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Abstract: The increase in the nutritional awareness of consumers has meant that products with high
nutritional value, sensory attractiveness, and safety are currently being sought on the market. One
of the aspects in which the innovativeness of a food product can be considered is the preservation
method. Fermentation is considered one of the oldest methods. In practice, biopreservation is
primarily a method of using non-pathogenic microorganisms and/or their metabolites to increase
microbiological safety and extend food shelf life. Advances in microbiology and genetic engineering,
taking into account various sources of microbiota isolation, have rediscovered the fermentation
process and allowed us to obtain innovative functional products. Recently, bacteriocins have gained
importance. For many years, they have been applied as biopreservatives in food manufacturing, alone
or in combination with other preservatives. The most promising perspective of food preservation
seems to be the development of combined systems including natural preservatives (i.e., bacteriocin
and lipopeptides), emerging non-thermal technologies, and other methods such as encapsulation
nanotechnology and active packaging. In this paper, a narrative review is presented to analyze the
most recently published literature regarding the role of microorganisms and microbial produced
antibacterial compounds in food biopreservation. New biopreservation technologies as an alternative
to artificial preservatives were also discussed.
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1. Introduction

The food offered to consumers must be of appropriate quality and, above all, safe.
The food production chain is most often very long. At every stage, from raw materials
to consumption, there is a risk of hazards affecting the quality factors (nutritional value,
sensory value, etc.) and being a potential cause of food poisoning. For this reason, the
basic task of food technology is the use of food preservation methods. Food technologists
know many preservation methods: thermal, chemical, physicochemical, and biological
methods [1].

The concept of food preservation is understood as a preserving procedure, which
involves protecting it against spoilage and health hazards that may arise as a result of
the action of microorganisms, enzymes, chemical reactions, and physical phenomena.
The purpose of preservation is to stop tissue biochemical processes, prevent the growth
and activity of microorganisms, stop chemical and physical changes, protect against the
invasion and development of pests, and well as against pollution. A very important task
of food preservation methods is to extend the shelf life while maintaining the unchanged
product quality and, above all, its safety. It is also a way to prevent food waste during
distribution and among consumers’ use [2].
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Among many traditional methods of food preservation, biological methods are one
of the oldest. After many years of searching for novel, innovative preservation methods
(high-pressure, ultrasound, pulsating light, etc.), a return to the most “natural” methods
has recently been observed [1]. Biopreservation is a method of using non-pathogenic
microorganisms and/or their metabolites to increase microbiological safety and extend food
shelf life. Both starter cultures and special preservation cultures are used in biopreservation.
Starter cultures enable the initiation of fermentation processes. Protective cultures primarily
control the growth and production of toxins by microorganisms.

The use of bacteria in food technology has a long history. One of the oldest meth-
ods of using microorganisms is fermentation, which is also a traditional method of food
preservation. Moreover, fermented products obtain many valued sensory and nutritional
properties, e.g., they are easier to digest. Humans have used microorganisms to preserve
food from ancient civilizations ranging from Assyria, Babylonia, Egypt, and Persia to the
Slavic civilizations. The earliest archeological evidence of fermented beverage produc-
tion and consumption came from Israeli stone mortars (13,000 BC). Other archaeological
proof came from investigations in Qiaotou, China. In human history, the fermentation of
milk was a very important step. Archaeological evidence indicates that during the early
Neolithic (6500 BC) period, in the Near East, milk was processed by the people. Also in
Poland, evidence of dairy residues was found in pottery “cheese-strainers” dated around
5200 and 49004800 BC, which suggests milk fermentation for cheese making. There is also
evidence of the use of fermentation in ancient Egypt (bread, wine, and beer) [3].

Among bacterial metabolites, the most important preservatives are organic acids (lactic,
acetic, and propionic), diacetyl, hydrogen peroxide, carbon dioxide, and exopolysaccha-
rides. In recent years, increasing attention has been paid to bacteriocins, small polypeptide
molecules ribosomally synthesized by many species of Gram-positive and Gram-negative
bacteria and archaea. Attention is also paid to other substances that may act as biopreserva-
tives in the future, e.g., lipopeptides. They will be an alternative to chemical preservatives.

The aim of the review is to present the potential of microorganisms (bacteria, yeast,
and bacteriophages) in modern food biopreservation, with particular emphasis on sub-
stances produced by these microorganisms. New biopreservation technologies as an
alternative to artificial preservatives and the safety aspects of using these new solutions
will also be discussed.

2. The Potential of Microorganisms in Producing Antimicrobial Compounds and Their
Role in Food Biopreservation

Food biopreservation is based on the rational use of the antimicrobial potential of
naturally occurring microorganisms and their metabolites in food. Bioconservation strate-
gies also involve the use of the antimicrobials of the specific strains of microorganisms
or their metabolites obtained from natural sources such as bacteria, fungi, plants, or ani-
mals. Natural compounds are more active and safer than synthetic compounds, they can
deactivate microorganisms and enzymes without compromising sensory or nutritional
properties. They can be incorporated into meat, fruits, and vegetables, as well as edible
packaging. The main objectives are to extend shelf life by inhibiting food spoilage and
increasing food safety by inhibiting the growth of pathogenic bacteria. The application
of natural preservatives by the food industry to a certain extent can minimize chemical
processing and reduce the intensity of technological treatments [1].

Traditional methods of food preservation, such as fermentation, cooking, drying,
smoking, refrigeration, freezing, canning, pasteurizing, dehydrating, freeze-drying, salting,
and pickling, comply with consumer expectations [2]. The rising concern about consumers’
“natural”, “preservative-free” and at the same time “high quality” food makes food man-
ufacturers look for new technological solutions to meet these market requirements. In
general, biopreservation meets these requirements. It is defined as the preservation of
food using natural or isolated primary and/or secondary metabolites from sources such as
bacteria, fungi, plants, and animals. Examples of biopreservatives include bacteria-derived



Appl. Sci. 2024, 14, 5557

30f19

bacteriocins and lipopeptides as well as oils, plant extracts, or the enzymes of plant and
animal origin [3].

Many microorganisms, including probiotic microorganisms, especially lactic acid
bacteria (LAB) synthesize various types of biologically active compounds that possess
antimicrobial properties [4,5]. Bacteria produce two types of antimicrobial proteins (AMPs),
namely bacteriocins that are synthesized ribosomally and non-ribosomally (no structural
encoding genes), e.g., e-poly-L-lysine produced by Streptomyces albulus [4]. Their size varies
from 10-50 amino acids. Their attributes are low toxicity, thermal stability, and activity over
a broad range of pH, which meets the requirements for food processing and preservation [6].
Bacteriocins are the most potent and valuable antimicrobial agents that have attracted the
food industry toward their application as food preservatives.

Food processing and preservation require different physicochemical processing. Mi-
croorganisms synthesizing antimicrobial compounds encounter sometimes extreme con-
ditions, especially when they are used as a starter culture. They must remain viable
throughout food manufacturing to produce enough antimicrobial agents to ensure food
preservation. Adjunct cultures can be subjected to various harmful factors appearing
during transportation, distribution, and storage. It includes environmental stress factors
such as temperature and pH changes, oxidative stress, osmotic stress, nutrients depletion
or the impact of chemical preservatives such as salt or nitrate and food additives [7]. An-
timicrobial activity is associated with cell growth and can be changed with the altering of
environmental conditions [8]. Generally, bacteriocins are produced during the exponential
growth phase, and in the stationary phase, the synthesis is limited or stopped. Therefore,
the optimal physicochemical conditions and food matrix/medium with substrates, such
as carbohydrates, nitrogen sources, vitamins, and salts are essential for microorganism
antimicrobial activity and adequate bioactive compound production [9].

3. Antimicrobial Compounds Produced by Bacteria

For centuries, fermentation was commonly used for the transformation of perishable
food and beverages into stable and safe food products. Nowadays, they appear to have
become an alternative to chemical preservatives and additives. LAB naturally presented
in food products as a non-starter ingredient provides a broad spectrum of antimicrobial
activity, ensuring food preservation during processing (i.e., traditional fermentation) and
storage as well. LAB strains are well-known and widely used in food manufacturing due
to their probiotic characteristics, human health benefits, sensory attributes as well as their
ability to produce antibacterial chemicals. The appropriate LAB strains selected for various
food matrices can be employed as a starter ingredient for purposes of food processing or as
an additive to prevent food spoilage. To accomplish the desired effect, the challenge is to
keep the viable LAB strains in adequate numbers (>10° log/CFU) [10].

According to Ibrahim et al., LAB produce antimicrobials that can be classified into
three groups: (a) bacteriocins; (b) organic acids; and (c) other small molecules, i.e., diacetyl,
hydrogen peroxide [5]. As a result of fermentation, bacteria produce organic acids such as
lactic (Lactobacillus), acetic (Acetobacter aceti), and propionic acids (Propionibacterium spp.),
inducing the rapid acidification of the food matrix. LAB is acid-tolerant and the autoacidifi-
cation of food serves as an antibacterial agent that effectively counteracts many competitive
non-acidophile microorganisms, including putrefactive and pathogenic bacteria [2,11].

3.1. Organic Acids and Other Small Molecules

The antibacterial activity of organic acids is due to their passive diffusion across the
membrane into the cell, which leads to a decrease in intracellular pH (pHi). The acidification
of the cytosol significantly reduces enzyme activity, is genotoxic, and causes protein denat-
uration, leading to cell death [12]. Organic acid comes from the fermentative metabolism.
Thea are also available as commercial products that can be added to food. Other LAB
biologically active byproducts are ethanol, enzymes, diacetyl, exopolysaccharides (EPS),
carbon dioxide, and hydrogen peroxide [3,13].
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Lactic acid is a commonly used chemical preservative that inhibits the growth of
both Gram-positive and Gram-negative bacteria. Lactic acid bacteriostatic properties
are present even at concentrations of 1-2% and at pH > 5. Lactic acid was discovered
in sour milk by Scheele in 1780. On the European Food Safety Authority (EFSA) food
additives/preservatives list, lactic acid has the number E270 [14-16].

Acetic acid is used as a preservative in a variety of food products. Acetic acid ef-
fectively suppresses the growth and decreases the viability of Gram-positive and Gram-
negative bacteria, as well as yeasts and molds. Bactericidal activity occurs at concentrations
>0.3% while bacteriostatic can occur at concentrations 0.2%. On the EFSA food addi-
tives/preservatives list, acetic acid has the number E260 [14,15].

Propionic acid is a relatively strong acid. Small quantities (0.1-0.2%) inhibit the growth
of pathogenic bacteria, fungi, molds, and yeast. Propionic acid reduces the presence of
pathogenic microorganisms in dairy and grain products, soft or low-alcohol drinks, and
some fresh fruits and vegetables. Added to poultry feed products, it reduces contamination
by Salmonella spp. and mold formation. On the EFSA food additives/preservatives list,
propionic acid has the number E280 [14,17].

Diacetyl effectively suppresses Gram-negative bacteria, yeasts, and, in higher concen-
trations, Gram-positive bacteria. For years, it has been known as a flavoring compound
with the status of GRAS (Generally Recognized as Safe). Its antimicrobial activity was
discovered in 1927 [18,19]. Diacetyl is non-toxic; however, it should be noted that volatile
diacetyl, when inhaled by humans, can be toxic [20].

Hydrogen peroxide is a by-product of some anaerobic LAB strains. The antimicrobial
toxic effect on bacteria, molds, and viruses is through peroxides and free radicals called
reactive oxygen species (ROS) containing at least one oxygen atom and one or more
unpaired electrons [21].

Carbon dioxide produced by LAB has been shown to inhibit the growth of Gram-
positive bacteria and Gram-negative including Enterobacteriaceae and Listeria monocytogenes.
On the EFSA food additives/preservatives list, carbon dioxide has the number E290 [14,22].

Exopolysaccharides (EPS) are high-molecular-weight biopolymers synthetized by
LAB. They are classified into two groups: homopolysaccharides (HoPS) and heteropolysac-
charides (HePS). LAB produces mostly HePS [23]. EPS are used in the food indus-
try as emulsifiers, stabilizers, thickeners, and gelling agents. Some LAB-derived EPS
demonstrated antibacterial activity against Salmonella enterica serovar Typhimurium, Es-
cherichia coli, Vibrio parahaemolyticus, Salmonella typhimurium, Staphylococcus aureus, and
Bacillus cereus [24-28].

3.2. Bacteriocins

Bacterial metabolites, i.e., purified or semi-purified bacteriocins can also be employed
to counteract undesired spoilage or pathogenic bacteria. Bacteriocins are small polypeptide
molecules ribosomally synthesized by many species of Gram-positive and Gram-negative
bacteria and archaea. Bacteriocin synthesis is encoded in transferable bacteria elements such
as plasmids and transposons [28,29]. Bacteriocins are harmful to competing microorganisms
of ecological niches. Cytotoxicity can be very specific, dependent on its concentration and
the nature of the targeted cell. The spectrum of antibacterial activity is narrow. Generally,
the most sensitive species of bacteria are those related to bacteriogenic strains. Bacteriocins
were discovered by Gratia in 1925. The first isolated bacteriocin was colicin derived from
Gram-negative bacteria Escherichia coli [30].

To capture the diversity of many bacteriocins, a few attempts at classification systems
were proposed. The first bacteriocin classification was introduced by Klaenhammer in
1993 [28]. The classification proposed by Heng et al. captures all the bacteriocin isolated
from the Gram-positive bacteria [31]. Another classification introduced by Arnison et al.
divided bacteriocins from Gram-positive and Gram-negative bacteria into two large groups:
class I of molecular mass <5 kDa including lanthipeptides, sactipeptides, circular peptides,
and glycocins, and class II of molecular mass 6-10 kDa. Bacteriocins of class I compared to
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class II are more stable to physicochemical factors such as high temperatures and extreme
pHs, and more resistant to proteolytic enzymes [32]. Bacteriocins are a diverse and growing
group of antimicrobial peptides produced by a wide range of bacteria. Therefore, to
assemble available information and better categorize them, open-access databases were
created (Table 1).

Table 1. Bacteriocins databases.

Name of the Database Http Address (Accessed on 21 June 2024) References
UniProtKB/Swiss-Prot, BAGEL https:/ /www.uniprot.org? /uniprotkb?query=bacteriocin/ [33]
antiSMASH 2.0 http:/ /antismash.Secondarymetabolites.org [34]
ADAM https:/ /www.ncbi.nlm.nih.gov/pmc/articles/ PMC4426897 / [35]
BAGEL3 http:/ /bagel.molgenrug.nl [35]
BUR—Bacteriocins database URMITE https:/ /drissifatima.wixsite.com/bacteriocins [36]
NucleBact https:/ /pubmlst.org/projects /nuclebact [37]
LABiocin https:/ /labiocin.univ-lille.fr [38]
Syngulon https:/ /syngulon.com [39]
Bacteriocin https:/ /aapep.bocsci.com [40]
BACTIBASE https:/ /www.re3data.org/repository/r3d100012755 [41]

The primary target for bacteriocins is the cell membrane. Cell membrane disruption is
a major antimicrobial mechanism of bacteriocins. They attack bacterial membrane surface
charge and membrane fluidity binding by anionic lipids. Cell permeabilization and pore
formation cause the efflux of cytoplasm and, in turn, lead to cell death—a bactericidal
effect [42—-45]. The bacteriostatic activity of bacteriocins is due to the interaction with DNA
gyrase, RNA polymerase, and other essential cellular macromolecules. Bacteriocinogenic
bacteria are equipped with a protection mechanism against bacteriocins. This protection is
ensured by a combined system of efflux pumps transporting bacteriocins outside the cell
and by immunity proteins [46,47].

According to the crucial issue that is food safety, the most valuable in the food industry
bacteriogenic species are those which effectively reduce the occurrence of spoilage microor-
ganisms and foodborne pathogens. However, they can also be harmful to the beneficial
microbiota. Therefore, the selection of bacteriocins should consider that the beneficial mi-
croorganism naturally present in various foods (i.e., fermented food) or added as an adjunct
culture (i.e., probiotics) ought to be unaffected [47]. On the other hand, the level of bacteri-
ocin or producing bacteriogenic strains should remain at the appropriate level in food to
ensure the antimicrobial effect. The antimicrobial activity of bacteriocins can be diminished
by physicochemical stresses occurring at different steps of food processing. However, some
of them were shown to be stable at low pH and high temperatures, and tolerate a wide
spectrum of salt concentrations [48]. Bacteriocins can also be destroyed by proteolytic en-
zymes synthesized by competitive microorganisms [49]. According to Soltani et al. (2021),
the main advantages of bacteriocins in food biopreservation are (1) the lengthening of a
food product’s shelf life, (2) additional antimicrobial protection during high-temperature
food processing and other physicochemical stresses associated with food manufacturing,
(3) the risk reduction in spreading foodborne pathogen via food products, (4) the limitation
of economic losses due to the reduction in spoiled food, (5) alleviation of food process-
ing treatments along with maintaining food safety and sensory traits as well as with the
reduction in food processing-derived losses of vitamins, nutrients, and other beneficial
compounds [47]. Bacteriocins can be applied to food as biopreservatives directly in the
purified or semi-purified form. Another way to provide them to the food matrix is through
the addition of suitable bacterial strains synthesizing bacteriocins.

Bacteriocins can be affected within food matrixes by external harmful physicochemical
conditions and by proteolytic degradation. Moreover, bacteriocins added to food or produced


https://www.uniprot.org?/uniprotkb?query=bacteriocin/
http://antismash.Secondarymetabolites.org
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4426897/
http://bagel.molgenrug.nl
https://drissifatima.wixsite.com/bacteriocins
https://pubmlst.org/projects/nuclebact
https://labiocin.univ-lille.fr
https://syngulon.com
https://aapep.bocsci.com
https://www.re3data.org/repository/r3d100012755

Appl. Sci. 2024, 14, 5557 6 of 19

in food matrix are sensitive to the proteolytic enzymes of the digestive tract. To maintain its
activity in food matrixes as well as in the digestive tract, encapsulation methods are developed
and introduced [50]. To improve bacteriocin stability and efficacy, different nanoencapsulation
systems were developed, such as metal (gold, silver, palladium), solid lipid nanoparticles,
phytoglycogen, chitosan, and nanofibers. Some of these nanotechnologies can be applied in
food preservation [51]. For bacteriocins encapsulations nanoliposomes, nanoemulsions, solid
lipid nanoparticles, biopolymeric nanoparticles, and nanofibers were successfully used [52].
The promising natural antimicrobial system of bacteriocin encapsulations suitable for food
preservation consists of nanoparticle-based vehicles with antimicrobial activity such as chitosan
or silver nanoparticles [52,53]. The advantages of such nanotechnology are as follows: (1) the
protection of bacteriocins, (2) additive antimicrobial effect, and (3) the development of probably
more effective nano-formulated bacteriocins.

Prospects for using nanotechnology to encapsulate bacteriocins in the future show many
benefits. Bacteriocins can be nanoencapsulated to make more effective nutricosmetics, medica-
tions, and biomedical materials, as well as prolong food shelf life and improve industrialized
food safety. As more research is carried out on the molecular stability and controlled release of
encapsulated bacteriocin from nanotechnology, these applications will soon become a reality [54].

In relation to the presence of bacteriocins in the environment and their antimicrobial
activity, some targeted microorganisms in an evolutionary response can develop resistance
mechanisms [4]. The bacteriocin resistance can be acquired or innate (naturally to related
resistant strains). The main mechanisms cover the impermeability of cell membrane (1) reduction
or loss of bacteriocin binding or insertion, (2) bacteriocin sequestering, (3) bacteriocin efflux
pumping, and (4) bacteriocin degradation [55]. Due to the increasing demand for biopreservative
development and usage, bacteriocin resistance is a rising concern. Therefore, the significance
and mechanisms of bacteriocin resistance need to be extensively explored [56].

Bacteriocins can be applied as biopreservatives in food manufacturing alone or in
combination with other preservatives. Due to numerous advantages and the long-term
experience of usage nowadays, many bacteriocins are commercially available (Table 2).
Bacteriocins and other antimicrobial proteins can be produced by a different microorganism.
Screening for microorganism-producing AMPs is a complex process. In this search, genetic
analysis and PCR methods are useful. After identification, the next step is purification.
Culturing AMP’s producer strains is the main method of obtaining them [57]. The progress
in technology allows for the chemical synthesis of peptide-based compounds. The chemical
synthesis of AMPs, especially the solid-phase peptide synthesis (SPPS) approach, offers
many advantages, including the following: pure products, the possibility of molecular
engineering modification, and large-scale production [58].

Table 2. Commercial bacteriocins used in food industries according to Pisoschi et al. [1],
Soltani et al. [47], Todorov et al. [48], Hirozawa et al. [59], Szabo and Cahill [60], Meena et al. [61],
and Cesa-Lunae et al. [62].

Bacteriocin Name Commercial Product Application as a Biopreservative Approval Status

Nisin Nisaplin® (Danisco, Copenhagen, Denmark), Dairy, fermented products, fish FDA, EFSA (E234)
Chrisin® (Chr.Hansen, Horsholm, Denmark)
BioSate™, (Chr. Hansen, Horsholm, Denmark)
Delvo®Nis (DSM, Delft, The Netherlands), Novasin™
(Danisco, Copenhagen, Denmark)

Pediocin PA-1 Microgard™ (Danisco, Copenhagen, Denmark), Vegetable and fruits FDA
ALTA™ 2341 (Naarden, Netherlands)
Sakacin Bactoferm™ B-2, Bactoferm™ B-FM (Chr. Hansen, Dairy FDA
Horsholm, Denmark)
Leucocin A Bactoferm™ B-SF-43 A (Chr. Hansen, Horsholm, Meat FDA
Denmark)
Natamycin Natamax (DuPont™ Danisco® DuPont de Nemours, Dairy, meat, fruits and vegetables FDA, EFSA (E235)

Inc., Wimington, DE, USA)

Delvocid (DSM), (Heerlen, The Netherlands)
Natacyn (Eyevance Pharmaceuticals LLC, Fort Worth,
TX, USA)
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Nisin is a bacteriocin of the structure of polycyclic peptide. It is produced by Gram-
positive bacteria such as Streptococcus and Lactococcus. Nisin has bactericidal or bacterio-
static activity. It is the oldest and most studied bacteriocin. Nisin was discovered in 1928 in
milk and has been used in biopreservation since 1950. This means that nisin has a history
of being used as a food additive before 1958, which fulfills the criteria of GRAS status [43].
The first approval for its use in foods was established in 1969 by an Expert Committee of
Food Additives of FAO/WHO [63]. In 1983, nisin was registered in the European Union
for application in food products. In 1988, the FDA accepted nisin as an antimicrobial agent
on the list of Direct Food Substances Affirmed As Generally Recognized as Safe [64,65].
Nisin is a bacteriocin of class I. It is thermally stable and does not lose activity in processes
like pasteurization and sterilization. At pH 2, it remains active even at 121 °C. As the pH
increases, it becomes less heat-stable [43,66]. Now, nisin still meets the criteria for safety
and is approved in more than 80 countries. There are two variants, namely Nisin A and Z of
the similar, broad range of Gram-positive antibacterial spectrum from species responsible
for foodborne illnesses such as Listeria monocytogenes, Staphylococcus aureus, Clostridium
spp- and Bacillus cereus to beneficial species strains, such as Lactobacillus acidophilus and
Lactobacillus plantarum [59]. Nisin was found to inhibit the growth of C. botulinum spores
in cheese [67]. In combination with natamycin, nisin inhibits the growth of yeasts and
molds [68]. As a biopreservative, nisin is used in various food products, including dairy,
meat, seafood, vegetables, and fruits. The spoilage of dairy products is efficiently prevented
by using nisin in the purified form or by using live bacteria that produce nisin [69,70]. Nisin-
synthesizing bacterial strains, i.e., Lactococci, are used to preserve cheddar cheese [59,71].
On the EFSA food additives/preservatives list, nisin has the number E234 (Table 2) [14].

Pediocins are a group of bacteriocin synthesized by Pediococcus strains that act against
Gram-positive bacteria including Listeria monocytogenes, Staphylococcus aureus, Clostridium
spp., Bacillus cereus, E. faecalis, and Clostridium perfringens. They are thermostable bac-
teriocins belonging to class II. They are heat-stable at 100 °C for 10 min. The highest
stability is achieved at pH 4-6. The heat stability decreases with more alkaline pH. Freezing
(=25 °C) does not reduce pediocin activity [72]. Pediocins showed applications in food
biopreservation (dairy, meat, vegetables, and seafood) and the medical sector for the pre-
vention of infection. The commercial name of Pediocin PA-1 in the market is ALTA™ 2341
(Table 2) [1,59,60].

Enterocin is a circular peptide synthesized by Enterococcus spp. Its bacteriostatic
antimicrobial activity is available even in extreme temperatures (activity present after
15 min at 121 °C), pH (at pH range from 3 to 12), and high salt concentrations, and it is
effective on bacterial spores in food products [47,73]. Enterocins’ antimicrobial effects
cover bacteria such as Clostridium perfringens, Clostridium botulinum, Listeria monocytogenes,
Staphylococcus aureus, Klebsiella pneumoniae, Escherichia coli, Pseudomonas spp., and Shigella
sonnei [74,75]. The applications as food biopreservative include fruits, vegetables, rice,
seafood, cakes, and creams fruits, vegetables, rice, seafood, cakes, and creams [59].

Epsilon-poly-L-lysine is approved by FDA and in Japan, South Africa, and many
Asian countries as a preservative [76].

Natamycin peptide secreted by Streptomyces natalensis and Streptomyces chattanogen-
esis has antifungal activity and acts against yeasts and molds. Natamycin, known as
pimaricin, was discovered in 1955 [77]. It remains heat-stable even after continuous heating
at 100 °C [61]. As a biopreservative, it prevents fungal growth and can be applied for dairy,
meat, olives, wines, bakery, and fruit related products. Natamycin is approved by WHO,
FDA, and EFSA and has GRAS status [59,61]. On the EFSA food additives/preservatives
list, natamycin has the number E235 (Table 2) [14].

Plantaricins are produced by Lactobacillus plantarum, which is present in abundance
in starter-free cheese synthesized from raw milk. It is heat-stable at 121 °C for 20 min [78].
Plantaricins are effective against Listeria monocytogenes [79].

Reuterin are peptides produced by Lactobacillus reuteri. They have a broad spectrum
of antibacterial activity against Gram-positive (inhibits Listeria monocytogenes and S. aureus
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coli growth, Clostridium spp. spores and vegetative cells) and Gram-negative bacteria (S.
aureus, E. coli), yeasts, and fungi, and are effective against bacterial spores. Reuterin are
water soluble, thermostable, and active in a broad range of pH [80,81].

Lacticins are produced by L. lactis, and exhibit antimicrobial activity against Listeria,
Bacillus, and Clostridium tyrobutyricum. They were applied in milk and dairy products as
biopreservatives [13,80].

3.3. Lipopeptides

Lipopeptides (LPs) are natural antimicrobial agents demonstrating wide-ranging
inhibitory properties against bacteria (Gram-positive and Gram-negative strains), fungi,
molds, and viruses. They are cyclic peptides mostly synthesized by Bacillus spp. divided
into three families: surfactin, iturin, and fengycin [82]. The main antimicrobial mechanism
of LPs is the destabilization of sensitive microorganisms by the impairment of their cell
membrane, resulting in the leakage of cytoplasm, which in turn leads to cell death [83].
LPs, due to high antimicrobial effectiveness and low toxicity, were employed as natural
biopreservatives for the conservation of post-harvested perishable vegetables and different
fruits (lemon, strawberry, mulberry, table grape, tomato, orange fruits, grapes, and Chinese
cabbage), resulting in the extension of the shelf life. Another possible field of the food
industry for LP implementation is the biopreservation of aquatic products and marine
foods [83]. They were successfully applied by Jiang et al. in the winemaking process for
the prevention of fungal contamination [84]. The first discovered lipopeptides were iturins
(1950), produced by B. subtilis and named after the Ituri Congo region where they were
isolated from the soil [85,86].

Iturin effectively inhibits fungi and bacteria and has been commonly applied for fresh
fruits preservation (berries, pome fruits). It was demonstrated that iturin reduced the
pathogenic Pseudomonas and Vibrio viability in fish slices and effectively suppressed the
growth of spoilage microorganisms in large yellow croaker [87,88].

Fengycin is produced by Bacillus subtilis. It has a strong antagonistic effect on filamen-
tous fungi but the activity against bacteria and yeast is weak [89]. Fengycin can be used for
the food preservation of fruits (cherries, apples, and peaches) and aquatic products [90].

Surfactin has been shown to inhibit the growth of the microorganisms present in rice
and bread, prolonging the product’s shelf life [91].

Reports are showing enhanced effectiveness of LPs used in mixtures, i.e., iturin,
surfactin, and fengycin. Such combinations were demonstrated to be more potent than
single lipopeptide in the preservation of fruits, dairy and aquatic food, which is the result
of the widening of the antimicrobial spectrum and a possible synergistic effect [83].

4. Antimicrobial Compounds Produced by Yeasts

Yeasts are a diverse group of microorganisms that can thrive in a variety of challeng-
ing environments and subsequently spread throughout both human and environmental
ecosystems. Scientists are paying more and more attention to the competitive characteristics
against other microbes, and they have suggested that these qualities could be successfully
applied in the food biopreservation process [92].

Competitiveness for nutrients and available space, the synthesis and secretion of
antibacterial compounds, mycoparasitism and the secretion of lytic enzymes, the formation
of biofilms, quorum sensing, the induction of systemic resistance in the host, and the gener-
ation of reactive oxygen species are the primary mechanisms of the action of bioprotective
yeasts. By preadapting yeasts to abiotic stressors such as sublethal oxidative stress and
cold acclimation, one can increase the efficacy of antagonistic yeasts and their ability to
perform biocontrol functions under a variety of environmental conditions, hence lowering
financial losses [93].

Because of their broad-spectrum antibacterial activity, genetic stability, minimal nutri-
tional needs, and capacity to flourish at low temperatures, yeasts are appealing candidates
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for biological control. Moreover, yeasts are resistant to oxidative damage and low pH.
These characteristics provide credence to the use of yeast as a biological antagonist [94].

There have been a lot of studies carried out on the use of yeasts as biocontrol agents in
processed foods like coffee, juices, cheese, dry-cured meat products, and fermented goods,
but not much on their antagonistic activity in managing undesired yeasts in the brewing
and wine industries or the biological control of postharvest diseases in fruits. Table 3 shows
selected examples of the usage of yeasts in food biopreservation [95].

Table 3. Usage of yeast in food biopreservation—selected examples.

Food Product Strain of Yeast Action Mechanism References
Cheese M. pulcherrima LMA 2038 Antifungal and antibacterial inhibitions [96]
Coffee S.cerevisize CCMA 1302 Formation of biofilm, Volatllle organic compounds [97]

production
Apple juice R. mucilaginosa Competition for nutrients, degradatlon of the mycotoxin 98]
patulin
Wine M. pulcherrima Secretion of lytic enzymes [99]
Degradation N-nitrosamine precursors; offer solution to
Fermented cured Meyerozyma guilliermondii, problems with the high risk of generating nitrosamines [100]
meat Debaryomyces hansenii such as N-nitrosodiethylamine (NDEA) by processing

fermented meat products with nitrites as precursors.

5. Role of Bacteriophages as Antimicrobial Agents

Bacteriophages (phages), as natural predators of bacteria ubiquitous in the environ-
ment, are harmless to humans and animals (because they can multiply only in prokaryotic
organisms). They have been identified as future-proof antimicrobials that can allow specific
bacterial pathogens to be controlled at every stage of food production [101,102]. Lytic
bacteriophages isolated from the environment are used to “attack” pathogenic bacteria and
eliminate them from food (or, at least, a significant reduction in their level). The use of
bacteriophages in food biopreservation represents a new trend in food technology [103].
There is an increase in the number of bacteriophage preparations approved for use in
food [104].

A very big advantage of using bacteriophages as a technological solution is the fact
that they do not affect the non-target microflora, which is particularly important in the
production of fermented food. Nevertheless, phages still offer excellent food biocontrol op-
tions as they do not contain any additives or preservatives in their formulation and several
are certified Kosher, Halal, and organic, and have no impact on the sensory, nutritional,
and rheological properties of the food [105]. However, the challenges associated with the
choice of such a method of ensuring the microbiological safety of food are as the risk of
transferring antibiotic resistance between bacteria with the participation of bacteriophages
or the possibility of the inclusion of bacterial phage resistance mechanisms [106].

There are many companies registered on the global market that develop and distribute
bacteriophage preparations for the food industry. These measures are aimed at combating
pathogenic bacteria in the food environment, such as Salmonella, Listeria monocytogenes,
Escherichia coli O157:H7, or Shigella [107].

6. New Technologies of Food Bioconservation as an Alternative to Artificial Preservation

Generally, biopreservation is based on two principles, namely direct competition with
undesirable microorganisms and the production of antimicrobial substances [108]. Meat
and meat products are prone to spoilage and contamination by pathogenic microorganisms,
and therefore require preservation. For this purpose, physicochemical treatments are widely
used. Selected microorganisms, including probiotics, and natural antimicrobial agents
inhibit spoilage and can also be effectively applied in meat and fish products as additional
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or alternative preservatives. Bacteriocins, especially nisin and pediocin, successfully inhibit
the growth of Listeria monocytogenes and have activity against Salmonella spp., Staphyloccus
aures, and E. coli in different meat and meat products [109,110]. In dairy products such as
milk, yoghurt, and cheeses, bioconservation was effective. The number of reports confirmed
that LAB as a starter or adjunct culture, as well as bacteriocins (nisin, pediocin, lactisin,
reuterin, enterocin) are successful in controlling pathogens occurring in dairy products
(Listeria monocytogenes and Staphylococcus aureus). In dairy products, bacteriocins alone do
not ensure effective antimicrobial protection due to proteolitic degradation, poor solubility,
and uneven distribution. Therefore, LAB strains producing bacteriocins are preferred
because of safety, shelf-life lengthening, and sensory quality [70]. The shelf life of fresh-cut
fruits and vegetables can also be improved using biocontrol agents, such as LAB, and their
metabolites applied after inoculation or in edible coatings. These bacteria can reduce the
contamination of fresh fruits and vegetables to pathogens [111].

There are many advantages of food biopreservation. The use of natural microbial
preservation can be considered as an alternative or can supplement the physicochemical
preservative methods (Table 4).

Table 4. Advantages of food biopreservation and combined methods in comparison with physic-
ochemical preservation according to Barcenilla [108], Soltani [47], Todorov [48], Galvez [8], and
Zottola [71].

Physicochemical

. Combined Methods
Preservation

Biopreservation

Extended shelf life
Safety

Milder physicochemical processing
Better nutritional value

Better performance

Reduction of chemical preservatives

Avoidance of toxic and cardiogenic compounds
Antimicrobial packaging

Consumer acceptance

Future perspective and development
Inactivation of desirable microorganisms

(fermentation cultures, probiotics)
Risk of transferring virulence factors
Development of resistance

XX X XXX XXX XX XX
XX X XXX XXX XX XX

“_u

Explanatory notes: “X”- present, “-“ absent.

The combination of bacteriocins with chemical preservatives offers potential antimi-
crobial synergistic results. Organic acids and NaCl treatment enhance the antimicrobial
activity of most bacteriocins [112]. The antimicrobial synergistic effect of bacteriocins was
shown also in a modified atmosphere (CO, and Njy) [113].

The market is growing not only for natural preservatives but also for environmentally
friendly and biodegradable packaging materials [114].

A common method of applying natural antimicrobial agents to food to extend shelf
life is their direct addition and use in an active packaging system [114]. Active packaging is
packaging in which additional ingredients have been placed inside the packaging and/or
on the packaging in order to increase the efficiency of the packaging system. The task of
active packaging is to extend the shelf life of food by actively influencing the packaging
and/or packaging components on the packaged product or the environment inside the
packaging [115]. The development and application of active packages for foods is a grow-
ing research area. Active packaging is a promising technology that actively modifies the
internal environment of the food product package by interacting with the food over the
storage time. Also, it is defined as an intelligent packaging system that alters and modifies
the environment inside the package, and consequently, the state of the food system in
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order to improve the food quality and extend the shelf life of the product [116]. There
are two main methods of using bacteriocins in food-packaging applications: (1) in situ,
by incorporating bacteriocin-producing bacteria [117], or (2) ex situ with the addition of
purified or semi-purified bacteriocin or bacteriocin-like substances [118,119]. The incorpo-
ration of bacteriocins into the packaging of the food product ensures continuous protection
against the external impurities and inhibits the development of microorganisms inside the
package [120].

Several ways of creating this type of packaging containing bacteriocins have also been
developed: (1) including biostatic substances in the structure of the polymer (or paper),
constituting the packaging by means of melting, extrusion, or the use of a solvent [120,121],
(2) adsorption on the surface of the material of the antimicrobial compound [122,123], and
(3) creating covalent or ionic bonds between the polymer and the antimicrobial component,
using a polymer with antimicrobial activity, such as chitosan [124-126].

Nowadays, many biodegradable and edible biopolymers are developed, including ma-
terials with antimicrobial properties such as chitosan or polylactic acid (PLA). Those natural
biopolymers, due to mechanical strength and low toxicity, are suitable for food packaging.
Moreover, incorporation into the packaging of bacteriocins, antioxidants, antimicrobial
compounds (polyphenols, tanins, flavonoids, gallic and ferulic acid, silver nanoparticles),
ROS scavengers, or moisture absorbents can contribute to additional positive effects on
food safety and quality [127]. By using antimicrobial materials or the antibacterial qualities
of the polymer it is comprised of, antimicrobial packaging can prevent or limit the growth
of unwanted microorganisms [128]. The use of postbiotics in active packaging systems
may concern a single postbiotic or a mixture thereof. The new packaging techniques give
wide possibilities for application in the food industry and are interesting alternatives for
plastic and synthetic gasoline polymers. This antimicrobial-combined packaging technol-
ogy allows for continuous interactive biopreservation achieved by the controlled release of
antimicrobial agents delaying the spoilage of packaged food [56].

Another technological solution is to include antimicrobial agents in the active packag-
ing in the form of a mixture of mainly cell-free supernatant (CFS, cell-free supernatant),
which is the fluid formed as a result of the centrifugation of liquids after bacterial cell
culture. The cell-free supernatant contains a number of low- and high-molecular-weight
bacterial metabolites with synergistic antimicrobial activity. Beristain-Bauza et al. report
that films supplemented with the Lactobacillus sakei NRRL B-1917 cell-free supernatant on
beef inoculated with Escherichia coli ATCC 25922 or Listeria monocytogenes Scott A exhibited
antimicrobial activity. Sensory assessment did not show a significant impact of the addition
of postbiotics to the packaging material on the quality of stored products [129].

The strategy of combining bioconservation with other preservation methods to achieve
a synergistic effect seems to be the most valuable. The combination of preservation methods
should consider the physiology and behavior of microorganisms in foods. An integrated
intelligent approach to food preservation methods to create safe, stable, and nutritious food
is the concept of the effective preservation of foods called hurdle technology [130-132]. For
the past 45 years, hurdle technology, initially a combination of physicochemical preserva-
tion methods, has evolved into a multitarget preservation approach for food, concerning
the physiology and behavior of microorganisms in foods. According to Leistner, the distur-
bance of the homeostasis of microorganisms is the key phenomenon that may complicate
food preservation [133,134]. Bacteriocins can be employed in combination with novel
non-thermal preservative methods such as pulsed electric field, high hydrostatic pressure,
ultrasound waves or irradiation, and modified atmospheric packaging [135-138]. The
synergistic effect of such combinations was confirmed in various food matrices. Bacteri-
ocins can be more effective in influencing the permeability of the outer membrane, thus
increasing their effectiveness against microorganisms [2,139,140]. Another promising idea
is the genetic modification of the naturally available bacteriocins. Bioengineering offers
the creation of new bacteriocins with desired food industry properties, like augmented
antimicrobial activity [47]. An example of genetic modification is nisin. The substitution
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of nisin amino acid generated a novel variant nisin Z, which has better solubility, thermal
stability, and a wider range of pH activity along with broadened antibacterial activity
against Gram-negative food-borne pathogens like Shigella, Pseudomonas, and Salmonella
species. The genetical engineering allowed the production of more effective chimeric
bacteriocins within diverse groups, including nisin, pediocins, and enterocins [43]. The
recombinant DNA technology enables, for example, the fusion of two genes to generate
increased production of more efficacious bacteriocins. Furthermore, there are possibilities
of chemical bacteriocin synthesis allowing for the modification of amino acid composition,
which could help to find compounds of better properties feasible for food preservation [80].

Another promising approach is the combined use of bacteriocins and bacteriophages as
food biopreservatives [141]. In the study of Leverentz et al., phage mixtures were combined
with nisin, showing a reduction in more than two log units of the Listeria population [142].
Another study by Barios et al. also shows the superiority of a combination of enterocin
AS-48 and phage P100 against L. monocytogenes in raw salmon and smoked salmon [143].

New technologies of food bioconservation, especially the idea of natural antimicrobial
biodegradable packaging, are in concordance with ecological consumers’ expectations.

The use of one method of food preservation is associated with different limitations,
especially at the industrial level. For example, the excessive use of chemical compounds
can create potential health risks, high temperatures can decrease nutrient value and sen-
sory organoleptic quality, or natural bioconservation alone can be insufficient for food
preservation due to the low capacity of antimicrobial agent productions. To overcome
those limitations, the combinations of different methods, including natural preservatives,
are promising. Emerging food-processing technologies offer potential for the wide use of
suitable biopreservation. Combining non-thermal food preservation techniques, encapsula-
tion nanotechnology, active packaging methods, and microorganism-derived antimicrobial
agents seem to be most promising of future food preservations. The adequate mix of physic-
ochemical processing and preservation methods with biopreservation can be broadened
by active packaging methods, ensuring the safety and quality of food products [109]. A
novel approach is based on genetically modified organisms. It enables the development of
microorganisms suitable for food preservation microorganisms as well as the creation of
novel bioactive compounds, especially recombinant bacteriocins with enhanced stability
and bioavailability, suitable for their application in different food.

7. Safety Aspects of Natural Food Preservatives

Synthetic compounds are effective food preservatives. Unfortunately, the use of them
can be associated with health problems, including carcinogenic and genotoxic effects [144].
For example, nitrates, due to their bacteriostatic or bactericidal effect against pathogens, are
commonly used as preservatives in meat products. According to the International Agency
for Cancer Research, nitrate or nitrite (ingested) under conditions that result in endogenous
nitrosation were classified in group 2A as probably carcinogenic to humans [145]. Reduction
or replacement of synthetic hazardous preservatives with natural ones is expected to reduce
the health risks for humans [146].

In recent years, the misuse and overuse of antibiotics have resulted in a rise in an-
tibiotic resistance including foodborne pathogens. Moreover, these microorganisms are
also more tolerant to food processing and preservation methods. Therefore, it should be
proved that natural antimicrobial chemical compounds produced by bacteriogenic strains
should effectively control food pathogenic and spoilage organisms. Bacterial strains nat-
urally present in food or as an adjunct culture should be viable during food processing
and storage when they are planning to be biopreservatives. The desired antimicrobial
effect is guaranteed when both bacterial-derived, biologically active chemical compounds
and antimicrobial proteins are present in the food matrix. According to Johnson et al., to
ensure food safety, bacteriocins as food preservatives should be as follows: (i.) safe to the
consumers and harmless to the consumer’s intestinal microflora, (ii.) active with a wide
antibacterial spectrum of the bacteriocin against the food spoilage organism, (iii.) resistant
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to enzymes present in food matrices, and (iv.) thermostable and have activity at wide
ranges of pH and salt concentration, for inclusion in a wide range of food systems [44].
Bacteriocins and lipopeptides are generally nontoxic for humans [83]. However, bacte-
riocinogenic microorganisms can be responsible for transferring and carrying virulence
factors. Therefore, their safety and efficacy should be tested in detail and analyzed in
appropriate tests and trials. Food safety requires both AMP producers’ strains as well
as its products, like bacteriocins and lipopeptides, to not be harmful to consumers. [48].
According to Soltani et al., an application for the approval of a new bacteriocin should
include the following criteria:

e  The identity and chemical composition of the new bacteriocin; this means that the
active molecule should be highly purified, and its amino acid sequence must be
determined using gold-standard biochemical and molecular techniques;

The method of preparation and stabilization;

A statement indicating the appropriate concentration or the amount of bacteriocin
proposed for its proper use and the purpose for which it is proposed, together with all
directions, recommendations, and suggestions regarding its use;

e  Anacceptable method of analysis, suitable for regulatory purposes that will determine
the final concentration of the bacteriocin in the finished food;

Data showing the efficacy of the bacteriocin for its intended use;

Detailed reports on the safety of bacteriocin under the recommended conditions of
use; these include acute and subacute toxicity reports and long-term exposure effects;
bacteriocins with a history of use in foods might be considered as safe;

e Data on the acceptable residual concentration in the finished food product when the
additive or bacteriocin is used according to good manufacturing practice;

e A proposed maximum concentration of the additive or bacteriocin in the finished food
product [47].

8. Conclusions

The biological substitute for chemical and physical food preservation techniques,
which are typically seen as detrimental to product quality and, in certain situations, detri-
mental to health, may be found through biopreservation. Overall, the processing, preserva-
tion, and safety of food can be improved by the biopreservation of food using bacteriocins,
bacteriophages, and endolysins. Many years of experience with the use of nisin confirmed
its effectiveness in reducing the occurrence of pathogenic and putrefactive food microor-
ganisms. However, currently, only four of the group of almost four hundred bacteriocins
are approved for use in food. It should be stressed that the microorganism’s potential for
antimicrobial agent production is still unexplored. Further research is necessary to develop
bioconservation technologies, especially to implement them into food industrial manufac-
turing. It is anticipated that bacteriocins, bacteriophages, and endolysins will show to be the
biopreservative of the future due to the revolution in genetic technology and the progress
of molecular procedures. The main concern is food safety strictly guarded by authorities’
regulations. Therefore, all the legal requirements should be fulfilled. Moreover, when devel-
oping antimicrobial agents, especially as a result of genetic modification or implementing
new food processing technologies, we also have to bear in mind consumer acceptance.

Author Contributions: B.S.: Conceptualization, methodology, software, validation, investigation, re-
sources, data curation. B.S., A.S., D.K-K. writing—original draft preparation. D.K.-K.:
writing—review and editing. D.K.-K.: formal analysis. D.K.-K.: visualization, supervision. All
authors have read and agreed to the published version of the manuscript.

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

Data Availability Statement: Not applicable.



Appl. Sci. 2024, 14, 5557 14 of 19

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

References

1. Pisoschi, AM.; Pop, A.; Georgescu, C.; Turcus, V.; Olah, N.K.; Mathe, E. An overview of natural antimicrobials role in food. Eur. ].
Med. Chem. 2018, 143, 922-935. [CrossRef] [PubMed]

2. Muthuvelu, K.S; Ethiraj, B.; Pramnik, S.; Raj, N.K.; Venkataraman, S.; Rajendran, D.S.; Bharathi, P.; Palanisamy, E.; Narayanan,
A.S.; Vaidyanathan, VK,; et al. Biopreservative technologies of food: An alternative to chemical preservation and recent
developments. Food Sci. Biotechnol. 2023, 32, 1337-1350. [CrossRef] [PubMed]

3.  Sionek, B.; Szydlowska, A.; Kii¢likgoz, K.; Kolozyn-Krajewska, D. Traditional and New Microorganisms in Lactic Acid Fermenta-
tion of Food. Fermentation 2023, 9, 1019. [CrossRef]

4. Chikindas, M.L.; Weeks, R.; Drider, D.; Chistyakov, V.A.; Dicks, L.M. Functions and emerging applications of bacteriocins. Curr.
Opin. Biotechnol. 2017, 49, 23-28. [CrossRef] [PubMed]

5. Ibrahim, S.A.; Ayivi, R.D.; Zimmerman, T.; Siddiqui, S.A.; Altemimi, A.B.; Fidan, H.; Esatbeyoglu, T.; Bakhshayesh, R.V. Lactic
Acid Bacteria as Antimicrobial Agents: Food Safety and Microbial Food Spoilage Prevention. Foods 2021, 10, 3131. [CrossRef]
[PubMed]

6. Madrazo, A.L,; Segura Campos, M.R. Review of antimicrobial peptides as promoters of food safety: Limitations and possibilities
within the food industry. J. Food Saf. 2020, 40, €12854. [CrossRef]

7. Sionek, B.; Szydlowska, A.; Trzaskowska, M.; Kotozyn-Krajewska, D. The Impact of Physicochemical Conditions on Lactic Acid
Bacteria Survival in Food Products. Fermentation 2024, 10, 298. [CrossRef]

8.  Galvez, A,; Abriouel, H.; Lépez, R.L.; Omar, N.B. Bacteriocin-based strategies for food biopreservation. Int. |. Food Microbiol. 2007,
120, 51-70. [CrossRef] [PubMed]

9.  Sidooski, T.; Brandelli, A.; Bertoli, S.L.; Souza, C.K.; Carvalho, L.E. Physical and nutritional conditions for optimized production
of bacteriocins by lactic acid bacteria—A review. Crit. Rev. Food Sci. Nutr. 2019, 59, 2839-2849. [CrossRef]

10. Sionek, B.; Szydtowska, A.; Zieliriska, D.; Neffe-Skociniska, K.; Kotozyn-Krajewska, D. Beneficial Bacteria Isolated from Food in
Relation to the Next Generation of Probiotics. Microorganisms 2023, 11, 1714. [CrossRef]

11. Baker-Austin, C.; Dopson, M. Life in acid: pH homeostasis in acidophiles. Trends Microbiol. 2007, 15, 165-171. [CrossRef]

12.  Papadimitriou, K.; Alegria, A.; Bron, PA.; de Angelis, M.; Gobbetti, M.; Kleerebezem, M.; Lemos, J.A.; Linares, D.M.; Ross, P;
Stanton, C.; et al. Stress Physiology of Lactic Acid Bacteria. Microbiol. Mol. Biol. Rev. 2016, 80, 837-890. [CrossRef] [PubMed]

13. Aguirre-Garcia, Y.L.; Nery-Flores, S.D.; Campos-Muzquiz, L.G.; Flores-Gallegos, A.C.; Palomo-Ligas, L.; Ascacio-Valdés, J.A;
Sepulveda-Torres, L.; Rodriguez-Herrera, R. Lactic Acid Fermentation in the Food Industry and Bio-Preservation of Food.
Fermentation 2024, 10, 168. [CrossRef]

14. Class Names and the International Numbering System for Food Additives, CAC/GL 36-1989, in 1989, Revision 2008. Last
Amendment 2011. Published by Codex Alimentarius. Available online: https://www.fao.org/fao-who-codexalimentarius/
(accessed on 16 May 2024).

15. Teneva, D.; Denev, P. Biologically Active Compounds from Probiotic Microorganisms and Plant Extracts Used as Biopreservatives.
Microorganisms 2023, 11, 1896. [CrossRef] [PubMed]

16. Martinez, F.A.C.; Balciunas, E.M.; Salgado, ].M.; Dominguez Gonzalez, ].M.; Converti, A.; de Souza Oliveira, R.P. Lactic acid
properties, applications and production: A review. Trends Food Sci. Technol. 2013, 30, 70-83. [CrossRef]

17. Ranaei, V,; Pilevar, Z.; Khaneghah, A.M.; Hosseini, H. Propionic Acid: Method of Production, Current State and Perspectives.
Food Technol. Biotechnol. 2020, 58, 115-127. [CrossRef]

18. Jay, J.M. Antimicrobial properties of diacetyl. Appl. Environ. Microbiol. 1982, 44, 525-532. [CrossRef] [PubMed]

19. Lanciotti, R.; Patrignani, F.; Bagnolini, F.; Guerzoni, M.E.; Gardini, F. Evaluation of diacetyl antimicrobial activity against
Escherichia coli, Listeria monocytogenes and Staphylococcus aureus. Food Microbiol. 2003, 20, 537-543. [CrossRef]

20. Shibamoto, T. Diacetyl: Occurrence, Analysis, and Toxicity. J. Agric. Food Chem. 2014, 62, 4048-4053. [CrossRef]

21. Imlay, J.A. The molecular mechanisms and physiological consequences of oxidative stress: Lessons from a model bacterium. Nat.
Rev. Microbiol. 2013, 11, 443-454. [CrossRef]

22. Fischer, SW.; Titgemeyer, F. Protective Cultures in Food Products: From Science to Market. Foods 2023, 12, 1541. [CrossRef]
[PubMed]

23. Raj, T.; Chandrasekhar, K.; Kumar, A.N.; Kim, S.H. Recent biotechnological trends in lactic acid bacterial fermentation for food
processing industries. Syst. Microbiol. Biomanuf. 2022, 2, 14-40. [CrossRef]

24. Rajoka, M.S.R.; Mehwish, HM.; Hayat, H.F.; Hussain, N.; Sarwar, S.; Aslam, H.; Nadeem, A.; Shi, J. Characterization, the
Antioxidant and Antimicrobial Activity of Exopolysaccharide Isolated from Poultry Origin Lactobacilli. Probiotics Antimicrob.
Proteins 2019, 11, 1132-1142. [CrossRef]

25. Korcz, E.; Varga, L. Exopolysaccharides from lactic acid bacteria: Techno-functional application in the food industry. Trends Food
Sci. Technol. 2021, 110, 375-384. [CrossRef]

26. Nehal, F; Sahnoun, M.; Smaoui, S.; Jaouadi, B.; Bejar, S.; Mohammed, S. Characterization, high production and antimicrobial

activity of exopolysaccharides from Lactococcus lactis F-mou. Microb. Pathog. 2019, 132, 10-19. [CrossRef] [PubMed]


https://doi.org/10.1016/j.ejmech.2017.11.095
https://www.ncbi.nlm.nih.gov/pubmed/29227932
https://doi.org/10.1007/s10068-023-01336-8
https://www.ncbi.nlm.nih.gov/pubmed/37457405
https://doi.org/10.3390/fermentation9121019
https://doi.org/10.1016/j.copbio.2017.07.011
https://www.ncbi.nlm.nih.gov/pubmed/28787641
https://doi.org/10.3390/foods10123131
https://www.ncbi.nlm.nih.gov/pubmed/34945682
https://doi.org/10.1111/jfs.12854
https://doi.org/10.3390/fermentation10060298
https://doi.org/10.1016/j.ijfoodmicro.2007.06.001
https://www.ncbi.nlm.nih.gov/pubmed/17614151
https://doi.org/10.1080/10408398.2018.1474852
https://doi.org/10.3390/microorganisms11071714
https://doi.org/10.1016/j.tim.2007.02.005
https://doi.org/10.1128/MMBR.00076-15
https://www.ncbi.nlm.nih.gov/pubmed/27466284
https://doi.org/10.3390/fermentation10030168
https://www.fao.org/fao-who-codexalimentarius/
https://doi.org/10.3390/microorganisms11081896
https://www.ncbi.nlm.nih.gov/pubmed/37630457
https://doi.org/10.1016/j.tifs.2012.11.007
https://doi.org/10.17113/ftb.58.02.20.6356
https://doi.org/10.1128/aem.44.3.525-532.1982
https://www.ncbi.nlm.nih.gov/pubmed/7137998
https://doi.org/10.1016/S0740-0020(02)00159-4
https://doi.org/10.1021/jf500615u
https://doi.org/10.1038/nrmicro3032
https://doi.org/10.3390/foods12071541
https://www.ncbi.nlm.nih.gov/pubmed/37048362
https://doi.org/10.1007/s43393-021-00044-w
https://doi.org/10.1007/s12602-018-9494-8
https://doi.org/10.1016/j.tifs.2021.02.014
https://doi.org/10.1016/j.micpath.2019.04.018
https://www.ncbi.nlm.nih.gov/pubmed/31002963

Appl. Sci. 2024, 14, 5557 15 of 19

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Wu, M.H,; Pan, TM.; Wu, YJ.; Chang, S.J.; Chang, M.S.; Hu, C.Y. Exopolysaccharide activities from probiotic bifidobacterium:
Immunomodulatory effects (on J774A. 1 macrophages) and antimicrobial properties. Int. J. Food Microbiol. 2010, 144, 104-110.
[CrossRef] [PubMed]

Klaenhammer, T.R. Genetics of bacteriocins produced by lactic acid bacteria. FEMS Microbiol. Rev. 1993, 12, 39-85. [CrossRef]
[PubMed]

Fernandez-Fernandez, R.; Elsherbini, A.M.A.; Lozano, C.; Martinez, A.; de Toro, M.; Zarazaga, M.; Peschel, A.; Krismer, B.;
Torres, C. Genomic analysis of bacteriocin-producing Staphylococci: High prevalence of lanthipeptides and the Micrococcin P1
biosynthetic gene clusters. Probiotics Antimicrob. Proteins 2023. [CrossRef]

Gratia, A. Sur un remarquable exemple d’antagonisme entre deux souches de colibacille. CR Seances Soc. Biol. Fil. 1925,
93, 1040-1041.

Heng, N.C.K.; Wescombe, P.A.; Burton, J.P; Jack, RW.; Tagg, ].R. The Diversity of Bacteriocins in Gram-Positive Bacteria. In
Bacteriocins: Ecology and Evolution; Riley, M.A., Chavan, M. A, Eds.; Springer: Berlin/Heidelberg, Germany, 2007; pp. 45-92.
Arnison, P.G.B.; Bierbaum, M.].; Bowers, A.A.G.; Bulaj, G.; Camarero, J.A.; Campopiano, D.J.; Clardy, J.; Cotter, PD.; Craik,
D.J.; Dawson, M.; et al. Ribosomally synthesized and post-translationally modified peptide natural products: Overview and
recommendations for a universal nomenclature. Nat. Prod. Rep. 2013, 30, 108-160. [CrossRef]

de Jong, A.; van Hijum, S.A.; Bijlsma, ].J.; Kok, J.; Kuipers, O. PBAGEL: A web-based bacteriocin genome mining tool. Nucleic
Acids Res. 2006, 34, 273-279. [CrossRef]

Medema, M.H.; Blin, K.; Cimermancic, P.; de Jager, V.; Zakrzewski, P,; Fischbach, M.A.; Weber, T.; Takano, E.; Breitling, R.
AntiSMASH: Rapid identification, annotation and analysis of secondary metabolite biosynthesis gene clusters in bacterial and
fungal genome sequences. Nucleic Acids Res. 2011, 39, 339-346. [CrossRef] [PubMed]

Lee, HT; Lee, C.C.; Yang, J.R.; Lai, J.Z.; Chang, K.Y. A large-scale structural classification of antimicrobial peptides. BioMed Res.
Int. 2015, 2015, 475062. [CrossRef] [PubMed]

Drissi, F.; Buffet, S.; Raoult, D.; Merhej, V. Common occurrence of antibacterial agents in human intestinal microbiota. Front.
Microbiol. 2015, 6, 441. [CrossRef] [PubMed]

Sharp, C.; Bray, J.; Housden, N.G.; Maiden, M.C.; Kleanthous, C. Diversity and distribution of nuclease bacteriocins in bacterial
genomes revealed using hidden Markov models. PLoS Comput. Biol. 2017, 13, e1005652. [CrossRef] [PubMed]

Kassaa, I.A.; Rafei, R.; Moukhtar, M.; Zaylaa, M.; Gharsallaoui, A.; Asehraou, A.; El Omari, K.; Shahin, A.; Hamze, M.; Chihib,
N.E. LABiocin database: A new database designed specifically for lactic acid bacteria bacteriocins. Int. J. Antimicrob. Agents 2019,
54,771-779. [CrossRef] [PubMed]

Syngulon. Bacteriocin-Based Technologies. Available online: https:/ /syngulon.com (accessed on 29 May 2024).

Amino Acid/BOC Scientes. Available online: https://aapep.bocsci.com (accessed on 29 May 2024).

Hammami, R.; Zouhir, A.; Ben Hamida, J.; Fliss, I. BACTIBASE: A new web-accessible database for bacteriocin characterization.
BMC Microbiol. 2007, 7, 89. [CrossRef]

Kumariya, R.; Garsa, A.K,; Rajput, Y.S.; Sood, S.K.; Akhtar, N.; Patel, S. Bacteriocins: Classification, synthesis, mechanism of
action and resistance development in food spoilage causing bacteria. Microb. Pathog. 2019, 128, 171-177. [CrossRef]

Maliyakkal Johnson, E.; Jung, Y.G.; Jin, Y.Y,; Jayabalan, R.; Yang, S.H.; Suh, ].W. Bacteriocins as food preservatives: Challenges
and emerging horizons. Crit. Rev. Food Sci. Nutr. 2018, 58, 2743-2767. [CrossRef] [PubMed]

Moll, G.N.; Konings, W.N.; Driessen, A.J.M. Bacteriocins: Mechanism of membrane insertion and pore formation, Antonie Van
Leeuwenhoek. Int. ]. Gen. Mol. Microbiol. 1999, 76, 185-198.

Rashid, R.M.; Veleba, K.A. Kline, Focal targeting of the bacterial envelope by antimicrobial peptides. Front. Cell Dev. Biol. 2016, 4,
55. [CrossRef] [PubMed]

Noda, M.; Miyauchi, R.; Danshiitsoodol, N.; Matoba, Y.; Kumagai, T.; Sugiyama, M. Expression of genes involved in bacteriocin
production and self-resistance in Lactobacillus brevis 174A is mediated by two regulatory proteins. Appl. Environ. Microbiol. 2018,
84,2707-2717. [CrossRef] [PubMed]

Soltani, S.; Hammami, R.; Cotter, P.D.; Rebuffat, S.; Said, L.B.; Gaudreau, H.; Bédard, F,; Biron, E.; Drider, D.; Fliss, 1. Bacteriocins
as a new generation of antimicrobials: Toxicity aspects and regulations. FEMS Microbiol. Rev. 2021, 45, 039. [CrossRef] [PubMed]
Todorov, S.D.; Popov, I.; Weeks, R.; Chikindas, M.L. Use of Bacteriocins and Bacteriocinogenic Beneficial Organisms in Food
Products: Benefits, Challenges, Concerns. Foods 2022, 11, 3145. [CrossRef] [PubMed]

Mills, S.; Stanton, C.; Hill, C.; Ross, R.P. New developments and applications of bacteriocins and peptides in foods. Annu. Rev.
Food Sci. Technol. 2011, 2, 299-329. [CrossRef]

Gomaa, A L; Martinent, C.; Hammami, R; Fliss, I.; Subirade, M. Dual coating of liposomes as encapsulating matrix of antimicrobial
peptides: Development and characterization. Front. Chem. 2017, 5, 103. [CrossRef]

Chandrakasan, G.; Rodriguez-Hernandez, A.IL; Del Rocio Lopez-Cuellar, M.; Palma-Rodriguez, H.M.; Chavarria-Herndndez,
N. Bacteriocin encapsulation for food and pharmaceutical applications: Advances in the past 20 years. Biotechnol. Lett. 2019,
41, 453-469. [CrossRef]

Bahrami, A.; Delshadi, R.; Jafari, S.M.; Williams, L. Nanoencapsulated nisin: An engineered natural antimicrobial system for the
food industry. Trends Food Sci. Technol. 2019, 94, 20-31. [CrossRef]


https://doi.org/10.1016/j.ijfoodmicro.2010.09.003
https://www.ncbi.nlm.nih.gov/pubmed/20884069
https://doi.org/10.1016/0168-6445(93)90057-G
https://www.ncbi.nlm.nih.gov/pubmed/8398217
https://doi.org/10.1007/s12602-023-10119-w
https://doi.org/10.1039/C2NP20085F
https://doi.org/10.1093/nar/gkl237
https://doi.org/10.1093/nar/gkr466
https://www.ncbi.nlm.nih.gov/pubmed/21672958
https://doi.org/10.1155/2015/475062
https://www.ncbi.nlm.nih.gov/pubmed/26000295
https://doi.org/10.3389/fmicb.2015.00441
https://www.ncbi.nlm.nih.gov/pubmed/25999943
https://doi.org/10.1371/journal.pcbi.1005652
https://www.ncbi.nlm.nih.gov/pubmed/28715501
https://doi.org/10.1016/j.ijantimicag.2019.07.012
https://www.ncbi.nlm.nih.gov/pubmed/31374334
https://syngulon.com
https://aapep.bocsci.com
https://doi.org/10.1186/1471-2180-7-89
https://doi.org/10.1016/j.micpath.2019.01.002
https://doi.org/10.1080/10408398.2017.1340870
https://www.ncbi.nlm.nih.gov/pubmed/28880573
https://doi.org/10.3389/fcell.2016.00055
https://www.ncbi.nlm.nih.gov/pubmed/27376064
https://doi.org/10.1128/AEM.02707-17
https://www.ncbi.nlm.nih.gov/pubmed/29352085
https://doi.org/10.1093/femsre/fuaa039
https://www.ncbi.nlm.nih.gov/pubmed/32876664
https://doi.org/10.3390/foods11193145
https://www.ncbi.nlm.nih.gov/pubmed/36230222
https://doi.org/10.1146/annurev-food-022510-133721
https://doi.org/10.3389/fchem.2017.00103
https://doi.org/10.1007/s10529-018-02635-5
https://doi.org/10.1016/j.tifs.2019.10.002

Appl. Sci. 2024, 14, 5557 16 of 19

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Shafique, B.; Ranjha, M.M.A.N.; Murtaza, M.A.; Walayat, N.; Nawaz, A.; Khalid, W.; Mahmood, S.; Nadeemm, M.; Manzoor, M.E;
Ameer, K.; et al. Recent Trends and Applications of Nanoencapsulated Bacteriocins against Microbes in Food Quality and Safety.
Microorganisms 2022, 11, 85. [CrossRef]

Terra, A.L.; Contessa, C.R.; Rasia, T.A.; Vaz, B.D.; Moraes, C.C.; de Medeiros Burkert, J.E.; Costa, J.A.; de Morais, M.G.; Moreira,
J.B. Nanotechnology Perspectives for Bacteriocin Applications in Active Food Packaging. Ind. Biotechnol. 2022, 18, 137-146.
[CrossRef]

De Freire Bastos, M.C.; Coelho, M.L.V.; Santos, O.C. Resistance to bacteriocins produced by Gram-positive bacteria. Microbiology
2015, 161, 683-700. [CrossRef] [PubMed]

Reuben, R.C.; Torres, C. Bacteriocins: Potentials and prospects in health and agrifood systems. Arch. Microbiol. 2024, 206, 233.
Zimina, M.; Babich, O.; Prosekov, A.; Sukhikh, S.; Ivanova, S.; Shevchenko, M.; Noskova, S. Overview of Global Trends in
Classification, Methods of Preparation and Application of Bacteriocins. Antibiotics 2020, 9, 553. [CrossRef] [PubMed]

Bédard, F; Biron, E. Recent progress in the chemical synthesis of class II and S-glycosylated bacteriocins. Front. Microbiol. 2018,
9, 1048-1051. [CrossRef] [PubMed]

Hirozawa, M.T.; Ono, M.A.; Suguiura, LM.D.S.; Bordini, ].G.; Ono, E.Y.S. Lactic acid bacteria and Bacillus spp. as fungal biological
control agents. |. Appl. Microbiol. 2023, 134, 1xac083.

Szabo, E.A.; Cahill, M.E. Nisin and ALTA(TM) 2341 inhibit the growth of Listeria monocytogenes on smoked salmon packaged
under vacuum or 100% CO,. Lett. Appl. Microbiol. 1999, 28, 373-377. [CrossRef] [PubMed]

Meena, M.; Prajapati, P.; Ravichandran, C.; Sehrawat, R. Natamycin: A natural preservative for food applications-a review. Food
Sci. Biotechnol. 2021, 30, 1481-1496. [CrossRef] [PubMed]

Cesa-Luna, C.; Alatorre-Cruz, ].M.; Carrefio-Lopez, R.; Quintero-Hernandez, V.; Baez, A. Emerging Applications of Bacteriocins
as Antimicrobials, Anticancer Drugs, and Modulators of The Gastrointestinal Microbiota. Pol. J. Microbiol. 2021, 70, 143-159.
[CrossRef] [PubMed]

Jozala, A.F,; de Lencastre Novaes, L.C.; Pessoa, A. Nisin. In Concepts, Compounds and the Alternatives of Antibacterials; Bobbarala, V.,
Ed.; InTech: Charlotte, NC, USA, 2015. [CrossRef]

EFSA Panel on Food Additives and Nutrient Sources added to Food (ANS); Younes, M.; Aggett, P.; Aguilar, F; Crebelli, R.;
Dusemund, B.; Filipic, M.; Frutos, M.].; Galtier, P.; Gundert-Remy, U.; et al. Scientific Opinion on the safety of nisin (E 234) as a
food additive in the light of new toxicological data and the proposed extension of use. EFSA J. 2017, 15, e05063.

CFR—Code of Federal Regulations. Title 21 (fda.gov). Food and Drugs - 820 - Part 101. Available online: https:/ /www.accessdata.
fda.gov/scripts/cdrh/cfdocs/cfCFR /CFRSearch.cfm (accessed on 24 May 2024).

Gumienna, M.; Gérna, B. Antimicrobial Food Packaging with Biodegradable Polymers and Bacteriocins. Molecules 2021, 26, 3735.
[CrossRef]

Mazzotta, A.S.; Crandall, A.D.; Montville, T.J. Nisin resistance in Clostridium botulinum spores and vegetative cell. Appl. Environ.
Microbiol. 1997, 63, 2654-2659. [CrossRef]

Hondrodimou, O.; Kourkoutas, Y.; Panagou, E.Z. Efficacy of natamycin to control fungal growth in natural black olive fermenta-
tion. Food Microbiol. 2011, 28, 621-627. [CrossRef] [PubMed]

Ibarra-Sanchez, L.A.; El-Haddad, N.; Mahmoud, D.; Miller, M.].; Karam, L. Invited review: Advances in nisin use for preservation
of dairy products. J. Dairy Sci. 2020, 103, 2041-2052. [CrossRef] [PubMed]

Silva, C.C.G,; Silva, S.PM.; Ribeiro, S.C. Application of bacteriocins and protective cultures in dairy food preservation. Front.
Microbiol. 2018, 9, 594. [CrossRef] [PubMed]

Zottola, E.A.; Sasahara, K.C. Microbial biofilms in the food processing industry—Should they be a concern? Int. J. Food Microbiol.
1994, 23, 125-148. [CrossRef] [PubMed]

Rodriguez, ] M.; Martinez, M.I.; Kok, J. Pediocin PA-1, a widespectrum bacteriocin from lactic acid bacteria. Crit. Rev. Food Sci.
Nutr. 2002, 42, 91-121. [CrossRef] [PubMed]

Balla, E.; Dicks, L.M.; Du Toit, M.; Van Der Merwe, M.].; Holzapfel, W.H. Characterization and cloning of the genes encoding
enterocin 1071A and enterocin 1071B, two antimicrobial peptides produced by Enterococcus faecalis BFE 1071. Appl. Environ.
Microbiol. 2000, 66, 1298-1304. [CrossRef] [PubMed]

Laukovd, A.; Czikkova, S.; Laczkova, S.; Turek, P. Use of enterocin CCM 4231 to control Listeria monocytogenes in experimentally
contaminated dry fermented Horndd salami. Int. J. Food Microbiol. 1999, 52, 115-119. [CrossRef] [PubMed]

Yusuf, M. Natural Antimicrobial Agents for Food Biopreservation. In Handbook of Food Bioengineering, Food Packaging and
Preservation; Grumezescu, A.M., Holban, A.M., Eds.; Academic Press: Cambridge, MA, USA, 2018; pp. 409-438.

Chheda, A.H.; Vernekar, M.R. Enhancement of e-poly-L-lysine (e-PL) production by a novel producer Bacillus cereus using
metabolic precursors and glucose feeding. 3 Biotech 2015, 5, 839-846. [CrossRef]

Struyk, A.P; Drost, G.; Haisvisz, ].M.; Van Eek, T.; Hoogerheide, J.C. Pimaricin, a new antifungal antibiotic. Antibiot. Annu. 1957,
5,878-885.

Darbandi, A.; Asadi, A.; Mahdizade Ari, M.; Ohadi, E.; Talebi, M.; Halaj Zadeh, M.; Darb Emamie, A.; Ghanavati, R.; Kakanj, M.
Bacteriocins: Properties and potential use as antimicrobials. J. Clin. Lab. Anal. 2022, 36, €24093. [CrossRef]

Wang, Y.; Qin, Y.; Xie, Q.; Zhang, Y.; Hu, J.; Li, P. Purification and Characterization of Plantaricin LPL-1, a Novel Class Ila
Bacteriocin Produced by Lactobacillus plantarum LPL-1 Isolated from Fermented Fish. Front. Microbiol. 2018, 9, 2276. [CrossRef]


https://doi.org/10.3390/microorganisms11010085
https://doi.org/10.1089/ind.2022.0014
https://doi.org/10.1099/mic.0.082289-0
https://www.ncbi.nlm.nih.gov/pubmed/25406453
https://doi.org/10.3390/antibiotics9090553
https://www.ncbi.nlm.nih.gov/pubmed/32872235
https://doi.org/10.3389/fmicb.2018.01048
https://www.ncbi.nlm.nih.gov/pubmed/29875754
https://doi.org/10.1046/j.1365-2672.1999.00547.x
https://www.ncbi.nlm.nih.gov/pubmed/10347892
https://doi.org/10.1007/s10068-021-00981-1
https://www.ncbi.nlm.nih.gov/pubmed/34868698
https://doi.org/10.33073/pjm-2021-020
https://www.ncbi.nlm.nih.gov/pubmed/34349808
https://doi.org/10.5772/60932
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfCFR/CFRSearch.cfm
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfCFR/CFRSearch.cfm
https://doi.org/10.3390/molecules26123735
https://doi.org/10.1128/aem.63.7.2654-2659.1997
https://doi.org/10.1016/j.fm.2010.11.015
https://www.ncbi.nlm.nih.gov/pubmed/21356474
https://doi.org/10.3168/jds.2019-17498
https://www.ncbi.nlm.nih.gov/pubmed/31928749
https://doi.org/10.3389/fmicb.2018.00594
https://www.ncbi.nlm.nih.gov/pubmed/29686652
https://doi.org/10.1016/0168-1605(94)90047-7
https://www.ncbi.nlm.nih.gov/pubmed/7848776
https://doi.org/10.1080/10408690290825475
https://www.ncbi.nlm.nih.gov/pubmed/11934133
https://doi.org/10.1128/AEM.66.4.1298-1304.2000
https://www.ncbi.nlm.nih.gov/pubmed/10742203
https://doi.org/10.1016/S0168-1605(99)00125-7
https://www.ncbi.nlm.nih.gov/pubmed/10573399
https://doi.org/10.1007/s13205-015-0291-8
https://doi.org/10.1002/jcla.24093
https://doi.org/10.3389/fmicb.2018.02276

Appl. Sci. 2024, 14, 5557 17 of 19

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.

105.

106.

107.

108.

Kamal, I.; Ashfaq, U.A.; Hayat, S.; Aslam, B.; Sarfraz, M.H.; Yaseen, H.; Rajoka, M.S.R.; Shah, A.A_; Khurshid, M. Prospects of
antimicrobial peptides as an alternative to chemical preservatives for food safety. Biotechnol. Lett. 2023, 45, 137-162. [CrossRef]
Vimont, A.; Fernandez, B.; Ahmed, G.; Fortin, H.P; Fliss, I. Quantitative antifungal activity of reuterin against food isolates of
yeasts and moulds and its potential application in yogurt. Int. ]. Food Microbiol. 2019, 289, 182-188. [CrossRef]

Yaraguppi, D.A.; Bagewadi, Z.K,; Patil, N.R.; Mantri, N. Iturin: A Promising Cyclic Lipopeptide with Diverse Applications.
Biomolecules 2023, 13, 1515. [CrossRef]

Zhang, B.; Xu, L.; Ding, J.; Wang, M.; Ge, R.; Zhao, H.; Zhang, B.; Fan, ]. Natural antimicrobial lipopeptides secreted by Bacillus
spp. and their application in food preservation, a critical review. Trends Food Sci. Technol. 2022, 127, 26-37. [CrossRef]

Jiang, C.; Chen, X.; Lei, S.; Zhao, H.; Liu, Y.; Shi, ]. Lipopeptides from Bacillus subtilis have potential application in the winemaking
process: Inhibiting fungal and ochratoxin a contamination and enhancing esters and acids biosynthesis. Aust. ]. Grape Wine Res.
2017, 23, 350-358. [CrossRef]

Delcambe, L. Iturine, new antibiotic produced by Bacillus subtilis. CR Seances Soc. Biol. Fil. 1950, 144, 1431-1434.

Dunlap, C.A.; Bowman, M.].; Rooney, A.P. Iturinic Lipopeptide Diversity in the Bacillus subtilis Species Group—Important
Antifungals for Plant Disease Biocontrol Applications. Front. Microbiol. 2019, 7, 1794. [CrossRef]

Wang, D.; Sun, L.J.; Wang, Y.L.; Liu, HM.; Xu, D.E; Deng, C.]. Effects of antibacterial peptide secreted by Bacillus natto APNT-6
on preservation of Litopenaeus vannamei at low temperature. J. Fish. China 2012, 36, 1133-1139. [CrossRef]

Singh, S.S.; Akhtar, M.N.; Sharma, D.; Mandal, S.M.; Korpole, S. Characterization of iturin v, a novel antimicrobial lipopeptide
from a potential probiotic strain Lactobacillus sp. m31. Probiotics Antimicrob. Proteins 2021, 13, 1766-1779. [CrossRef]

Wang, Z.; Liu, C.; Shi, Y.; Huang, M.; Song, Z.; Simal-Gandara, J.; Li, N.; Shi, J. Classification, application, multifarious activities
and production improvement of lipopeptides produced by Bacillus. Crit. Rev. Food Sci. Nutr. 2023, 6, 1-14. [CrossRef]

Yin, Y.; Wang, X.; Zhang, P.; Wang, P.; Wen, J. Strategies for improving fengycin production: A review. Microb. Cell Fact. 2024,
23,144. [CrossRef]

Wang, S.C.; Zeng, WW.,; Lu, Z.X. Study on antimicrobial stability and application of Surfactin in food. Sci. Technol. Food Ind. 2016,
37,257-261.

Muccilli, S.; Restuccia, C. Bioprotective Role of Yeasts. Microorganisms 2015, 3, 588—611. [CrossRef]

He, Y,; Degraeve, P.; Oulahal, N. Bioprotective yeasts: Potential to limit postharvest spoilage and to extend shelf life or improve
microbial safety of processed foods. Heliyon 2024, 10, €24929. [CrossRef]

Zhag, Z.; Li, S.; Sun, D.; Yang, Y.; Lu, L. Cultivation of Rhodosporidium paludigenum in gluconic acid enhances effectiveness
against Penicillium digitatum in citrus fruit. Postharvest Biol. Technol. 2021, 172, 111374.

Galli, V.; Venturi, M.; Mari, E.; Guerrini, S.; Granchi, L. Selection of yeast and lactic acid bacteria strains, isolated from spontaneous
raw milk fermentation, for the production of a potential probiotic fermented milk. Fermentation 2022, 8, 407. [CrossRef]
Commenges, A.; Lessard, EM.H.; Coucheney, L.S.; Drider, D. The biopreservative properties of Metschnikowia pulcherrima LMA
2038 and Trichosporon asahii LMA 810 in a model fresh cheese, are presented. Food Biosci. 2024, 58, 103458. [CrossRef]

de Souza, M.L.; Ribeiro, L.S.; Miguel, M.G.d.C.P,; Batista, L.R.; Schwan, R.E; Medeiros, FH.; Silva, C.F. Yeasts prevent ochratoxin
A contamination in coffee by displacing Aspergillus carbonarius. Biol. Control 2021, 155, 104512. [CrossRef]

Tang, H,; Li, X.; Zhang, F.; Meng, X,; Liu, B. Biodegradation of the mycotoxin patulin in apple juice by Orotate phosphoribosyl-
transferase from Rhodotorula mucilaginosa. Food Control 2019, 100, 158-164. [CrossRef]

Esteves, M.; Lage, P.; Sousa, J.; Centeno, F.; de Fatima, T.M.; Tenreiro, R.; Mendes-Ferreira, A. Biocontrol potential of wine yeasts
against four grape phytopathogenic fungi disclosed by time-course monitoring of inhibitory activities. Front. Microbiol. 2023,
14, 1146065. [CrossRef]

Zhang, Q.; Shen, J.; Meng, G.; Wang, H.; Liu, C.; Zhao, G.; Tong, L. Selection of yeast strains in naturally fermented cured meat as
promising starter cultures for fermented cured beef, a traditional fermented meat product of northern China. J. Sci. Food Agric.
2023, 104, 883-891. [CrossRef]

Endersen, L.; Coffey, A. The use of bacteriophages for food safety. Curr. Opin. Food Sci. 2020, 36, 1-8. [CrossRef]

Wojcicki, M.; Blazejak, S.; Gientka, I.; Brzezicka, K. The concept of using bacteriophages to improve the microbiological quality of
minimally-processed foods. Acta Sci. Pol. Technol. Aliment. 2019, 18, 373-383.

Potaska, M.; Sokotowska, B. Bacteriophages—A new hope or a huge problem in the food industry. AIMS Microbiol. 2019,
5, 324-346. [CrossRef]

Komora, N.; Maciel, C.; Pinto, C.A.; Ferreira, V.; Brandao, T.R.S,; Saraiva, ].M.A.; Castro, S.M.; Teixeira, P. Nonthermal approach
to Listeria monocytogenes inactivation in milk: The combined effect of high pressure, pediocin PA-1 and bacteriophage P100.
Food Microbiol. 2020, 86, 103315. [CrossRef]

Vikram, A.; Woolston, J.; Sulakvelidze, A. Phage Biocontrol Applications in Food Production and Processing. Curr. Issues Mol.
Biol. 2021, 40, 267-302. [CrossRef]

Kawacka, L; Olejnik-Schmidt, A.; Schmidt, M.; Sip, A. Effectiveness of Phage-Based Inhibition of Listeria monocytogenes in Food
Products and Food Processing Environments. Microorganisms 2020, 8, 1764. [CrossRef]

Tang, S.-S.; Biswas, S.K.; Tan, W.S.; Saha, A.K.; Leo, B.-F. Efficacy and potential of phage therapy against multidrug resistant
Shigella spp. Peer] 2019, 7, e6225. [CrossRef] [PubMed]

Barcenilla, C.; Ducic, M.; Lépez, M.; Prieto, M.; Alvarez-Ordéiiez, A. Application of lactic acid bacteria for the biopreservation of
meat products: A systematic review. Meat Sci. 2022, 183, 108661. [CrossRef] [PubMed]


https://doi.org/10.1007/s10529-022-03328-w
https://doi.org/10.1016/j.ijfoodmicro.2018.09.005
https://doi.org/10.3390/biom13101515
https://doi.org/10.1016/j.tifs.2022.06.009
https://doi.org/10.1111/ajgw.12289
https://doi.org/10.3389/fmicb.2019.01794
https://doi.org/10.3724/SP.J.1231.2012.27899
https://doi.org/10.1007/s12602-021-09796-2
https://doi.org/10.1080/10408398.2023.2185588
https://doi.org/10.1186/s12934-024-02425-x
https://doi.org/10.3390/microorganisms3040588
https://doi.org/10.1016/j.heliyon.2024.e24929
https://doi.org/10.3390/fermentation8080407
https://doi.org/10.1016/j.fbio.2023.103458
https://doi.org/10.1016/j.biocontrol.2020.104512
https://doi.org/10.1016/j.foodcont.2019.01.020
https://doi.org/10.3389/fmicb.2023.1146065
https://doi.org/10.1002/jsfa.12979
https://doi.org/10.1016/j.cofs.2020.10.006
https://doi.org/10.3934/microbiol.2019.4.324
https://doi.org/10.1016/j.fm.2019.103315
https://doi.org/10.21775/cimb.040.267
https://doi.org/10.3390/microorganisms8111764
https://doi.org/10.7717/peerj.6225
https://www.ncbi.nlm.nih.gov/pubmed/30984476
https://doi.org/10.1016/j.meatsci.2021.108661
https://www.ncbi.nlm.nih.gov/pubmed/34467880

Appl.

Sci. 2024, 14, 5557 18 of 19

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.
130.
131.
132.
133.
134.
135.
136.

137.

Woraprayote, W.; Malila, J.; Sorapukdee, S.; Swetwiwathana, A.; Benjakul, S.; Visessanguan, W. Bacteriocins from lactic acid
bacteria and their applications in meat and meat products. Meat Sci. 2016, 120, 118-132. [CrossRef] [PubMed]

Singh, V.P. Recent approaches in food bio-preservation—A review. Open Vet. | 2018, 8, 104-111. [CrossRef] [PubMed]
Agriopoulou, S.; Stamatelopoulou, E.; Sachadyn-Krol, M.; Varzakas, T. Lactic Acid Bacteria as Antibacterial Agents to Extend
the Shelf Life of Fresh and Minimally Processed Fruits and Vegetables: Quality and Safety Aspects. Microorganisms 2020, 8, 952.
[CrossRef] [PubMed]

Parente, E.; Giglio, M.A ; Riccardi, A.; Clementi, F. The combined effect of nisin, leucocin F10, pH, NaCl and EDTA on the survival
of Listeria monocytogenes in broth. Int. ]. Food Microbiol. 1998, 40, 65-75. [CrossRef] [PubMed]

Nilsson, L.; Chen, Y.; Chikindas, M.L.; Huss, H.H.; Gram, L.; Montville, T.]. Carbon dioxide and nisin act synergistically on
Listeria monocytogenes. Appl. Enviro. Microbiol. 2000, 66, 769-774. [CrossRef] [PubMed]

Kaveh, S.; Hashemi, S.M.B.; Abedi, E.; Amiri, M.].; Conte, FL. Bio-Preservation of Meat and Fermented Meat Products by Lactic
Acid Bacteria Strains and Their Antibacterial Metabolites. Sustainability 2023, 15, 10154. [CrossRef]

Abbeasiliasi, S.; Tan, ].S.; Tengku Ibrahim, T.A.; Bashokouh, F.; Ramakrishnan, N.R.; Mustafa, S.; Ariff, A.B. Fermentation factors
influencing the production of bacteriocins by lactic acid bacteria: A review. RSC Adv. 2017, 7, 29395-29420. [CrossRef]
Hosseini, S.A.; Abbasi, A.; Sabahi, S.; Khani, N. Application of postbiotics produced by lactic acid bacteria in the development of
active food packaging. Biointerface Res. App. Chem. 2021, 12, 6164-6183.

Degli Esposti, M.; Toselli, M.; Sabia, C.; Messi, P.; de Niederhdusern, S.; Bondi, M.; Iseppi, R. Effectiveness of polymeric coated
films containing bacteriocin-producer living bacteria for Listeria monocytogenes control under simulated cold chain break. Food
Microbiol. 2018, 76, 173-179. [CrossRef]

Mapelli, C.; Musatti, A.; Barbiroli, A.; Saini, S.; Bras, J.; Cavicchioli, D.; Rollini, M. Cellulose nanofiber (CNF)-sakacin-A active
material: Production, characterization and application in storage trials of smoked salmon. J. Sci. Food Agric. 2019, 99, 4731-4738.
[CrossRef] [PubMed]

Salvucci, E.; Rossi, M.; Colombo, A.; Pérez, G.; Borneo, R.; Aguirre, A. Triticale flour films added with bacteriocin-like substance
(BLIS) for active food packaging applications. Food Packag. Shelf Life 2019, 19, 193-199. [CrossRef]

Malhotra, B.; Keshwani, A.; Kharkwal, H. Antimicrobial food packaging: Potential and pitfalls. Front. Microbiol. 2015, 6, 144809.
[CrossRef] [PubMed]

Fang, Z.; Zhao, Y.; Warner, R.D.; Johnson, S.K. Active and intelligent packaging in meat industry. Trends Food Sci. Technol. 2017,
61, 60-71. [CrossRef]

Khan, I.; Oh, D.-H. Integration of nisin into nanoparticles for application in foods. Innov. Food Sci. Emerg. Technol. 2016,
34, 376-384. [CrossRef]

Gutiérrez-Cortés, C.; Suarez, H.; Buitrago, G.; Nero, L.A.; Todorov, S.D. Characterization of bacteriocins produced by strains of
Pediococcus pentosaceus isolated from Minas cheese. Ann. Microbiol. 2018, 68, 383-398. [CrossRef]

Yan, D.; Li, Y;; Liu, Y,; Li, N.; Zhang, X.; Yan, C. Antimicrobial Properties of Chitosan and Chitosan Derivatives in the Treatment of
Enteric Infections. Molecules 2021, 26, 7136. [CrossRef] [PubMed]

Min, S.; Harris, L.J.; Han, ].H.; Krochta, ].M. Listeria monocytogenes Inhibition by Whey Protein Films and Coatings Incorporating
Lysozyme. J. Food Prot. 2005, 68, 2317-2325. [CrossRef] [PubMed]

Zimet, P; Mombrd, A.W.; Mombrt, D.; Castro, A.; Villanueva, J.P; Pardo, H.; Rufo, C. Physico-chemical and antilisterial
properties of nisin-incorporated chitosan/carboxymethyl chitosan films. Carbohydr. Polym. 2019, 219, 334-343. [CrossRef]
Huang, T.; Qian, Y.; Wei, J.; Zhou, C. Polymeric Antimicrobial Food Packaging and Its Applications. Polymers 2019, 11, 560.
[CrossRef]

Santos, ].C.P.; Sousa, R.C.S.; Otoni, C.G.; Moraes, A.R.F,; Souza, V.G.L.; Medeiros, E.A.A.; Espitia, PJ.P; Pires, A.C.S.; Coimbra,
J.S.R.; Soares, N.FF. Nisin and other antimicrobial peptides: Production, mechanisms of action, and application in active
foodpackaging. Innov. Food Sci. Emerg. Technol. 2018, 48, 179-194. [CrossRef]

del Carmen Beristain-Bauza, S.; Mani-Lépez, E.; Palou, E.; Lopez-Malo, A. Antimicrobial activity of whey protein films supple-
mented with Lactobacillus sakei cell-free supernatant on fresh beef. Food Microbiol. 2017, 62, 207-211. [CrossRef] [PubMed]
Leistner, L. Hurdle effect and energy saving. In Food Quality and Nutrition, Downey, W.K., Ed.; Applied Science Publishers:
London, UK, 1978; pp. 553-557.

Leistner, L.; Leon, G.M. Gorris, Food preservation by hurdle technology. Trends Food Sci. Technol. 1995, 6, 41-46. [CrossRef]
Mukhopadhyay, S.; Gorris, L.G.M. Encyclopedia of Food Microbiology, 2nd ed.; Academic Press: Cambridge, MA, USA, 2014.
Leistner, L. Basic aspects of food preservation by hurdle technology. Int. ]. Food Microbiol. 2000, 55, 181-186. [CrossRef] [PubMed]
Leistner, L. Food preservation by combined methods. Food Res. Int. 1992, 25, 151-158. [CrossRef]

Sobrino-Lopez, A.; Martin Belloso, O. Enhancing inactivation of Staphylococcus aureus in skim milk by combining high-intensity
pulsed electric fields and nisin. J. Food Prot. 2006, 69, 345-353. [PubMed]

Liang, G.S.; Mittal, M.W. Griffiths Inactivation of Salmonella Typhimurium in orange juice containing antimicrobial agents by
pulsed electric field. J. Food Prot. 2002, 65, 1081-1087. [CrossRef]

Black, E.P; Kelly, A.L.; Fitzgerald, G.F. The combined effect of high pressure and nisin on inactivation of microorganisms in milk.
Innov. Food Sci. Emerg. Technol. 2005, 6, 286—292. [CrossRef]


https://doi.org/10.1016/j.meatsci.2016.04.004
https://www.ncbi.nlm.nih.gov/pubmed/27118166
https://doi.org/10.4314/ovj.v8i1.16
https://www.ncbi.nlm.nih.gov/pubmed/29721439
https://doi.org/10.3390/microorganisms8060952
https://www.ncbi.nlm.nih.gov/pubmed/32599824
https://doi.org/10.1016/S0168-1605(98)00021-X
https://www.ncbi.nlm.nih.gov/pubmed/9600612
https://doi.org/10.1128/AEM.66.2.769-774.2000
https://www.ncbi.nlm.nih.gov/pubmed/10653749
https://doi.org/10.3390/su151310154
https://doi.org/10.1039/C6RA24579J
https://doi.org/10.1016/j.fm.2018.05.005
https://doi.org/10.1002/jsfa.9715
https://www.ncbi.nlm.nih.gov/pubmed/30924936
https://doi.org/10.1016/j.fpsl.2018.05.007
https://doi.org/10.3389/fmicb.2015.00611
https://www.ncbi.nlm.nih.gov/pubmed/26136740
https://doi.org/10.1016/j.tifs.2017.01.002
https://doi.org/10.1016/j.ifset.2015.12.013
https://doi.org/10.1007/s13213-018-1345-z
https://doi.org/10.3390/molecules26237136
https://www.ncbi.nlm.nih.gov/pubmed/34885715
https://doi.org/10.4315/0362-028X-68.11.2317
https://www.ncbi.nlm.nih.gov/pubmed/16300068
https://doi.org/10.1016/j.carbpol.2019.05.013
https://doi.org/10.3390/polym11030560
https://doi.org/10.1016/j.ifset.2018.06.008
https://doi.org/10.1016/j.fm.2016.10.024
https://www.ncbi.nlm.nih.gov/pubmed/27889150
https://doi.org/10.1016/S0924-2244(00)88941-4
https://doi.org/10.1016/S0168-1605(00)00161-6
https://www.ncbi.nlm.nih.gov/pubmed/10791741
https://doi.org/10.1016/0963-9969(92)90158-2
https://www.ncbi.nlm.nih.gov/pubmed/16496575
https://doi.org/10.4315/0362-028X-65.7.1081
https://doi.org/10.1016/j.ifset.2005.04.005

Appl.

Sci. 2024, 14, 5557 19 0f 19

138.

139.

140.

141.

142.

143.

144.

145.

146.

Balthazar, C.F,; Guimaraes, ].F.; Coutinho, N.M.; Pimentel, T.C.; Ranadheera, C.S.; Santillo, A.; Albenzio, M.; Cruz, A.G.; Sant’Ana,
A.S. The future of functional food: Emerging technologies application on prebiotics, probiotics and postbiotics. Compr. Rev. Food
Sci. Food Saf. 2022, 21, 2560-2586. [CrossRef]

Melero, B.; Diez, A.M.; Rajkovic, A.; Jaime, I.; Rovira, J. Behaviour of non-stressed and stressed Listeria monocytogenes and
Campylobacter jejuni cells on fresh chicken burger meat packaged under modified atmosphere and inoculated with protective
culture. Int. ]. Food Microbiol. 2012, 158, 107-112. [CrossRef]

Casquete, R.; Fonseca, S.C.; Pinto, R.; Castro, S.M.; Todorov, S.P; Teixeira, M.V.V. Evaluation of the microbiological safety and
sensory quality of a sliced cured-smoked pork product with protective cultures addition and modified atmosphere packaging.
Food Sci. Technol. Int. 2018, 25, 327-336. [CrossRef] [PubMed]

Rendueles, C.; Duarte, A.C.; Escobedo, S.; Fernandez, L.; Rodriguez, A.; Garcia, P.; Martinez, B. Combined use of bacteriocins and
bacteriophages as food biopreservatives. A review. Int. |. Food Microbiol. 2022, 2, 109611. [CrossRef] [PubMed]

Levernetz, B.; Conway, S.W,; Janiszewicz, W.; Saftner, R.A.; Camp, M. Effect of combining MCP treatment, heat treatment,
and biocontrol on the reduction of postharvest decay of ‘Golden Delicious” apples. Postharvest Biol. Technol. 2023, 27, 221-233.
[CrossRef]

Barfios, A.; Garcia-Lopez, ].D.; Nufiez, C.; Martinez-Bueno, M.; Maqueda, M.; Valdivia, E. Biocontrol of Listeria monocytogenes in
fish by enterocin AS-48 and Listeria lytic bacteriophage P100. LWT—Food Sci. Technol. 2016, 66, 672—-677. [CrossRef]

Flores, M.; Mora, L.; Reig, M.; Toldr4, F. Risk assessment of chemical substances of safety concern generated in processed meats.
Food Sci. Hum. Wellness 2019, 8, 244-251. [CrossRef]

IARC. TARC Monographs on the Evaluation of Carcinogenic Risks to Humans. 94, pp. 1-464. Retrieved from: List of
Classifications—IARC Monographs on the Identification of Carcinogenic Hazards to Humans (who.int) Last Updated: 29
April 2024. 2010. Available online: https://monographs.iarc.who.int/ (accessed on 16 May 2024).

Woraprayote, W.; Pumpuang, L.; Tosukhowong, A.; Zendo, T.; Sonomoto, K.; Benjakul, S.; Visessanguan, W. Antimicrobial
biodegradable food packaging impregnated with bacteriocin 7293 for control of pathogenic bacteria in pangasius fish fillets.
LWT—Food Sci. Technol. 2018, 89, 427-433. [CrossRef]

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


https://doi.org/10.1111/1541-4337.12962
https://doi.org/10.1016/j.ijfoodmicro.2012.07.003
https://doi.org/10.1177/1082013219825771
https://www.ncbi.nlm.nih.gov/pubmed/30669863
https://doi.org/10.1016/j.ijfoodmicro.2022.109611
https://www.ncbi.nlm.nih.gov/pubmed/35272082
https://doi.org/10.1016/S0925-5214(02)00097-2
https://doi.org/10.1016/j.lwt.2015.11.025
https://doi.org/10.1016/j.fshw.2019.07.003
https://monographs.iarc.who.int/
https://doi.org/10.1016/j.lwt.2017.10.026

	Introduction 
	The Potential of Microorganisms in Producing Antimicrobial Compounds and Their Role in Food Biopreservation 
	Antimicrobial Compounds Produced by Bacteria 
	Organic Acids and Other Small Molecules 
	Bacteriocins 
	Lipopeptides 

	Antimicrobial Compounds Produced by Yeasts 
	Role of Bacteriophages as Antimicrobial Agents 
	New Technologies of Food Bioconservation as an Alternative to Artificial Preservation 
	Safety Aspects of Natural Food Preservatives 
	Conclusions 
	References

