.

2.6. C. elegans Strain and Lifespan Assay

The wild-type C. elegans strain, Bristol N2, was grown at 16 ◦C on Nematode Growth
Medium (NGM) plates plated with E. coli OP50. Fertile N2 adults were placed to lay
embryos for 8 h on peptone-free NGM plates, plated with LAB strains, LGG or E. coli OP50,
and then sacrificed. For the preparation of the bacterial lawns, overnight cultures were
centrifuged for 15 min at 6000 rpm. The pellet was weighed and suspended in M9 buffer
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in order to obtain a final concentration of 400 mg/mL. Then, 25 µL of each type of bacterial
lawn was plated on mNGM, as described in [19]. When the progeny became fertile (t0),
60 worms per condition were transferred to new plates plated with fresh bacterial cultures
and monitored daily. A worm was considered dead when it did not respond to touch.

2.7. Fertility Assay

As described in [20], synchronized worms obtained as above were incubated at 16 ◦C
on mNGM plates plated with different strains, allowing embryo laying. Animals were
transferred onto new plates every day and the number of progeny was documented until
the mother worms became infertile.

2.8. Colonization Assay of C. elegans Gut

For each condition, 10 L4 larvae or 8-day-old adults were washed in M9 buffer and
lysed, as described in [21]. Whole worm lysates and serial dilutions were plated onto
MRS-agar plates. The number of colony-forming units (CFU) was counted after 24 h
of incubation at 37 ◦C, anaerobically. Instead, OP50-fed worm lysates were plated onto
LB-agar and incubated at 37 ◦C.

2.9. Aging Markers’ Analysis

For the pharyngeal pumping rate, the number of grinder contractions was counted
under a Zeiss Axiovert 25 microscope in 10-day-old adult animals fed different bacteria
from embryo hatching. Ten worms were analyzed for each treatment, during a period of
30 s. The locomotion ability of nematodes was analyzed by body bending counting after
30 s. In particular, as described in [14], 10 worms for each treatment were washed in M9
buffer to remove bacteria, and then placed in 10 µL of M9 buffer to facilitate the locomotion
measure. For lipofuscin accumulation analysis, 10-day-old adult worms, after washes in
M9 buffer, were placed onto a 3% agar pad containing 20 mM of sodium azide. Afterwards,
nematodes were observed with the Axio Observer Z1 inverted microscope, equipped
with an ApoTome.2 System (Carl Zeiss Inc., Oberkochen, Germany). Digital images were
acquired with the AxioCam MRm high-resolution digital camera (Zeiss) and processed
with the AxioVision 4.8.2 software (Zeiss). ApoTome optical sectioning images of animals
were recorded under a 40 Å~/0.75 objective (Zeiss). Median fluorescence intensity was
analyzed using the ImageJ software, measuring the ratio of pixels per area of the worm.

2.10. Resistance to Pathogens in C. elegans

For the killing assay, 35 mm NGM plates were seeded with 60 µL of L. mesenteroides
C2 or L. mesenteroides C7 mixed with different pathogens, in a 1:1 ratio. Pseudomonas
aeruginosa ATCC 15692 and Staphylococcus aureus ATCC 25923 were chosen as representative
pathogens of Gram-negative and Gram-positive bacteria, respectively. The assay was
performed as described in [22]. Synchronous L4 larvae were placed onto the different
co-cultures and incubated at 25 ◦C. Lifespan was monitored daily and worms fed with
pathogen alone were taken as the control. A worm was considered dead when it failed to
respond to touch.

2.11. Real-Time qPCR

At the stage of 1-day-old adults, 200 worms for each condition were lysed and total
RNA was extracted as described in [23]. pmk-1, skn-1, daf-16, sod-3 and hsf-1 mRNA levels
were analyzed. The differences between the mean CT value of each sample and the CT
value of the housekeeping gene (act-1) were calculated. Primers used in this study are
reported in Table 1. The experiment was carried out in triplicate.
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Table 1. Primers for real-time qPCR analysis.

hsf-1 FOR 5′-ATGACTCCACTGTCCCAAGG
REV 5′-TCTTGCCGATTGCTTTCTCT

pmk-1 FOR 5′-AAATGACTCGCCGTGATTTC
REV 5′-CATCGTGATAAGCAGCCAGA

sod-3
FOR 5′-AGAACCTTCAAAGGAGCTGATG
REV 5′-CCGCAATAGTGATGTCAGAAAG

act-1
FOR 5′-GAGCGTGGTTACTCTTTCA
REV 5′-CAGAGCTTCTCCTTGATGTC

skn-1
FOR 5′-GTTCCCAACATCCAACTACG
REV 5′-TGGAGTCTGACCAGTGGATT

daf-16 FOR 5′-TCAAGACCTCAAAGCCAATCAACTC
REV 5′-ACGAGAAAGAAGGAGTAAGAGGAGG

2.12. Statistical Analysis

All experiments were performed at least in triplicate. Data are presented as mean ± SD.
The statistical significance was determined by Student’s t test or one-way ANOVA coupled
with a Bonferroni post-test (GraphPad Prism 5.0 software, GraphPad Software Inc., La Jolla,
CA, USA). Differences with p-values < 0.05 were considered significant and were indicated
as follows: * p < 0.05, ** p < 0.01 and *** p < 0.001.

3. Results
3.1. Bacteria Isolation

In this study, potential probiotic properties of four bacterial isolates were evaluated
in vitro and in vivo. Different bacterial colonies were isolated from carrots and identified
at the molecular level by the amplification of 16S rDNA. The sequences obtained from se-
quencing were compared with those in the BLAST database, so that three strains belonging
to Leuconostoc mesenteroides and a Weissella soli strain were identified. The Gram-positive
strains isolated were identified as L. mesenteroides C1 (accession number OK513088), L.
mesenteroides C2 (accession number OK513089), L. mesenteroides C7 (accession number
OK513090) and Weissella soli T4 (accession number OK513091).

3.2. In Vitro Tests
3.2.1. Resistance to Lysozyme, Low pH and Bile Salts

To perform a selection of possible probiotic candidates, their resistance to the extreme
conditions of the gastrointestinal tract, such as low pH in stomach and bile in the upper in-
testine, was evaluated. The high concentration of lysozyme present in the mouth represents
the first barrier. Figure 1A reports bacteria survival data after 30 and 120 min of treatment
with 1 mg/mL of lysozyme. All LAB strains showed high resistance to lysozyme after
30 min of incubation, with percentages of survival of 100%. Notably, L. mesenteroides C2
was able to resist even after 120 min of incubation with lysozyme, which can be considered
a severe treatment. On the other hand, W. soli T4 and L. mesenteroides C7 showed a percent
survival of 60% and 80% respectively, after 2 h of incubation. L. mesenteroides C1, instead,
did not resist lysozyme treatment. Tolerance to low pH conditions was performed to
simulate microbial flux along the mammalian gastrointestinal tract. As shown in Figure 1B,
3 h of incubation in pH 2.5 exerted a strong reduction (about 80%) of L. mesenteroides C1, L.
mesenteroides C7 and W. soli T4 counts, as compared to the control. This result suggested
that these strains were not able to endure acidic environments. Notably, L. mesenteroides
C2 cell recovery showed a higher ability to survive in low pH conditions, similarly to the
probiotic LGG strain. Similar results were obtained after testing the ability of different
strains to resist at pH 3.0.
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Figure 1. In vitro tolerance to lysozyme, pH 2.5 and 0.3% bile salts. (A) Cell counts of viable bacteria
recovered at the initial time point (t0), following 30 or 120 min of incubation in 1 mg/mL of lysozyme
SES buffer. (B) Recovery of viable bacteria after 3 h of incubation in phosphate buffer adjusted to
pH 2.5 or (C) 0.3% bovine bile salts. LGG was taken as the LAB reference strain. Columns represent
the mean ± SD of three independent experiments. Statistical analysis was performed by one-way
ANOVA, followed by the Bonferroni post-test. Asterisks indicate significant differences (* p < 0.05;
** p < 0.01; *** p < 0.001), ns: not significant.
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The human bile concentration ranges from 0.3% to 0.5%, and a high bile tolerance
improves probiotics’ colonization in the host GI tract [24]. To investigate the ability of the
different isolates to survive in the presence of bile, the percent survival in the presence of
0.3% bile was tested. As shown in Figure 1C, L. mesenteroides C2, L. mesenteroides C7 and W.
soli T4 strains showed a growth percentage above 50% in the presence of bile. As expected,
the reference probiotic strain LGG exhibited a resistance of about 90%. On the other hand,
L. mesenteroides C1 was not able to resist the treatment, showing a decrease in viability of
about 90%.

3.2.2. Antibiotic Susceptibility and Antagonistic Activity to Pathogens

Antibiotic susceptibility was determined by the disc diffusion assay, analyzing a panel
of 20 antibiotics. Among them, there are inhibitors of synthesis of cell wall, DNA and
RNA, proteins and inhibitors of membrane function. As reported in Table 1, LAB isolates
showed an antibiotic susceptibility pattern very similar to that of the LGG control strain.
L. mesenteroides C2 displayed resistance to only five antibiotics, and in some cases, the
inhibition halo was larger as compared to the control (Table 2).

Table 2. Resistance to antibiotics of different isolates. The zones of inhibition were measured from the center of the disc and
recorded in mm ± SD. Absence of inhibition halo was indicated as (+), ns: not significant.

Antibiotic Amount on
Disc (µg) Zone of Inhibition (mm)

LGG
L. mesen-
teroides

C1

L. mesen-
teroides

C2

L. mesen-
teroides

C7
W. soli T4 p-Value

Amikacin 30 4 ± 0.03 5 ± 0.06 10 ± 0.08 4 ± 0.05 4 ± 0.03 p < 0.001

Ampicillin 10 7 ± 0.06 7 ± 0.05 6 ± 0.10 5 ± 0.20 5 ± 0.05 p < 0.01

Aztreonam 30 + + + + + ns

Carbenicillin 100 8 ± 0.08 7 ± 0.03 5 ± 0.09 7 ± 0.03 5 ± 0.08 p < 0.01

Cefalotin 30 + 3 ± 0.10 + 4 ± 0.08 + p < 0.01

Cefotaxime 30 7 ± 0.08 + 7 ± 0.20 + + p < 0.001

Cefuroxime 30 5 ± 0.02 + 12 ± 0.08 + + p < 0.001

Clindamycin 2 8 ± 0.12 9 ± 0.35 4 ± 0.08 10 ± 0.10 9 ± 0.30 p < 0.01

Chloramphenicol 30 8 ± 0.08 8 ± 0.35 14 ± 0.10 8 ± 0.20 10 ± 0.15 p < 0.01

Erythromycin 15 8 ± 0.03 7 ± 0.08 8 ± 0.15 7 ± 0.09 8 ± 0.08 ns

Fosfomycin 50 + + + + + ns

Gentamicin 10 4 ± 0.05 5 ± 0.12 + 5 ± 0.15 5 ± 0.10 p < 0.05

Mezlocillin 75 14 ± 0.05 10 ± 0.15 13 ± 0.20 8 ± 0.20 11 ± 0.10 p < 0.001

Oxacillin 1 + + 4 ± 0.03 + + p < 0.05

Penicillin 10 13 ± 0.10 9 ± 0.20 14 ± 0.20 9 ± 0.05 11 ± 0.09 p < 0.001

Rinfampicin 30 13 ± 0.02 11 ± 0.09 8 ± 0.10 11 ± 0.08 10 ± 0.08 p < 0.01

Streptomycin 25 4 ± 0.12 5 ± 0.08 + 4 ± 0.06 4 ± 0.05 p < 0.01

Tetracycline 30 14 ± 0.15 10 ± 0.30 7 ± 0.05 8 ± 0.06 7 ± 0.10 p < 0.001

Tobramycin 10 4 ± 0.08 4 ± 0.05 4 ± 0.09 3 ± 0.05 4 ± 0.05 ns

Vancomycin 30 + + + + + ns

The antagonistic activity was evaluated through the agar double-layer diffusion test,
against four pathogen test strains: the Gram-positive Staphylococcus aureus and Listeria
monocytogenes, and the Gram-negative Pseudomonas aeruginosa and S. enterica serovar ty-
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phimurium LT2. The antagonistic activity was less variable among the different isolates, as
shown by inhibition halo diameters on all four pathogen test strains (Table 3). Indeed, the
inhibition halo diameters produced by the different isolates were comparable to that of the
probiotic strain LGG.

Table 3. Antagonistic activity in vitro. The diameter of inhibition halos was recorded in mm and the data were expressed as
average ± SD.

Pathogen LGG L. mesenteroides
C1

L. mesenteroides
C2

L. mesenteroides
C7 W. soli T4 p-Value

S. aureus 40 ± 0.08 38 ± 0.4 35 ± 0.5 35 ± 0.1 35 ± 0.5 p < 0.01

L. monocytogenes 30 ± 0.2 29 ± 0.2 30 ± 0.8 31 ± 0.6 30 ± 0.5 ns

P. aeruginosa 40 ± 0.07 38 ± 0.5 33 ± 0.5 40 ± 0.1 35 ± 0.6 p < 0.01

S. enterica 30 ± 0.3 31 ± 0.3 30 ± 0.5 28 ± 0.5 30 ± 0.08 ns

3.3. In Vivo Tests
3.3.1. Effects on C. elegans Lifespan and Colonization Capability

In vivo screening of the four strains was performed in the C. elegans model system, to
test possible beneficial effects exerted by LAB. For this purpose, worms were separately
fed each of the isolated strains starting from embryo hatching, using animals fed LGG or
standard E. coli OP50 as control populations. Among the tested strains, L. mesenteroides
C2 and L. mesenteroides C7 induced a relevant increase in C. elegans viability (Figure 2A),
showing similar survival as compared to those fed the probiotic strain LGG. Indeed, 50%
of viability was recorded at days 17, 18 and 21 in L. mesenteroides C1, L. mesenteroides
C2 and L. mesenteroides C7 fed nematodes respectively, in comparison with day 22 in
LGG-fed nematodes. On the other hand, only W. soli T4 showed a similar worm lifespan
when compared to the control OP50 diet, with 50% of viability recorded at days 14 and
12, respectively. To test possible effects on fertility, progeny production was evaluated.
Like probiotic LGG, the brood size of worms fed different isolates showed a reduction of
about 60% of the progeny number compared to the OP50 control (Figure 2B). Afterwards,
the gut colonization capability was explored by plating worm lysates at different time
points and by CFU counting. Results highlighted the increase of all bacterial strains along
the lifespan (Figure 2C). At the L4 stage, the CFU number relative to L. mesenteroides C1
resulted to be about 2-fold higher than that relative to controls. At the stage of 8 days of
adulthood, instead, the gut colonization capability of L. mesenteroides C1 was about 80%
lower than that of probiotic LGG. On the other hand, in adult worms, L. mesenteroides C2
resulted to be able to colonize C. elegans gut, similarly to the LGG control. Along worms’
lifespan, L. mesenteroides C7 and W. soli T4 showed a colonization capability similar to the
OP50 strain.
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Figure 2. Effects of different isolates on C. elegans lifespan. (A) Kaplan–Meier survival plot of N2
worms fed L. mesenteroides and W. soli strains. Lifespans of OP50- and LGG-fed animals are reported
as controls; n = 60 for each data point of single experiments. (B) Average embryos’ production
per worm of nematodes fed different bacterial isolates. (C) Bacterial colony-forming units (CFU)
recovered from L4 larvae and 8-day-old adults fed the four isolates or LGG (LAB reference strain)
and OP50 controls. Bars represent the mean of three independent experiments. Asterisks indicate
significant differences (* p < 0.05, ** p < 0.01, *** p < 0.001) as compared to LGG (blue asterisks) or
OP50 (red asterisks) controls, ns: not significant.
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3.3.2. Effects on C. elegans Aging Processes

To investigate whether the pro-longevity effects exerted by LAB strains positively
correlated to a delay in aging, age-related biomarkers, such as pumping, locomotion
and lipofuscin accumulation, were analyzed. The pharyngeal pumping rate measures
grinder contractions associated with food intake ability, normally declining with age.
Figure 3A showed that L. mesenteroides C7-fed worms share a significantly high pumping
rate, at 10 days of adulthood, similarly to LGG-fed worms. Moreover, nematodes fed
with L. mesenteroides C2 and W. soli T4 showed an increase in grinder contraction of 12%
and 8%, as compared to OP50-fed worms, respectively (Figure 3A). On the other hand,
in L. mesenteroides C1-fed worms, a reduction in pumping rate of about 40% with respect
to LGG was observed. Then, the locomotion rate of C. elegans was evaluated at day 10 of
adulthood. In this case, nematodes fed different L. mesenteroides strains displayed a higher
motility than OP50-fed worms, while locomotion of W. soli T4-fed worms was similar to
the control (Figure 3B). Furthermore, accumulation of auto-fluorescent lipofuscin is also
an aging marker of cellular impairment. Indeed, 10-day-old adult nematodes, when fed
L. mesenteroides isolates, showed a reduced fluorescence compared to OP50-fed adults,
while W. soli T4-fed animals showed a higher accumulation of fluorescent granules along
the intestine, usual in old animals (Figure 4A,B).
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Figure 3. Impact of the different isolates on C. elegans aging markers. (A) Pumping rate of 10-day-
old worms measured for 30 s. 10 worms were used for each condition. Worms fed OP50 or LGG
were taken as controls. (B) Body bending of C. elegans-fed isolates as compared to LAB reference
strain LGG or OP50, measured for 30 s. Bars represent the mean of three independent experiments.
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Figure 4. Evaluation of lipofuscin accumulation in C. elegans. (A) Autofluorescence of lipofuscin granules in C. elegans fed
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mean of three independent experiments.

3.3.3. Pathogen Resistance and Innate Immunity Stimulation

Among the four LAB isolates, L. mesenteroides C2 and L. mesenteroides C7 strains
resulted as the most promising candidates in terms of beneficial features. Since a good
probiotic is reported to compete with pathogens, protecting the host from infections, the C.
elegans killing assay was performed to test possible protection from infection by the two
isolates. S. aureus and P. aeruginosa were chosen as representatives of the Gram-positive and
Gram-negative group, respectively. As shown in Table 4, nematodes displayed reduced
survival when fed pathogens alone, as compared to nematodes fed co-cultures of the same
pathogen with L. mesenteroides C2 and L. mesenteroides C7. Interestingly, 50% of viability
was recorded at day 6 in nematodes fed co-cultures of L. mesenteroides strain P. aeruginosa,

131



Microorganisms 2021, 9, 2290

in comparison with day 3 of nematodes fed the pathogen alone. Similarly, L. mesenteroides
C2 and L. mesenteroides C7 were able to protect worms from S. aureus infection, with 50% of
viability recorded at day 7, with respect to day 5 in worms fed S. aureus alone.

To study whether L. mesenteroides C2 and C7 could stimulate nematodes’ innate
immunity, transcript levels were analyzed for pmk-1, skn-1, sod-3, daf-16 and hsf-1 genes,
whose activation after probiotic feeding have been described [15,25]. Interestingly, in L.
mesenteroides C2- and C7-fed nematodes, significantly increased expressions of pmk-1 and
hsf-1 transcripts were observed, similarly to LGG (Figure 5). On the other hand, while in
LGG-fed worms DAF-16 also seemed to be activated, the two isolates were not able to
stimulate this pathway. The expression of genes involved in detoxification processes (skn-1
and sod-3) were instead very low, as compared to the OP50 control, but similar to LGG.
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Table 4. In vivo resistance to pathogens. Survival assay of N2 worms fed co-cultures of LAB and P. aeruginosa or S. aureus.
The lifespan of worms fed pathogens alone was reported as the control. Three experiments were performed in triplicate for
each condition.

C. elegans Strain Diet Median Lifespan Maximum Lifespan Statistics

Wild-type N2

P. aeruginosa 3 ± 0.8 5 ± 0.8 -

LGG + P. aeruginosa 5 ± 0.9 9 ± 0.4 p < 0.001

L. mesenteroides C2 + P. aeruginosa 6 ± 1.2 12 ± 0.8 p < 0.001

L. mesenteroides C7 + P. aeruginosa 6 ± 0.2 11 ± 0.3 p < 0.001

S. aureus 5 ± 0.4 8 ± 0.9 -

LGG + S. aureus 8 ± 0.5 13 ± 0.5 p < 0.001

L. mesenteroides C2 + S. aureus 7 ± 0.6 11 ± 0.5 p < 0.001

L. mesenteroides C7 + S. aureus 7 ± 0.9 11 ± 1.2 p < 0.001

4. Discussion

The human microbiota represents the first defense barrier against gut colonization
by pathogens. This defense is due to microbiota competition with pathogenic bacteria,
preventing their adhesion and subsequent internalization. Indeed, some commensal strains
share adhesion receptors with higher affinity than pathogens, also competing for the avail-
ability of nutrients and trophic substances. Another strategy adopted by microbiota species
is the production of antimicrobial substances called bacteriocins. Therefore, probiotics
commonly share the ability to compete for receptor sites, nutrients and trophic substances,
and they are able to synthesize bacteriocins. Recently, growing attention in pro-longevity
effects exerted by different LAB strains allowed the development of several probiotic
products [26]. In particular, fermented foods are the main source of LAB [14,19,27,28], but
fruits have also been cited several times for the isolation of interesting LAB [29–31]. Due to
the probiotics’ relevance to human health, it is pivotal to characterize bacterial isolates to
be used in alternative food products. In this context, the main objective of this work was
the isolation of LAB from carrots and the selection of strains with potential to be used as
probiotic microorganisms. The root carrot (Daucus carota L.) is one of the most important
vegetables cultivated and consumed worldwide, rich in bioactive compounds, such as
provitamin A [5,7]. It is also rich in dietary fiber, antioxidants and other nutrients, but
especially in carotenoids. In this work, a combination of in vitro and in vivo methods was
used to screen for new potential probiotic Leuconostoc and Weissella strains deriving from
carrots grown in Fucino highland (Abruzzo, Italy). Characterization of LAB isolates at the
species level identified three strains belonging to Leuconostoc mesenteroides and a Weissella
soli strain. Indeed, a large percentage of probiotic microorganisms belongs to the LAB
group. Leuconostoc and Weissella, together with Lactobacillus and Pediococcus, are important
genera of LAB associated with foods and fermented products, such as meat, vegetables,
dairy and bakery products, and also act as flavoring and texturizing agents [32]. This
work showed that, among all tested strains, L. mesenteroides C2 and L. mesenteroides C7
could survive against the stress conditions assayed in this study. Survival to the adverse
environment of the stomach is a key pre-requisite for effective colonization by a probiotic
strain [33]. At first, tolerance to gastrointestinal conditions was carried out by evaluating
the viability of each isolate in comparison with the commercial reference strain L. rhamnosus
GG. Notably, L. mesenteroides C2 and L. mesenteroides C7 displayed survival rates equal to
or higher than that of the commercial probiotic control LGG after the different treatments.
Only in the case of long exposure to lysozyme and low pH resistance did L. mesenteroides C7
show a reduced recovery of viable cells. If this strain will result as positive in subsequent
tests, this problem could be solved by encapsulating the bacteria cells, making them viable
in the human gut. Furthermore, antibiotic resistance profiling of all isolates resulted similar
to probiotic LGG, and this is an important trait to be verified for safety purposes [34]. In this
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study, different groups of antibiotics were used: cell wall inhibitors, inhibitors of protein
synthesis and inhibitors of DNA and RNA synthesis. A recurrent ingestion of these types
of antibiotics may cause imbalance in the intestinal sensitive microbiota. Moreover, the
antibiotic resistance in probiotics usually does not constitute a safety issue, since resistance
genes could be transferred to potential pathogens. It has been demonstrated that probiotics
are able to prevent infections by foodborne pathogens, through different mechanisms,
such as competitive exclusion or antimicrobial molecules’ production [35,36]. Indeed, LAB
show various antimicrobial features, such as the production of organic acids, cyclic dipep-
tides, phenylacetic acid, hydrogen peroxide, low molecular weight compounds, protein
compounds, bacteriocins and fatty acids [37–40]. We therefore tested the antimicrobial
activity exerted by L. mesenteroides C2 and L. mesenteroides C7 strains against common
pathogens, such as Pseudomonas aeruginosa and Staphylococcus aureus. The isolates resulted
to counteract the pathogens in vitro and in vivo. In parallel, the isolated strains were
also analyzed evaluating possible beneficial properties in the in vivo model of C. elegans.
Nematodes commonly feed on bacteria, but a significant number of bacterial cells escape
the grinder contractions and can proceed to colonize the worm gut [41]. The L. mesenteroides
C2 and C7 strains were able to significantly increase C. elegans lifespan as compared to
the OP50 control strain, similar to the effect exerted by the reference strain LGG. The
impact of L. mesenteroides C2 and C7 on C. elegans physiology could be due to the high gut
colonization capacity of the bacterial strains. Moreover, the pro-longevity effects observed
in lifespan experiments were associated with the anti-aging effects, highlighted by analyz-
ing different aging markers, such as pharyngeal pumping rate, brood size and lipofuscin.
These data further demonstrate the ability of specific LAB strains to prolong nematodes’
lifespan, as described in previous studies [41–44]. As discussed above, the different iso-
lates also displayed health-promoting activities in host defense against Gram-positive and
Gram-negative pathogens in vivo, increasing the survival of infected worms. In C. elegans,
host–pathogen interactions have been studied for a number of pathogens of human and
animal origin [45], including P. aeruginosa and S. aureus, which colonize the worm gut and
infect the nematode [46]. Moreover, innate immunity responses and lifespan were strongly
correlated in nematodes [15]. Indeed, worms do not have adaptative immunity, but only
innate immune defenses that have many aspects similar to human pathways [47]. Among
them, the p38 MAPK and IIS pathways, the transforming growth factor-beta (TGF-beta)
and the beta-catenin signaling pathways, are more conserved in humans and nematodes
and they can be induced by probiotics [48]. In agreement with these works, real-time
analysis highlighted the activation of pmk-1 and hsf-1 pathways, suggesting a stimulation
of C. elegans immunity, which correlates with a reduction of oxidative stress, leading to the
pro-longevity and anti-aging effects.

5. Conclusions

Among the different strains isolated from carrots, L. mesenteroides C2 and L. mesen-
teroides C7 showed interesting probiotic characteristics, such as greater lysozyme, pH
and bile tolerance, in vitro suppression of pathogen growth and in vivo beneficial effects,
exerted on the C. elegans animal model. However, in vivo analysis on animal or human sys-
tems should be performed to further test their potential beneficial properties for human health.
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Abstract: The variable taxa components of human gut microbiota seem to have an enormous biotech-
nological potential that is not yet well explored. To investigate the usefulness and applications of
its biocompounds and/or bioactive substances would have a dual impact, allowing us to better
understand the ecology of these microbiota consortia and to obtain resources for extended uses. Our
research team has obtained a catalogue of isolated and typified strains from microbiota showing
resistance to dietary contaminants and obesogens. Special attention was paid to cultivable Bacillus
species as potential next-generation probiotics (NGP) together with their antimicrobial production
and ecological impacts. The objective of the present work focused on bioinformatic genome data
mining and phenotypic analyses for antimicrobial production. In silico methods were applied over
the phylogenetically closest type strain genomes of the microbiota Bacillus spp. isolates and stan-
dardized antimicrobial production procedures were used. The main results showed partial and
complete gene identification and presence of polyketide (PK) clusters on the whole genome sequences
(WGS) analysed. Moreover, specific antimicrobial effects against B. cereus, B. circulans, Staphylococcus
aureus, Streptococcus pyogenes, Escherichia coli, Serratia marcescens, Klebsiella spp., Pseudomonas spp., and
Salmonella spp. confirmed their capacity of antimicrobial production. In conclusion, Bacillus strains
isolated from human gut microbiota and taxonomic group, resistant to Bisphenols as xenobiotics type
endocrine disruptors, showed parallel PKS biosynthesis and a phenotypic antimicrobial effect. This
could modulate the composition of human gut microbiota and therefore its functionalities, becoming
a predominant group when high contaminant exposure conditions are present.

Keywords: probiotics; Bacillus; antimicrobial effect; in vitro methods; in silico methods

1. Introduction

The human gut microbiota could be considered as a new source for the identification
and isolation of multiple microorganisms producing bioactive compounds and enzymes of
interest such as biopolymers, antimicrobials notably demanded by the food, health, and
several biotechnological industries [1,2]. Identifying the composition of cultivable gut mi-
crobiota has always been a challenge due mainly to the requested anaerobic conditions [3].
Efforts in simulating these harsh culture conditions allow isolating potential NGP [4] and
even a variety of taxonomy bacterial groups which were also tolerant to xenobiotics or
obesogens [5] followed by characterization through 16S rRNA gene sequencing.
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Microbiome compositional consortia are variable in each individual [6,7]. Culturing
methods and directed-culturomics for isolating specific microorganisms deserve special
attention. Thus, the genus Bacillus belonging to a predominant microbiota phylum, Firmi-
cutes, is differentially present and its species are capable of synthesizing a wide variety of
bioactive compounds and enzymes of interest for their potential technological applications
in health and the modern food biotechnological sectors [8]. Several Bacillus species have
also been considered as probiotics [9,10]. Bacilli taxa, concretely Lactobacillus and Bacillus
genera in microbiota seem to play a role on the ecology of predominant groups present on
individual microbiota in obesity and metabolic disorders as compiled in human clinical
trials (Table 1). The potential impact on the other circumscribed taxa groups could be
driven by antimicrobial substances released by the Bacilli taxa, such as bacteriocins, PKs,
lipopeptides, etc. [11,12].

Table 1. Bacilli taxa modifications from clinical trials of metabolic related diseases.

Reference Clinical Trials—Disease /Sample Size
and Clinical Traits Taxa Modifications

[13] OB; n = 192; HC n = 25; OW n = 22; OB
n = 145 ↑ Bacillus in OW and OB

[14] OB, AN; n = 49; HC n = 20; OB n = 20;
AN n = 9 ↑ Lactobacillus in OB

[15] T2D; n = 36; HC n = 18; T2D n = 18 ↑ Lactobacillus in T2D

[16] T2D, OB; n = 60; HC n = 20; Obese-T2D
n = 40

↑ Bacillus sporothermodurans in
OB-T2D

[17] T1D, T2D; n = 110; HC n = 40; T2D
n = 49; T1D n = 21 ↑ Lactobacillus in T1D and T2D

[18] NAFLD; n = 126; HC n = 83; NAFLD
n = 43 ↓ Lactobacillus in NAFLD

[19] NAFLD; n = 67; HC n = 37; NAFLD
n = 30 ↑ Lactobacillaceae in NAFLD

[20] NAFLD; n = 60; HC n = 30; NAFLD
n = 30 ↑ Lactobacillus in NAFLD

[21]
NAFLD, OB; n = 73; HC n = 20;

OB-NAFLD n = 36; OB-non-NAFLD
n = 17

↑ Bacilli in OB-NAFLD
↑ Lactobacillus in non-NAFLD

[22]
MetS; n = 655; Monozygotic twins

n = 306; Dizygotic twins n = 74;
Siblings n = 275

↑ Lactobacillus in MetS

AN: anorexia nervosa; HC: healthy control; MetS: metabolic syndrome; NAFLD: non-alcoholic fatty liver disease;
OB: obese; OW: overweight; T1D: type 1 diabetes; T2D: type 2 diabetes. ↑ Increasements.

Bisphenols are considered as microbiota disrupting chemicals (MDC) [5] and their
presence in humans has been confirmed by detecting them in human biospecimens: feces,
serum, urine, saliva, hair, tissue and blood [23,24]. Bisphenol A (BPA) is used in manufac-
turing polycarbonate and epoxy resins for food consumer products and packages. There is
also cumulative exposure from contaminating soils, aquatic environments, drinking water,
air and dust particles [25]. The estrogen activity alteration is the most widely studied effect
of BPA and analogues, enhancing endocrine disruptor activities [26]. Moreover, some
studies have shown obesogenic effects through microbiota dysbiosis [27], fat cell develop-
ment, and lipid accumulation [28]. There are several regulations enforced concerning the
hazards of Bisphenol A, as derivative of polycarbonates plastics and epoxy resins, used
in food contact materials, toys, or other products. In order to protect the consumers from
cumulative exposure, the tolerable daily intake (TDI) for BPA is permanently re-evaluated
according to new toxicity data through specific international projects, such as U.S. National
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Toxicology Program (CLARITY-BPA program) [29] or European Food Safety Authority
(EFSA) comprehensive re-evaluation of BPA exposure and toxicity [30].

Moreover, commensal microorganisms isolated from human microbiota could in
general fulfill the criteria of safety assessment and the status of Qualified Presumption of
Safety (QPS) [31,32]. Similarly, most Bacillus subtilis cluster species are considered QPS [33]
and they are increasingly marketed as products [34]. Conversely, Bacillus cereus cluster
species can be also present in the gut microbiota, but they are not considered as QPS [34,35].

Next-generation sequencing (NGS) platforms and WGS of microorganisms have en-
larged the molecular comparison knowledge on the gene collection for encoding enzymes,
and better taxonomy has supported appropriate classification. Moreover, specific WGS
gene description is needed to consider the food and feed safety aspects of microbiota
cultivated strains [35].

Genome mining tools and phenotypic analysis are complementary approaches to
predict and demonstrate the production of active secondary metabolites such as antimicro-
bial products from Bacillus species [36]. Genome mining revealed the potential for known
and novel PKs extensively in Bacillus (Figure 1). Moreover, based on the prediction of
the general architecture, novel clusters were identified in novel Bacillus spp. variants. In
addition, more recent in silico and bioinformatics approaches seem to be successful to
find and verify the microbial potential to produce valuable enzymes for biotechnological
applications [36].
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Figure 1. Conserved PKs proteins and functions in Bacillus modified from Straight et al. [37].

The main objective of the present study was to determine the antimicrobial effects
of catalogue of microorganisms isolated from human gut, by applying directed-culturing
methods after the addition of endocrine disruptor chemicals. Taxa groups of isolated
bisphenol A (BPA)-degrading Bacillus spp. will be analyzed by with in vitro assays to
demonstrate the bioactive substances released against commensals and critical pathogens
according to the World Health Organization (WHO). Moreover, genome mining and in
silico tests will be used for disclosing the genes responsible for antimicrobial production
and its enzymatic pathways.

2. Materials and Methods
2.1. Microbiota Sampling Bank and Directed Culturing Approach

Ten isolates from fecal human microbiota collections of 0–1 year old infants (Isolates
B-Project INFABIO) appropriately maintained at −80 ◦C underwent a directed culturing
approach using 0.5 g of the fecal specimen in 1.5 mL of Brain Heart Infusion or Man Rogosa
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and Sharpe (BHI/MRS) broths, adding different concentrations of BPA (0.5, 10, 20, and
50 ppm), in order to search tolerant and/or potentially BPA biodegrading microorganisms,
incubation for 72 h. Further serial dilutions and spreading onto BHI/MRS solid media plus
incubation under aerobic and anaerobic conditions (anaerobic jars anaerocult®) at 37 ◦C
over 72 h were applied. BPA-tolerant colonies with distinguishing features were isolated
as pure culture for subsequent morphological, phenotypic, and genotypic identifications:
bacterial cell counts, gram staining, spore staining, capsule staining, catalase activity,
oxidase, and motility tests.

2.2. BPA Microbiota Tolerance Testing

BPA biodegradation microbiota capacity was tested directly adding BPA to the human
fecal samples. The specimens were exposed to 25 ppm concentration of BPA at 30 ◦C during
72 h. BPA was measured in the extracts and supernatants through Liquid chromatography–
mass spectrometry (LC-MS/MS) system for BPA quantification. Chemicals, reagents,
instrumentation, and software for bisphenols determination were provided by CIC services
under validated procedures previously described by García-Córcoles et al. [38].

2.3. Culturing- Isolation of Bacillus Catalogue

A common approach to isolate Bacillus strains from microbiota has been pursued in
our research team [39]. For this study, ten isolates from fecal human microbiota collections
of 0 to 1 year old infants (Isolates B-Project INFABIO) and 6–8 year-old children (Isolates C-
Project OBEMIRISK) were obtained by a serial dilution method, with exposure to different
BPA concentrations (0.5, 10, 20, and 50 ppm) over 72 h and further spreading in BHI/MRS
media incubated under aerobic and anaerobic conditions (anaerobic jars anaerocult®) at
37 ◦C. The BPA-tolerant bacterial colonies with distinguishing features were isolated as
pure culture for subsequent morphological, phenotypic, and genotypic identifications:
bacterial cell counts, gram staining, spore staining, capsule staining, catalase activity,
oxidase, and motility tests.

2.4. Genomic DNA Extraction, Taxonomy Identification and Phylogenetic Analysis

Genomic DNA was extracted using DNeasy columns (Qiagen®, Hilden, Germany)
following the manufacturing instructions. The isolated DNA was quantified using Nan-
odrop (Thermo Scientific® Waltham, MA, USA) and biophotometer (Eppendorf® D30). The
quality of DNA was monitored through gel electrophoreses. Complete 16S RNA gene se-
quencing of selected bacterial strains was done by Sanger method (Institute of Parasitology
and Biomedicine “López-Neyra” IPBLN Service). Forward and reverse sequences were
provided separately. Reverse sequence was converted to complementary sequence with
Chromas Pro 2.0 software (Technelysium Pty Ltd., Tewantin, Australia). Sequences were
examined for maximum homology against GenBank using National Center for Biotechnol-
ogy Information NCBI’s BLASTn program. The collection and comparison of complete 16S
rRNA gene sequences were performed using the Ezbiocloud platform [40].

2.5. Enzymes Tests

Relevant enzymatic production assays were carried out to verify the potential of gut
microbiota strains to synthetize relevant enzymes in the biotechnological and industrial
context. Starch, carboxymethylcellulose, inulin, tween 20 and 80, and DNase supple-
mented media were used to determine the degradation of different substrates according to
complementary methodologies [41–46].

2.6. Antimicrobial In Vitro Tests

Antimicrobial activity was tested by agar well diffusion method. Under Joint FAO/
WHO Expert Committee on Food (JECFA) procedures [47] and the study carried out by
Powthong & Suntornthiticharoen [48], nine different bacteria were used as indicators to
verify the antimicrobial capacity of the Bacillus spp. isolated from the gut microbiota.
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To determine the synthesis of antimicrobial compounds, several isolated strains were se-
lected according to preliminary antimicrobial tests and the main taxonomy groups: strains
close/represented by rB1 (Bacillus sp. AM1), strains close/represented by rB3 (Bacillus
siamensis (KCTC 13613)), strains close/represented by rB7 (Bacillus cereus (AFS039342)).
Plates with 20 mL of Müller-Hinton agar were prepared and test microorganisms used as
indicators: Bacillus cereus, Bacillus circulans, Staphylococcus aureus, Streptococcus pyogenes,
Escherichia coli, Serratia marcescens, Klebsiella spp., Pseudomonas spp., and Salmonella spp.,
were adjusted to a cell density of 0.5 on the McFarland scale in sterile 0.85% NaCl solu-
tion. The data were expressed as mean of the three replicates. Tests were done spreading
the indicator microbial strains over the surface of the Müller-Hinton agar using sterile
cotton swab. Inside six mm diameter oxford wells generated in agar, 20 µL of antibiotic
producing bacteria extract was added. Standards appropriate positive controls (ampicillin,
gentamycin, and streptomycin at 10 µg) and negative/blank (sterile media/ethanol) were
used. The plates were incubated at 37 ◦C for 24 h and the inhibition zones were measured.

2.7. Genome Data Mining and Analysis –PKs Genes and Clusters
2.7.1. Genome Mining Tools for PKs Gene Searching

In order to discover the presence of secondary metabolites, several bioinformatics
tools were used to perform genome mining. A data retrieving software has been specifically
computed using Pascal programming language to obtain the PKs enzymes ID and the
corresponding Loci from the genomes.

Type strain genomes from the closest species isolated were retrieved from NCBI
Genome Data Bank in GenBank file format in order to list the proteins that they were able
to potentially produce.

A more detailed prediction of the clusters was performed by checking the down-
stream and upstream genes of those involved in PKs synthesis using NCBI genome map
viewer [49].

2.7.2. Prediction of Polyketides in WGS of Bacillus sp. AM1 Isolated from Microbiota

The identification of PKs gene cluster was carried out by the analysis of the WGS of
Bacillus sp. AM1, GenBank CP047644.1, following the same approach explained above.

3. Results and Discussion
3.1. BPA-Tolerant Microorganisms Isolated from Human Gut Microbiota
3.1.1. BPA Microbiota Metabolization Capacities

The microbiota composition of each fecal sample was specific and contributed differen-
tially to the biodegradation of BPA exposure levels (Figure 2). Each fecal sample (340, 349,
and 437) showed a differential ability to eliminate BPA due to its taxa compositional and
functional characteristics, showing sample 340 a maximum percentage of BPA degradation
of 89.3% while sample 349 degraded 76% and 437 was able to eliminate 21% of the BPA
concentration. Previous studies have shown the same effects in the environment [50],
where they observed that different microbial communities presented a specific elimination
rate dependent on their composition.

Cumulative exposure to a wide range of xenobiotics, such as BPA and its analogues,
affects the microbiota diversity possessed by each individual, causing a selection of bacteria
strains to populate the gut, and consequently modify its equilibrium through MDC [5].
This dysbiosis has been proven to be responsible for well-known diseases, such as obesity,
diabetes, and even some hormonal-related cancers. Therefore, identification of the triggered
main taxa variations and their functions remains a challenge. Moreover, the appropriate
use of probiotics [50–52] or search for NGP to mitigate or reverse these dysbiosis are
crucial [53,54]. A directed culturing approach allow us to select tolerant bacteria and
mimic an ecological environment to understand better the impact of the specific enriched
communities and their capacities to impact the taxa microbiota colonization.
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Figure 2. BPA relative percentage of degradation by human fecal specimens. (LC-MS/MS) system
was used for BPA quantification; SN: Supernatant.

3.1.2. Catalogue of BPA-Tolerant Bacillus spp. Isolated from Human Microbiota

Isolation and identification of BPA-tolerant Bacillus spp. strains from microbiota
samples were successfully performed with the different BPA concentrations plates (0.5; 10;
20 and 50 ppm). Out of these 11 isolates analyzed, the closest species by complete gene 16S
rRNA sequence were B. amyloliquefaciens, B. siamensis, B. velezensis, B. nematocida, B. cereus,
and B. pacificus (Table 2).

Table 2. Bacillus isolates from human microbiota and 16S rRNA complete gene homology description.

Microbiota
Isolates Closest Taxa—[Strain] Best Hit bp Position

16S rRNA
Query

Cover (%) Identity (%) Accession Number

B1 Bacillus siamensis [LRM10-3D] 15,030 100 100 MT645306.1
Bacillus velezensis [XC1] 100 100 MT649755.1

B2 Bacillus velezensis [CR-502] 1483 95.4 99.14 AY603658
B3 Bacillus siamensis [KCTC 13613] 1490 100 98.00 AJVF01000043
B4 Bacillus siamensis [KCTC 13613] 1515 100 99.66 AJVF01000043

Bacillus nematocida [B-16] 100 99.73 AY820954
Bacillus amyloliquefaciens [DSM7] 100 99.52 FN597644

B5 Bacillus siamensis [KCTC 13613] 1516 100 98.91 AJVF01000043
Bacillus nematocida [B-16] 100 98.98 AY820954
Bacillus velezensis [CR-502] 95.4 99.22 AY603658 FN597644
Bacillus amyloliquefaciens [DSM7] 100 98.78

B6 Bacillus velezensis [CR-502] 1504 95.4 99.93 AY603658
B7 Bacillus cereus [AFS039342] 1510 100 99.39 NUMR01000072

Bacillus pacificus [NCCP 15909] 100 99.34 CP041979.1
B8 Bacillus velezensis [CR-502] 1520 95.4 99.93 AY603658
B9 Bacillus velezensis [CR-502] 1499 95.4 99.22 AY603658
B9.2 Bacillus siamensis [KCTC 13613] 1499 100 99.52 AJVF01000043

Bacillus nematocida [B-16] 100 99.59 AY820954
Bacillus amyloliquefaciens [DSM 7] 100 99.39 FN597644

B12 Bacillus cereus [AFS039342] 1543 100 99.39 JMQC01000008
Bacillus pacificus [NCCP 15909] 99.0 99.35 CP041979.1

Data obtained by parallel experimental work showed a BPA directed human fecal
culturing catalogue that contained different BPA tolerant species from the following gen-
era and percentages: Enterococcus 28%, Bacillus 27%, Staphylococcus 10%, Escherichia 8%,
Clostridium 5%, and Lactobacillus 4% (data not shown). Representing Bacilli taxa (Bacillus
and Lactobacillus) was a major taxa with approximately a 30% of BPA tolerant isolated
strains from microbiota samples, which corroborates the predominant presence of these
genera being able to overcome the impact of xenobiotics, such as BPA, as previous assays
showed [39].

In line with these results, interesting properties and uses are specifically described
for Bacillus spp. Recently, several Bacilli strains have been extensively proposed for use as
human and animal probiotics [55,56]. Most of the species used belong to Bacillus subtilis
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and Bacillus amyloliquefaciens groups and special attention should be paid to the food and
clinical studies with strains that showed special enzyme capacities [57] or those able to
modulate and mitigate pathophysiological disorders [58].

3.1.3. Taxonomical and Phylogenetic Clustering

The phylogenetic tree based on complete 16S rRNA gene of Bacillus strains isolated
from microbiota treated with BPA grouped the clusters to B. subtilis, B. amyloliquefaciens,
B. velezensis, B. siamensis, B.cereus, and B. pacificus (Figure 3). The two main clustering
of closely related Bacillus strains belong to B. subtilis and B.amyloliquefaciens taxonomic
group (green) and B. cereus group (yellow). Three representative strains (rB1, rB3, and rB7)
were further processed by bioactive compounds production tests. They were organized as
follows: rB1 represented B1, B4, B5, B6, B7, B8, B9, and B9.2; rB3 represented B2 and B3;
rB7 represented B7 and B12.
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Figure 3. Phylogenetic tree based on gene sequences of isolated gut microbiota strains. The tree
was obtained by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances
estimated using the Maximum Composite Likelihood (MCL) approach and Kimura 2-parameter
model. The species and strain names are shown. Bootstrap values shown after 1000 resamplings.
Main clusters are highlighted: in green close to B.subtilis group and yellow close to B.cereus group.

The strains isolated in the present work were clustered in the two main groups: B.
subtilis–like (non-pathogenic) [59] and B. cereus-like (pathogenic) [60], as shown in Figure 3,
however the pathogenicity features are strain-specific dependent. The work approach is
based on potential uses and predictive data analysis, but for further commercial uses, a
safety assessment should be performed for each strain, to demonstrate that they do not
pose any safety and/or pathogenicity concerns. The battery of tests usually requested
is: antibiotic resistance test no greater than existing regulatory cutoffs against clinically
important antibiotics, incapacity to induce hemolysis or produce surfactant factors, and
the absence of virulence or toxigenic activity in vitro.

3.2. Analysis of Bioactive Compounds Production Capacities
3.2.1. Enzymatic Activity Tests

B. subtilis, B. amyloliquefaciens, and B. licheniformis have been used as bacterial resources
in the industrial context for the production of a wide range of enzymes and bioactive
compounds for decades. Bacillus sp. AM1 and other strains belonging to Bacillus genus have
shown remarkable hydrolytic enzyme capacity (Table 3), being related to the performance
of key roles in several biotechnological and many manufacturing processes [61–63].
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Table 3. Enzymatic activity in gut microbiota isolates.

Enzyme Test Microbiota Isolates

rB1 rB3 rB7

Starch + ++ ++
Carboxymethylcellulose - - -
Inulin + - +
Tween 80 - - -
DNase ++ - -

3.2.2. Antimicrobial Activity Tests

The results obtained from antimicrobial experimental tests carried out with the repre-
sentative isolated microorganisms from different taxonomic clusters confirmed the ability
of the strains B1 and B3 to inhibit Gram-negative and Gram-positive bacteria (Table 4).

Preliminary results grouped the strains according to their capacity of antibiotic produc-
tion with very similar inhibiting zone value, which were also in agreement with the main
taxonomic clusters. rB1 represented B1, B4, B5, B6, B7, B8, B9, and B9.2; rB3 represented B2
and B3; rB7 represented B7 and B12.

Table 4. Antimicrobial activity of BPA-tolerant human gut microbiota isolated strains.

Target Indicator Bacteria Strains rB1 Strains rB3 Strains rB7

Diameter of inhibitory zone (mm) ± SD 1

Bacillus cereus 15 ± 0 17 ± 0 -
Bacillus circulans 13 ± 0 14.3 ± 1.2 -
Staphylococcus aureus 11.7 ± 0.6 10 ± 0 -
Streptococcus pyogenes 15 ± 0 13.3 ± 0.6 -
Serratia marcescens 17 ± 0 15.3 ± 1.5 -
E. coli 15 ± 0 13.3 ± 0.6 -
Salmonella 11 ± 0 10 ± 0 -
Klebsiella 20 ± 0 * 15 ± 0 * -
Pseudomonas - - -

1 Values are mean diameter of inhibitory zone (mm) ± SD of three replicates. The diameter of well (6 mm) was
included. (-) Diameter of inhibitory zone <7 mm considered as no antimicrobial activity. * Significant values
compared to theroretical values from B. subtilis polyketides [64].

rB1 and rB3 strains were found to be antagonistic against Gram-positive Bacillus cereus,
Bacillus circulans, Staphylococcus aureus, Streptococcus pyogenes (diameter of zone of growth
inhibition 10–17 mm) and also against Gram-negative food-borne pathogenic bacteria
Serratia marcescens, Escherichia coli, Salmonella, and Klebsiella pneumoniae (diameter of zone
of growth inhibition 10–20 mm). Conversely, the strains rB7 did not show any production
of antimicrobial effects.

Minimum inhibitory concentration (MIC) values were similar to those resultant of
other polyketides antimicrobial effects previously described, being significant differential
and higher the effects found against Klebsiella [64]. Therefore, the search for a putative
biosynthetic pathway of the pks gene product proceeded after the validated molecular
antimicrobial attributions.

3.3. WGS Data Mining and In Silico Analysis
3.3.1. WGS Mining in Type Strains

The bioinformatics analysis carried out on the type strains of closest species identified
as cultivable Bacillus species from microbiota showed specific enzymes involved in PKs
biosynthesis (Table 5). The genome mining identified the clusters with the genomes
from closest homologue type strains available in the database. Bioinformatic tools and
Pascal ad hoc software allowed the exhaustive analysis of genomes making it a powerful
prediction tool.
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According to the results, Bacillus amyloliquefaciens, B. siamenensis, B. velezensis, B. subtilis
and B. atrophaeus harbor almost complete pks genetic macroclusters for the production
of polyketides. While B. licheniformis, B. cereus, B. pacificus, and the probiotics B. clausii,
B. coagulans did not contained the PKs loci. The antimicrobial effects of polyketides are
site colonization specific and the strains are scarcely used for health biotechnological
interests [65]. Moreover, the ecological impact of these antimicrobial substances on the gut
microbiota composition may have a huge impact, beyond the modification and control of
the colonization of commensals and pathogenic bacteria, e.g., to cause weight gain effects
in humans as well as in animals [66].

3.3.2. WGS Representative Bacillus sp. AM1 from Microbiota: Genome Mining Data

From the analysis of the specific Bacillus sp. AM1 WGS, the cluster genes and enzymes
related to PKs biosynthesis were identified (bae, mln, and dfn) and they were related to the
production of bacillaene, and two other polyketides macrolactin and difficidin.

This complex microbial ecosystem seems to be enriched in new bacterial strains
belonging to Bacillus genus that produce PKs with a wide range of applications in the
current biotechnological context. Among these applications, PKs stand out for their an-
timicrobial capacity against certain bacterial species. Therefore, further identification
through bioinformatics tools and experimental data will confirm the functionality of these
bioactive substances.

Advances in NGS and in silico tools allow to perform an appropriate screening of
genes of concern or interest in microbiota, such as antimicrobial resistance genes and the
capacity of antimicrobial production of cultivable isolates WGS. A better understanding of
the microbiota ecology, driven by the bioactive compounds released by its components,
will lead to better clinical interventions. Antimicrobials naturally synthetized by gut
microorganisms are mainly described as bacteriocins [12]. However, it is important to
consider other molecules acting as antimicrobial as polyketides. Isolation and elucidation
of PKs structures by nuclear magnetic resonance (NMR) methods are limited by the
concentration needed for analysis [67]. Thus, it is possible to predict the types of PKs and
their variants, as showed for Bacillales [37]. Genome mining performed in the present study
allowed BLAST driven search for predicted PKs clusters. Pascal ad hoc software analysed
the type strain genomes making it a powerful prediction tool. Similarly, another useful
prediction tool could be used as nonribosomal peptide-synthetase NRPS/PKs substrate
predictor [68].
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Importantly, Bacillus and specific WGS genes description is needed to verify the safety
assessment of different strains if they are proposed to be used in food or feed chain [70].
Moreover, the safety of a beneficial microbe or probiotic strain must be sufficiently charac-
terized by high-throughput technologies, safe for the intended use, and assessed through
pathogenicity, immunotoxicity, and colonization, in addition to its antibiotic resistance
profile [71]. However currently, there is no consensus or standardization for the inter-
ventional use of probiotics [72]. In addition to general guidelines for the qualification of
the QPS, European Food Safety Authority (EFSA) made a supplementary requirement for
Bacillus species other than the Bacillus cereus group, where a cytotoxicity test should be per-
formed to determine whether the strain produces high levels of non-ribosomal synthesised
peptides. One of the criteria for strains to fulfill and meet the requirements for QPS and
generally recognized as safe (GRAS) standards is antimicrobial activity and the absence of
antimicrobial resistance genes as a possible safety concern against critically important an-
timicrobials (CIAs) or highly important antimicrobials (HIAs), which might eventually be
transferred via horizontal gene transfer to pathogenic bacteria during food manufacture or
after consumption [33,73]. According to the general guidelines for the qualifications of the
QPS, unless the strain qualifies for the QPS approach or belongs to a taxonomic unit, known
not to produce antimicrobials relevant to use in humans and animals, assessment should
be made to determine the inhibitory activity of culture supernatants against reference
strains, known to be susceptible to a range of antibiotics and the inhibitory substance [47].
A slight adjustment has been made for the production strains, which have to demonstrate
the absence of carry-over into the final product together with the exact phase of the in-
dustrial scale manufacturing process, and whether any CIAs or HIAs are used during the
manufacturing of the product, to determine compatibility with other additives showing
antimicrobial activity and, furthermore, possible co-/cross-resistance [35].

4. Conclusions

Bacillus strains isolated from human gut microbiota, and taxonomically closest to the
safely qualified B. subtilis and B. amyloliquefaciens groups, became cultivable predominant
taxa when high bisphenol exposure conditions were tested. In parallel, these strains har-
bored PKS molecular gene biosynthetic loci and showed phenotypic antimicrobial effects.
Therefore, they might be proposed as beneficial microorganisms with molecular features
that would contribute to modulate the ecological taxa composition and functionality of
human gut microbiota. Intervention studies will be further needed to demonstrate the
ability to recover from microbiota dysbiosis, triggered by high MDC exposure diets and
lifestyles, towards eubiosis and healthier status.

5. Patents
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Abstract: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), an RNA virus of the
family Coronaviridae, causes coronavirus disease 2019 (COVID-19), an influenza-like disease that
chiefly infects the lungs through respiratory transmission. The spike protein of SARS-CoV-2, a
transmembrane protein in its outer portion, targets angiotensin-converting enzyme 2 (ACE2) as
the binding receptor for the cell entry. As ACE2 is highly expressed in the gut and pulmonary
tissues, SARS-CoV-2 infections frequently result in gastrointestinal inflammation, with presentations
ordinarily ranging from intestinal cramps to complications with intestinal perforations. However,
the evidence detailing successful therapy for gastrointestinal involvement in COVID-19 patients is
currently limited. A significant change in fecal microbiomes, namely dysbiosis, was characterized
by the enrichment of opportunistic pathogens and the depletion of beneficial commensals and their
crucial association to COVID-19 severity has been evidenced. Oral probiotics had been evidenced to
improve gut health in achieving homeostasis by exhibiting their antiviral effects via the gut–lung axis.
Although numerous commercial probiotics have been effective against coronavirus, their efficacies
in treating COVID-19 patients remain debated. In ClinicalTrials.gov, 19 clinical trials regarding
the dietary supplement of probiotics, in terms of Lactobacillus and mixtures of Bifidobacteria and
Lactobacillus, for treating COVID-19 cases are ongoing. Accordingly, the preventive or therapeutic
role of probiotics for COVID-19 patients can be elucidated in the near future.

Keywords: SARS-CoV-2; COVID-19; gut microbiome; probiotics; Lactobacillus; Bifidobacteria

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a new RNA virus of
the family Coronaviridae, can cause coronavirus disease 2019 (COVID-19), majorly affecting
pulmonary tissues by respiratory transmission [1,2]. Clinical presentations of COVID-
19 vary greatly, ranging from no or mild symptoms often in young patients without
comorbidities, moderate diseases with pneumonia, to severe diseases complicated by
hypoxia, respiratory or multi-organ failure, and even death [2]. SARS-CoV-2 is composed
of four structure proteins, including spike glycoproteins (S), small envelope glycoproteins
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(E), glycoproteins membrane (M), nucleocapsid (N), and other accessory proteins [3].
The spike protein of SARS-CoV-2, a transmembrane protein, uses angiotensin-converting
enzyme 2 (ACE2) as the receptor of the cell entry [3,4]. In addition to extensive existence in
pulmonary tissue, ACE2 is highly expressed in the gut [3,4]; therefore, in the human small
intestinal organoids model, enterocytes are easily infected by SARS-CoV-2, as demonstrated
by confocal and electron microscopy [1,5]. In the gut, ACE2 is not only a key regulator of
dietary amino acid homeostasis, innate immunity, gut microbial ecology, and transmissible
susceptibility to colitis [6], but also is linked to the activation of intestinal inflammation [6].
Accordingly, SARS-CoV-2 infections frequently result in gastrointestinal inflammation, with
clinical presentations ranging from intestinal cramps and diarrhea to intestinal perforations
(Figure 1) [7,8]. Additionally, its abdominal presentation was more frequent in critically ill
patients requiring intensive care than those who did not require intensive care, and 10% of
patients presented with diarrhea and nausea within 1–2 days before the development of
fever and respiratory symptoms [9]. However, the evidence detailing successful therapy
for gastrointestinal involvement in COVID-19 patients is currently limited.
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One possible mechanism linked to gut presentations in COVID-19 is the downregula-
tion of ACE2, followed by the decreased activation of mechanistic targets of rapamycin
and increased autophagy, further leading to dysbiosis [7]. Another theory is that the
blockage of ACE2 induces the increased levels of angiotensinogen by the hyperactivation
of the renin–angiotensin system, resulting in the shutdown of the amino acid transporter
BA0T1 and a lack of cellular tryptophan. These alterations cause the decreased secretion of
antimicrobial peptides and disturbance in the gut microbiome [10]. Therefore, COVID-19
impacts the human gut microbiome, with a decline in microbial diversity and beneficial
microbes [11].

2. The Interaction between Respiratory Tract Diseases and Gut Microbiota

A crucial association between a modified gut microbiome and the immune response to
respiratory viral infections is evidenced. Taking respiratory syncytial virus and influenza
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as examples, gut microbiota was significantly altered by viral infections itself and multifac-
torial variables, such as inflammation-induced tumor necrosis factor-alpha (TNF-α) [12].
Intact microbiota provides signals leading to inflammasome activation, expression of pro-
interleukin (IL)-1β and pro-IL-18, and the migration of dendritic cells (DCs) from the
lung to the draining lymph node and T-cells, which are critical for protective immunity
following influenza virus infection [13]. Disturbed gut microbiota directly or indirectly
affects innate and adaptive immune signals and cells in the pulmonary tissue, such as the
increased susceptibility to asthma, pulmonary allergic diseases, and chronic obstructive
pulmonary diseases [14–17]. More importantly, the severity of influenza infections has
been vastly related to the heterogeneous responses of the gut microbiota, as noted by the
finding that Bifidobacterium species in the gut can expand to enhance host resistance to
influenza [18].

In addition, gut microorganisms regulate innate memory by eliciting pattern recog-
nition receptors (PRRs) on monocytes/macrophages and natural killer cells to recognize
microbe- or pathogen-associated molecular patterns on microbes [19]. Toll-like receptors
(TLRs) and nucleotide-binding oligomerization domain (NOD)-like receptors, recognizable
on the host’s cells through PRRs, evoke different immunological reactions depending on
the types of cells, ligands, or receptors [20]. The fine alteration of the regulatory balance
of pro-inflammatory responses and inflammatory regulatory T cells (Tregs) ultimately
controlled by the commensal microorganisms is critical in coordinating gut immune home-
ostasis [20,21]. For example, polysaccharide A, an immunomodulatory molecule, secreted
by Bacteroides fragilis, can mediate the conversion of CD4+ T cells into IL-10-producing
Foxp3(+) Treg cells, and may be considered for the prevention and treatment of experimen-
tal colitis in mice [21].

3. Gut Dysbiosis during COVID-19

Patients with COVID-19 had significant changes in fecal microbiomes, characterized
by the enrichment of opportunistic pathogens and the depletion of beneficial commen-
sals [22]. Dysbiosis has been vastly associated with COVID-19 severity [22–25], because
the microbial diversity is regarded as a critical determinant of microbial ecosystem sta-
bility [26]. Among short-chain fatty acids (SCFAs), butyrate is not only responsible for
energy requirements of the colonic epithelium, but also preserves tissues by mitigating
chronic inflammatory responses through the regulation of pro- and anti-inflammatory
cytokines [27]. Accordingly, decreases in the abundance of butyrate-producing bacteria
(such as Faecalibacterium prausnitzii and Clostridium species), and the subsequent decline
in SCFA availability have been correlated with severe COVID-19 [22–25,28,29]. Addition-
ally, an increase in common pathogens in gut microbiota, such as Prevotella, Enterococcus,
Enterobacteriaceae, or Campylobacter, were consistently associated with high infectivity,
disease deterioration, or poor prognosis in COVID-19 patients [23–25,28]. The Prevotella
species, for example, is associated with augmented T helper type 17 (Th17)-mediated mu-
cosal inflammation, including activating TLR2 and Th17-polarizing cytokine production
(such as IL-23 and IL-1), stimulating epithelial cells to produce IL-8, IL-6, and CCL20, and
thus promoting neutrophil recruitment and inflammation [30]. The deterioration of the
clinical course of patients with COVID-19 infection might be in part due to the activa-
tion of severe inflammation through disruption in gut microbiota and the out-growth of
pathogenic bacteria.

Patients with COVID-19 also had the increased proportion of opportunistic fungal
pathogens, such as Aspergillus flavus and Aspergillus niger, detected in fecal samples [31]. In
metagenomic sequencing analyses of fecal samples from COVID-19 patients, the baseline
abundance of Coprobacillus, Clostridium ramosum, and Clostridium hathewayi was correlated
with disease severity, and an inverse correlation between abundance of F. prausnitzii
(an anti-inflammatory bacterium) and disease severity was disclosed [22]. Furthermore,
Bacteroides dorei, Bacteroides thetaiotaomicron, Bacteroides massiliensis, and Bacteroides ovatus,
which downregulated the expression of ACE2 in the gut, were correlated inversely with
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SARS-CoV-2 load [22]. The same study team also indicated that, in the cases of active
SARS-CoV-2 infections, the gut microbiota presented a higher abundance of opportunistic
pathogens, while increased nucleotide and amino acid biosynthesis, as well as carbohydrate
metabolism, were evidenced [24]. In summary, these findings reasonably suggest that the
development of therapeutic agents able to neutralize the SARS-CoV-2 activity in the gut, as
well as to restore the physiological gut microbiota composition, may be warranted.

A crucial association between the predominance of opportunistic pathogens in gut
microbiomes and unfavorable outcomes of COVID-19 patients has been comprehensively
reported [23]. In a Chinese cohort of COVID-19 patients with different disease severity,
the abundance of butyrate-producing bacteria decreased significantly, which may help
discriminate critically ill patients from general and severe patients. The increased propor-
tion of opportunistic pathogens, such as Enterococcus and Enterobacteriaceae, in critically
ill patients might be associated with a poor prognosis [23]. In another study, a higher
abundance of opportunistic pathogens, such as Streptococcus, Rothia, Veillonella, and Actino-
myces species, and a lower abundance of beneficial symbionts, could be noted in the gut
microbiota of COVID-19 patients [25]. In the American cohort, the specific alteration in
the gut microbiome, particularly Peptoniphilus, Corynebacterium, and Campylobacter, was
also noticed [28]. Nevertheless, opportunistic pathogens were prevalent in the COVID-19
cases, particularly among critically individuals, but the causal effect of the predominance
of opportunistic pathogens, and a grave outcome remains to be determined.

The recovery of dysbiosis after active SARS-CoV-2 infections exhibited geographical
and demographic differences [22,28,32]. After the clearance of SARS-CoV-2 and resolution
of respiratory symptoms, depleted symbionts and gut dysbiosis were usually persistent
among recovered COVID-19 patients, because microbiota richness did not yield to normal
levels after 6-month recovery [22]. In contrast, in an American cohort including recovered
COVID-19 cases, the dysbiosis could rapidly recover with a return of the human gut
microbiota to an uninfected status [28]. Although the great diversity in the ability of the
microbiota return was disclosed, it was evident that the recovery of gut microbiota could
be regarded as an indicator of the favorable prognosis among patients with COVID-19.

4. Therapeutic Effects of Dietary Supplement of Probiotics for COVID-19

Oral probiotics had been proven to exhibit antiviral effects and thereby to improve
gut health for achieving homeostasis [33,34]. To take the influenza infection as an example,
Lactococcus lactis JCM 5805 demonstrated the activity against influenza virus through
the activation of anti-viral immunity [34]. The oral administration of Bacteroides breve
YIT4064 can enhance antigen-specific IgG against influenza virus [33]. Moreover, a meta-
analysis report indicated the administration of these probiotics significantly reduced the
incidence of ventilator-associated pneumonia, possibly through reducing the overgrowth
of potentially opportunistic pathogens and stimulating immune responses [35]. However,
such a promotion of oral probiotics in treating critically ill patients experiencing COVID-19
should be further explored.

In COVID-19 patients, the excessive production of pro-inflammatory cytokines, a
so-called “cytokine storm”, is pathologically related to acute respiratory distress syndrome
and extensive tissue injury, multi-organ failure, or eventually death [36]. With COVID-19
progression, critically ill patients had higher plasma levels of many cytokines, in terms of
IL-2, IL-7, IL-10, granulocyte colony-stimulating factor, IFN-γ-inducible protein-10, mono-
cyte chemoattractant protein-1, macrophage inflammatory protein-1A, and TNF-α [37].
Therefore, therapeutic targeting on cytokines in COVID-19 treatment was evidenced to
increase survival [36]. Fecal levels of IL-8 and IL-23 and intestinal specific IgA responses
were vastly associated with severe COVID-19 disease, which indicated the co-existence of
systemic and local intestine inflammation in critically ill patients [38]. One of the commer-
cial probiotics, Lactobacillus rhamnosus HDB1258, might be effective in treating COVID-19
by modulating both microbiota-mediated immunity in gut and systemic inflammation
induced by lipopolysaccharide [39]. Accordingly, concomitant targeting on local and
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systemic inflammatory responses by probiotics is reasonably believed to be valuable to
counteract COVID-19-related gut and systemic inflammation.

Numerous probiotics and by-probiotic products exhibiting direct and indirect antivi-
ral effects have been reported in the scientific literature. Lactic acid-producing bacteria
such as lactobacilli can exert their antiviral activity by direct probiotic–virus interaction,
the production of antiviral inhibitory metabolites, preventing secondary infection, and
eliciting anti-viral immunity [40–47]. Nisin, one of the well-characterized bacteriocins from
probiotics, contributes to probiotic antiviral effects against influenza A virus and other
respiratory viruses [41,43]. A peptide, P18, produced by the probiotic Bacillus subtilis strain,
was regarded as an antiviral compound against influenza virus [42]. Probiotics capsules
containing live B. subtilis and E. faecalis (Medilac-S) can lower the acquisition of the gut
colonization of potentially pathogenic microorganisms [44]. L. rhamnosus GG have been
reported to prevent ventilator-associated pneumonia [45]. The heat-killed L. casei DK128
strain has been active against different subtypes of influenza viruses by an increasing pro-
portion of alveolar macrophages in lungs and airways, the early induction of virus-specific
antibodies, and reduced levels of pro-inflammatory cytokines and innate immune cells [46].
S. salivarius 24SMB and S. oralis 89a were able to inhibit the biofilm formation capacity
of airway bacterial pathogens and even to disperse their pre-formed biofilms [47]. The S.
salivarius strain K12 may stimulate IFN-γ release and suppress bronchial inflammation, and
its colonization in the oral cavity and upper respiratory tract will actively interfere with the
growth of pathogenic microbes [48]. Although these probiotics and their products provide
the favorable antiviral interaction with immune composition in the gut, the feasibility and
health effect of dietary probiotics to improve the dysbiosis in COVID-19 patients remains
to be studied.

Numerous probiotics had been proposed to be beneficial in coronaviral infections,
but the evidence detailing their efficacies in treating COVID-19 infection is limited [49]. L.
plantarum Probio-38 and L. salivarius Probio-37 could inhibit transmissible gastroenteritis
coronavirus [50]. The probiotic, E. faecium NCIMB 10415, has been approved as a feed
additive for young piglets in the European Union for treating the transmissible coronavirus
gastroenteritis [51]. The recombinant IFN-λ3-anchored L. plantarum can in vitro inhibit
porcine gastroenteritis caused by coronavirus [52]. However, the clinical utility of probiotics
in human infections caused by SARS-CoV-2 warrants further evaluations [53–57].

Another important issue regarding probiotics for COVID-19 cases is the patient safety.
For an example, B. longum bacteremia had been reported in preterm infants receiving
probiotics [58,59]. Since gastrointestinal SARS-CoV-2 involvement has been reported,
the possibility of increased intestinal permeability should be expected and the risk of
secondary bacterial infections in the gut is substantial if high-dosage steroid and other
immunomodulation agents are administrated to treat the cytokine storm associated with
COVID-19 [60,61]. The oral formulation Sivomixx®, which was a mixture of probiotics,
was independently associated with a reduced risk for death in a retrospective, observa-
tional cohort study that included 200 adults with severe COVID-19 pneumonia [62]. In
another study, nearly all COVID-19 patients treated with Sivomixx®showed remission
of diarrhea and other symptoms within 72 h, in contrast to less than half in the control
group [63]. However, the clinical application of probiotics in COVID-19 patients requires
more evidence.

In ClinicalTrials.gov, 22 trials of probiotics for the prevention or adjuvant therapy of
COVID-19 were registered since April 2020, including one aiming to study the effect of
oxygen-ozone therapy, one studying intranasal probiotics, and the other using throat spray-
containing probiotic [64]. Of the remaining 19 trials, 8 common probiotic strains include
Lactobacillus (7 trials), a mixture of Bifidobacteria and Lactobacillus (5), and Saccharomyces
species (2) (Table 1). The major outcome was greatly diverse in these trials, including
disease prevention, symptom relief, antibody titers, disease progression, changes of viral
load, microbiome effects, and mortality. Based on these trials, the role of dietary supplement
probiotics for COVID-19 can be more evident in the near future.
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There are microbiome-targeting agents other than oral probiotics for patients with
COVID-19 infection. A clinical trial of oral prebiotics, KB109, a novel synthetic glycan
to modulate gut microbiome composition and to increase SCFA production in the gut, is
ongoing (NCT04414124) [64]. Throat spray containing three Lactobacillus strains was imple-
mented in a clinical trial to change the severity of COVID-19 and prevent transmission of
SARS-COV-2 virus to household members (NCT04793997) [64]. Moreover, there are several
next-generation probiotics identified by metagenomic approaches, such as F. prausnitzii
and Akkermansia muciniphila, which can generate diffusible metabolites, including butyrate,
desaminotyrosine, and SCFAs, and may improve pulmonary immunity and prevent viral
respiratory infections [65]. It can be expected, in the future, microbiome-targeting therapy
may decrease disease severity, relief symptoms, or prevent viral transmission, and play a
role in the treatment of patients with COVID-19 infection

5. Conclusions

Patients with COVID-19 had significant changes in fecal microbiomes, characterized
by the enrichment of opportunistic pathogens and the depletion of beneficial commensals,
which is vastly associated with disease severity. Besides anti-viral agents or supportive
treatment, microbiome-targeting therapy may provide an alternative to prevent COVID-19
deterioration. Oral probiotics may have antiviral effects via the gut–lung axis and improve
gut health for achieving homeostasis. Although some commercial probiotics have been
effective against coronavirus, the evidence detailing their efficacies in treating COVID-19
patients is limited. Registered clinical trials of probiotics in COVID-19, mainly Lactobacillus
and mixtures of Bifidobacteria and Lactobacillus, are ongoing and thus the preventive or
therapeutic role of probiotics for such patients can be elucidated in the near future.
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Abstract: Microbial life in extreme environments, such as deserts and deep oceans, is thought to
have evolved to overcome constraints of nutrient availability, temperature, and suboptimal hygiene
environments. Isolation of probiotic bacteria from such niche may provide a competitive edge over
traditional probiotics. Here, we tested the survival, safety, and antimicrobial effect of a recently
isolated and potential novel strain of Bacillus subtilis (CP9) from desert camel in vitro. Antimicrobial
assays were performed via radial diffusion, agar spot, and co-culture assays. Cytotoxic analysis was
performed using pig intestinal epithelial cells (IPEC-J2). Real time-PCR was performed for studying
the effect on ETEC virulence genes and metabolomic analysis was performed using LC-MS. The
results showed that CP9 cells were viable in varied bile salts and in low pH environments. CP9
showed no apparent cytotoxicity in IPEC-J2 cells. CP9 displayed significant bactericidal effect against
Enterotoxic E. coli (ETEC), Salmonella Typhimurium, and Methicillin-resistant Staphylococcus aureus
(MRSA) in a contact inhibitory fashion. CP9 reduced the expression of ETEC virulent genes during
a 5 h co-culture. Additionally, a unique emergent metabolic signature in co-culture samples was
observed by LC-MS analysis. Our findings indicate that CP9 exhibits a strong antibacterial property
and reveals potential mechanisms behind.

Keywords: probiotic; bacillus subtilis; antimicrobial; contact inhibition; extreme environment

1. Introduction

Probiotics have gained much interest for the past decade in animal and human health
research due to their ability to interact with the host microbiome and modulate cellular
functions within the host [1,2]. The International Scientific Association for Probiotics and
Prebiotics (ISAPP) defines probiotics as ‘Live microorganisms which, when administered
in adequate amounts, confer a health benefit on the host’ [3]. One of the most intriguing
host-benefiting properties of probiotics is its antagonism against pathogenic bacteria,
which may be attributed to competitive inhibition, promoting growth of commensal or
beneficial bacterial, and secretion of antimicrobial secondary metabolites [4–6]. In the host,
probiotic bacteria may either directly aid exclusion of pathogenic bacteria by production of
small antimicrobial compounds [7], or indirectly by strengthening mucosal membranes
and modulating the immune capabilities of the host [8]. Various probiotics have been
researched in the past; however, their application is limited to the survival of the strains
in the intestinal gut microenvironment, which may be influenced by low pH, bile acids,
digestive enzymes, host diet, and the colonization-resistant microbiome [9–12].
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Little is known regarding the colonization pattern of probiotics in the context of
attachment to the gastro-intestinal tract walls and metabolic interaction with enteric
pathogens [10]. In the intestinal microbial landscape, probiotic interaction and commu-
nication with the commensal population occurs through metabolic exchange. Previous
studies have shown the importance of studying microbial metabolic potential [13,14]. In
addition, probiotics are able to cause shifts within the microbiome [15] and thus influence
the colonization of enteric pathogens [16,17]. Hence, a more in-depth understanding on the
metabolic potential of the probiotics is important in developing and enhancing the efficacy
of probiotic interventions.

Bacillus subtilis is a gram positive, rod shaped, aerobic or facultative anaerobic bacteria
belonging to genus Bacillus, widely found in the environment [18]. It has been previously
studied and used as a probiotic in fermented foods and also as a supplement [18,19]. One
of the unique properties of this bacterium is that it can form spores when challenged with
unfavourable conditions for growth [20]. This hardy behaviour may help this bacterial
strain to cross the gastrointestinal tract (GIT) fluid barrier and establish itself in the gut.
More recently, studies have shown that extreme environment regions, such as deserts and
deep oceans, may provide an additional evolutionary benefit to the resident bacteria for
survival within the host as well as host adaptation to the environment [21,22]. Therefore,
isolation of probiotic bacteria from such niches may allow identification of more robust
strains for animal and human supplementation. This notion takes into consideration the
fact that microbes living in these extreme conditions are able to overcome the constraints
of limited nutrients, desiccation, and extreme fluctuating temperatures. Studying their
molecular mechanisms and metabolic interactions with targeted pathogens could further
provide cues to predict efficiency for novel antimicrobial probiotic intervention.

We recently isolated a novel Bacillus subtilis strain from Sub-Saharan camel [23]. Initial
assessment showed a high extracellular protease and cellulase activity of the strain. In the
current study, we attempted to test the safety and survival of this novel Bacillus subtilis
as potential probiotic strain, CP9, in the intestinal environment in vitro, as well as its
antagonistic properties against pathogenic bacteria. Moreover, the potential mechanism
behind its antimicrobial property was also investigated.

2. Materials and Methods
2.1. Microbial Strains and Growth Conditions

We previously isolated and characterized Bacillus subtilis (CP9; [23]). Bacillus subtilis
(ATCC 6633) as a control strain was acquired from American Type Culture Collection
(ATCC; Edinburg, VA, USA). Enterotoxic E. coli (ETEC), Salmonella typhimurium, and
Methicillin-resistant Staphylococcus aureus (MRSA) were acquired from Animal Health lab
at University of Guelph, ON, Canada. CP9, ATCC 6633, ETEC, and Salmonella Typ. were
grown aerobically in LB (Luria-Bertani, St. Louis, MO, USA) medium with constant shaking
(200 RPM) at 37 ◦C. Tryptic soy broth (TSB; Becton–Dickinson, Sparks, MD, USA) was used
to grow MRSA with constant shaking (200 RPM) at 37 ◦C. ETEC strain was positive for
virulence factors K88: fimbrial variant 4 (F4), heat-labile enterotoxin A (eltA), heat-labile
enterotoxin B (eltB), heat-stable enterotoxin A (estA), and heat-stable enterotoxin B (estB).

2.2. Survivability in Gastrointestinal Tract (GIT) Environment
2.2.1. Tolerance to Acid and Bile Salts

The tolerance of CP9 in acidic and bile salts environment was studied by methodology
previously described [24] with minor modifications. Briefly, for assessing the tolerance
of CP9 to acidic environment, 30 µL of the overnight cultures of CP9 were incubated
with 70 µL LB broth adjusted to pH 2, 3, and 6.6 (control) using 1 N hydrochloric acid
(HCl) in a 96-well microplate for 2 and 5 h. For assessing the tolerance of CP9 to bile salts
environments, 30 µL of the overnight cultures of CP9 were incubated with 70 µL LB broth
adjusted with 0% (control), 0.3%, 0.5%, and 1% bile salt (Sigma-aldrich, St. Louis, MO, USA)
in a 96-well microplate for 1, 3, and 5 h. After the end of each incubation, cell viability
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and growth were measured spectrophotometrically via the metabolic activity of the cells
using Bacterial Counting Colorimetric Assay Kit (BioVision Technologies, Inc., Chester
Springs, PA, USA) following manufacturers protocol. Zero time period in all experiments
represented the cellular activity of the initial cell concentration at the time of addition of
the substrate. Metabolic cell activity and growth were then compared relative to the zero
time point within each treatment group.

2.2.2. Tolerance to Swine GIT Fluids

Swine GIT fluids were collected, as previously described [25] courtesy of Anna
Maystrenko. Briefly, the porcine gastrointestinal tract was obtained from the Meat Science
Laboratory (University of Guelph, Guelph, ON, Canada). The GIT dissections and col-
lection of gastric, duodenum, and jejunum contents were performed at 4 ◦C. Digestive
contents were centrifuged at 10,000 rpm (9600× g) for 10 min at 4 ◦C, and supernatant
fluid was collected, filter-sterilized using Fisherbrand 0.22 µm nylon filter (Fisher Scientific,
Waltham, MA, USA) and stored at −80 ◦C until its use in the Tolerance to GIT fluids experi-
ment. The pH of the collected supernatants was 3.5 and 6.5 for gastric fluid and duodenum
fluid, respectively. To assess the tolerance of CP9 in the extracted swine GIT fluids, 30 µL of
the overnight cultures of CP9 were incubated with 70 µL of extracted gastric, duodenum,
and jejunum fluids in a 96-well microplate for 1, 2, and 5 h. Cell viability and growth were
measured using Bacterial Counting Colorimetric Assay Kit (BioVision Technologies, Inc.,
Chester Springs, PA, USA) following manufacturers protocol. Zero time period in this
experiment represented the cellular activity of the initial cell concentration at the time of
addition of the substrate. Metabolic cell activity and growth were then compared relative
to the zero time point within each treatment group.

2.3. Evaluation of Antagonistic Activity of CP9 against ETEC, Salmonella Typ., and MRSA
2.3.1. Agar Radial Diffusion Assay

The inhibitory activity of the CP9 cell-free supernatant (CFS) was evaluated by radial
diffusion assay as preciously described [26] with minor modifications. Briefly, 108 CFUs
of ETEC, Salmonella typ., and MRSA were mixed with 30 mL of respective nutrient media
agar and poured into a 100 mm round Petri dish. With the help of a sterile 1 mL pipette
tip, approximately 5 mm diameter holes were punched in the agar and 100 µL of the
filter-sterilized cell-free supernatant of CP9 or LB (negative control) or Hygromycin B
(10 mg/mL, positive control, Sigma-aldrich, St. Louis, MO, USA) was added to the holes.
After the supernatants were fully absorbed, plates were incubated at 37 ◦C under aerobic
conditions. After an incubation period of 24 h, the diameters of the zones of inhibition
were observed.

2.3.2. Agar Spot Assay

The contact-dependent inhibitory effect of CP9 was assessed by agar spot assay as pre-
viously described [27] with minor modifications. Briefly, 108 CFUs of ETEC, Salmonella typ.
and MRSA were mixed with 30 mL of respective nutrient media agar and poured into
a 100 mm round Petri dish. Overnight cultures of CP9 were grown to log phase until
108 CFUs were achieved and 10 µL of that culture, or LB (negative control) or Hygromycin
B (10 mg/mL, positive control) was added to the petri dish with test pathogens. After the
spots were fully absorbed, plates were incubated at 37 ◦C under aerobic conditions. After
an incubation period of 24 h, the diameters of the zones of inhibition were observed.

2.3.3. Bacterial Co-Culture Assay

Quantitative analysis of CP9’s inhibitory effect on the test pathogenic strains in a
contact-dependent manner was performed by bacterial co-culture assay as previously
described [28] with minor modifications. Briefly, 10% of 108 cells of overnight cultures of
CP9, ETEC, Salmonella typ., and MRSA were inoculated in 5 mL of their fresh respective nu-
trient media in 15 mL Falcon™ Round-Bottom Polypropylene Test Tubes (Fisher Scientific,
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Waltham, MA, USA) and vortexed for 10 s. These cultures were named culture A. One ml
of the CP9 culture A was mixed with 1 mL of ETEC culture A or Salmonella typ. culture
A or MRSA culture A in a fresh 15 mL test tube and incubated at 37 ◦C under aerobic
conditions for 5 h. After the end of the incubation, viable cell number of test pathogenic
strains were analyzed by performing serial dilutions and colony forming units per ml were
counted using pathogen-specific agar plates. MacConkey agar (Thermo Fisher Scientific,
Waltham, MA, USA) was used for ETEC and Salmonella typ., Columbia blood agar plates
with 5% sheep blood were used for MRSA by counting typical hemolytic colonies, and
bacillus cereus agar (PEMBA) with egg yolk and polymyxin B supplement was used for
enumeration of CP9.

2.3.4. Cell Line Culture Conditions

The porcine intestinal epithelial cell line, IPEC-J2, originally derived from jejunum
of neonatal piglet [29] was acquired from the American Type Culture Collection (ATCC;
Virginia, USA). IPEC-J2 cells were cultured in a 1:1 mixture of Dulbecco’s modified Eagle’s
medium/Ham’s Nutrient Mixture F-12 (DMEM/F12) supplemented with 10% fetal bovine
serum (FBS) and 1% Pen-Strep (10,000 units/mL, Invitrogen, Waltham, MA, USA) under
5% CO2 in a 95% aerobic atmosphere with 90% humidity at 37 ◦C.

2.3.5. Cell Cytotoxicity Assay

The impact of CP9 on IPEC-J2 cell viability was determined by performing cell cyto-
toxic assays as described [30]. Briefly, 2 × 105 cells/mL were seeded per well of a 96-well
tissue culture plate and grown in 37 ◦C for 24 h. Media was then replaced with fresh
DMEM/F12 media without antibiotics. Cell free supernatant (20, 50, 75, and 100 µL/mL)
and CP9 (108 cells/mL) were added to IPEC-J2 cells and incubated at 37 ◦C for 8 h. Final
well volume was 200 µL/well. After the end of incubation, cell viability was analyzed by
using alamarBlue™ Cell Viability Reagent (Thermo Fisher Scientific, Waltham, MA, USA)
following manufacturer’s instructions.

2.3.6. Cell Surface Adhesion Assay

To determine CP9′s ability to adhere to the IPEC-J2 cells, cell surface adhesion assay
was performed as preciously described [30] with minor modifications. Briefly, IPEC-J2
cells were seeded in 12 well tissue plates with 2 × 105 cells/well and grown for 24 h.
Cells were then washed two times with PBS to remove the antibiotics in the medium.
Fresh DMEM/F12 media without antibiotics was added to all wells. Commercial strain
CS and CP9 were grown to log phase and 1 × 108 cells/mL were pelleted, washed with
PBS and resuspended in DMEM/F12 incomplete media before incubating with IPEC-J2
cells for 3 h at 37 ◦C aerobically. After end of incubation, media was removed, and all
the wells were washed twice with PBS to remove unadhered bacterial cells. Cells were
collected using trypsin-EDTA solution, and serial dilutions were plated on LB nutrient agar
plates and incubated aerobically at 37 ◦C overnight for enumerating and counting adhered
bacterial cells.

2.3.7. Gene Expression Analysis

To analyze the effects of CP9 on the expression of virulence-related genes in ETEC, a
co-culture experiment was performed where equal volumes of 108 cells of CP9 and 108 cells
ETEC or 108 cells of their monocultures were grown in LB nutrient broth aerobically at
37 ◦C for 5 h. Prior to RNA extraction, RNAprotect Bacteria Reagent (Qiagen 76506) was
added to each culture (2:1) for RNA stabilization. Total RNA was then extracted using an
RNeasy Protect Bacteria Mini Kit (Qiagen, ON, Canada) according to the manufacturer’s
protocol. RNA yield and quality were assessed spectrophotometrically via A230, A260,
and A280 nm measurements using a NanoDrop™ 8000 Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). cDNA synthesis was performed as previously described
by [31] using a QuantiNova Reverse Transcription Kit (200) (Qiagen, ON, Canada). Quanti-
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tative real time-PCR (qPCR) was used to measure the change in the expression levels of
transcripts of seven different virulence genes in ETEC, namely motA (motility-flagellar),
faeG (adherence-K88, F4, fimbrial protein), tnaA (Tryptophanase-energy metabolism), estA
and estB, (heat-stable enterotoxin A and B, respectively), and eltA and eltB (heat-labile
enterotoxin A and B respectively), as previously described by [32]. Primers were designed
using a Primer-BLAST tool (NCBI; National Center for Biotechnology Information) and
synthesized by Integrated DNA Technologies, Guelph, Canada. Primer information is
listed in Table S1. The efficiencies of the primers were calculated using CFX Manager
Software (Bio-Rad Laboratories Ltd., Hercules, CA, USA). Gene expression was normalized
using two reference genes, i.e., the E. coli D-glyceraldehyde-3-phosphate dehydrogenase A
subunit (gapA) and the E. coli 16S ribosomal RNA genes. After determining the threshold
cycle (Ct) for each gene, the relative changes in gene expression of ETEC co-cultured with
CP9 compared to virulence gene expression of ETEC alone were calculated using the 2−∆∆Ct

method in CFX Manager Software (Bio-Rad Laboratories Ltd., Hercules, CA, USA) [32].

2.4. Metabolomic Analyses
Sample Preparation and LC/MS Procedure

To determine and compare the extracellular metabolite secretions of CP9 in a co-
culture with ETEC, a co-culture experiment was performed for five hours. After the end of
co-culture incubation, CP9 and ETEC monocultures along with their co-culture samples
were centrifuged, supernatant was collected, and filter sterilized using Fisherbrand 0.22
µm nylon filters. LB nutrient media was used as a negative control sample. The samples
were immediately frozen in liquid nitrogen and stored in a −80 ◦C ultrafreezer. Samples
were packed in dry ice and shipped to the BioZone Mass Spectrometry Facility in the
Chemical Engineering Department at the University of Toronto for metabolite extraction
and liquid chromatography-mass spectrometry analysis, courtesy of metabolomics special-
ist, Robert Flick. Briefly, protein from the samples was precipitated and metabolites were
vacuum dried using a speedvac at ambient temperature, followed by resuspension in one
tenth the original volume using the appropriate starting solvent for each chromatography
method. Samples were then analysed using a Thermo Scientific Ultimate 3000 UHPLC
(Thermo Fisher Scientific, Waltham, MA, USA) equipped with a Hypersil Gold C18 column
(50 mm × 2.1 mm, 1.9 um) (Thermo Scientific, Waltham, MA, USA) or a Phenomenex Luna
NH2 column (150 mm × 2 mm, 3 um), both with guard columns. The temperature of
the column was set to 40 ◦C with a flow rate of 300 µL.min−1. Water and acetonitrile
containing 0.1% formic acid were used as eluents. The gradient for the C18 column was
performed at 5% B for 1 min, linear gradient at 98% B for 6 min, maintained at 98% B
for 3 min, returned to 5% B for 0.5 min, and finally a re-equilibration at 5% B for 4.5 min
(total runtime 15 min). The gradient for the Luna NH2 column was performed at 90% B
for 1 min, linear gradient at 5% B for 4 min, maintained at 5% B for 8 min, returned to
90% B over 1 min, and finally a re-equilibration at 90% B for 6 min (total runtime 20 min).
The autosampler of the Thermo Scientific Ultimate 3000 UHPLC was loaded with 10 µL
liquid samples. The autosampler temperature was kept at 10 ◦C. A Q-Exactive Orbitrap
mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a Heated
Electrospray Ionization (HESI II) probe was used for compound detection. The system was
operated in negative and positive ionization modes for generating spectra. MS1 spectra
were acquired over an m/z range from 80 to 1200 with the mass resolution set to 70 k,
AGC Target of 3E6, max injection time 100 ms, spray voltage 3.5 kV, capillary temperature
320 ◦C, sheath gas 15, aux gas 5, spare gas 2 and s-lens RF level 50. Data-dependent MS2
spectra using a Top5 approach were acquired using a mass resolution of 17.5 k, AGC Target
of 1e5, max injection time 50 ms, isolation window of 1.0 m/z and HCD collision energy
of 30. After generating the raw peaks, the untargeted metabolomic data was processed
(raw signals exacting, data baselines filtering, peak identification and integration) and
metabolite detection (KEGG and BioCyc database) using the differential analysis software
package Compound Discoverer 2.1 (Thermo Scientific, Waltham, MA, USA).
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2.5. Statistical Analyses

All experiments were performed in three biological replicates and data are presented
as mean ± standard error of the mean (SEM). For gene expression analysis, experiments
were performed in triplicate (n = 3) and data are presented as mean ± standard error of
the mean (SEM). Data were analyzed with GraphPad Prism v. 7.0 (GraphPad Software,
Inc., San Diego, CA, USA) using one-way or two-way ANOVA with Tukey’s post hoc test.
p < 0.05 was considered significant for all statistical tests.

Metabolomic data was analyzed by performing multivariate statistical analysis and
one-way analysis of variance using Metaboanalyst (version 5.0) online analysis software
(www.metaboanalyst.ca, accessed 18 October 2020). Briefly, samples were first normalized
to the internal control and LB media control. Processed data was filtered to identify
and remove any variables followed by normalization and scaling. Principal Component
Analysis (PCA) and Partial Least Squares-Discriminant Analysis (PLS-DA) combined with
one-way ANOVA and post-hoc analysis were used to screen the significantly differential
metabolites. p < 0.05 was considered significant for all statistical tests. The model was
evaluated by cross validation method using Q2 as a performance measure. Clustering and
pathway analysis was performed by generating a heat map using Euclidean distances and
complete linkage with ANOVA results.

3. Results
3.1. CP9 Survives Gastrointestinal Environment

We first examined tolerance of CP9 to different bile salts and pH environments by
measuring the metabolically live cell activity as described in Materials and Method section.
Figure 1A shows that, compared to the initial cell activity at time point zero, no significant
change in the cell activity of CP9 was observed in the presence of 0.3%, 0.5% and 1% bile
salts for up to 3 h. However, by the end of the 5 h incubation, CP9 metabolic activity
increased more than double from the initial 0 h time period across all bile concentrations
tested, suggesting significant cell growth of CP9 in the varied bile salt environment after
initial adaptation.

Similarly, data from the low pH incubation analysis showed that CP9 maintained its
initial metabolic cell activity for up to 2 h of incubation in pH 2 and pH 3 environments
(Figure 1B). Metabolic activity of CP9 by the 5 h time period increased significantly (p < 0.05)
in both pH environments tested, suggesting CP9 could survive in low pH environments
after initial adaptation in lower pH.

Overall, results from these suggest that, compared to the untreated CP9 cells, the
metabolic activity of CP9 cells in varied concentrations of bile and low pH environments
showed a halted growth, and the recovery in the cellular activity in higher time points is
indicative of CP9 survival and growth in the stressed environments tested.

To further assess survival of CP9 in the intestinal environment, we incubated CP9 with
freshly collected fluid from gastro-intestinal tract (GIT). It was found that, in gastric fluid,
CP9 cells maintained a similar metabolic cell activity up to 2 h of incubation, which signifi-
cantly increased (p < 0.05) by the 5 h incubation period (Figure 1C). Similarly, compared to
initial metabolic activity at the 0 h time point, CP9 cells incubated with duodenum and
jejunum fluids showed enhanced metabolic activity in all time periods tested, suggesting
that CP9 may survive and propagate in a GIT environment.
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Figure 1. Metabolic activity and viability of CP9 cells in (A) bile environment, (B) low pH environment, and (C) swine
gastro intestinal fluids. Data are presented as mean ± standard error of the mean (SEM). Bars with statistical significance
denoted as * (p ≤ 0.05), using Tukey’s multiple comparison test in ANOVA. Significance in all tests is compared with
the initial metabolic activity at time zero within each treatment group. The experiment was performed in triplicates and
repeated thrice.

3.2. CP9 Adherence and Toxicity on IPEC Cells

As a potential probiotic, we next assessed the ability of CP9 to adhere to the pig
intestinal epithelial cells, IPEC-J2. To compare the adhesion, we used a commercially
available swine probiotic bacillus subtilis (CS) as a control. It was found that CP9 had a
significantly higher (p < 0.01) adherence to the IPEC-J2 cells, which was 2.6 times higher
than the than the commercially available strain CS (Figure 2A).

We next assessed if CP9 impacts intestine cell viability by incubating the CFS of CP9
and the bacterium itself with IPEC-J2 cells for 8 h. As shown in Figure 2B, no significant
change in the relative metabolic activity of IPEC-J2 cells was observed when the IPEC-J2
was co-cultured with various concentrations of CP9 CFS or 108 CFU/mL CP9 cells. Similar
results were observed for the commercial strain CS, where relative metabolic activity of the
cells remained consistently well over 90%. Taken together, these results suggest that CP9 is
not cytotoxic to the IPEC-J2 cells and shows better adhesion capacity to the cells compared
to commercially available B. subtilis strain, CS, in vitro.
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Figure 2. CP9 interaction with Swine intestinal cells, (A) CP9 cell surface adherence and (B) CP9
impact on swine intestinal epithelial (IPEC-J2) cell viability. Commercially available Bacillus subtilis
strain (CS) was used as a comparative strain. Data are presented as mean ± standard error of
the mean (SEM). Bars with statistical significance denoted as * (p ≤ 0.05), using Tukey’s multiple
comparison test in ANOVA. The experiment was performed in triplicates and repeated thrice.

3.3. CP9 Exhibits Anti-Pathogenic Activity via Contact Inhibition

We first tested the inhibitory potential of CP9′s secretions against ETEC, Salmonella Typ.
and MRSA. Cell-free supernatant from the log-phase CP9 culture was extracted and in-
oculated on agar plates containing ETEC, Salmonella Typ. and MRSA, separately, using
radial diffusion assay. After 24 h of aerobic incubation, no inhibition zone on pathogen
growth was observed by the CP9 CFS (Figure 3A), suggesting that CP9 did not secrete anti-
pathogen substances in mono-cultures. Interestingly, when CP9 was spotted and grown
on the pathogen-inoculated agar plates, clear inhibitory zones were observed in all the
pathogens tested (Figure 3B). The results suggest that CP9 may act in a contact-dependent
manner against ETEC, Salmonella Typ. and MRSA. To further evaluate the impact of CP9 on
the viability of pathogenic bacterial strains, we performed a quantitative analysis, where
the pathogenic bacterial strains were grown in a co-culture with CP9. Results from the
5 h co-culture experiment showed that, compared to the individual cultures, co-culture
with CP9 significantly (p < 0.05) reduced the number of ETEC, Salmonella Typ. and MRSA
(Figure 3C) by more than 75%, further confirming CP9′s ability to halt the growth of
pathogenic bacteria when cultured together or in contact with the pathogen.
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Figure 3. Inhibitory and bactericidal activity of CP9 against ETEC, Salmonella typ., and MRSA; (A) Agar radial diffusion
assay using CP9 cell free supernatant; (B) Agar spot assay and (C) Co-culture assay. LB media was used as negative control
(NC), 10 mg/mL Hygromycin C was used as positive control (PC). Data are presented as mean ± standard error of the
mean (SEM). Bars with statistical significance denoted as * (p ≤ 0.05), ** (p ≤ 0.01) and *** (p ≤ 0.001) using Tukey’s multiple
comparison test in ANOVA. The experiment was performed in triplicates and repeated thrice.
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3.4. CP9 Downregulates Virulence Genes Expression in ETEC

To evaluate if CP9 plays a role in attenuation of ETEC virulence, we analyzed the
expression of the several virulence genes of ETEC such as motA (motility-flagellar), faeG
(adherence-K88, F4, fimbrial protein), tnaA (Tryptophanase-energy metabolism), estA, estB,
(heat-stable enterotoxin A and B, respectively) and eltA and eltB (heat-labile enterotoxin A
and B respectively). As shown in Figure 4, while the expression of adherence gene faeG
was downregulated upon co-culture with CP9, there was an increased expression of motA
gene responsible for flagella motility. Expression of genes encoding ETEC toxins, estA,
estB, and eltA, were significantly downregulated upon co-culture with CP9; however, there
was no significant change observed in the expression of eltB gene. Finally, expression of
tnaA gene was also seen significantly downregulated upon incubation with CP9. Overall,
these data suggest that CP9 influenced and suppressed the expression of ETEC toxin genes
and genes involved in pathogen adherence.

Figure 4. Relative gene expression of ETEC virulence-related genes in co-culture with CP9. Data are presented as
mean ± standard error of the mean (SEM). Bars with statistical significance denoted as * (p ≤ 0.05), **** (p ≤ 0.0001), using
Tukey’s HSD test in ANOVA. All values are relative to untreated ETEC monoculture. This experiment was performed
in triplicate.

3.5. Secreted Metabolic Repertoires of the CP9 and ETEC Co-Culture Vary Significantly Than
Their Monocultures

In order to decipher the metabolic impact of bacteria-bacteria interaction and potential
mechanisms on growth inhibition in a co-culture, we performed metabolomic analysis
on secreted factors in the CFS of mono and co cultures of CP9 and ETEC, using liquid
chromatography coupled to a mass spectrometer (LC-MS). An untargeted metabolomics
approach was applied to capture a wide array of secreted metabolites in mono versus
co-culture groups. The metabolomic features were first normalized and refined by using
the same culture media as previously described [16]. The system successfully identified
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199 metabolites (Table S2), which were then statistically analyzed through Metaboanalyst
(version 5.0) online analysis software. Compared to the mono-cultures, the co-culture had
substantially altered metabolomic profiling, as seen via heat map and clustering analysis
(Figure 5A). To compare the metabolomic patterns in the secretions of CP9, ETEC and
their co-culture, we first performed PCA and PLS-DA multivariate statistical analyses
to evaluate the metabolic features that caused significant separation between the groups.
Figure 5 shows clear separation in metabolomic profiles between the three groups. The R2
and Q2 values obtained from PLS-DA were >0.8 (Figure S1), suggesting that the models
used were of reasonable and acceptable quality and could be further used for analyzing
significant differences between the groups. Interestingly, samples from co-culture appeared
to be located closer to the CP9 mono-culture, suggesting that the co-culture metabolome
was less resembling to the negatively affected strain ETEC (Figure 5B,C). Importantly, the
emergent separation of metabolomic profiles in the co-culture suggests that the interaction
of CP9 and ETEC may have resulted in production of specific metabolites that may play a
role in negatively affecting ETEC growth in the co-culture.

Figure 5. Metabolic repertoire of emergent features in CP9 and ETEC co-culture. (A) Heat map of successful annotated
compounds showing significant clustering patterns between mono and co-culture of CP9 and ETEC; (B) 3D score plot
of PCA model of variance and (C) Score plot of PLS-DA model of variance showing clear separation between mono and
co-culture metabolomic profiles of CP9 and ETEC. Detail list of the metabolites are provided in Supplementary Table S2.
Statistical analysis was performed using MetaboAnalyst software v4.036, ANOVA testing with Fisher’s post hoc analysis
plus false discovery rate (FDR) analysis. Features with p < 0.05 plus fold change of >2 were considered significant.

175



Microorganisms 2021, 9, 1483

3.6. CP9 and ETEC Co-Culture Induces Emergence of New Metabolites with
Antimicrobial Properties

To determine the significantly different metabolic features between the groups, we
combined the Variable Importance for the Projection (VIP, VIP obtained by PLS-DA model)
data with p-value obtained by performing one-way ANOVA analysis on the identified
metabolites. For determining significant differential metabolites, the metabolite had to
pass the screening criteria of VIP > 1 and p < 0.05 as previously described by [33]. A total
of 143 metabolites were found to be significantly distinct between the mono- and CP9
and ETEC co-cultures (Table S3), and 82 differential metabolites were found to have a
VIP score above 1 (Table S4). In order to look for the unique metabolites that may be
secreted or influenced by CP9 in response to co-culture with ETEC, we focused on (i) the
metabolites that emerged only as a result of co-culture and were absent in the monocultures,
(ii) the metabolites that emerged in CP9 mono-cultures and were overexpressed in co-
culture and (iii) the metabolites that had significantly higher concentrations in ETEC
monoculture but were either suppressed or overexpressed in the co-culture (Table 1).
Out of the 31 selected metabolites (Table 1), 11 metabolites presented only in the co-
culture group. The unique profile consisted of metabolites belonging to fatty acid and
energy metabolism, tryptophan metabolism, polyamine metabolism, nitrogen metabolism,
and secondary metabolites with known antimicrobial properties. In the second group,
14 metabolites already observed in the CP9 monoculture group were seen to be increased
significantly (p < 0.05) in the co-culture group. These unique metabolites belonged to fatty
acid and energy metabolism, glutathione metabolism, polyamine metabolism and cell-cell
signaling, nucleoside analogues, arachidonic acid metabolite, serine protease inhibitor and
secondary bacterial bile acid. Additionally, three metabolites with structural similarities
to commercial drugs/chemicals emerged in second group; however, no exact match in
the metabolomic database or relevance to their role in microbial physiology could be
determined. Lastly, the third group, reflecting metabolites that were present in ETEC and
were significantly influenced by CP9 in co-culture, showed varied abundance of metabolites
involved in tryptophan metabolism, secondary metabolites involved in ETEC virulence,
purine metabolism, and cell growth.

Table 1. Differential metabolites uniquely emerging in co-culture and mono-cultures.

VIP Scores

Group Metabolite Comp. 1 Comp. 2 p Value Pathway/Function

Co-culture only

9-
Decenoylcarnitine 1.3611 1.3578 5.69 × 10−8 Fatty acid/energy

Metabolism

Carnosine 1.412 1.3994 1.47 × 10−6 Fatty acid/energy
Metabolism

5-Methoxy-3-
indoleaceate 1.3661 1.3571 2.08 × 10−6

Tryptophan
metabolism and

antimicrobial
metabolite

Indole 1.5536 1.5057 1.70 × 10−6

Tryptophan
metabolism and

antimicrobial
metabolite

Valclavam 1.3586 1.3543 4.26 × 10−6 Antimicrobial
metabolite

3-[(3-
Hydroxyundecanoyl)oxy]-

4-
(trimethylammonio)

butanoate

1.3429 1.3343 0.00092045 Fatty acid/energy
Metabolism
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Table 1. Cont.

VIP Scores

Group Metabolite Comp. 1 Comp. 2 p Value Pathway/Function

n-phenethyl
acetamide 1.4326 1.4083 0.0011712

Antibacterial
secondary
metabolite

LT9970000/
Furmecyclox 1.4475 1.4108 0.0029438 Drug

Uric Acid 1.039 1.0652 0.0034036

Nitrogen
metabolism/Amino

acid and protein
synthesis

Putrescine 1.0175 1.0174 0.0071156

Polyamine/Cell
growth and
metabolism/

Virulence
MFCD00059633/ 3-
Hydroxymyristic

Acid
1.0336 1.0203 0.023742

Bacterial
metabolite/fatty
acid metabolism

CP9 and
overexpressed in

Co-culture

C8-Carnitine 1.4194 1.4042 1.22 × 10−9 Fatty acid/energy
Metabolism

L-Cysteinylglycine
disulfide 1.5642 1.5136 2.15 × 10−9

Di-peptides/
Glutathione
metabolism

N(1)-
acetylspermidine 1.4443 1.4248 1.82 × 10−8

Polyamine
metabolite/Cell-
Cell signalling/

Virulence
5,6-

Dihydrothymidine 1.4407 1.3837 4.66 × 10−8 Nucleoside
analogues

Leukotriene C4 1.4209 1.3659 7.24 × 10−8
Arachidonic Acid

metabolite/
antimicrobial

Naloxegol 1.4683 1.4096 3.51 × 10−7 Drug

gamma-Glu-gln 1.4715 1.4125 3.67 × 10−7 Glutathione
metabolism

Aderbasib 1.5448 1.4852 1.11 × 10−6 Drug
Spironolactone 1.5097 1.4494 2.27 × 10−6 Drug

3-[(2,6-
Dimethylheptanoyl)oxy]-

4-
(trimethylammonio)

butanoate

1.4724 1.4402 5.38 × 10−6 Fatty acid/energy
Metabolism

Leukotriene E3 1.262 1.247 6.88 × 10−6
Arachidonic Acid

metabolite/
antimicrobial

Carnosine.1 1.4944 1.4362 0.00012389 Fatty acid/energy
Metabolism

Melagatran 1.5172 1.4729 0.00015017 Serine protease
inhibitor

(3beta,5beta)-24-
Hydroxy-24-

oxocholan-3-yl
beta-D-

glucopyranosiduronic
acid

1.4674 1.4101 0.0010426

Secondary bacterial
bile acid

metabolite/
antibacterial
metabolite
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Table 1. Cont.

VIP Scores

Group Metabolite Comp. 1 Comp. 2 p Value Pathway/Function

ETEC and over/
under expressed in

Co-culture

Kynurenic acid (↓) 1.2825 1.2397 7.61 × 10−8 Tryptophan
metabolism

gamma-
Aminobutyric acid

(↓)
1.2656 1.2242 9.81 × 10−8

Spore
germination/bile

and low pH
resistance

8-
Methoxykynurenic

acid (↑)
1.3368 1.3216 1.05 × 10−5 Tryptophan

metabolism

Gln-Gln (↑) 1.2812 1.2803 0.00010342
L-Glutamine Di-

peptide/acid
resistance

(1Z,3R,5E,8S,9S,
10R)-N-[(Z)-2-(3-

Chloro-4-
hydroxyphenyl)

vinyl]-3,9-
dihydroxy-2,4-

dimethoxy-6,8,10-
trimethyl-7-oxo-5-
tetradecenimidic

acid (↑)

1.3569 1.3068 4.29 × 10−7 Unknown

Arabinosylhypoxanthine
(↑) 1.1994 1.1915 1.07 × 10−7

Purine
metabolism/E. coli

cellular growth
and virulence in

mixed culture

4. Discussion

Over the past couple decades, probiotics have been researched for their unique antago-
nistic properties to pathogenic bacteria. They may achieve this by various mechanisms such
as competitive exclusion and secretion of small antibacterial molecules. Our study evalu-
ated properties of a novel Bacillus subtilis strain, CP9, for its probiotic and antimicrobial
potential in vitro and identified unique small molecules during CP9-ETEC interaction.

Gastrointestinal tract in vitro-mimicking models have been widely and successfully
used for testing the passage survival and colonization of the probiotic strains [34]. In our
study, CP9 showed significant resistance in the GIT environment conditions in vitro, which
is a positive trait of a potential probiotic bacteria, since the colonization and persistence of
probiotic bacteria in the GIT is an important factor for exerting a beneficial effect on the
host [35]. We observed an initial adaptation of CP9 in the low pH and varied bile envi-
ronments (Figure 1A,B), which was consistent to a previous study, where Bacillus subtilis
cultures were seen to adapt initially to varied pH and alkaline stress before recovering
growth rapidly [36].

Bacillus subtilis’ existence is ubiquitous in the environment and has been shown
to be found in symbiotic existence within plants and animal kingdom [37]. Due to its
spore-forming practical edge over the other vegetative forms of probiotics, it has gained a
substantial research interest in human and animal consumption and is generally considered
safe due its long history of consumption [18]. However, due to the strain-specific properties,
behavior, and interactions in the mammalian intestinal tract, the toxigenic potential of a
novel probiotic strain is an inevitable check point [38]. In the current study, CP9 showed
no cytotoxicity to the swine intestinal epithelial cells and was consistent with the previous
studies performed on Bacillus subtilis-based probiotics [39,40]. Furthermore, CP9 showed
a higher adherence to the IPEC-J2 intestinal cells than a commercially available probiotic
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Bacillus subtilis. Intestinal adherence is an important determining factor for probiotics
to modulate a host’s immune system as well as competitively prevent the adhesion of
opportunistic and pathogenic enteric bacteria [41,42].

It has been shown that CFS of Bacillus subtilis can inhibit enteric pathogens such as
ETEC and Salmonella typ. [43,44]. However, in our study, CP9 appeared to display an
antimicrobial effect via contact-dependent inhibition and, in parts, via metabolic influence.
The absence of anti-pathogenic activity in the CP9 cell-free supernatant suggests the absence
of toxins or antimicrobial molecules in the monocultures of CP9. Interestingly, upon contact
with the pathogenic strains ETEC, Salmonella, and MRSA, a substantial decrease in the
pathogenic cell growth was observed, which may suggest, in parts, activation of pathways
for CP9′s cellular response to pathogens. Highly competitive bacteria survive by using their
exploiting (nutrient depletion) and/or interfering (release of antagonistic factors) abilities
to survive in heavily populated environments [45]. As part of the interference mechanism,
contact-dependent inhibition (CDI) describes the bacterial adjustment of internal cellular
responses and cell differentiation pathways in response to external cue [45,46]. Upon
sensing interbacterial competition, members of the same microbial community can ramp
up their cellular growth, activate the secretion system and deliver the regulatory factor
across membrane upon contact with the competitor strain. These regulatory factors can
influence the cellular processes of the competitor strains and inhibit their cell growth [47,48].
Both gram-positive and gram-negative bacteria have been shown to utilize their secretion
system for CDI to influence cellular growth of competitor strains. For example, Bacillus
subtilis have been shown to utilize the CDI secretion system to secrete and deliver toxic
polymorphic protein regulatory factors to influence morphological changes and growth
inhibition in target strains such as E. coli [49,50]. Contact-dependent growth inhibition is
also profoundly used by gram-negative bacteria, such as E. coli, for delivering toxins to
the neighbouring target cells [46,51], however, since we did not observe contact inhibition
from the ETEC on CP9 in our study may suggest that CDI growth inhibition of ETEC was
driven by CP9.

Enteric pathogens such as ETEC express various virulence factors that are regulated by
the environment and help ETEC outcompete its rival commensals in the GIT and evade host
defenses such as motility (motA, flagellar movement), adherence (faeG, F4, fimbrial protein),
heat-stable enterotoxins (estA, estB), heat-labile enterotoxins (eltA, eltB), and tryptophanase
(tnaA, virulence regulator and energy metabolism) [52–54]. Interestingly, when co-cultured
with ETEC, CP9 significantly downregulated the expression of the virulence genes that
are responsible for adherence, faeG and toxin-releasing genes estA, estB, eltA. The finding
that flagellar motility gene motA, one of the ETEC virulence genes, was overexpressed
during co-culture was surprising. The significance of the increase expression is currently
unknown. Interestingly, it has been reported that overexpression of motA is associated
with reduced ETEC cell growth [55].

Energy metabolism is vital for physiological processes and biochemical pathways
for driving division and cell growth in microbes such as bacteria [56,57]. Interactions
in mixed microbial cultures are driven by metabolite exchanges and are dependent on
symbiotic and sometimes competitive behaviours [58,59]. Tryptophan and its metabolic
derivatives such as indole, indole derivatives, and kynurenic acid are vital for bacterial
protein synthesis and cell growth [60]. In ETEC, tryptophan metabolism is executed by
enzyme tryptophanase (tnaA) and its expression is tightly regulated by external trypto-
phan availability [61,62]. Importantly, in ETEC, pathogenicity and virulence have also
been shown to be regulated by the tnaA gene [32,52,63]. In our study, exposure to CP9
downregulated the ETEC tnaA gene in the co-culture, which was also reflected in the
lower kynurenic acid levels observed in the ETEC group (Table 1). In addition to these
results, higher abundance of its downstream metabolite, 8-Methoxy kynurenic acid, in the
co-culture samples might suggest depletion of tryptophan from the media by CP9 as part
of competitive exclusion, a typical strategy for survival in mixed microbial cultures for its
own growth. This notion is further supported by reduced growth of ETEC in co-culture and
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abundance of downstream metabolites of tryptophan such as, indole and its derivatives
seen in the co-culture, suggesting an external tryptophan utilization by CP9 for its rapid
growth and production of survival proteins (Table 1). Interestingly, microbially derived
indole and its derivatives, known for their antimicrobial effects [64], have been previously
shown to negatively regulate virulence of GIT pathogens, such as enterohemorrhagic
Escherichia coli (EHEC) and Citrobacter rodentium [65,66]. Consistent to our study, Singh
et al. 2014 previously found that in the co-culture with Bacillus subtilis, there was a higher
indole yield, the number of E. coli decreased dramatically compared to its monoculture,
and Bacillus subtilis in co-culture [67]. This might suggest, in parts, the antibacterial effect
of the Bacillus subtilis derived indole and its derivatives seen in our study. However, the
study by Singh and colleagues was an experimental demonstration of indole production in
the co-culture using mathematical modelling and function of time. Therefore, results from
our study should be taken carefully as further experiments may be needed to model and
quantify the depletion of tryptophan and production of its downstream metabolites such
kynurenic acid and indole by individual strains in the co-culture, especially when E. coli is
also shown to produce indole under stress conditions [68]. This could additively represent
the indole production in the co-culture in our experiment.

In mixed microbial cultures, competitive exclusion is achieved by either rapid nutrient
utilization for energy and protein production for cellular growth, by secreting antimicrobial
metabolites, or by both [69]. Endogenous and exogenous fatty acid metabolisms play
a critical role in energy derivation, protein synthesis, transport for cellular growth, and
survival in bacterial physiology [70,71]. Our finding on the significant emergence of carni-
tine, acyl carnitines, and other fatty acid metabolites in the co-culture samples reflects a
rapid metabolism of fatty acid for intracellular transport and energy production [72–74] in
the co-culture samples. Additionally, there was significant emergence of polyamine pu-
trescine and its intermediate, N(1)-acetylspermidine, which are responsible for regulating
virulence factors for survival and cellular growth in stressful environment in eukaryotes
including Bacillus subtilis and E. coli [75,76] in co-culture samples. This may further suggest
stimulation of the stress response between CP9 and ETEC [75,76] in the co-culture sam-
ples. The decrease in ETEC cells in co-culture and emergence of the co-culture metabolic
features appearing closer to the CP9 samples in PCA and PLS-DA plot are suggestive
of the notion that production of these metabolites may be driven by CP9 for its defense,
rapid cellular growth to outcompete and weaken ETEC. Furthermore, metabolites that
appeared in high concentrations in ETEC mono-cultures were significantly regulated in
the co-culture, suggesting that CP9 may influence ETEC cellular metabolism and growth.
For example, secondary metabolite gamma-Aminobutyric acid (GABA), which is respon-
sible for spore germination, bile and low pH resistance, and tight regulation of virulent
factors in enterotoxic and enteropathogenic E. coli [77,78], was observed in significantly
lower abundance in the co-culture compared to ETEC mono-culture. This data is further
supported by the lower cell number of ETEC after the co-culture. Similarly, di-peptide
gln-gln involved in ETEC acid resistance [79] and arabinosylhypoxanthine involved in the
purine metabolism, E. coli cellular growth, and virulence in mixed culture [80,81] were seen
in higher abundance in the co-culture group. This may reflect an initial defensive response
of ETEC to CP9 in the co-culture. However, as explained above, it should be noted that our
study did not analyze the emergent metabolomic profile as a measure of the production
or consumption of metabolites by either of the strains. Our study is in agreement with
previous research by Medlock and colleagues, where, through metabolic modelling, it was
shown that in mixed culture pairings, co-culture metabolomic profiles were less similar to
the negatively impacted strain than the other strain, and the emergent metabolic profile of
co-culture was directly correlated to the abundance of the highly competitive strain in the
culture [16]. This notion is further supported by the emergence of unique antimicrobial
secondary metabolites in co-culture and CP9 samples (Table 1) respectively, that may have
synergistically impacted the growth of ETEC in co-culture. For example, valclavam, which
is a metabolite of clavam class of β-lactam antibiotics, has been shown to strongly inhibit

180



Microorganisms 2021, 9, 1483

pathogenic E. coli blocking methionine biosynthesis [82]. However, to our knowledge,
these have only been shown to be produced by Streptomyces antibioticus spp. [83,84]. Hence,
emergence of valclavam in the co-culture warrants further investigation to analyze if its
biosynthesis was triggered by CP9. Similarly, we observed a unique presence of leukotriene
C4 and leukotriene E3 in CP9 metabolome samples and their significant abundance in the
co-culture (Table 1). Leukotrienes are inflammatory mediators and are formed by oxidation
of arachidonic acid by lipoxygenase enzyme. They are traditionally known to be exclu-
sively produced in mammalian leukocytes for defense against microbial infections [85].
Interestingly, lipoxygenase activity, which was historically thought to be of eukaryotic
function, has recently been found in various bacterial species [86]. This opens the door
for further investigation into the presence of lipoxygenase activity in CP9 that may have
resulted in the biosynthesis of leukotrienes in our study. This will be particularly impor-
tant, as none of the probiotic classes of bacteria have been shown to possess this enzyme
activity, which could have a direct impact on host immune response towards pathogenic
microbes. Another unique metabolite significantly expressed in the co-culture samples
was 3-Hydroxymyristic Acid, which is the most common fatty acid constituent of the lipid
A component of bacterial lipopolysaccharides (LPS) [87]. Its significant presence in the
co-culture suggests that CP9 may have caused the lysis of ETEC. This notion is supported
by a previous study where Bacillus subtilis was shown to sensitize and lyse E. coli cells,
which was driven by its proteolytic activity [88]. Alternatively, ETEC may have released
LPS as an initial stress response in co-culture with CP9; however, this has a low probability
since we did not observe any growth inhibitory effect of the ETEC CFS or co-culture CFS on
CP9 growth (Data not shown). Lastly, emergence of an increased expression of melagatran,
a serine protease inhibitor in the co-culture, is intriguing, since in gram negative bacteria
such as E. coli, serine protease is secreted via autotransporter pathway and are implicated
in expression of virulence and direct pathogenicity of its infection [89]. This could be
a possible way CP9 may have downregulated the expression of ETEC virulence factors
observed in our study. Overall, these results suggest how these unique metabolites may
regulate the interactions between CP9 and ETEC by influencing their metabolic pathways
and secreting secondary metabolites in the mixed culture either to weaken the opponent or
depleting the essential nutrients for cell growth. However, these results warrant further
investigation into the biosynthesis and purification of these metabolites to determine the
extent of the impact they might have on antagonistic potential of CP9.

In conclusion, our study showed a strong antibacterial effect of potential probiotic,
Bacillus subtilis CP9, which was driven by a contact-dependent mechanism of inhibition. We
also found a substantial survival rate of CP9 in GIT fluids. However, since GIT fluids can
vary in composition and pH depending on the diet of the animal, more tests need to be per-
formed by utilizing GIT fluids from pigs or animals in question fed varied diets. Our study
further revealed that CP9 successfully downregulates the virulence factors in the ETEC on
a molecular level upon direct contact, which may be one of the possible mechanisms of
CP9′s antagonistic potential. However, whether this effect is translated on a protein level
was not analyzed in this study and warrants further investigation. Interspecies interactions
within the gut are highly complex and impacted by metabolic cooperation and competitive-
ness [59,90]. Therefore, a detailed understanding about mechanisms of interactions of novel
probiotic strains with gut pathogens may likely improve the predictability of the biological
effect of the probiotic. Our study used an untargeted, data-driven approach to identify
metabolic patterns that may influence bacterial growth in ETEC and CP9 co-culture, and
proposed mechanisms that may contribute to the appearance of these patterns. However,
this study did not analyze the biosynthesis and substrate utilization by either of the strain
in co-culture. Perhaps incorporating a metabolic model that analyzes biosynthesis and
utilization of these metabolites over time could provide normalized behaviors of the CP9
and ETEC metabolic patterns in co-culture. Developing such a model and validating these
experiments will require a much larger data set than used in the current study. Nonethe-
less, extension of our approach to time-coursed metabolic modelling will provide more
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specific insights into CP9-induced growth inhibition of ETEC as well as other pathogenic
bacteria. There is an increasing interest in developing novel probiotic-based interventions
for animal and human use. However, traditional methods have primarily been focused on
characteristics based on survival and properties of the probiotic strains. We envision that
our study may provide the basis of preliminary understanding into the complex interaction
of probiotic bacteria with an enteric pathogen, laying the foundation for the potential
application of the probiotic for animal and human use.
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