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2
Abstract: The fundamental feature of “active honeys” is the presence and concentration of antibac-
terial compounds. Currently identified compounds and factors have been described in several
review papers without broader interpretation or links to the processes for their formation. In this
review, we indicate that the dynamic, antagonistic/competitive microbe-microbe and microbe-host
interactions are the main source of antibacterial compounds in honey. The microbial colonization of
nectar, bees and honey is at the center of these interactions that in consequence produce a range of
defence molecules in each of these niches. The products of the microbial interference and exploitive
competitions include antimicrobial peptides, antibiotics, surfactants, inhibitors of biofilm formation
and quorum sensing. Their accumulation in honey by horizontal transfer might explain honey
broad-spectrum, pleiotropic, antibacterial activity. We conclude that honey is an ecological reservoir
of antibacterial compounds produced by antagonistic microbial interactions in plant nectars, honey
and honey bee. Thus, refocusing research on secondary metabolites resulting from these microbial
interactions might lead to discovery of new antibacterial compounds in honey that are target-specific,
i.e., acting on specific cellular components or inhibiting the essential cellular function.

Keywords: honey; microbiota; antimicrobial compounds; bacteriocins; surfactants; siderophores;
mode of action; spectrum of activity; pathogenesis-related proteins; bee antimicrobial peptides

1. Introduction

Honey possesses various antimicrobial compounds that kill or supress growth and prolif-
eration of a broad spectrum of microorganisms including multi-drug resistant pathogens [1-3].
Dating from 1992, with the fundamental study of honey antimicrobial activity by Molan [3],
there has been an avalanche of papers concerning activity of honeys from different geo-
graphical and botanical origins, honey chemical composition, the presumptive compounds
responsible for its activity and honey therapeutic potential. This knowledge has been
summarized in the most recent reviews [1,2]. However, in order to develop honey as an
antibacterial biological product, novel active compounds of specific mechanism of action
have to be identified.

Most of honey antibacterial compounds identified so far target bacterial cells in a non-
specific manner, including the main bactericidal compounds, hydrogen peroxide (H,O,)
and methylglyoxal (MGO). The concentrations of these two compounds strongly correlate
with antibacterial activity of honey with the minimum inhibitory concentration/minimum
bactericidal concentration (MIC/MBC) in the pg/ml range [4,5]. The lethal effect of
honey HyO, results from the accumulation of the oxidative damages to the structure and
conformation of proteins, enzymes, unsaturated fatty acids of bacterial cell membranes
and the production of reactive oxygen species (ROS) that causes DNA strand breaks and
DNA degradation [6-9]. On the other hand, bactericidal effect of MGO, a dicarbonyl
compound responsible for antibacterial activity of Manuka honey, results from its ability to

Antibiotics 2021, 10, 551. https:/ /doi.org/10.3390/ antibiotics10050551

https:/ /www.mdpi.com/journal/antibiotics


https://www.mdpi.com/journal/antibiotics
https://www.mdpi.com
https://orcid.org/0000-0002-8017-6756
https://doi.org/10.3390/antibiotics10050551
https://doi.org/10.3390/antibiotics10050551
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/antibiotics10050551
https://www.mdpi.com/journal/antibiotics
https://www.mdpi.com/article/10.3390/antibiotics10050551?type=check_update&version=1

Antibiotics 2021, 10, 551

2 0f 31

irreversibly glycate and crosslink macromolecules, proteins and DNA, respectively, leading
to loss of their functions [5,10]. Antimicrobial activity of honey has been also attributed
to the acquisition of secondary metabolites originated from plants such as polyphenols,
flavonoids and volatile compounds [11,12]. These large and chemically diverse groups
have evolved as an innate plant defence system against microbial infections and also other
stressors [13—15]. The antimicrobial activity of plant secondary metabolites inherited from
nectars becomes a significant contributor to honey antibacterial activity. However, like
H,0;, and MGO, plant secondary metabolites exert non-specific, pleiotropic action against
bacterial cells. Their weak antimicrobial potencies are reflected by the MIC values ranging
from micro- to millimolar levels [16].

It could be argued that due to the non-selective mechanism of action of the principal
antimicrobial compounds, honey displays an indiscriminate broad spectrum of antibacterial
activity against bacteria, including multi-drug-resistant ones [17-19]. However, recent
evaluation of phenotypic changes in bacterial cells treated with honey might suggest target-
specific effects, for which the non-specific action of HyO, or MGO could not be accounted
for [20-24]. The observed effects resembled the action of -lactams [23], antimicrobial
peptides [25] or inhibitors of proton motive force and chemiosmosis [26]. These data
indicate that additional sources of antimicrobial compounds of honey might exist to
explain the observed changes in bacterial phenotypes. In order to move forward beyond
current knowledge of honey antimicrobial activity toward elucidation of a specific mode of
honey action, we propose in this review a new perspective on the origin of antimicrobial
compounds in honey.

There is a mounting evidence implicating microbial ecosystem of the nectar-honey-
honey bee axis involved in the production of a range of antimicrobial agents. These agents
are used as weaponry in competitive interspecies interactions to effectively kill competing
microorganisms in the fight for nutrients and space in each of these niches (nectar, honey
and honey bee). The microbial ecosystem includes both bacteria and fungi. From a
simplified, mechanistic point of view, antimicrobial compounds produced by microbiota
of nectar and bee that are released to their growing media can ultimately accumulate in
honey by horizontal transfer. Recent work from several laboratories has documented the
impact of the microbial compounds on antimicrobial activity of honey.

With this in mind, the review is aimed to provide support for the hypothesis that
the antimicrobial compounds of microbial origin comprise the novel source of honey
active ingredients. Among secondary metabolites produced by these microorganisms
are antimicrobial peptides, bacteriocins, surfactants, siderophores, proteolytic and cell
wall-degrading enzymes. By targeting the crucial cellular structures and through different
modes of actions (pore- formation, membrane solubilisation or iron- sequestration, to
name a few), they affect structural integrity and function of competing microorganisms by
preventing surface attachment and biofilm formation, disrupting quorum sensing thereby
affecting gene expression. The range and levels of secreted antimicrobial compounds de-
pends on the composition of microbes involved in the antagonistic interactions. Therefore,
this review is organized into three main sections: Part A—describing honey microbiome;
Part B—presenting antimicrobial compounds produced by honey microbiota; and Part
C—providing a brief overview of antagonistic microbe-host interactions. Available litera-
ture data allow reviewing only the antimicrobial compounds of microbes that have been
currently identified in honey or honey bees. Despite that limitation, the presented evidence
has shown that products of microbial competitions in nectar, honey and honey bees shape
honey antibacterial activity. These findings may be the starting point for more vigorous
investigations into detection of antimicrobial compounds of microbial origin in honey and
their relevance to the mechanisms of honey antimicrobial activity.

2. Antagonistic Interspecies Interactions as a Source of Antimicrobial Compounds

Microbial colonization of nectar, honey and bees is at the center of antagonistic inter-
species interactions. The niche overlap by bacteria and fungi in environments often results
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in interspecies competitions to limit the growth of other contestants and to increase their
own chances of survival [27,28]. Phylogenetically related species (for example, Bacillus
and Lactobacillus spp.) that reside under similar conditions in enclosed environments, such
as in unripen honey in the honeycomb, tend to interact vigorously with each other in a
competitive manner to increase their access to limited space and carbohydrate resources.
Consistently with the interference and exploitive competitions, they synthesize and secrete
molecules directed to damage key cellular structures and functions of competing microor-
ganisms. In particular, compounds that target cell wall integrity, cell wall synthesis, energy
production, iron sequestration or ion efflux/influx significantly impact cell viability [27,28].
On the other hand, the functional capacity of competing strains to withstand antagonistic
actions depends on increased proliferation to gain a space advantage and to reach high
cell density. This is achieved by the secretion of signalling molecules, autoinducers, that
increase cell proliferation to obtain a critical cell concentration, a quorum. Quorum sensing
(QS) is a vital regulatory mechanism that upregulate gene expression of antimicrobials such
as bacteriocins, iron scavengers and biofilm formers thereby allowing bacteria to withstand
the attack and exploit the niche. Moreover, QS-dependent biofilm formation provides
protection to the members of the population and also serves as a store of nutrients [29].
QS is also responsible for the activation, synthesis and secretion of virulence factors that
underlie bacterial expansion and pathogenicity [29].

Together, microbes of the nectar-honey-honey bee axis produce multiple active sec-
ondary metabolites, having different modes of action [30], and displaying pleiotropic
actions on growth, metabolism, gene expression, colony formation, biofilm production that
ultimately affect cell viability (Figure 1). By accumulation in honey, these compounds add
to its antibacterial activity.
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Figure 1. Three-way interactions between microbes, plants and honey bees during which the
secondary metabolites are produced and contribute to honey antimicrobial activity.

3. Discovery of Antibacterial Activity of Honey-Associated Microbiota

The presence of microbial contaminants in honey has been known for decades and
recognized as a safety hazard that could lead to foodborne diseases [31-33]. However,
current research shows that some naturally occurring microbes in honey, including genera
Lactobacillus and Bifidobacterium, Bacillus or yeast (Saccharomyces cerevisiae), are useful in
prevention of food spoilage due to the production of antimicrobial compounds.

Pioneering studies by Worobo group have shown that microbial contaminants of raw,
unsterilized honeys produced antimicrobial compounds able to inhibit a range of food



Antibiotics 2021, 10, 551

40f 31

spoilage microorganisms and human pathogens, among them, Aspergillus niger, Penicillium
expansum, Lactobacillus acidophilus, Pseudomonas fluorescens, Bacillus cereus, Escherichia coli
O157:H7, Listeria monocytogenes, Salmonella enterica Ser. Typhimurium, and Staphylococcus
aureus [34]. In these studies, more than 90% of bacterial strains of honey displayed in vitro
antimicrobial activity against reference bacteria, as well as antifungal activity against mold,
Byssochlamys fulva H25 [35]. These findings were a significant step forward in recognizing
that the presence of bacterial strains exhibiting antimicrobial activity in honeys was a wide-
spread phenomenon and had to be taken for account when considering the mechanism of
honey antibacterial activity [36].

Part A

4. Honey Microbiome

Microbial colonization of nectar, honey and honey bee is the main factor shaping
the composition of honey microbiota. Who is there is important for metabolites they pro-
duce through exploitive and interference competition. In turn, the pool of antimicrobial
compounds secreted to honey shapes both, honey microbiota by eliminating the compet-
ing microorganisms, and honey antimicrobial activity. These relationships underlie the
formation of honey microbiome (Figure 2). Honey microbiome combines honey/nectar mi-
crobiota and their metabolites. Among honey core microbiota are two dominant orders of
bacteria, Lactobacillales and Bacillales (the genera Bacillus and Paenibacillus) and dominant
species of fungi and yeasts.

Honey Microbiome

Microbiota and Secondary Metabolite

/ /\
Antibiotics

‘,' Bacteria Bacteriocins Bacteria *.‘

Biosurfactants
Siderophores
\ Inhibition of QS |
\ Toxins /

Fungi and yeast Fungi and yeast

Figure 2. Honey microbiome presented as a combination of the microbial occupants of honey and the
secondary metabolites they produce as a result of antagonistic, interspecies interactions and secrete
to growth medium (honey) (figure adapted from [37]).

5. The Core Bacteria of Honey

The primary sources of microbial contamination of honey are air, water and polli-
nating environments (nectar and pollen) but the primary route of contamination are bees
whose foraging activities spread microbes among flowers [38,39] and then bring contam-
inated food, nectar and pollen, to the hives. Diversity and composition of nectar and
pollen microbiota is reduced during conversion of nectar to honey. Honey ripening and
the changes in physicochemical conditions, eliminates the most of transient microbial
contaminates [40,41]. The gradual water evaporation, acidification and increasing sugar
concentration serve as selecting factors for osmotolerant, xerotorelant and acidotolerant
microorganisms, shaping the composition of core honey microbiota. The metagenomics
analysis using culture-dependent and independent methods have revealed that the com-
position of core microbiome of honey shows an extensive overlap with microbiomes of
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nectar, pollen and the honey bee stomach, crop. The core phylotypes includes Actinobac-
teria, Firmicutes, Proteobacteria (Alpha- and Gammaproteobacteria) (Table 1). However,
the families of Bacillaceae, Lactobacillaceae are the most prevalent in honey, followed by
Enterobacteraceae, Acetobacteraceae, Microbacteriaceae and Bifidobacteriaceae [42—45].
Although the composition of honey microbiota might differ with plant botanical and geo-
graphical origins [33,38,39], the keystone species in the core microbiota of honey are Bacilli
and Lactobacilli, and their products of antagonistic interspecies interactions are functionally
relevant to honey activities.

Table 1. Overview of core taxa in honey.

Phylum Class Order Family Genus
Proteobacteria Alphaproteobacteria Rhodospirillales Acetobacteraceae Gluconobacter
Gammaproteobacteria Pseudomonadales Psedomonadaceae Pseudomonas
Enerobacteriales Enetrobacteriacea Enterobacter
Escherichia
Klebsiella
Actinobacteria Actinomycetales Micrococcaceae Micrococcus
Bifidobacteriales Bifidobacteriaceae Bifidobacterium
Microbacteriaceae Microbacterium
Firmicutes Bacilli Bacillales Bacillaceae Bacillus
Paenibacillaceae Paenibacillus
Staphylococcacea Staphylococcus
Lactobacillales Lactobacillaceae Lactobacillus
Leuconostocacea Fructobacillus
Leuconstoc
Oenococcus
Weisella
Streptococcaceae Lactococcus
Streptococcus
Enterococcacea Melissococcus
Clostridiales Clostridiaceae Clostridium

Table 1 is based on data from studies of Anderson et al., 2013 [42], Corby-Harris et al., 2014 [43], Bovo et al., 2018 [44] and Manirajan et al.,

2016 [45].

5.1. The Composition Lactic Acid Bacteria in Honey

Bacteria of the genus Lactobacillus and Bacillus are specifically abundant in environ-
ments rich in carbohydrates. Among them, fructose-rich niches such as honey and other
beehive products are frequently colonized by lactic acid bacteria (LAB) and fructophilic
lactic acid bacteria (FLAB) [46—48]. Research of Olofsson group succeeded in identification
of several LAB and FLAB in honey stomach (crop) and in honey [48,49]. The crop serves as
a means to transport of collected nectars to the hive. As a part of the honey bee foregut, the
crop is used as a site of food storage and an initial site for the digestion of carbohydrates
by its resident LAB microbiota. Thus, the main source of LAB in honey is pollination
environment (nectar and pollen) and the bee foregut [42,43,45,49,50].

The most frequently isolated species of FLAB in nectars, honey and honeydew include
L. kunkeei, L. apinorum, L. mellis, F. fructosus, L. apis, L. mellifer, L. melliventris, L. johnsonii, L.
plantarum, L. brevis, L. kimbladii, L. helsingborgensis and L. kullabergensis [46-51] (Table 2).
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Table 2. Members of Lactobacillales identified in honey bee foregut (crop) and honey.

Order Family Genus Species

Lactobacillales Lactobacillaceae Lactobacillus L. acidophilus

L. apis

L. apinorum

L.jensentii

L. brevis
L. florum

L. helsingborgensis

L. johnsonii

L. kefiranofaciens
L. kimbladii

L. kullabergensis
L. mellifer

L. mellis

L. melliventris
L. kunkeei

L. plantarum

L. rossiae

L. versmoldensis

Leuconostocaceae Fructobacillus F. fructosus

Leuconostoc

Oenococcus

Weissella

Pediococcaceae Pediococcus

Streptococcaceae Streptococcus

Enterococcaceae Enterococcus E. faecalis

E faecium

Aerococcus

Carnobacterium

Table 2 is based on the results from Endo et al., 2009 [46], Endo, Salminen, 2013 [47], Neveling et al., 2012 [48],
Olofsson, Vasquez, 2008 [49] and Olofsson et al., 2014 [50].

The listed members of LAB have a significant influence on antimicrobial activity of
beehive products.

Several LAB and FLAB isolated from pollen, honey, bee bread and crop displayed
antimicrobial activities against bee pathogens, foodborne and multi-drug-resistant human
pathogens [47]. Isolates of L. johnsonii, L. plantarum, L. brevis, L. apis inhibited growth
of Melissococcus plutonius and Paenibacillus larvae, the causes of European and American
foulbrood diseases, respectively [46,52]. L. acidophilus strains isolated from Malaysian
honey were able to inhibit multiple antibiotic resistant Staphylococcus aureus, Staphylococcus
epidermis and Bacillus subtilis [53,54], while anti-biofilm activity of L. kunkeei effectively
block biofilm development and infection caused by P. aeruginosa in vivo [55].

LAB are well-recognized as the producers of the most active anti-fungal compounds
against filamentous fungi, Aspergillus and Penicillium spp. and yeasts, Saccharomyces,
Candida, Kluyveromyces, Zygosaccharomyces and Pichia, spp. Lactobacilli isolated from
beebread such as L. kunkeei, F. fructosus and F. tropaeoli have shown a strong antagonistic
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action against Zygosaccharomyces rouxii [53]. Zygosaccharomyces rouxii and Zygosaccharomyces
bailii are osmotolerant and stress-resistant food- spoilage yeasts that can grow and ferment
honey if the moisture content of honey increases over 18% [56]. Thus, the anti-fungal
activity of LAB could protect honey against spoilage [57]. Importantly, LAB have ability
to remove or inactivate mycotoxins produced by Aspergillus, Fusarium, and Penicillium.
Research showed that the potent mycotoxin, Aflatoxin B1, of Aspergillus can be inactivated
and removed by a spontaneous binding/adherence to the cell wall of viable or non-viable
Lactobacillus spp. such as L. rhamnosus [58]. The second mechanism of removal mycotoxins
by microorganisms in natural way is via its metabolic conversion to harmless, non-toxic
derivatives. This mechanism operates efficiently in Bacillaceae (see below). Anti-fungal
activity of LAB and their participation in mycotoxins inactivation might play role in honey
preservation and safety.

5.2. The Composition of the Family Bacillaceae in Honey

Bacillales are another, dominant order of Firmicutes colonizing nectar and honey. A
significant percentage of honey microbiota, ranging from 60% to 90% of all bacteria in
honey, is composed of Bacillales including genera Bacillus and Paenibacillus [55-59]. 16S
rRNA gene sequenceing and MALDI-TOF revealed that the bulk of the Bacillus isolates
belonged to three phylogenetic clusters: (1) Bacillus subtilis group comprising of B. subtilis,
B. methylotrophicus, B. atrophaeus, B. licheniformis and B. amyloliquefaciens, (2) B. cereus group
including, B. cereus, B. thuringiensis, B. mycoides, B. pseudomycoides and B. weihenstephanensis
and (3) B. pumilis represented by B. pumilis, B. safensis, B. altitudinis [59-62] (Table 3).

Table 3. Composition of the family Bacillaceae in honey identified by genotyping.

Family Genus Species

Bacillaceae Bacillus B. subtilis

B. methylotrophicus

B. atrophaeus

B. licheniformis

B. amyloliquefaciens

B. cereus

B. thuringiensis

B. mycoides

B. pseudomycoides

B. weihenstephanen

B. pumilis

B. safensis

B. altitudinis

B. mojavensis

B. anthracis

B. aerius

B. xiamenensis

B. wiedmannii

B. proteolyticus

B. tropicus

B. circulans
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Table 3. Cont.

Family Genus Species
B. flexus

B. zhangzhouensis

Lysinibacillus L. fusiformis

L. macroides

L. pakistanensis

L. boronitolerans

Oceanobacillus

Paenibacillaceae Paenibacillus P. alvei

P. larvae

P. polymyxa

P. apiarius

Brevibacillus B. brevis

B. limnophilus

Listeriaceae L. monocytogenes

Staphylococcaceae S. epidermidis

S. caprae

S. pasteuri

Table 3 is based on results obtained by Pomastowski et al., 2019 [61], Sinacori et al., 2014 [59], Pajor et al., 2018
[60], Brudzynski, Flick, 2019 [62].

All these Bacillus strains produce gene-coded and non-ribosomally synthesized an-
timicrobial peptides, as discussed below [63,64]. Together with LAB, Bacillus spp. comprise
an efficient factory that supply honey with a broad range of antimicrobial compounds.
Antagonistic interspecies interactions are key to their production.

The unusually high antibacterial activity of Polish honeys, specifically against Staphy-
lococcus aureus, has been linked to the significant antimicrobial activity of Bacillus spp. [65].
Over hundreds of bacterial strains have been isolated from these honeys and screened for
their growth inhibitory activities. Most of bacterial strains demonstrated broad spectrum of
antimicrobial activity, with bacteriostatic activity against several reference strains of Staphy-
lococcus aureus, Staphylococcus epidermis, Escherichia coli, Listeria monocytogenes, Pseudomonas
aeruginosa and Candida albicans [60,65].

5.3. Fungal Composition of Nectar and Honey

Yeast and fungi are the most abundant group of microbes contaminating nectars
and honey [31,33,66]. Their diversity and richness are reduced by physicochemical con-
ditions of nectar and honey, that is, low pH, acidity and high sugar concentration, and
by antagonistic, competitive interactions between microbes. Surviving yeast and fungi
are osmotolerant, xerotolerant and acidotolerant [67,68]. Phylogenetic analyses of nectars
indicated that the most abundant group of fungal contaminants were ascomycetous yeasts
(genera Candida, Eremascus, Metschnikowia, Bettsia, Monascus, Oidiodendron, Pichia, Saccha-
romyces, Skoua, Torulopsis, Zygosaccharomyces) and ascomyecetes filamentous fungi (genera
Aspergillus, Penicillium, Cladosporium, Mycelia sterilia and Fusarium) with less frequent occur-
rence of genera Arthrinium, Chaetonium, Daldinia or Emericella [59,68] (Table 4). For example,
the xerotolerant Bettsia, Ascosphaera, Metschnikowia and Eremascus can survive at very low
water activity (up to 0.82), while the acidophilic or acidotolerant Pichia, Saccharomyces and
Zygosaccharomyces can grow even below pH 2 [31,67] (Table 4).
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Table 4. Fungi and yeasts found in honey.

Division Class Oder Family Genus Species
Ascomycota Eurotiomycetes Eurotiales Trichocomaceae Aspergillus A. pseudoglaucus
A. asperescens
A. montevidensis
A. flavus
A. versicolor
A. niger
A. fumigatus
Penicillium P. camemberti
P. citrinum
P. corylophilum
P. cravenianum
P. apimei
Talaromyces
Monascaceae Monascus M. pilosus
M. mellicola
M. purpureus
M. ruber
Ascosphaerales Ascosphaeracea Bettsia B. alvei
Ascosphaera apis
Onygenales Myxotrichaceae Skoua Skoua fertilis
Oidiodendron
Eremascaceae Eremascus Ermascus albus
Ascosphaeriacea Ascosphaera Ascosphaera atra
Ascosphaera apis
Spiromastigaceae
Schizosaccharomy- Schizosaccharomyce- Schizosaccharomyces S. octosporus
cetales taceae
Saccharomycetes Saccharomycetales Saccharomycetaceae Zygosaccharomyces Z. favi
Z. mellis
Z. richteri
Z. rouxii
Z. siamensis
Candida C. lundiana
C. magnoliae
C. sorbosivorans
C. suthepensis
Saccharomyces S. cerevisiae
Cyberlindnera C. jadinii (Torula)
Starmerella
Metschnikowiaceae Metschnikowia
Dothideomycetes Capnodiales Davidiellaceae Cladoisporium
Pleosporales Pleosporaceae Alternaria A. multiformis
Stemphylium
Sordariomycetes Hypocreales Nectriaceae Fusarium
Mucoromy-cota Mucorales Mucor M. ruber
M. plumbeus

Table 4 is based on the results of Rodriguez-Andrade, et al., 2019 [67], Ka¢aniova et al., 2012 [68] and Sinacori et al., 2014 [59].
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Their survival strategies include (a) the formation of spore allowing them to survive
the adverse conditions in the dormancy state and (b) the production of secondary metabo-
lites with antimicrobial activities [69,70]. Among the antimicrobial compounds produced
by fungi are those considered beneficial from the perspective of human health such as
antibiotics [71] but also deleterious, such as killer toxins (mycotoxins) [72]. While the latter
compounds have direct, lethal effects on microbial competitors, some other compounds
such as siderophores or surfactants inhibits their growth by interfering with supply of
iron or with the signalling in quorum sensing and the formation of protective biofilms
(see below).

In summary, honey appears as a rich reservoir of microbes and can be viewed as a
heterogeneous microbial ecosystem containing yeast, molds and bacteria. The composition
of honey microbiota is a key factor determining the repertoire of antimicrobial compounds
produced via antagonistic interactions.

Part B

6. The Overview of Antimicrobial Compounds Produced by Honey Microbiota

Implication of microbial “contaminants” in the antimicrobial activity of honey-initiated
efforts to isolate and identify the compounds responsible. Due to dominance of the families
of Lactobacillaceae and Bacillaceae, the antimicrobial compounds in honey were expected
to be largely produced by members of these families. Lactobacillaceae and Bacillaceae
are known producers of antimicrobial compounds such as bacteriocins, surfactants and
siderophores. Diversity, structure, classification and modes of action of these compounds
have been extensively reviewed in literature [63,64,73-75]. The current review is focused
on antimicrobial compounds produced or predicted to be produced by the bacterial strains
of LAB and Bacillus spp. identified in honey thus far. With the fast progress in identification
of new bacterial strains and new antimicrobial compounds in honey, it is expected that the
current depiction of antimicrobial compounds in honey will evolve and enrich the data
presented here.

6.1. LAB Bacteriocins

Bacteriocins are small, ribosomally-synthesized cationic antimicrobial peptides pro-
duced during bacterial logarithmic growth of Lactobacillus, Lactococcus, Pediococcus and
Leuconostoc [76].

The structure, classification and mode of action of LAB bacteriocins have been a
subject of several excellent reviews [73-77]. However, despite a significant representation
of LAB in the bee products, so far, only one bacteriocin, kunkecin A, has been isolated from
L. kunkeei of honey bee [78]. There are some indications that in addition to L. kunkeei, several
other lactobacilli (L. johnsonii, L. plantarum, L. brevis, L. apis) might produce bacteriocins
since they demonstrated bactericidal activity against honey bee pathogens, Melissococcus
plutonius and Paenibacillus larvae, the causes of European and American foulbrood diseases,
respectively [47,53].

6.1.1. Kunkecin A

Kunkecin A is a variant of nisin A, a lantibiotic bacteriocin produced by Lactococcus
lactis subsp. lactis [78]. Both these bacteriocins belong to class I A lantibiotics and contain
thioether amino acids lanthionine and methyllanthionine as the key structural signature
(Figure 3). The cellular target for these bacteriocins is lipid II of the cell wall of Gram-
positive bacteria. The lantionine rings at the N-terminus of these cationic peptides play
a crucial role in the binding to anionic phosphate groups of lipid II of the cell wall of
Gram-positive bacteria. The binding initiates the process of pore-formation [79].
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Figure 3. Structures of bacteriocins, antibiotics, lipopetides and polyketide of Bacillus spp. Inserts
present; (A) lanthionine ring, (B) sactibiotic ring, (C) thiazoline ring.

6.1.2. Mode of Action

Although the exact mechanism of pore-formation by lantibiotic bacteriocins is still
unresolved, it is apparent that the main steps in the process include (a) the change of
orientation of the peptide-lipid II complex from parallel to perpendicular with respect
to the membrane, (b) the insertion of the C-terminal of the peptide into the cytoplasmic
membrane and (c) the formation of transmembrane, water- filled pore [80]. In the case of
nisin, the insertion into the membrane depends on a critical concentration of bacteriocin-
lipid II complexes and the electrical transmembrane potential (Ay) and transmembrane pH
gradients (ApH) [62,76,81]. It is hypothesized that aggregated bacteriocins change/inverse
their surface charge because of pH changes (pH gradient, ApH) or because of the difference
in the membrane electric potential (Ay) caused by the transmembrane proton motive



Antibiotics 2021, 10, 551

12 of 31

force (PMF) and form a pore as the result of the electrostatic repulsion between individual
peptides. The formation of pores causes the efflux of ions, amino acids, and ATP from cells,
thereby collapsing the proton motive force, and with it the ATP synthesis and collapsing
pH gradient that regulate ion exchange between cell interior and exterior. Ultimately, the
pore formation inhibits the cell function while increased cell permeabilization lead to rapid
cell death [62,76,81-83].

The second mode of action of lantibiotics includes inhibition of cell wall biosynthe-
sis through the binding to lipid II. Lipid II is the main transporter of a peptidoglycan
subunit from the cell interior to the place of cell wall synthesis. Biding of nisin to lipid
II causes withdrawal of lipid II from the cytoplasm-cell wall circulation and delivery of
peptidoglycan subunits to the growing peptidoglycan chain [79,83]. Consequently, the
dual mechanism of action of these bacteriocins that combine the inhibition of peptidogly-
can synthesis with pore formation result in a potent bactericidal activity with MICs at
nanomolar concentrations [76,79,83]. Whether or not the mode of action of kunkecin A is
similar to other lantibiotics remains unknown at this time.

6.1.3. Spectrum of Antimicrobial Activity

Nisin has a broad spectrum of antibacterial activity against Gram-positive bacteria,
including staphylococci, streptococci, bacilli, clostridia, and mycobacteria [84]. In contrast,
kunkecin A seemed to specifically target Melissococcus plutonius, a causative pathogen of
European foulbrood [47,77].

The mechanism of action of lantibiotics via lipid II binding of the cytoplasmic mem-
brane makes Gram-positive bacteria their preferentially target. Lantibiotics show poor
antibacterial activity against Gram-negative bacteria due to the presence of the outer
membrane (OM) that is a penetration barrier for the peptides to access the cytoplasmic
membrane. However, lantibiotic can destroy Gram-negative bacteria if the OM integrity
is compromised, for example, by chelating agents, such as EDTA [76,82,84]. The OM
of Gram-negative bacteria composed of polyanionic lipopolysaccharide is stabilized by
divalent cations (Mg?* and Ca®*). Chelation of the ions by EDTA is a common method to
increase the OM permeability to antibiotics [85]. For example, nisin has been shown to
inhibit the growth of Gram-negative bacteria more efficiently in the presence of chelating
agents [86,87].

Several members of the genus Lactobacillus produce bacteriocins that have a rapid
bactericidal activity against human pathogens (Table 5). For example, Lactobacillus helveti-
cus and Lactobacillus plantarum isolated from bee products showed bactericidal activities
against Staphylococcus aureus and Acinetobacter baumannii that has been presumably associ-
ated with the production of bacteriocins, helveticin ] and plantaricin, respectively [47,52].
Other bacterial strains of lactobacilli isolated from the bee crop showed bactericidal activity
against pathogens isolated from human wounds such as methicillin-resistant S. aureus or
P. aeruginosa, vancomycin-resistant Enterococcus and E. coli [88,89]. The strains of Lacto-
bacillus acidophilus isolated from Malayasian honey showed bactericidal activity against
multi-drug resistant S. aureus and S. epidermis that was suspected to be associated with
acidocin [53].

In summary, isolates of the Lactobacillus genera have been shown to produce bac-
teriocins exhibiting a high antibacterial activity in the nanomolar range. They showed
narrow spectrum activity directed mostly to closely related strains (Table 5). Several studies
indicated that lactobacilli similar to those isolated from honey and bee products displayed
a rapid bactericidal activity.
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Table 5. Putative bacteriocins produced by lactobacilli detected in honey and honey bee.

Species Bacteriocins Target Ref.
Lactobacillus sp.
L. acidophilus acidocin Listeria monocytogenes [85,90]
Enterococcus faecalis
Lactobacillus fermentum
Enterococcus faecalis
Lactobacillus delbrueckii
. Lactobacillus helveticus
lactacins Lactobacillus debrweckii [50]
Lactobacillus helveticus
Lactobacillus.bulgaricus.
Lactococcus lactis.
Lactobacillus
L. helveticus helveticin | Lactobacillus bulgaricus [85,91]
Lactococcus lactis
lactocin 27 [90]
L. johnsonii lactacin F [77]
L. kunkeei kunkicin

L. plantarum

Listeria monocytogenes Staphylococcus
plantaricin aureus, Salmonella typhimurium and [92]
Escherichia coli

Bacillus cereus, B. pumilus, B. megaterium,
Pediococcus, Carnobacteria, Clostiridia and
Propionobacteria

L. lactis

Staphylococcus aureus, Listeria innocua,
Lactobacillus sakei, Lactobacillus plantarum,
nisin Bacillus spp. [85,93]
Micrococcus spp.
Clostridium spp.

Clostridium sp.
Listeria monocytogenes
Staphylococcus aureus

MRSA
VRE
Enterococcus faecalis
Propionibacterium acne
Streptococcus mutans

lacticin 3147 [85]

Pedicoccus pentosaceus

Listeria monocytogenes
Lactobacillus
Lactococcus
Leuconostoc
pediocin Pediococcus [63,85]
Staphylococcus
Enterococcus
Listeria
Clostridium

6.2. LAB Surfactants, Modes of Anti-Biofilm Action and Spectrum of Activity

In addition to antimicrobial action of bacteriocins, LAB produce biosurfactants, a
diverse group of amphipathic molecules that can modify physicochemical properties and
integrity of the cell envelope by interacting with its components. The chemical nature of
biosurfactants originated from different LAB strains ranges from proteinaceous compounds,
glycolipidic, glycoproteins, to glycolipopeptides [94-98]. The key to their surfactant action
is their amphipathic nature conferred by charge, hydrophobicity and degree of chemical
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modifications [94-98]. Their interactions with membranes can lead to the reduction of the
surface tension, a partial membrane solubilisation or change in membrane hydrophobicity
and/or cell wall charge [94]. The changes in properties of the cell envelope affect biofilm
formation, specifically the ability of bacterial cells to attach to the surfaces. The anti-biofilm
activity of biosurfactants can result from a direct inhibition of biofilm formation, but also
from the dispersal of the mature biofilms [95,97,98]. Biofilm development is the important
microbial strategy in exploitive competition for nutrients acquisition and storage, the space
colonization, spread and defence against the competition or host defences. Prevention of
biofilm formation and degradation of mature biofilms has a serious repercussion to the
bacterial survival by the disruption of quorum sensing (QS) [99,100]. Quorum sensing (QS)
system has a critical role in regulation of gene expression required for normal cell functions,
colonization and pathogenicity [29,101]. In addition to controlling of gene expression of
surface-associated adhesins and biofilm formers, QS system control expression of many
virulence factors involved in pathogenicity, including antibiotics, autolysins associated
with cell division, bacteriocins and haemolysins [100-102]. It also regulates motility and
sporulation in Bacillus spp. [29,101]. Together, the disruption of QS by biosurfactants
drastically reduces microbial chances for survival.

6.2.1. Mode of Action

Because of the lack of detailed structural data, the mode of action of LAB biosurfac-
tants is deduced from the final effect on biofilm formation. Moreover, the determination
of the exact mode of action is also hampered by the fact that most of the studies on the
effects of biosurfactants were performed on planktonic cells that show higher sensitiv-
ity to antimicrobial agents that those embedded and protected by biofilms. In general,
biosurfacatant effects that have been commonly observed include (a) the reduction of
attachment of competing pathogens to the surfaces of medical devices, (b) the degradation
of biofilms followed by the rapid bactericidal effect and (c) biofilms’ co-aggregations [98].
For example, biosurfactants produced by L. lactis, L. acidophilus, L. fermentum, L. casei, L.
rhamnosus displayed anti-adhesion activity [96]. This property has been used in pre-coating
of biomedical instruments and implants with the LAB biosurfactants to prevent attach-
ment and biofilm formation by pathogenic bacteria, such as S. aureus, P. aeruginosa or C.
albicans [103]. Biofilms of pathogenic bacteria developed on catheters, cardiac pacemakers,
joint prosthetics, etc., are responsible for about 50% of hospital nosocomial infections [95,99].
Some of surfactants facilitated desorption of existing biofilms [95]. For example, biosurfac-
tant produced by L. helveticus MRTLI1 displayed a strong antimicrobial activity against
biofilms of E. coli, C. albicans, P. aeruginosa, S. typhi, S. flexneri but in contrast rather weak
antiadhesive activity suggesting the possibility of bacteriocins involvement in the biofilm
degradation and bactericidal activity [103].

Based on the collected data, the mechanism by which bacteriocins inhibit biofilm
formation has been proposed to include (a) changing hydrophobicity of the cell envelope
that is required for adhesion, (b) by pore formation and (c) by dispersal of mature biofilms
due to lysis of sessile cells of biofilm [104].

In addition to inhibition of biofilm formation and biofilm dispersal by bacteriocins,
biosurfactants isolated from Lactobacillus plantarum and Pediococcus acidilacti caused down-
regulation of gene expression of biofilm-related genes (cidA, icaA, dItB, agrA, sortaseA and
sarA) in S. aureus as indicated by real-time RT-PCR and scanning electron microscopy. The
involvement of biosurfactants in quenching of QS system was further extended to their
role in the downregulation of the gene expression of autoinducer-2 (Al-2) involved in QS
signalling [105].

Co-aggregation of biofilms is another anti-biofilm mode of action. Biofilm produced
by the Lactobacillus genera showed the ability to co-aggregate with biofilms of pathogenic
bacterium. This co-aggregation property is currently used in food industry to prevent
foodborne pathogens to establish their own biofilms [106].
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6.2.2. Spectrum of Activity

Anti-biofilm activity of biosurfactants produced by several Lactobacillus spp. show
broad spectrum of activity against Gram-positive, Gram-negative bacteria, multi-drug
resistant clinical isolates and antifungal activity [103]. Biosurfactants inhibited the biofilm
formation of S. aureus, L. monocytogenes, E. coli O157: H7 and S. enterica subs enterica serovar
Typhimurium in dose-dependent manner [105,107,108]. The cell-bound biosurfactant of
Lactobacillus agilis CCUG31450 showed antimicrobial activity against S. aureus, S. agalactiae
and P. aeruginosa [98].

7. Antimicrobial Compounds Produced by Bacillus spp.

The family Bacillaceae dominates honey microbiota due to a high capacity of pro-
duction of antimicrobial compounds that are directed against competitive microorgan-
isms. Members of the genera Bacillus and Paenibacillus produce one or more antimicrobial
compounds belonging to gene-coded bacteriocins, or/and non-ribosomally synthetized
lipopeptides, (sufactants) and siderophores. Secreted to the medium, these bactericidal
and bacteriostatic compounds generate a selective advantage for the Bacillaceae family
against closely related species. The structure, classification and mode of action of these
antimicrobial compounds are described in several excellent reviews [63,64,82,109].

Here, we focused our attention on antimicrobial compounds produced by Bacillus spp.
identified in honey.

7.1. Bacteriocins of Bacillus Species

Within the Bacillus groups in honey, B. subtilis, B. amyloliquefaciens, B. licheniformis, B.
thuringiensis and B. cereus produce strain-specific bacteriocins including subtilin, subtilosin,
lichenicidin, lichenin, thuricins and cereins [63,64,82,110] (Table 6). They exert their bac-
tericidal activity by the pore formation and membrane permeabilization, leading to the
influx/efflux of ions across the membrane, dissipation of membrane potential, leakage of
cytoplasmic components and cell death by cell lysis. Despite the presence of the producer
strains in honey, most of these bacteriocins have not been yet detected in honey.

One of the frequently encountered bacteriocins of Bacillus spp. is subtilin. Subtilin is
a simple, pentacyclic lantibiotic structurally and functionally similar to nisin of Lactococ-
cus lactis.

Like nisin, subtilin binds to the cell wall precursor, lipid II, and uses it as a docking
molecule. Similarly to nisin, subtilin exert a dual antibacterial effect, by the pore formation
and by the inhibition of the cell wall synthesis through binding and blocking lipid II-
dependent transport of peptidoglycan subunits [64,110-112]. These combined mechanisms
make subtilin a potent antimicrobial peptide whose bactericidal action occurs rapidly
even at nanomolar concentrations. Subtilin targets a broad spectrum of gram-positive
bacteria [64,110-112]. Its synthesis is regulated by quorum sensing. Subtilin has not been
identified in honey thus far.

Some bacteriocins of Bacillus spp. are extensively post-translationally modified. Such
group of bacteriocins comprises sactipeptides, named that way due to the presence of
an unusual thioether bridge, sactionine (Figure 3). This thioether bridge is formed by
intramolecular linkage between cysteine sulfur of one amino acid with the x-carbon of
another residue [113]. The sactionine seemed to be a crucial structure for antibacterial
activity of these bacteriocins [114,115]. The best-known representative of sactipeptides is
subtilosin of Bacillus amyloliquefaciens and thuricin of B. thuringiensis. Although Bacillus
amyloliquefaciens has been identified in honey microbiota [60-62], the subtilosin has not
been detected yet in honey.

B. thuringiensis strains found in honey produce two sactipeptides, thurincin H and
thuricin CD [116]. So far, only thuricin H has been found in honey [116] (Figure 3). The
bactericidal mode of action of thuricins is associated with the pore formation. Thuricins
shows high levels of bactericidal activity against closely related Bacillus species (with
exception of B. cereus), Geobacillus stearothermophilus, L. monocytogenes, Listeria innocua,
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Listeria ivanovii, S. aureus and Carnobacterium maltaromaticum. Thuricins and other Bacillus
lantibiotic bacteriocins exhibit narrow-spectrum antimicrobial activity limited only to
Gram-positive bacteria. Thuricin CD gained its importance for the efficient killing of
Clostridium difficile strains [117].

Bacteriocins and Autolysins

Bacteriocins of Bacillus spp. are indirectly implicated in inducing autolysins and
triggering autolysis by the autolysin’s self-digestion of the cell wall. Autolysins are pepti-
doglycan hydrolases that are naturally involved in the cell-wall turnover and remodelling.
During cell growth, they perform the essential autolytic events by selective cleavage of
the existing peptidoglycan in order to insert new peptidoglycan subunits into the cell
wall [118]. The autolysin-controlled peptidoglycan maturation is not only required for
cell shape, cell growth, cell division and separation, but also for motility, chemotaxis and
pathogenicity [119]. However, the inhibition of peptidoglycan synthesis by binding of
lantibiotic bacteriocins to lipid II leads to an imbalance between synthesis of peptidogly-
cans and wall autolysis. This imbalance can cause degradation of cell wall, its rupture
and eventually cell death. Thus, final consequences are similar between bacteriocins and
B-lactam antibiotics actions as they both result from the impairments of peptidoglycan
synthesis [120].

Table 6 presents list of Bacillus spp. of honey and bacteriocins they could be expected
to be produced by these strains.

Table 6. Putative antimicrobial compounds produced by Bacillus spp. in honey.

Ribosomal

Species Peptides

Nonribosomal Peptides Target Ref.

Antibiotics Lipopetides Siderophores Polyketides

B. subtilis subtilin

[64,110-112]

subtilosin A

Gram+
L.monocytogenes
Gardnerella vaginalis
S. agalactiae

[64,110-112]

sublancin

B. cereus
S. pyogenes
S. aureus

[64,110,111]

Bacteria, viruses

surfactin .
fungi

[64]

fengycin fungi

bacillomycin bacteria [64]

bacillibactin [111]

Gram+
PP synthesis
C55-PP carrier

bacitracin [64,111]

Gram-+, PP

bacilysin synthesis fungi

bacillaene

B. licheniformis lichenin

PP synthesis,

Crams [110,111]

bacitracin

lichenicidin

L. monocytogenes
MRSA
VRE

[110]

lychenisin [111]

B. amyloliquefa-

viens amylolysin

iturin bacillaene

bacilysin S. aureus [111]

Subtiliosin

fengycin
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Table 6. Cont.
. Ribosomal . .
Species Peptides Nonribosomal Peptides Target Ref.
Antibiotics Lipopetides Siderophores Polyketides
surfactin
B. cereus,
. B.coagulans,
B. cereus cereins B. subtilis, [110,111]
B. pumilus
bacillibactin
thuricin [110,111]
B.thuringiensis,
B. thuringiensis thuricin 17 B. cereus [110,111]
E. coli MM294
B. cereus,
B. subtilis,
B. megaterium,
L. monocytogenes, L.
thurincin H HHOCUL, [115]
L. ivanovii,
S. aureus,
Carnobacterim
psicola, Geobacillus
stearothermophillus
thuricin CD C. difficile [117]
B. mycoides
B. pumilis pumilicin surfactin
bacilysin [110]
Pumilacidin [112]
bacitracin
B. safensis
B. altitudinis
B. mojavensis
B. megaterium megacin surfactin
fengycin
bacillomycins [112]
B. aerius
B. altitudinis
P. alvei
P. larvae paenibacterin
Bacillus spp.,
C. sporogenes,
Lactobacillus spp., L.
lactis, Leuconostoc
. s mesenteroides,
P. polymyxa paeniba-cillin Listeria spp., [110]
Pediococcus
cerevisiae,
S. aureus
S. agalactiae
bacillibactin
bacillaene [111]
. Gram-positive :
polymyxin Gram-negative (1]
paenima-
crolidin S. aureus [111]
B. brevis gramicidin [112]
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7.2. Non-Ribosomal Peptide Antibiotics of Bacillus spp.

Several Bacillus strains possess a high genetic capacity to synthesize non-ribosomal
peptides (NRP) and polyketide. Up to 8% of genome of some Bacillus strains are dedi-
cated to the production of these compounds. Non-ribosomal peptides are synthesized by
mutli-complex synthtases and polyketide synthesases as linear, branched or cyclic struc-
tures [63,64,82,109-111]. The structural and functional diversity of NRP and polyketides
targets a range of cellular targets on competing species, giving Bacillus strains a significant
survival advantage.

7.2.1. Antibiotics

Among antibiotics, bacitracin, synthesized by B. licheniformis and B.subtilis is a cyclic
peptide containing several D-amino acids and a thiazoline ring (Figure 3). The thiazoline
ring plays a key functional role in blocking peptidoglycan synthesis by binding to lipid
II [121]. Bacitracin has a narrow spectrum activity targeting only gram-positive bacteria
including staphylococci, streptococci and Clostridia.

Bacilysin is another peptide antibiotic produced by B. subtilis, B. amyloliquefaciens and
B. pumilus. Bacilysin is a small, NRP dipeptide containing in its structure an unusual, non-
proteinogenic amino acid L-anticapsin. L-anticapsin is responsible for bacilysin bactericidal
action (Figure 3). After uptake of bacilysin by a target susceptible microorganism, L-
anticapsin is proteolytically released form dipeptide and serves as a competitive inhibitor
of glucosamine synthase which is involved in mannoprotein or peptidoglycan synthesis
in fungi and bacteria, respectively. The irreversible inhibition of glucosamine synthase is
responsible for inducing the lysis of the microbial cell wall [122]. Bacilysin showed a broad-
spectrum antibacterial activity against plant pathogens and against Candida albicans [123].
Bacilysin has a broad spectrum of activity against gram-positive and fungal pathogens.

Bacillaene is a small, hybrid non-ribosomal/polyketide antibiotic produced by Bacillus
subtilis and in Bacillus amyloliquefaciens FZB 42 (Figure 3). Bacillaene has an unusual, linear
polyene structure consisiting of of six conjugated carbon-carbon double bonds and two
amide bonds. Its complex structure is synthesized by three giant polyketide synthases that
form an enzymatic complex of the size of ribosomes [124,125].

The bacillaene antibacterial action targets both gram-positive and negative bacteria
including human pathogens such as Serratia marcescens, Klebsiella pneumoniae, E scherichia
coli and Staphylococcus aureus. It displays antifungal activity against Trichoderma, Coriolopsis
and Fusarium sp. [126].

7.2.2. Lipopetide Surfactants

Genera of Bacillus and Paenibacillus are known producers of lipopetides with anti-
fungal and antibacterial activities. Lipopeptides are non-ribosomally synthesized cyclic
peptides containg 3-hydroxy fatty acid chains. This group includes iturin, fengycin, sur-
factin and bacillomycin (Figure 3). They are abundantly synthesized by B. amyloliquefaciens,
B. subtilis, B. licheniformis, B. pumilus as well as Paenibacillus spp., such as P. polymyxa, P.
larvae [63,64,82,111,127]. Due to amphiphilic structure, lipopeptides act as membrane-
active biosurfactants that lower the surface tension of the membrane lipid bilayer. Simi-
larly to biosurfactant of lactobacilli, surfactin, and fengycin prevent the attachment and
biofilm-formation by competing species and facilitate the dispersal of established biofilms
including human pathogen Salmonella enterica [30,64,111,128,129].

Surfactin is recognized as the most active membrane solubilizing compound among
lipopetides [130]. Surfactin shows a broad-spectrum of antibacterial activity against plant
pathogens such as Pseudomonas syringae or Ralstonia solanacearum [131]. Surfactin and
its metal complex were found to be very effective in dispersal of C. albicans biofilm by
decreasing cellular surface hydrophobicity [132,133].

Fengycin and iturin display a strong antifungal activity due to the formation of
transmembrane channels in fungal membranes leading to cell lysis [134,135].
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A new Bacillus strain recently isolated from honey, Bacillus BH072, has been shown to
produce iturin with pore-forming ability [136].

7.2.3. Siderophores

The antimicrobial activity of siderophores is exerted by sequestering iron from the
environment, thereby depleting supply of iron to competing microorganisms and inhibiting
their growth and proliferation. Since most of microorganisms produce siderophores, the
structure of siederophore and its efficiency of iron binding provide a crucial advantage
in its antagonistic action against other competitors. Siderophores are synthesized by
the large non-ribosomal peptide syntheases complex. The three types of siderophores
are classified based on their functional groups, being catecholates, hydroxamates, and o-
hydroxy carbolates [137]. Among Baclillales, the genera Bacillus and Paenibacillus, synthesize
bacillibactin that contain three catechol groups and therefore efficiently chelate Fe III (ferric
iron) [137,138]. Bacillibactin is produced by B. subtilis, B. licheniformis, B. anthracis, B. cereus
and B. thuringiensis under low iron availability for more efficient in iron [139].

Bacillbactin has been isolated from honey bees infected with P. larvae [140]. Whether
bacillbactin contribute to P. larvae pathogenicity has to be investigated. Figure 3 presents
the structure of bacitracin, bacilysin, iturin or surfactin, and polyketide bacillaene.

7.3. Paenibacillus

The genus Paenibacillus is widely distributed in hives of honey bees and nests of wild
solitary bees [141]. Several Paenibacillus strains are considered pathogenic for bees. P. alvei
is often found together with P. apiarius to accompany Melissococcus plutonius, a cause of
European foulbrood [127,142]. Another Paenibacillus strain, P. larvae gained notoriety as
a lethal infectious agent of American foulbrood disease [143]. So far, three Paenibacillus
strains were found in honey, P. alvei, P. polymyxa and P. larvae [25,61,144,145].

Paenibacillus species produce a structurally diverse group of antimicrobial compounds
including lantibiotics bacteriocins such as pediocins and paenibacillin [110,146], non-
ribosomal, cyclic lipopeptides-polymyxins and paenibacterin [147] and also putative sac-
tipeptides [148].

Pediocins and paenibacillins are pore-forming lantibiotics displaying broad-spectrum
activity against foodborne pathogens [127]. However, polymyxins produced by P. polymyxa
are the best known lipopetides of clinical significance [149].

Polymyxins are polycationic, cyclic peptides with a short protruding N-terminus
to which a fatty acid chain is covalently attached (Figure 3). The general mechanism of
bactericidal action of polymyxins is similar to the pore-forming bacteriocins and include
several steps: the binding of hydrophobic fatty acid chain of polymyxin to the lipid A of
the lipopolysaccharide of OM of Gram-negative bacteria, destabilization of OM by the
interactions with the lipid A, a self-promoted crossing of the OM and the interaction with
the cytoplasmic membrane, dissipation of the proton force potential, membrane perme-
abilization and leakage of the cell content, followed by cell lysis [110]. Thus, in contrast
to Bacillus lipopeptides, iturin and thuricin, polymyxins target the outer membrane of
Gram-negative bacteria. Polymyxins have been used as a last-resort treatment of infections
caused by multidrug-resistant Gram-negative bacteria. Among polymyxins, polymyxin B
and colistin (polymyxin E) show strong antagonistic activity against Enterobacteriaceae
family, including E. coli, Enterobacter spp., Klebsiella spp., Citrobacter spp., Salmonella spp.
and Shigella spp. Acinetobacter baumannii, Pseudomonas aeruginosa and Stenotrophomonas
maltophilia. They are not active against against Gram-negative cocci (Neisseria spp.) or
Gram-positive bacteria [150,151].

It has to be noted that polymyxins have been shown to be also synthesized by P.
alvei [127]. Both P. polymyxa and P. alvei has been demonstrated to be relevant to honey
antimicrobial activity. P. polymyxa TH13 isolated from honey produced antimicrobial
compound that showed a broad range of antibacterial activity against foodborne pathogens
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and importantly, against P. larvae ssp. ATCC 25747. The antimicrobial compound produced
by P. polymyxa TH13 was identified as polymyxin E [144].

The presence of P. alvei in honey has been reported in several studies but its contribu-
tion to honey antibacterial activity was unknown [60,61,127]. However, recently P. alvei
MP1lisolated from buckwheat honey has been shown to exhibit antagonistic activity against
reference strains of L. monocytogenes, S. aureus L1—0030 and E. coli O157: H7. The isolated
antimicrobial protein contains hydrophobic domain resembling a lipopeptide [61] similar
to other lipopeptides of Paenibacillus strains [149,151]. The efforts are made to elucidate the
chemical structure of this lipopeptide [61].

In addition to antibacterial compounds, Paenibacillus produces a range of hydrolytic
enzymes attacking fungal cell walls such as glucanses, chitinases, cellulases and proteases
that are involved in the destruction of cell walls of Fusasrium spp. [64,127].

7.4. Antimicrobial Compounds of Fungal Origin and Their Potential Contribution to Honey
Antimicrobial Activity

Fungi and yeast developed competitive strategies to respond to the challenges from
microorganisms occupying the same niche such as the production of secondary metabolites
with antimicrobial activities to prevent growth of competitors and exploiting and depleting
nutritional resources. Moreover, the end-products of carbohydrate fermentation create
antimicrobial environment [69,70,152]. Among the antimicrobial compounds produced by
fungi and yeast are mycotoxins, antibiotics, siderophores and surfactants.

7.4.1. Mycotoxins

Mycotoxins (killer toxins) are produced in nectar by yeast including genera Metschnikowia,
Zygosaccharomyces, Saccharomyces and Candida and filamentous fungi including Aspergillus,
Fusarium and Penicillium species. Mycotoxins are always lethal due to inhibition of essential
cellular functions such as inhibition of the DNA synthesis, cell wall synthesis or disrup-
tion of cell membrane function [70,153]. For instance, zygocin, produced and secreted
by the yeast Zygosaccharomyces bailii effectlively kills Candida albicans, Candida krusei and
Candida glabrata clearing the space for their own growth [154]. While yeast mycotoxins
are preferentially directed against filamentous fungi, in contrast, mycotoxins produced by
the Aspergillus, Fusarium and Penicillium are of broader spectrum, and can also be deleteri-
ous to bees [155], bacteria [156] and plants [157]. Mycotoxin contaminations of food are
widespread despite adhering to good agricultural and manufacturing practices in the food
chain. Mycotoxins such as aflatoxins are often found in bee product such as pollen, bee
larvae, bee bread and whole bees. However, importantly, they are not present at detectable
levels in the unprocessed honey. Research showed that lactic acid bacteria and Bacillus
spp. of honey possess the robust enzymatic system involved in degradation and chemical
conversion of mycotoxins to non-toxic derivatives [68,158,159].

7.4.2. B-lactams

The genera of Aspergillus spp. and Penicillium spp. are known producers of the
B-lactam antibiotics (penicillin and cephalosporin) [160] that inhibit the transpeptidase
activity of the penicillin binding proteins that cross-linked adjacent peptidoglycan chains
during cell wall synthesis.

Interestingly, in some fermented foods like cheese of cured meat, the growth of
Penicillium spp.was shown to be associated with the production and secretion of penicillin
into the food [161]. Whether or not beta- lactams can be produced by the nectar-dwelling
Penicillium spp. and carried-over to honey need to be investigated.

7.4.3. Surfactants

Some Candida species (Candida apicola, Stramerella bombicola and Rhodotorula bogoriensis)
produce sophorolipids that have anti-biofilm activity. Their surfactant properties inhibit
the adhesion, biofilm formation and cause dispersion of mature biofilms of Candida and
Pichia species and Gram-positive bacteria [162]. Surfactants of different ecological origins
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(fungal and bacterial) carried-on to honey might act synergistically, adding to honey’s
known anti-biofilm effect [163,164].

7.4.4. Siderophores

Several yeasts secrete siderophores during periods of iron starvation, when the intra-
cellular iron levels decrease to concentrations lower than 10~ M required for microbial
growth [165]. In response to iron limitations, yeast and molds similarly to bacteria produce
and secrete siderophores containing the catecholate or phenolate groups in their structure,
that efficiently chelate iron Fe (III) and other metals like manganese and zinc, from sur-
rounding environment. Iron acquisition system of siderophores and transporters is then
one of strategies to prevent growth and multiplications of other, competing microorganisms
by depleting this life-supporting metal ion [165].

Part C

8. The Antagonistic Interactions between Microbes at the Ecological Level

While there is a growing understanding of the contribution of the secondary metabo-
lites of the core honey microbiota to the pool of honey antimicrobial compounds, sur-
prisingly little is known about input of the secondary metabolites generated from the
microbe-plant host and microbe-honey bee interactions to this pool. It is plausible that a
widespread co-habitation of nectar, bees and honey by yeast and bacteria and their antago-
nistic interactions might leave their footprint in the form of antimicrobial compounds in
honey. The shotgun metagenomics analysis of environmental DNA in honey supported the
presence of DNA signatures from plants from which honey originate, DNA of yeast and
bacteria residing in honey, and DNA of microbiota of bee alimentary tract, thus portraying
honey as the ecological niche that hosts diverse microbial communities [44].

9. Pathogenesis-Related Proteins of Plants

The invasion of plant or honey bees by pathogenic microorganisms evokes innate
immune responses to counter/resist the attack. The resistance in plants against pathogen is
controlled by R genes that produce pathogenesis-related proteins and peptides to directly
suppress the growth and spread of the pathogen. The PR proteins include peptides such as
defensins (PR-12), thionins (PR-13), thaumatin-like (PR-5) and lipid transfer proteins (PR-
14) that have broad antibacterial and antifungal activities [166,167]. The primary targets of
most PRs are fungal cell wall or bacterial cell envelope. Among carbohydrate-degrading
enzymes targeting fungal cell wall are chitinases (PR-2, -4, -8 and -11) and glucanases
(PR-2) [166]. PR-8 group of chitinases contains also lysozymes hydrolyzing peptidoglycan
(PG) of bacterial cell envelope. PR-10 family possesses ribonuclease activity and might be
active against RNA viruses.

A large portion of PR proteins comprise enzymes involved in a breakdown of fungal
cell wall as well as enzymes involved in generation of radical oxygen species [14]. The
latter includes a nectar redox cycle system that produces biocidal concentrations of hydro-
gen peroxide [168]. Phenols, flavonoids, terpenes and alkaloids are also included in the
group of defence-related compounds. Honey proteomic analysis and the combination of
zymography and 2D SDS-PAGE [169,170] showed in honey several proteolytic enzymes
originating from nectars, specifically serine-proteases such as trypsin, chymotrypsin and
trypsin-and chymotrypsin-like enzymes. Anti-fungal activity of honey might result at least
in part from the plant-defence molecules identified in honey.

10. Honey Bee Antimicrobial Peptides of Honey

Similarly, in bees, infection with bee pathogens results in cellular and humoral im-
mune defences. Honey bees are prone to invasion by diverse pathogens; bacteria, fungi,
viruses and arthorpodes (mites). The common, lethal pathogens of bees are Paenibacillus
larvae and the fungus Ascosphaera apis [171]. Surprisingly, bees” humoral responses are
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limited to the production of only a couple of antimicrobial peptides such as proline-rich ap-
idaecins [172] and abaecins [173], cysteine-rich defensins 1 and 2 [174,175] and glycine-rich
hymenoptaecin [176].

Until now, antimicrobial peptides of honey bee origin found in honey include defensin-1,
hymenoptaecin and jelleins. Klaudiny et al. (2005) [175] detected two variants of defensins
genes, defensin 1 and defensins 2 in honey bee that were differentially expressed. Their gene
products defensin-1 protein has been found in honey [177-179] while defensin 2, royalisin,
in royal jelly [179]. Despite overlapping sequence and structural features, defensinl and
royalisin present distinct spectrum of antimicrobial activity. While both defensins inhibit
growth of Gram-positive bacteria and fungi [180,181], royalisin also inhibits Paenibacillus
larvae larvae [180-182].

Another antimicrobial peptide found in honey is hymenoptaecins. Hymenoptaecins
are inducible antimicrobial peptides synthesized after bacterial infection of bees. Initially
expressed in the bee fat body and hemocytes, they accumulate rapidly in hemolymph
of adult bees and in brood. Similarly to defensins and jelleins, hymenoptaecins require
proteolytic processing to be releases in the active form [176,183]. It is believed that simi-
larly to defensins, hymenoptaecins are introduced to honey with the secretion of the bee
hypopharyngeal glands. The contribution of this peptide to honey antimicrobial activity
has not been directly verified.

Jelleins are small antimicrobial peptides located in the C-terminal portion of the Major
Royal Jelly Protein 1, the most abundant protein in honey [184]. They have to be relased
proteolytically from the MRJP1 to perform their pore-forming action of the cell membrane
of Gram-positive bacteria [184,185] In general, jelleins showed higher antibacterial efficacy
against Gram-positive bacteria (S. aureus, B. subtilis) than against gram-negative bacteria
(E. coli, P. aeruginosa, K. pneumoniae). They were also active against fungi, C. albicans [185].
Despite their in vitro antibacterial activities against several multi-drug resistant clinical
isolates, their contribution to honey antimicrobial activity remains to be established [186].

11. Conclusions

This review highlights the role of honey microbiota in the production of plethora of
antimicrobial compounds. It presents honey as a well-defined habitat with distinct physico-
chmical properties that shapes the microbial community structure and richness. The habitat
is occupied by microbiota acquired by horizontal transfer from nectar, pollen, bees and
environment. The initial diversity of microbial populations is reduced by the change in
physicochemical properties during the nectar to honey transformation, which eliminates
transient contaminants and less adapted species (such as Lactobacillus and Gluconobacter
genera, and the genera of Cladosporium, Aspergillus, Candida) [4,40,89]. In the end, the core
microbiota are comprised of xerotolerant and osmotolerant fungal and bacterial species
dominanted by Bacillus and Lactobacillus spp. and yeasts Metschnikowia, Saccharomyces,
Zygosaccharomyces and Alternaria spp.

The antagonistic interspecies interactions induced by the overlap of microbial species
in honey result in the production and release of diffusible molecules secreted by these
species directly to the growth medium, that is, honey. Together, honey microbiota and the
products of their metabolic activity comprise honey microbiome. Honey microbiome is a
functional unit, in which living microbiota interact with each other and secrete the variety
of specialized metabolic compounds including those with antimicrobial properties.

The described antimicrobial compounds produced by the honey core microbiota in-
clude antibiotics ((3-lactams, bacitracin, bacilysin), antmicrobial peptides of bee origin
(defensins, hymenoptaecins), bacteriocins produced by LAB and Bacillus spp., biosurfac-
tants and siderophores. Each microorganism detected in honey could potentially produce
more than one antimicrobial compound with a different mode of action, targeting different
cellular structures (Figure 4). Based on the mode of action, bactericidal effects of antimicro-
bial peptides, antibiotics or bacteriocins result in the direct membrane damage through
the pore-formation, inhibition of peptidoglycan synthesis, and by the increased membrane
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permeability. The depolarization of the cytoplasmic membrane by biosurfactants (lipope-
tides, polymixins) and some bacteriocins (bacteriolysins, class III bacteriocins) prevents
a multitude of critical cellular function, such as energy production, active transport, sig-
nal transduction, quorum sensing, biofilm formation and expression of virulence factors

(Figure 4).
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(lantibiotics) (lipopeptides)
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Figure 4. Schematic representation of the effects of antimicrobial compounds (bacteriocins, lipopep-
tide surfactants and siderophores) produced by honey microbiota on the cytoplasmic membrane
integrity and bacterial cell function.

Thus, honey microbiome can be considered an ecological reservoir of antmicrobial
compounds that are produced and secreted by honey microbiota. In a nutshell, these
antimicrobial compounds might include:

1.  Cell wall damaging compounds:

A.  Bacteriocins originating from Bacillus and Lactobacillus species

B.  Antimicrobial peptides originated from bee: defensins, hymenoptaecins, jelleins

C.  Antimicrobial peptides originating from plants: thionins and thaumatin-like
peptides

D.  Antibiotics; bacilysin and bacillaene of bacterial origin

E.  Biosurfactants; lipopetides of bacterial origin (surfactin, iturin, fengycin, polymyx-

ins)

Biosurfactants of plant origin; lipid transfer proteins

Biosurfactants of fungal origin

Anti-fungal enzymes of plant origin: chitinases, glucanases and lysozymes
hydrolyzing peptidoglycan (PG) of bacterial cell envelope

T O

2. Inhibitors of peptidoglycan synthesis:

L Antibiotics; 3-lactams of fungal origin and bacitracin of bacterial origin
J. Lantibiotic bacteriocins of bacterial origin

3. Siderophores of bacterial and fungal origin

The efforts toward the identification of these antibacterials in honey could bring
desirable therapeutic and nutritional outcomes. The caveate is that honey processing
technologies and the inactivation of microorganisms by pasteurization kill inadvertently
the harmful foodborne pathogens together with the potentially beneficial, probiotic species
of Bacillus, Lactobacillus, Bifidobacteria or Saccharomyces. It could be argued, however, that
the antimicrobial compounds accumulated in honey before sterilization might remain func-
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tional anyway. One possible mechanism for their preservation in a native and functional
form is by their sequestration into colloidal particles that are formed in honey under low
water activity, high sugar concentration and high concentration of macromolecules [187].
The stable, metabolically inactive colloidal assemblies can transiently sequester, stabilize
and store bioactive molecules such as enzymes [187] and release them in active form upon
honey dilutions. The potential practicality of the colloidal system is its reversibility that
ensures “delivery” of sequestered, bioactive molecules when needed [187].

In sum, honey microbiome comprises a new source of putative honey antimicrobial
compounds that might constitute the long- sought “unknown”, non-peroxide factors
responsible for the residual honey antibacterial activity after removal/blocking of main
biocidal activities of H,O, or MGO. Thus, honey microbiome is a promising source to
discover new antimicrobials.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The author is very grateful to Sjaarda for his insightful comments and graphi-
cal help.

Conflicts of Interest: The author declares no conflict of interest.

References

1.  Nolan, V.C,; Harrison, J.; Cox, ].A.G. Dissecting the Antimicrobial Composition of Honey. Antibiotics 2019, 8, 251. [CrossRef]

2. Combarros-Fuertes, P.; Fresno, ].M.; Estevinho, M.M.; Sousa-Pimenta, M.; Tornadijo, M.E.; Estevinho, L.M. Honey: Another
Alternative in the Fight against Antibiotic-Resistant Bacteria? Antibiotics 2020, 9, 774. [CrossRef]

3. Molan, P.C. The Antibacterial Activity of Honey. 2.Variation in the potency of the antibacterial activity. Bee World 1992, 73, 59-76.
[CrossRef]

4. Brudzynski, K. A current perspective on hydrogen peroxide production in honey. A review. Food Chem. 2020, 332, 127229.
[CrossRef] [PubMed]

5. Mavric, E.; Wittmann, S.; Barth, G.; Henle, T. Identification and quantification of methylglyoxal as the dominant antibacterial
constituent of Manuka (Leptospermum scoparium) honeys from New Zealand. Mol. Nutr. Food Res. 2008, 52, 483-489. [CrossRef]

6. Imlay, J.A,; Linn, S. DNA damage and oxygen radical toxicity. Science 1998, 240, 1302-1309. [CrossRef]

7. Imlay, J.A. Pathways of oxidative damage. Annu. Rev. Microbiol. 2003, 57, 395-418. [CrossRef]

8.  Kohanski, M.A.; Dwyer, D.].; Collins, J.J. How antibiotics kill bacteria: From target to networks. Nat. Rev. 2010, 8, 423-435.
[CrossRef]

9.  Brudzynski, K.; Abubaker, K.; Wang, T. Powerful bacterial killing by buckwheat honeys is concentration-dependent, involves
complete DNA degradation and requires hydrogen peroxide. Front. Microbiol. 2012, 3, 242. [CrossRef]

10. Adams, C.J.; Boult, C.H.; Deadman, B.]J.; Farr, ].M.; Grainger, M.N.; Manley-Harris, M.; Snow, M.]. Isolation by HPLC and
characterisation of the bioactive fraction of New Zealand Manuka (Leptospermum scoparium) honey. Carbohydr. Res. 2008, 343,
651-659. [CrossRef] [PubMed]

11.  Cushnie, T.P.T,; Lamb, A.J. Recent advances in understanding the antibacterial properties of flavonoids. Int. ]. Antimicrob. Agents
2011, 38, 99-107. [CrossRef]

12. Cushnie, T.PT.; Lamb, A.J. Antimicrobial activity of flavonoids. Int. J. Antimicrob. Agents 2005, 26, 343-356. [CrossRef]

13.  Covan, M.M. Plant products as antimicrobial agents. Clin. Microbiol. Rev. 1999, 12, 564-582.

14. Nicolson, S.W.; Thornburg, R.W. Nectar chemistry. In Nectaries and Nectar; Nicolson, S.W., Nepi, M., Pacini, E., Eds.; Springer:
Dordrecht, The Netherlands, 2007; pp. 215-249. [CrossRef]

15. Isah, T. Stress and defense responses in plant secondary metabolites production. Biol. Res. 2019, 52, 39. [CrossRef] [PubMed]

16. Guzman, ]J.D. Natural Cinnamic Acids, Synthetic Derivatives and Hybrids with Antimicrobial Activity. Molecules 2014, 19,
19292-19349. [CrossRef] [PubMed]

17.  Anand, S.; Deighton, M.; Livanos, G.; Morrison, P.D.; Pang, E.C.K.; Mantri, N. Antimicrobial activity of Agastache honey and
characterization of its bioactive compounds in comparison with important commercial honeys. Front. Microbiol. 2019, 10, 263.
[CrossRef] [PubMed]

18. Blair, S.E.; Cokcetin, N.N.; Harry, E.J.; Carter, D.A. The unusual antibacterial activity of medical-grade Leptospermum honey:
Antibacterial spectrum, resistance and transcriptome analysis. Eur. ]. Clin. Microbiol. Infect. Dis. 2009, 28, 1199-1208. [CrossRef]
[PubMed]

19. Cooper, R. Using honey to inhibit wound pathogens. Nurs. Times 2008, 104, 46-49. [PubMed]


http://doi.org/10.3390/antibiotics8040251
http://doi.org/10.3390/antibiotics9110774
http://doi.org/10.1080/0005772X.1992.11099118
http://doi.org/10.1016/j.foodchem.2020.127229
http://www.ncbi.nlm.nih.gov/pubmed/32688187
http://doi.org/10.1002/mnfr.200700282
http://doi.org/10.1126/science.3287616
http://doi.org/10.1146/annurev.micro.57.030502.090938
http://doi.org/10.1038/nrmicro2333
http://doi.org/10.3389/fmicb.2012.00242
http://doi.org/10.1016/j.carres.2007.12.011
http://www.ncbi.nlm.nih.gov/pubmed/18194804
http://doi.org/10.1016/j.ijantimicag.2011.02.014
http://doi.org/10.1016/j.ijantimicag.2005.09.002
http://doi.org/10.1007/978-1-4020-5937-7_5
http://doi.org/10.1186/s40659-019-0246-3
http://www.ncbi.nlm.nih.gov/pubmed/31358053
http://doi.org/10.3390/molecules191219292
http://www.ncbi.nlm.nih.gov/pubmed/25429559
http://doi.org/10.3389/fmicb.2019.00263
http://www.ncbi.nlm.nih.gov/pubmed/30858831
http://doi.org/10.1007/s10096-009-0763-z
http://www.ncbi.nlm.nih.gov/pubmed/19513768
http://www.ncbi.nlm.nih.gov/pubmed/18293880

Antibiotics 2021, 10, 551 25 of 31

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Henriques, A.F; Jenkins, R.E.; Burton, N.F,; Cooper, R.A. The intracellular effects of manuka honey on Staphylococcus aureus. Eur.
J. Clin. Microbiol. Infect. Dis. 2010, 29, 45-50. [CrossRef]

Henriques, A.F; Jenkins, R.E.; Burton, N.E; Cooper, R.A. The effect of manuka honey on the structure of Pseudomonas aeruginosa.
Eur. ]. Clin. Microbiol. Infect. Dis. 2011, 30, 167-171. [CrossRef]

Jenkins, R.; Burton, N.; Cooper, R. Manuka honey inhibits cell division in methicillin-resistant Staphylococcus aureus. J. Antimicrob.
Chemother. 2011, 66, 2536-2542. [CrossRef] [PubMed]

Brudzynski, K.; Sjaarda, C. Antibacterial Compounds of Canadian Honeys Target Bacterial Cell Wall Inducing Phenotype
Changes, Growth Inhibition and Cell Lysis That Resemble Action of 3-Lactam Antibiotics. PLoS ONE 2014, 9, e106967. [CrossRef]
[PubMed]

Wasfi, R.; Elkhatib, W.F.; Khairalla, A.S. Effects of selected Egyptian honeys on the cellular ultrastructure and the gene expression
profile of Escherichia coli. PLoS ONE 2016, 11, 0150984.

Pajor, M.; Xiong, Z.R.; Worobo, RW.; Szweda, P. Paenibacillus alvei MP1 as a Producer of the Proteinaceous Compound with
Activity against Important Human Pathogens, Including Staphylococcus aureus and Listeria monocytogenes. Pathogens 2020, 9, 319.
[CrossRef] [PubMed]

Combarros-Fuertes, P.; Estevinho, L.M.; Teixeira-Santos, R.; Rodrigues, A.G.; Pina-Vaz, C.; Fresno, ].M.; Tornadijo, M.E. Evaluation
of Physiological Effects Induced by Manuka Honey Upon Staphylococcus aureus and Escherichia coli. Microorganisms 2019, 7, 258.
[CrossRef] [PubMed]

Hibbing, M.; Fuqua, C.; Parsek, M.; Peterson, S.B. Bacterial competition: Surviving and thriving in the microbial jungle. Nat. Rev.
Microbiol. 2010, 8, 15-25. [CrossRef] [PubMed]

Little, A.E.; Robinson, C.J.; Peterson, S.B.; Raffa, K.F.,; Handelsman, J. Rules of engagement: Interspecies interactions that regulate
microbial communities. Annu. Rev. Microbiol. 2008, 62, 375-401. [CrossRef] [PubMed]

Rutherford, S.T.; Bassler, B.L. Bacterial quorum sensing: Its role in virulence and possibilities for its control. Cold Spring Harb.
Perspect. Med. 2012, 2, a012427. [CrossRef]

Stubbendieck, R.M.; Straight, P.D. Multifaceted interfaces of bacterial competition. J. Bacteriol. 2016, 198, 2145-2155. [CrossRef]
[PubMed]

Snowdon, J.A.; Cliver, D.O. Microorganisms in honey. Int. |. Food Microbiol. 1996, 31, 1-26. [CrossRef]

Olaitan, P.B.; Adeleke, O.E.; Iyabo, O.O. Honey: A reservoir for microorganisms and an inhibitory agent for microbes. Afr. Health
Sci. 2007, 7, 159-165.

Alvarez-Pérez, S.; Herrera, C.M.; de Vega, C. Zooming-in on floral nectar: A first exploration of nectar-associated bacteria in wild
plant communities. FEMS Microbiol. Ecol. 2012, 80, 591-602. [CrossRef] [PubMed]

Mundo, M. A ; Padilla-Zakour, O.I.; Worobo, R.-W. Growth inhibition of foodborne pathogens and food spoilage organisms by
select raw honeys. Int. ]. Food Microbiol. 2004, 97, 1-8. [CrossRef] [PubMed]

Lee, H.; Churey, J.J.; Worobo, R.W. Purification and structural characterization of bacillomycin F produced by a bacterial honey
isolate active against Byssochlamys fulva H25. ]. App. Microbiol. 2008, 105, 663—673. [CrossRef] [PubMed]

Lee, H.; Churey, ].J.; Worobo, R.W. Antimicrobial activity of bacterial isolates from different floral sources of honey. Int. J. Food
Microbiol. 2008, 126, 240-244. [CrossRef] [PubMed]

Berg, G.; Rybakova, D.; Fischer, D.; Cernava, T.; Champomier Verges, M.-C.; Charles, T.; Chen, X.; Cocolin, L.; Eversole, K.; Corral,
G.H,; et al. Microbiome definition re-visited: Old concepts and new challenges. Microbiome 2020, 8, 103. [CrossRef]
Aizenberg-Gershtein, Y.; Izhaki, I.; Halpern, M. Do Honeybees Shape the Bacterial Community Composition in Floral Nectar?
PLoS ONE 2013, 8, €67556. [CrossRef]

Fridman, S.; Izhaki, I.; Gerchman, Y.; Halpern, M.; Samuni-Blank, M.; Izhaki, I.; Laviad, S.; Bar-Massada, A.; Gerchman, Y.;
Halpern, M. The Role of Abiotic Environmental Conditions and Herbivory in Shaping Bacterial Community Composition in
Floral Nectar. PLoS ONE 2014, 9, €99107.

Ruiz-Argueso, T.; Rodriguez-Navarro, A. Microbiology of ripening honey. Appl. Microbiol. 1975, 30, 893-896. [CrossRef]

Wen, Y.; Wang, L.; Jin, Y.; Zhang, J.; Su, L.; Zhang, X.; Zhou, J.; Li, Y. The microbial community dynamics during the vitex honey
ripening process in the honeycomb. Front. Microbiol. 2017, 8, 1649. [CrossRef]

Anderson, K.E.; Sheehan, T.H.; Mott, B.M.; Maes, P,; Snyder, L.; Schwan, M.R.; Walton, A.; Jones, B.M.; Corby-Harris, V. Microbial
ecology of the hive and pollination landscape: Bacterial associates from floral nectar, the alimentary tract and stored food of
honey bees (Apis mellifera). PLoS ONE 2013, 8, e83125. [CrossRef]

Corby-Harris, V.; Maes, P.; Anderson, K.E. The bacterial communities associated with honey bee (Apis mellifera) foragers. PLoS
ONE 2014, 9, €95056. [CrossRef]

Bovo, S.; Ribani, A.; Utzeri, V.J.; Schiavo, G.; Bertolini, F.; Fontanesi, L. Shotgun metagenomics of honey DNA: Evaluation of
a methodological approach to describe a multi-kingdom honey bee derived environmental DNA signature. PLoS ONE 2018,
13, €0205575. [CrossRef] [PubMed]

Manirajan, A.B.; Ratering, S.; Rusch, V.; Schwiertz, A.; Geissler-Plaum, R.; Cardinale, M.; Schnell, S. Bacterial microbiota associated
with flower pollen is influenced by pollination type, and shows a high degree of diversity and species-specificity. Environ.
Microbiol. 2016, 18, 5161-5174. [CrossRef] [PubMed]

Endo, A.; Futagawa-Endo, Y.; Dicks, L.M. Isolation and characterization of fructophilic lactic acid bacteria from fructose-rich
niches. Syst. Appl. Microbiol. 2009, 32, 593-600. [CrossRef] [PubMed]


http://doi.org/10.1007/s10096-009-0817-2
http://doi.org/10.1007/s10096-010-1065-1
http://doi.org/10.1093/jac/dkr340
http://www.ncbi.nlm.nih.gov/pubmed/21903658
http://doi.org/10.1371/journal.pone.0106967
http://www.ncbi.nlm.nih.gov/pubmed/25191847
http://doi.org/10.3390/pathogens9050319
http://www.ncbi.nlm.nih.gov/pubmed/32344843
http://doi.org/10.3390/microorganisms7080258
http://www.ncbi.nlm.nih.gov/pubmed/31412630
http://doi.org/10.1038/nrmicro2259
http://www.ncbi.nlm.nih.gov/pubmed/19946288
http://doi.org/10.1146/annurev.micro.030608.101423
http://www.ncbi.nlm.nih.gov/pubmed/18544040
http://doi.org/10.1101/cshperspect.a012427
http://doi.org/10.1128/JB.00275-16
http://www.ncbi.nlm.nih.gov/pubmed/27246570
http://doi.org/10.1016/0168-1605(96)00970-1
http://doi.org/10.1111/j.1574-6941.2012.01329.x
http://www.ncbi.nlm.nih.gov/pubmed/22324904
http://doi.org/10.1016/j.ijfoodmicro.2004.03.025
http://www.ncbi.nlm.nih.gov/pubmed/15527912
http://doi.org/10.1111/j.1365-2672.2008.03797.x
http://www.ncbi.nlm.nih.gov/pubmed/18397260
http://doi.org/10.1016/j.ijfoodmicro.2008.04.030
http://www.ncbi.nlm.nih.gov/pubmed/18538876
http://doi.org/10.1186/s40168-020-00875-0
http://doi.org/10.1371/journal.pone.0067556
http://doi.org/10.1128/AM.30.6.893-896.1975
http://doi.org/10.3389/fmicb.2017.01649
http://doi.org/10.1371/journal.pone.0083125
http://doi.org/10.1371/journal.pone.0095056
http://doi.org/10.1371/journal.pone.0205575
http://www.ncbi.nlm.nih.gov/pubmed/30379893
http://doi.org/10.1111/1462-2920.13524
http://www.ncbi.nlm.nih.gov/pubmed/27612299
http://doi.org/10.1016/j.syapm.2009.08.002
http://www.ncbi.nlm.nih.gov/pubmed/19733991

Antibiotics 2021, 10, 551 26 of 31

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

Endo, A.; Salminen, S. Honeybees and beehives are rich sources for fructophilic lactic acid bacteria. Syst. Appl. Microbiol. 2013, 36,
444-448. [CrossRef] [PubMed]

Neveling, D.P; Endo, A.; Dicks, L.M. Fructophilic Lactobacillus kunkeei and Lactobacillus brevis isolated from fresh flowers, bees
and beehives. Curr. Microbiol. 2012, 65, 507-515. [CrossRef] [PubMed]

Olofsson, T.C.; Vasquez, A. Detection and Identification of a Novel Lactic Acid Bacterial Flora within the Honey Stomach of the
Honeybee Apis mellifera. Curr. Microbiol. 2008, 57, 356-363. [CrossRef] [PubMed]

Olofsson, T.C.; Alsterfjord, M.; Nilson, B.; Butler, E,; Vasquez, A. Lactobacillus apinorum sp. nov., Lactobacillus mellifer sp. nov.,
Lactobacillus mellis sp. nov., Lactobacillus melliventris sp. nov., Lactobacillus kimbladii sp. nov., Lactobacillus helsingborgensis sp.
nov. and Lactobacillus kullabergensis sp. nov., isolated from the honey stomach of the honeybee Apis mellifera. Int. J. Syst. Evol.
Microbiol. 2014, 64 Pt 9, 3109-3119. [CrossRef] [PubMed]

Gustaw, K.; Michalak, M.; Polak-Berecka, M.; Wasko, A. Isolation and characterization of a new fructophilic Lactobacillus plantarum
FPL strain from honeydew. Ann. Microbiol. 2018, 68, 459-470. [CrossRef]

Forsgren, E.; Olofsson, T.C.; Vasquez, A.; Fries, I. Novel lactic acid bacteria inhibiting Paenibacillus larvae in honey bee larvae.
Apidologie 2009, 41, 99-108. [CrossRef]

Ramos, O.Y.; Basualdo, M.; Libonatti, C.; Vega, M.F. Current status and application of lactic acid bacteria in animal production
systems with a focus on bacteria from honey bee colonies. . Appl. Microbiol. 2020, 128, 1248-1260. [CrossRef]

Aween, M.M.; Hassan, Z.; Muhialdin, B.J.; Noor, HM.; Eljamel, Y.A. Evaluation on antibacterial activity of Lactobacillus acidophilus
strains isolated from honey. Am. J. Appl. Sci. 2012, 9, 807-817. [CrossRef]

Berrios, P; Fuentes, J.A.; Salas, D.; Carrefio, A.; Aldea, P; Fernandez, F.; Trombert, A.N. Inhibitory effect of biofilm-forming
Lactobacillus kunkeei strains against virulent Pseudomonas aeruginosa in vitro and in honeycomb moth (Galleria mellonella) infection
model. Benef. Microbes 2018, 9, 257-268. [CrossRef] [PubMed]

Chaven, S. Honey, Confectionery and Bakery Products. In Food Safety Management; Motarjemi, Y., Lelieveld, H., Eds.; Academic
Press: Cambridge, MA, USA, 2014; Chapter 11, pp. 283-299. [CrossRef]

Mubhialdin, B.J.; Hassan, Z.; Saari, N. In vitro antifungal activity of lactic acid bacteria low molecular peptides against spoilage
fungi of bakery products. Ann. Microbiol. 2018, 68, 557-567. [CrossRef]

Sadiqg, FA.; Yan, B,; Tian, F.; Zhao, J.; Zhang, H.; Chen, W. Lactic Acid Bacteria as Antifungal and Anti-Mycotoxigenic Agents: A
Comprehensive Review. Compr. Rev. Food Sci. Food Saf. 2019, 18, 1403-1436. [CrossRef] [PubMed]

Sinacori, M.; Francesca, N.; Alfonzo, A.; Cruciata, M.; Sannino, C.; Settanni, L.; Moschetti, G. Cultivable microorganisms
associated with honeys of different geographical and botanical origin. Food Microbiol. 2014, 38, 284-294. [CrossRef]

Pajor, M.; Worobo, R.W.; Milewski, S.; Szweda, P. The Antimicrobial Potential of Bacteria Isolated from Honey Samples Produced
in the Apiaries Located in Pomeranian Voivodeship in Northern Poland. Int. J. Environ. Res. Public Health 2018, 15, 2002.
[CrossRef]

Pomastowski, P.; Ztoch, M.; Rodzik, A.; Ligor, M.; Kostrzewa, M.; Buszewski, B. Analysis of bacteria associated with honeys of
different geographical and botanical origin using two different identification approaches: MALDI-TOF MS and 165 rDNA PCR
technique. PLoS ONE 2019, 14, e0217078. [CrossRef]

Brudzynski, K.; Flick, R. Accumulation of soluble menaquinones MK-7 in honey coincides with death of Bacillus spp. present in
honey. Food Chem. X 2019, 1, 100008. [CrossRef]

Jack, RW.; Tagg, ].R.; Ray, B. Bacteriocins of Gram-positive bacteria. Microbiol. Rev. 1995, 59, 171. [CrossRef] [PubMed]

Caulier, S.; Nannan, C.; Gillis, A.; Licciardi, F.; Bragard, C.; Mahillon, J. Overview of the Antimicrobial Compounds Produced by
Members of the Bacillus subtilis Group. Front. Microbiol. 2019, 10, 302. [CrossRef] [PubMed]

Grecka, K.; Kus, PM.; Worobo, R.W.; Szweda, P. Study of the anti-staphylococcal potential of honeys produced in Northern
Poland. Molecules 2018, 23, 260. [CrossRef] [PubMed]

Herrera, C.M.; De Vega, C.; Canto, A.; Pozo, M.I. Yeasts in floral nectar: A quantitative survey. Ann. Bot. 2009, 103, 1415-1423.
[CrossRef]

Rodriguez-Andrade, E.; Stchigel, A.M.; Terrab, A.].; Guarro, A.J.; Cano-Lira, ].F. Diversity of xerotolerant and xerophilic fungi in
honey. IMA Fungus 2019, 10, 20. [CrossRef]

Kac¢éaniova, M.; Knazovicka, V.; Felsociovd, S.; Rovna, K. Microscopic fungi recovered from honey and their toxinogenity. J.
Environ. Sci. Health Part A. 2012, 47, 1659-1664. [CrossRef] [PubMed]

Golubev, W.I. Antagonistic interactions among yeasts. In Biodiversity and Ecophysiology of Yeasts; Rosa, C.A., Peter., G., Eds.;
Springer: Berlin, Germany, 2006; pp. 197-219.

Deshmukh, S.K.; Verekar, S.A.; Bhave, S.V. Endophytic fungi: A reservoir of antibacterials. Front. Microbiol. 2015, 5, 715. [CrossRef]
Hutchings, M.J.; Truman, A.W.; Wilkinson, B. Antibiotics: Past, present and future. Curr. Opin. Microbiol. 2019, 51, 72-80.
[CrossRef] [PubMed]

Agriopoulou, S.; Stamatelopoulou, E.; Varzakas, T. Advances in Occurrence, Importance, and Mycotoxin Control Strategies:
Prevention and Detoxification in Foods. Foods 2020, 9, 137. [CrossRef]

De Vuyst, L.; Leroy, F. Bacteriocins from lactic acid bacteria: Production, purification, and food applications. J. Mol. Microbiol.
Biotechnol. 2007, 13, 194-199. [CrossRef]

Zacharof, M.P,; Lovitt, RW. Bacteriocins produced by lactic acid bacteria. A review article. APCBEE Proc. 2012, 2, 50-56.
[CrossRef]


http://doi.org/10.1016/j.syapm.2013.06.002
http://www.ncbi.nlm.nih.gov/pubmed/23845309
http://doi.org/10.1007/s00284-012-0186-4
http://www.ncbi.nlm.nih.gov/pubmed/22797888
http://doi.org/10.1007/s00284-008-9202-0
http://www.ncbi.nlm.nih.gov/pubmed/18663527
http://doi.org/10.1099/ijs.0.059600-0
http://www.ncbi.nlm.nih.gov/pubmed/24944337
http://doi.org/10.1007/s13213-018-1350-2
http://doi.org/10.1051/apido/2009065
http://doi.org/10.1111/jam.14469
http://doi.org/10.3844/ajassp.2012.807.817
http://doi.org/10.3920/BM2017.0048
http://www.ncbi.nlm.nih.gov/pubmed/29124967
http://doi.org/10.1016/B978-0-12-381504-0.00011-1
http://doi.org/10.1007/s13213-018-1363-x
http://doi.org/10.1111/1541-4337.12481
http://www.ncbi.nlm.nih.gov/pubmed/33336904
http://doi.org/10.1016/j.fm.2013.07.013
http://doi.org/10.3390/ijerph15092002
http://doi.org/10.1371/journal.pone.0217078
http://doi.org/10.1016/j.fochx.2019.100008
http://doi.org/10.1128/MR.59.2.171-200.1995
http://www.ncbi.nlm.nih.gov/pubmed/7603408
http://doi.org/10.3389/fmicb.2019.00302
http://www.ncbi.nlm.nih.gov/pubmed/30873135
http://doi.org/10.3390/molecules23020260
http://www.ncbi.nlm.nih.gov/pubmed/29382105
http://doi.org/10.1093/aob/mcp026
http://doi.org/10.1186/s43008-019-0021-7
http://doi.org/10.1080/10934529.2012.687242
http://www.ncbi.nlm.nih.gov/pubmed/22702826
http://doi.org/10.3389/fmicb.2014.00715
http://doi.org/10.1016/j.mib.2019.10.008
http://www.ncbi.nlm.nih.gov/pubmed/31733401
http://doi.org/10.3390/foods9020137
http://doi.org/10.1159/000104752
http://doi.org/10.1016/j.apcbee.2012.06.010

Antibiotics 2021, 10, 551 27 of 31

75.

76.
77.

78.

79.

80.

81.

82.
83.

84.

85.

86.

87.

88.

89.

90.

91.
92.

93.

94.

95.

96.

97.

98.

99.

100.
101.
102.
103.

104.

Alvarez-Sieiro, P.; Montalban-Lopez, M.; Mu, D.; Kuipers, O.P. Bacteriocins of lactic acid bacteria: Extending the family. Appl.
Microbiol. Biotechnol. 2016, 100, 2939-2951. [CrossRef] [PubMed]

Klaenhammer, T.R. Genetics of bacteriocins produced by lactic acid bacteria. FEMS Microbiol. Rev. 1993, 12, 39-85. [CrossRef]
McAuliffe, O.R.; Ross, P.,; Hill, C. Lantibiotics: Structure, biosynthesis and mode of action. FEMS Microbiol. Rev. 2001, 25, 285-308.
[CrossRef] [PubMed]

Zendo, T.; Ohashi, C.; Maeno, S.; Piao, X.; Salminen, S.; Sonomoto, K.; Endo, A. Kunkecin A, a New Nisin Variant Bacteriocin
Produced by the Fructophilic Lactic Acid Bacterium, Apilactobacillus kunkeei FF30-6 Isolated From Honey Bees. Front. Microbiol.
2020, 11, 571903. [CrossRef]

Nissen-Meyer, ].; Holo, H.; Havarstein, L.S.; Sletten, K.; Nes, I.F. A novel lactococcal bacteriocin whose activity depends on the
complementary action of two peptides. J. Bacteriol. 1992, 174, 5686-5692. [CrossRef]

Breukink, E.; Wiedemann, I.; van Kraaij, C.; Kuipers, O.P,; Sahl, H.G.; de Kruijff, B. Use of the cell wall precursor lipid Il by a
pore-forming peptide antibiotic. Science 1999, 286, 2361-2364. [CrossRef]

Van Heusden, H.E.; de Kruijff, B.; Breukink, E. Lipid II induces a transmembrane orientation of the pore-forming peptide
lantibiotic nisin. Biochemistry 2002, 41, 12171-12178. [CrossRef]

Tagg, ].R.; Dajani, A.S.; Wannamaker, L.W. Bacteriocins of gram positive bacteria. Bacteriol. Rev. 1976, 40, 722-756. [CrossRef]
Moll, G.N.; Konings, W.N.; Driessen, A.]. Bacteriocins: Mechanism of membrane insertion and pore formation. Antonie Van
Leeuwenhoek 1999, 76, 185-198. [CrossRef] [PubMed]

Wiedemann, LE.; Breukink, C.; van Kraaij, O.P,; Kuipers, G.; Bierbaum, B.; Bierbaum, G.; De Kruijff, B.; Sahl, H. Specific binding of
nisin to the peptidoglycan precursor lipid II combines pore formation and inhibition of cell wall biosynthesis for potent antibiotic
activity. J. Biol. Chem. 2001, 276, 1772-1779. [CrossRef]

Parada, J.L.; Caron, C.R.; Medeiros, A.B.P.; Soccol, C.R. Bacteriocins from lactic acid bacteria: Purification, properties and use as
biopreservatives. Braz. Arch. Biol. Technol. 2007, 50, 521-542. [CrossRef]

Schneck, E.; Schubert, T.; Konovalov, O.V.; Quinn, B.E.; Gutsmann, T.; Brandenburg, K.; Oliveira, R.G.; Pink, D.A.; Tanaka,
M. Quantitative Determination of Ion Distributions in Bacterial Lipopolysaccharide Membranes by Grazing-Incidence X-ray
Fluorescence. Proc. Natl. Acad. Sci. USA 2010, 107, 9147-9151. [CrossRef] [PubMed]

Boziaris, I.; Adams, M. Effect of chelators and nisin produced in situ on inhibition and inactivation of Gram-negatives. Int. ]. Food
Microbiol. 1999, 53, 105-113. [CrossRef]

Butler, E.; Oien, R.E; Lindholm, C.; Olofsson, T.C.; Nilson, B.; Vésquez, A. A pilot study investigating lactic acid bacterial
symbionts from the honeybee in inhibiting human chronic wound pathogens. Int. Wound |. 2016, 13, 729-737. [CrossRef]
Olofsson, T.C.; Butler, E.; Markowicz, P; Lindholm, C.; Larsson, L.; Viésquez, A. Lactic acid bacterial symbionts in honeybees—An
unknown key to honey’s antimicrobial and therapeutic activities. Int. Wound J. 2014, 13, 668—679. [CrossRef]

Oscariz, J.C.; Pisabarro, A.G. Classification and mode of action of membrane-active bacteriocins produced by gram-positive
bacteria. Int. Microbiol. 2001, 4, 13-19. [CrossRef]

Chen, H.; Hoover, D.G. Bacteriocins and their food applications. Compr. Rev. Food Sci. Food Saf. 2003, 2, 83-97.

Gong, H.S.; Meng, X.C.; Wang, H. Mode of action of plantaricin MG, a bacteriocin active against Salmonella typhimurium. |. Basic
Microbiol. 2010, 50, S37-545. [CrossRef]

Alegria, A Delgado, S.; Roces, C.; Lopez, B.; Mayo, B. Bacteriocins produced by wild Lactococcus lactis strains isolated from
traditional, starter-free cheeses made of raw milk. Int. . Food Microbiol. 2010, 143, 61-66. [CrossRef]

Rodrigues, L.R; Banat, LM.; Teixeira, ].; Oliveira, R. Biosurfactants: Potential applications in medicine. J. Antimicrob. Chemother.
2006, 57, 609-618. [CrossRef]

Carvalho, EM.; Teixeira-Santos, R.; Mergulhao, EJ.M.; Gomes, L.C. The Use of Probiotics to Fight Biofilms in Medical Devices: A
Systematic Review and Meta-Analysis. Microorganisms 2020, 9, 27. [CrossRef] [PubMed]

Velraeds, M.M.; Van Der Mei, H.C.; Reid, G.; Busscher, H.J. Physicochemical and biochemical characterization of biosurfactants
released by Lactobacillus strains. Colloids Surf. B Biointerfaces 1996, 8, 51-61. [CrossRef]

Satpute, S.K.; Kulkarni, G.R.; Banpurkar, A.G.; Banat, LM.; Mone, N.S.; Patil, R.H.; Cameotra, S.S. Biosurfactant/s from Lactobacilli
species: Properties, challenges and potential biomedical applications. J. Basic Microbiol. 2016, 56, 1140-1158. [CrossRef]

Gudifia, E.J.; Fernandes, E.C.; Teixeira, ]J.A.; Rodrigues, L.R. Antimicrobial and anti-adhesive activities of cell-bound biosurfactant
from Lactobacillus agilis CCUG31450. RSC Adv. 2015, 5, 90960-90968. [CrossRef]

Barzegari, A.; Kheyrolahzadeh, K.; Khatibi, S.M.H.; Sharifi, S.; Memar, M.Y.; Vahed, Z.S. The Battle of Probiotics and Their
Derivatives against Biofilms. Infect. Drug Resist. 2020, 13, 659-672. [CrossRef]

Paluch, E.; Rewak-Soroczyniska, J.; Jedrusik, I.; Mazurkiewicz, E.; Jermakow, K. Prevention of biofilm formation by quorum
quenching. Appl. Microbiol. Biotechnol. 2020, 104, 1871-1881. [CrossRef] [PubMed]

Miller, M.B.; Bassler, B.L. Quorum sensing in bacteria. Ann. Rev. Microbiol. 2001, 55, 165-199. [CrossRef]

Li, Y.-H,; Tian, X. Quorum Sensing and Bacterial Social Interactions in Biofilms. Sensors 2012, 12, 2519-2538. [CrossRef] [PubMed]
Sharma, D.; Saharan, B.S. Functional characterization of biomedical potential of biosurfactant produced by Lactobacillus helveticus.
Biotechnol. Rep. 2016, 11, 27-35. [CrossRef]

Mathur, H.; Field, D.; Rea, M.C.; Cotter, P.D.; Hill, C.; Ross, R.P. Fighting biofilms with lantibiotics and other groups of bacteriocins.
NPJ Biofilms Microbiomes 2018, 4, 9. [CrossRef]


http://doi.org/10.1007/s00253-016-7343-9
http://www.ncbi.nlm.nih.gov/pubmed/26860942
http://doi.org/10.1016/0168-6445(93)90057-G
http://doi.org/10.1111/j.1574-6976.2001.tb00579.x
http://www.ncbi.nlm.nih.gov/pubmed/11348686
http://doi.org/10.3389/fmicb.2020.571903
http://doi.org/10.1128/JB.174.17.5686-5692.1992
http://doi.org/10.1126/science.286.5448.2361
http://doi.org/10.1021/bi026090x
http://doi.org/10.1128/BR.40.3.722-756.1976
http://doi.org/10.1023/A:1002002718501
http://www.ncbi.nlm.nih.gov/pubmed/10532378
http://doi.org/10.1074/jbc.M006770200
http://doi.org/10.1590/S1516-89132007000300018
http://doi.org/10.1073/pnas.0913737107
http://www.ncbi.nlm.nih.gov/pubmed/20442333
http://doi.org/10.1016/S0168-1605(99)00139-7
http://doi.org/10.1111/iwj.12360
http://doi.org/10.1111/iwj.12345
http://doi.org/10.1007/s101230100003
http://doi.org/10.1002/jobm.201000130
http://doi.org/10.1016/j.ijfoodmicro.2010.07.029
http://doi.org/10.1093/jac/dkl024
http://doi.org/10.3390/microorganisms9010027
http://www.ncbi.nlm.nih.gov/pubmed/33374844
http://doi.org/10.1016/S0927-7765(96)01297-0
http://doi.org/10.1002/jobm.201600143
http://doi.org/10.1039/C5RA11659G
http://doi.org/10.2147/IDR.S232982
http://doi.org/10.1007/s00253-020-10349-w
http://www.ncbi.nlm.nih.gov/pubmed/31927762
http://doi.org/10.1146/annurev.micro.55.1.165
http://doi.org/10.3390/s120302519
http://www.ncbi.nlm.nih.gov/pubmed/22736963
http://doi.org/10.1016/j.btre.2016.05.001
http://doi.org/10.1038/s41522-018-0053-6

Antibiotics 2021, 10, 551 28 of 31

105.

106.

107.

108.

109.
110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

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

Tatsaporn, T.; Kornkanok, K. Using Potential Lactic Acid Bacteria Biofilms and their Compounds to Control Biofilms of Foodborne
Pathogens. Biotechnol. Rep. 2020, 26, €00477. [CrossRef]

Gobémez, N.C.; Ramiro, ].M.P; Quecan, B.X.V.; de Melo Franco, B.D.G. Use of Potential Probiotic Lactic Acid Bacteria (LAB)
Biofilms for the Control of Listeria monocytogenes, Salmonella Typhimurium, and Escherichia coli O157:H7 Biofilms Formation. Front.
Microbiol. 2016, 7, 863. [CrossRef] [PubMed]

Pérez-Ibarreche, M.; Castellano, P.; Leclercq, A.; Vignolo, G. Control of Listeria monocytogenes biofilms on industrial surfaces by
the bacteriocin-producing Lactobacillus sakei CRL1862. FEMS Microbiol. Lett. 2016, 363, fnw118. [CrossRef] [PubMed]

Stein, T. Bacillus subtilis antibiotics: Structures, syntheses and specific functions. Mol. Microbiol. 2005, 56, 845-857. [CrossRef]
Abriouel, H.; Franz, CM.A P.,; Omar, N.B.; Galvez, A. Diversity and applications of Bacillus bacteriocins. FEMS Microbiol. Rev.
2011, 35, 201-232. [CrossRef] [PubMed]

Zhao, X.; Kuipers, O.P. Identification and classification of known and putative antimicrobial compounds produced by a wide
variety of Bacillales species. BMC Genom. 2016, 17, 882. [CrossRef]

Sumi, C.D.; Yang, B.W,; Yeo, I.C.; Hahm, Y.T. Antimicrobial peptides of the genus Bacillus: A new era for antibiotics. Can. .
Microbiol. 2015, 61, 93-103. [CrossRef]

Kawulka, K.; Sprules, T.; McKay, R.T.; Mercier, P.; Diaper, C.M.; Zuber, P.; Vederas, ].C. Structure of subtilosin A, an antimi-
crobial peptide from Bacillus subtilis with unusual posttranslational modifications linking cysteine sulfurs to alpha-carbons of
phenylalanine and threonine. J. Am. Chem. Soc. 2003, 125, 4726-4727. [CrossRef] [PubMed]

Balty, C.; Guillot, A.; Fradale, L.; Brewee, C.; Boulay, M.; Kubiak, X.; Benjdia, A.; Berteau, O. Ruminococcin C, an anti-clostridial
sactipeptide produced by a prominent member of the human microbiota Ruminococcus gnavus. J. Biol. Chem. 2019, 294, 14512-
14525. [CrossRef] [PubMed]

Favret, M.E.; Yousten, A.A. Thuricin: The bacteriocin produced by Bacillus thuringiensis. J. Invertebr. Pathol. 1989, 53, 206-216.
[CrossRef]

Lee, H.; Churey, ].J.; Worobo, R.W. Biosynthesis and transcriptional analysis of thurincin H, a tandem repeated bacteriocin genetic
locus, produced by Bacillus thuringiensis SE361. FEMS Microbiol. Lett. 2009, 299, 205-213. [CrossRef] [PubMed]

Rea, M.C;; Sit, C.S,; Clayton, E.; O’Connor, PM.; Whittal, RM.; Zheng, J.; Vederas, ].C.; Ross, R.P,; Hill, C. Thuricin CD, a
posttranslationally modified bacteriocin with a narrow spectrum of activity against Clostridium difficile. Proc. Natl. Acad. Sci. USA
2010, 107, 9352-9357. [CrossRef] [PubMed]

Vollmer, W.; Joris, B.; Charlier, P; Foster, S. Bacterial peptidoglycan (murein) hydrolases. FEMS Microbiol. Rev. 2008, 32, 259-286.
[CrossRef]

Smith, T.J.; Blackman, S.A.; Foster, S.J. Autolysins of Bacillus subtilis: Multiple enzymes with multiple functions. Microbiology
2000, 146 Pt 2,249-262. [CrossRef] [PubMed]

Cho, H.; Uehara, T.; Bernhardt, T.G. Beta-lactam antibiotics induce a lethal malfunctioning of the bacterial cell wall synthesis
machinery. Cell 2014, 159, 1300-1311. [CrossRef] [PubMed]

Storm, D.R.; Strominger, J.L. Complex formation between bacitracin peptides and isoprenyl pyrophosphates. The specificity of
lipid-peptide interactions. . Biol. Chem. 1973, 248, 3940-3945. [CrossRef]

Kenig, M.; Abraham, E. Antimicrobial activities and antagonists of bacilysin and anticapsin. J. Gen. Microbiol. 1976, 94, 37-45.
[CrossRef] [PubMed]

Wu, L.; Wu, H.; Chen, L,; Yu, X,; Borriss, R.; Gao, X. Difficidin and bacilysin from Bacillus amyloliquefaciens FZB42 have antibacterial
activity against Xanthomonas oryzae rice pathogens. Sci. Rep. 2015, 5, 12975. [CrossRef]

Straight, P.D.; Fischbach, M.A.; Walsh, C.T.; Rudner, D.Z.; Kolter, R. A singular enzymatic megacomplex from Bacillus subtilis.
Proc. Natl. Acad. Sci. USA 2007, 104, 305-310. [CrossRef]

Butcher, R.A.; Schroeder, E.C.; Fischbach, M. A ; Straight, P.D.; Kolter, R.; Walsh, C.T.; Clardy, J. The identification of bacillaene, the
product of the PksX megacomplex in Bacillus subtilis. Proc. Natl. Acad. Sci. USA 2007, 104, 1506-1509. [CrossRef]

Patel, P.S.; Huang, S.; Fisher, S.; Pirnik, D.; Aklonis, C.; Dean, L.; Meyers, E.; Fernandes, P.; Mayerl, E. Bacillaene, a novel inhibitor
of procaryotic protein synthesis produced by Bacillus subtilis: Production, taxonomy, isolation, physico-chemical characterization
and biological activity. J. Antibiot. 1995, 48, 997-1003. [CrossRef]

Grady, E.N.; MacDonald, J.; Liu, L.; Richman, A.; Yuan, Z.C. Current knowledge and perspectives of Paenibacillus: A review.
Microb. Cell Fact. 2016, 15, 203. [CrossRef]

Carrillo, C.; Teruel, J.A.; Aranda, FJ.; Ortiz, A. Molecular mechanism of membrane permeabilization by the peptide antibiotic
surfactin. Biochim. Biophys. Acta 2003, 1611, 91-97. [CrossRef]

Deleu, M; Lorent, J.; Lins, L.; Brasseur, R.; Braun, N.; El Kirat, K.; Nylander, T.; Dufréne, Y.F.; Mingeot-Leclercq, M.P. Effects of
surfactin on membrane models displaying lipid phase separation. Biochim. Biophys. Acta 2013, 1828, 801-815. [CrossRef]
Vlamakis, H.; Chai, Y.; Beauregard, P.; Losick, R.; Kolter, R. Sticking together: Building a biofilm the Bacillus subtilis way. Nat. Rev.
Microbiol. 2013, 11, 157-168. [CrossRef] [PubMed]

Bais, H.P,; Fall, R.; Vivanco, ].M. Biocontrol of Bacillus subtilis against infection of Arabidopsis roots by Pseudomonas syringae is
facilitated by biofilm formation and surfactin production. Plant Physiol. 2004, 134, 307-319. [CrossRef] [PubMed]


http://doi.org/10.1016/j.micpath.2018.11.039
http://doi.org/10.1016/j.btre.2020.e00477
http://doi.org/10.3389/fmicb.2016.00863
http://www.ncbi.nlm.nih.gov/pubmed/27375584
http://doi.org/10.1093/femsle/fnw118
http://www.ncbi.nlm.nih.gov/pubmed/27190146
http://doi.org/10.1111/j.1365-2958.2005.04587.x
http://doi.org/10.1111/j.1574-6976.2010.00244.x
http://www.ncbi.nlm.nih.gov/pubmed/20695901
http://doi.org/10.1186/s12864-016-3224-y
http://doi.org/10.1139/cjm-2014-0613
http://doi.org/10.1021/ja029654t
http://www.ncbi.nlm.nih.gov/pubmed/12696888
http://doi.org/10.1074/jbc.RA119.009416
http://www.ncbi.nlm.nih.gov/pubmed/31337708
http://doi.org/10.1016/0022-2011(89)90009-8
http://doi.org/10.1111/j.1574-6968.2009.01749.x
http://www.ncbi.nlm.nih.gov/pubmed/19732155
http://doi.org/10.1073/pnas.0913554107
http://www.ncbi.nlm.nih.gov/pubmed/20435915
http://doi.org/10.1111/j.1574-6976.2007.00099.x
http://doi.org/10.1099/00221287-146-2-249
http://www.ncbi.nlm.nih.gov/pubmed/10708363
http://doi.org/10.1016/j.cell.2014.11.017
http://www.ncbi.nlm.nih.gov/pubmed/25480295
http://doi.org/10.1016/S0021-9258(19)43823-4
http://doi.org/10.1099/00221287-94-1-37
http://www.ncbi.nlm.nih.gov/pubmed/819623
http://doi.org/10.1038/srep12975
http://doi.org/10.1073/pnas.0609073103
http://doi.org/10.1073/pnas.0610503104
http://doi.org/10.7164/antibiotics.48.997
http://doi.org/10.1186/s12934-016-0603-7
http://doi.org/10.1016/S0005-2736(03)00029-4
http://doi.org/10.1016/j.bbamem.2012.11.007
http://doi.org/10.1038/nrmicro2960
http://www.ncbi.nlm.nih.gov/pubmed/23353768
http://doi.org/10.1104/pp.103.028712
http://www.ncbi.nlm.nih.gov/pubmed/14684838

Antibiotics 2021, 10, 551 29 of 31

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.
157.

158.

159.

Janek, T.; Drzymata, K.; Dobrowolski, A. In vitro efficacy of the lipopeptide biosurfactant surfactin-C;5 and its complexes with
divalent counterions to inhibit Candida albicans biofilm and hyphal formation. Biofouling 2020, 36, 210-221. [CrossRef] [PubMed]
Ceresa, C.; Rinaldi, M.; Chiono, V.; Carmagnola, I.; Allegrone, G.; Fracchia, L. Lipopeptides from Bacillus subtilis AC7 inhibit
adhesion and biofilm formation of Candida albicans on silicone. Antonie Van Leeuwenhoek 2016, 109, 1375-1388. [CrossRef]
[PubMed]

Sheppard, ].D.; Jumarie, C.; Cooper, D.G.; Laprade, R. Ionic channels induced by surfactin in planar lipid bilayer membranes.
Biochim. Biophys. Acta 1991, 1064, 13-23. [CrossRef]

Zakharova, A.A.; Efimova, S.S.; Malev, V.V.; Ostroumova, O. Fengycin induces ion channels in lipid bilayers mimicking target
fungal cell membranes. Sci. Rep. 2019, 9, 16034. [CrossRef]

Zhao, X.; Zhou, Z.].; Han, Y.; Wang, Z.Z.; Fan, ].; Xiao, H.Z. Isolation and identification of antifungal peptides from Bacillus BH072,
a novel bacterium isolated from honey. Microbiol. Res. 2013, 168, 598-606. [CrossRef]

Miethke, M.; Klotz, O.; Linne, U.; May, J.J.; Beckering, C.L.; Marahiel, M. A. Ferri-bacillibactin uptake and hydrolysis in Bacillus
subtilis. Mol. Microbiol. 2006, 61, 1413-1427. [CrossRef] [PubMed]

Khan, A.; Doshi, H.V.; Thakur, M.C. Bacillus spp.: A Prolific Siderophore Producer. In Bacilli and Agrobiotechnology; Islam, M.,
Rahman, M., Pandey, P, Jha, C., Aeron, A., Eds.; Springer: Cham, Switzerland, 2016. [CrossRef]

Cendrowski, S.; MacArthur, W.; Hanna, P. Bacillus anthracis requires siderophore biosynthesis for growth in macrophages and
mouse virulence. Mol. Microbiol. 2004, 51, 407-417.

Hertlein, G.; Miille, S.; Garcia-Gonzalez, E.; Poppinga, L.; Stissmuth, R.D.; Genersch, E. Production of the Catechol Type
Siderophore Bacillibactin by the Honey Bee Pathogen Paenibacillus larvae. PLoS ONE 2014, 9, e108272. [CrossRef]

Keller, A.; Brandel, A.; Becker, M.C.; Balles, R.; Abdelmohsen, U.R.; Ankenbrand, M.].; Sickel, W. Wild bees and their nests host
Paenibacillus bacteria with functional potential of avail. Microbiome 2018, 6, 229. [CrossRef] [PubMed]

Katznelson, H. Bacillus apiarius, n. sp., an aerobic spore-forming organism isolated from honeybee larvae. J. Bacteriol. 1955, 70,
635-636. [CrossRef] [PubMed]

Genersch, E. American Foulbrood in honeybees and its causative agent, Paenibacillus larvae. ]. Invertebr. Pathol. 2010, 103, S10-519.
[CrossRef]

Lee, H.; Churey, ].J.; Worobo, R.W. Isolation and characterization of a protective bacterial culture isolated from honey active
against American Foulbrood disease. FEMS Microbiol. Lett. 2009, 296, 39—44. [CrossRef] [PubMed]

Bakonyi, T.; Derakhshifar, I.; Grabensteiner, E.; Nowotny, N. Development and evaluation of PCR assays for the detection of
Paenibacillus larvae in honey samples: Comparison with isolation and biochemical characterization. Appl. Environ. Microbiol. 2003,
69, 1504-1510. [CrossRef]

Huang, E.; Yousef, A.E. Biosynthesis of paenibacillin, a lantibiotic with N-terminal acetylation, by Paenibacillus polymyxa. Microbiol.
Res. 2015, 181, 15-210. [CrossRef]

Huang, E.; Yousef, A.E. The lipopeptide antibiotic paenibacterin binds to the bacterial outer membrane and exerts bactericidal
activity through cytoplasmic membrane damage. Appl. Environ. Microbiol. 2014, 80, 2700-2704. [CrossRef]

Mokhtar, N.FK.; Hashim, A.M.; Hanish, I.; Zulkarnain, A.; Raja Nhari, RM.H.; Abdul Sani, A.A.; Abbasiliasi, S.; Ariff, A.;
Mustafa, S.; Rahim, R.A. The Discovery of New Antilisterial Proteins From Paenibacillus polymyxa Kp10 via Genome Mining and
Mass Spectrometry. Front. Microbiol. 2020, 11, 960. [CrossRef]

Poirel, L.; Jayol, A.; Nordmann, P. Polymyxins: Antibacterial activity, susceptibility testing, and resistance mechanisms encoded
by plasmids or chromosomes. Clin. Microbiol. Rev. 2017, 30, 557-596. [CrossRef] [PubMed]

Trimble, M.].; Mlynarc¢ik, P.; Kolaf, M.; Hancock, R.E. Polymyxin: Alternative Mechanisms of Action and Resistance. Cold Spring
Harb. Perspect. Med. 2016, 6, a025288. [CrossRef]

Huang, Z.; Hu, Y.; Shou, L.; Song, M. Isolation and partial characterization of cyclic lipopeptide antibiotics produced by
Paenibacillus ehimensis B7. BMC Microbiol. 2013, 13, 87. [CrossRef]

Pozo, M.I;; Lachanc, M.-A_; Herrera, C.M. Nectar yeasts of two southern Spanish plants: The roles of immigration and physiologi-
cal traits in community assembly. FEMS Microbiol. Ecol. 2012, 80, 281-293. [CrossRef]

Liu, G.L,; Chi, Z.; Wang, G.Y,; Wang, Z.P;; Li, Y.; Chi, Z.M. Yeast killer toxins, molecular mechanisms of their action and their
applications. Crit. Rev. Biotechnol. 2015, 35, 222-234. [CrossRef]

Magliani, W.; Conti, S.; Gerloni, M.; Bertolotti, D.; Polonelli, L. Yeast Killer Systems. Clin. Microbiol. Rev. 1997, 30, 369—-400.
[CrossRef]

Niu, G.; Johnson, R.M.; Berenbaum, M.R. Toxicity of mycotoxins to honeybees and its amelioration by propolis. Apidologie 2011,
42,79. [CrossRef]

Venkatesh, N.; Keller, N.P. Mycotoxins in Conversation with Bacteria and Fungi. Front. Microbiol. 2019, 10, 403. [CrossRef]
Pfliegler, W.P,; Pécsi, 1.; Gyori, Z.; Pusztahelyi, T. The Aspergilli and Their Mycotoxins: Metabolic Interactions with Plants and the
Soil Biota. Front. Microbiol. 2020, 10, 2921. [CrossRef] [PubMed]

Gilliam, M.; Prest, D.B.; Lorenz, B.]. Microbiology of pollen and bee bread: Taxonomy and enzymology of molds. Apidologie 1989,
20, 53-68. [CrossRef]

Hilldrup, J.A.; Eadie, T.; Llewellyn, G.C. Fungal Growth and Aflatoxin Production on Apiarian Substrates. |. AOAC 1977, 60,
96-99. [CrossRef]


http://doi.org/10.1080/08927014.2020.1752370
http://www.ncbi.nlm.nih.gov/pubmed/32292058
http://doi.org/10.1007/s10482-016-0736-z
http://www.ncbi.nlm.nih.gov/pubmed/27444239
http://doi.org/10.1016/0005-2736(91)90406-X
http://doi.org/10.1038/s41598-019-52551-5
http://doi.org/10.1016/j.micres.2013.03.001
http://doi.org/10.1111/j.1365-2958.2006.05321.x
http://www.ncbi.nlm.nih.gov/pubmed/16889643
http://doi.org/10.1007/978-3-319-44409-3_13
http://doi.org/10.1371/journal.pone.0108272
http://doi.org/10.1186/s40168-018-0614-1
http://www.ncbi.nlm.nih.gov/pubmed/30579360
http://doi.org/10.1128/JB.70.6.635-636.1955
http://www.ncbi.nlm.nih.gov/pubmed/13271306
http://doi.org/10.1016/j.jip.2009.06.015
http://doi.org/10.1111/j.1574-6968.2009.01615.x
http://www.ncbi.nlm.nih.gov/pubmed/19459943
http://doi.org/10.1128/AEM.69.3.1504-1510.2003
http://doi.org/10.1016/j.micres.2015.08.001
http://doi.org/10.1128/AEM.03775-13
http://doi.org/10.3389/fmicb.2020.00960
http://doi.org/10.1128/CMR.00064-16
http://www.ncbi.nlm.nih.gov/pubmed/28275006
http://doi.org/10.1101/cshperspect.a025288
http://doi.org/10.1186/1471-2180-13-87
http://doi.org/10.1111/j.1574-6941.2011.01286.x
http://doi.org/10.3109/07388551.2013.833582
http://doi.org/10.1128/CMR.10.3.369
http://doi.org/10.1051/apido/2010039
http://doi.org/10.3389/fmicb.2019.00403
http://doi.org/10.3389/fmicb.2019.02921
http://www.ncbi.nlm.nih.gov/pubmed/32117074
http://doi.org/10.1051/apido:19890106
http://doi.org/10.1093/jaoac/60.1.96

Antibiotics 2021, 10, 551 30 of 31

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Strohl, W.R. Antibiotics from filamentous fungi. In Biotechnology of Antibiotics; Strohl, W.R., Ed.; Marcel Dekker: New York, NY,
USA, 1997; pp. 1-47.

Laich, E; Fierro, F.; Martin, ].F. Production of penicillin by fungi growing on food products: Identification of a complete penicillin
gene cluster in Penicillium griseofulvum and a truncated cluster in Penicillium verrucosum. Appl. Environ. Microbiol. 2002, 68,
1211-1219. [CrossRef] [PubMed]

Paraszkiewicz, K.; Moryl, M.; Plaza, G.; Bhagat, D.; Satpute, S.K.; Bernat, P. Surfactants of microbial origin as antibiofilm agents.
Int. ]. Environ. Health Res. 2019, 31, 401-420. [CrossRef] [PubMed]

Lu, J.; Turnbull, L.; Burke, C.M.; Liu, M.; Carter, D.A.; Schlothauer, R.C.; Whitchurch, C.B.; Harry, E.]. Manuka-type honeys can
eradicate biofilms produced by Staphylococcus aureus strains with different biofilm-forming abilities. Peer] 2014, 2, €326. [CrossRef]
[PubMed]

Lu, J.; Cokcetin, N.N.; Burke, C.M.; Turnbull, L.; Liu, M.; Carter, D.; Whitchurch, C.B.; Harry, E.J. Honey can inhibit and eliminate
biofilms produced by Pseudomonas aeruginosa. Sci. Rep. 2019, 9, 18160. [CrossRef]

Miethke, M.; Marahiel, M.A. Siderophore-based iron acquisition and pathogen control. Microbiol. Mol. Biol. Rev. 2007, 71, 413-451.
[CrossRef]

Sudisha, J.; Sharathchandra, R.G.; Amruthesh, K.N.; Kumar, A.; Shetty, H.S. Pathogenesis Related Proteins in Plant Defense
Response. In Plant Defence: Biological Control. Progress in Biological Control; Mérillon, J., Ramawat, K., Eds.; Springer: Dordrecht,
The Netherlands, 2011; Volume 12. [CrossRef]

Garcia-Olmedo, F; Molina, A.; Alamillo, ].M.; Rodriguez-Palenzuela, P. Plant defense peptides. Biopolymers 1998, 47, 479—-491.
[CrossRef]

Carter, C.; Thornburg, R.W. Is the nectar redox cycle a floral defense against microbial attack? Trends Plant Sci. 2004, 9, 320-324.
[CrossRef] [PubMed]

Erban, T.; Shcherbachenko, E.; Talacko, P.; Harant, K. The Unique Protein Composition of Honey Revealed by Comprehensive
Proteomic Analysis: Allergens, Venom-like Proteins, Antibacterial Properties, Royal Jelly Proteins, Serine Proteases, and Their
Inhibitors. J. Nat. Prod. 2019, 82, 1217-1226. [CrossRef] [PubMed]

Rossano, R.; Larocca, M.; Polito, T.; Perna, A.M.; Padula, M.C.; Martelli, G.; Riccio, P. What Are the Proteolytic Enzymes of
Honey and What They Do Tell Us? A Fingerprint Analysis by 2-D Zymography of Unifloral Honeys. PLoS ONE 2012, 7, e49164.
[CrossRef]

Evans, ].D.; Aronstein, K.; Chen, Y.P; Hetru, C.; Imler, ].L,; Jiang, H.; Kanost, M.; Thompson, G.J.; Zou, Z.; Hultmark, D. Immune
pathways and defence mechanisms in honey bees Apis mellifera. Insect Mol. Biol. 2006, 15, 645-656. [CrossRef]

Casteels, P.; Ampe, C.; Jacobs, E,; Vaek, M.; Tempst, P. Apidaecins: Antibacterial peptides from honey bees. EMBO J. 1989, 8,
2387-2391. [CrossRef]

Casteels, P; Ampe, C.; Riviere, L.; Damme, J.V.; Elicone, C.; Fleming, M.; Jacobs, F.; Tempst, P. Isolation and characterization of
abaecin, a major antibacterial peptide in the honey bees (Apis mellifera). Eur. . Biochem. 1990, 187, 381-386. [CrossRef]
Casteels-Josson, K.; Zhang, W.; Capaci, T.; Casteels, P.; Tempst, P. Acute transcriptional response of the honey bees peptide-
antibiotics gene repertoire, required posttranslational conversion of the precursor structures. J. Biol. Chem. 1994, 269, 28569-28575.
[CrossRef]

Klaudiny, J.; Albert, S.; Bachanov4, K.; Kopernicky, J.; Simth, J. Two structurally different defensin genes, one of them encoding
a novel defensin isoform, are expressed in honeybee Apis mellifera. Insect Biochem. Mol. Biol. 2005, 35, 11-22. [CrossRef]
Casteels, P.; Ampe, C.; Jacobs, F.; Tempst, P. Functional and chemical characterization of hymenoptaecin, an antibacterial
polypeptide that is infection inducible in the honey bees (Apis mellifera). ]. Biol. Chem. 1993, 268, 7044-7054. [CrossRef]

Di Girolamo, F.; D’Amato, A.; Righetti, P.G.]. Assessment of the floral origin of honey via proteomic tools. Proteomics 2012, 75,
3688-3693. [CrossRef]

Kwakman, PH.S.; te Velde, A.A.; de Boer, L.; Speijer, D.; Vandenbroucke-Grauls, C.M.].E.; Zaat, S.A.J]. How honey kills bacteria.
FASEB ]. 2010, 24, 2576-2582. [CrossRef]

Qu, N,; Jiang, J.; Sun, L.; Lai, C.; Sun, L.; Wu, X. Proteomic Characterization of Royal Jelly Proteins in Chinese (Apis cerana cerana),
European (Apis mellifera) Honey bees. Biochemistry 2008, 1, 1-12.

Fujiwara, S.; Imai, J.; Fujiwara, M.; Yaeshima, T.; Kawashima, T.; Kobayashi, K. A potent antibacterial protein in royal jelly.
Purification and determination of the primary structure of royalisin. J. Biol. Chermn. 1990, 265, 11333-11337. [CrossRef]

Bilikova, K.; Gusui, W.; Simuth, ]. Isolation of a peptide fraction from honey bees royal jelly as a potential antifoulbrood factor.
Apidologie 2001, 32, 275-283. [CrossRef]

Bachanova, K.; Klaudiny, J.; Kopernicky, J.; Simuth, J. Identification of honeybee peptide active against Paenibacillus larvae larvae
through bacterial growth-inhibition assay on polyacrylamide gel. Apidologie 2002, 33, 259-269. [CrossRef]

Xu, P; Shi, M.; Chen, X.X. Antimicrobial peptide evolution in the Asiatic honey bee Apis cerana. PLoS ONE 2009, 4, e4239.
[CrossRef]

Brudzynski, K.; Sjaarda, C. Honey Glycoproteins Containing Antimicrobial Peptides, Jelleins of the Major Royal Jelly Protein 1,
Are Responsible for the Cell Wall Lytic and Bactericidal Activities of Honey. PLoS ONE 2015, 10, e0120238. [CrossRef]

Fontana, R.; Mendes, M.A.; Monson de Souza, B.; Konno, K.; Cesar, L. M.M.; Malaspina, O.; Palma, M.S. Jelleines: A family of
antimicrobial peptides from the Royal Jelly of honeybees (Apis mellifera). Peptides 2004, 25, 919-928. [CrossRef]


http://doi.org/10.1128/AEM.68.3.1211-1219.2002
http://www.ncbi.nlm.nih.gov/pubmed/11872470
http://doi.org/10.1080/09603123.2019.1664729
http://www.ncbi.nlm.nih.gov/pubmed/31509014
http://doi.org/10.7717/peerj.326
http://www.ncbi.nlm.nih.gov/pubmed/24711974
http://doi.org/10.1038/s41598-019-54576-2
http://doi.org/10.1128/MMBR.00012-07
http://doi.org/10.1007/978-94-007-1933-0_17
http://doi.org/10.1002/(SICI)1097-0282(1998)47:6&lt;479::AID-BIP6&gt;3.0.CO;2-K
http://doi.org/10.1016/j.tplants.2004.05.008
http://www.ncbi.nlm.nih.gov/pubmed/15231276
http://doi.org/10.1021/acs.jnatprod.8b00968
http://www.ncbi.nlm.nih.gov/pubmed/30995037
http://doi.org/10.1371/journal.pone.0049164
http://doi.org/10.1111/j.1365-2583.2006.00682.x
http://doi.org/10.1002/j.1460-2075.1989.tb08368.x
http://doi.org/10.1111/j.1432-1033.1990.tb15315.x
http://doi.org/10.1016/S0021-9258(19)61943-5
http://doi.org/10.1016/j.ibmb.2004.09.007
http://doi.org/10.1016/S0021-9258(18)53143-4
http://doi.org/10.1016/j.jprot.2012.04.029
http://doi.org/10.1096/fj.09-150789
http://doi.org/10.1016/S0021-9258(19)38596-5
http://doi.org/10.1051/apido:2001129
http://doi.org/10.1051/apido:2002015
http://doi.org/10.1371/journal.pone.0004239
http://doi.org/10.1371/journal.pone.0120238
http://doi.org/10.1016/j.peptides.2004.03.016

Antibiotics 2021, 10, 551 31 of 31

186. Brudzynski, K.; Sjaarda, C.; Lannigan, R. MRJP1-containing glycoproteins isolated from honey, a novel antibacterial drug
candidate with broad spectrum activity against multi-drug resistant clinical isolates. Front. Microbiol. 2015, 6, 711. [CrossRef]

187. Brudzynski, K.; Sjaarda, C. Colloidal structure of honey and its influence on antibacterial activity. Compr. Rev. Food Sci. Food Saf.
2021, 20, 2063-2080. [CrossRef] [PubMed]


http://doi.org/10.3389/fmicb.2015.00711
http://doi.org/10.1111/1541-4337.12720
http://www.ncbi.nlm.nih.gov/pubmed/33569893

	Introduction 
	Antagonistic Interspecies Interactions as a Source of Antimicrobial Compounds 
	Discovery of Antibacterial Activity of Honey-Associated Microbiota 
	Honey Microbiome 
	The Core Bacteria of Honey 
	The Composition Lactic Acid Bacteria in Honey 
	The Composition of the Family Bacillaceae in Honey 
	Fungal Composition of Nectar and Honey 

	The Overview of Antimicrobial Compounds Produced by Honey Microbiota 
	LAB Bacteriocins 
	Kunkecin A 
	Mode of Action 
	Spectrum of Antimicrobial Activity 

	LAB Surfactants, Modes of Anti-Biofilm Action and Spectrum of Activity 
	Mode of Action 
	Spectrum of Activity 


	Antimicrobial Compounds Produced by Bacillus spp. 
	Bacteriocins of Bacillus Species 
	Non-Ribosomal Peptide Antibiotics of Bacillus spp. 
	Antibiotics 
	Lipopetide Surfactants 
	Siderophores 

	Paenibacillus 
	Antimicrobial Compounds of Fungal Origin and Their Potential Contribution to Honey Antimicrobial Activity 
	Mycotoxins 
	-lactams 
	Surfactants 
	Siderophores 


	The Antagonistic Interactions between Microbes at the Ecological Level 
	Pathogenesis-Related Proteins of Plants 
	Honey Bee Antimicrobial Peptides of Honey 
	Conclusions 
	References

