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Abstract

The growing concern over antimicrobial resistance and the increasing demand for safer
and more sustainable antimicrobial strategies have driven extensive research into peptide-
based natural antimicrobials. This review focuses specifically on antimicrobial peptides
(AMPs), bacteriocins and mycocins as peptide- or proteinaceous antimicrobial compounds
with potential applications as active ingredients, biopreservatives and antimicrobial tools.
These compounds exhibit activity against spoilage and pathogenic microorganisms and are
increasingly being explored in food safety, agriculture, cosmetics, animal health and human
healthcare. AMPs, bacteriocins and mycocins act through diverse and sometimes over-
lapping mechanisms, including membrane disruption, pore formation, inhibition of cell
wall biosynthesis, interference with intracellular targets, induction of oxidative stress and
modulation of host or microbial responses. These mechanisms support their potential use in
food biopreservation, crop protection, biofungicide and biopesticide development, topical
antimicrobial formulations, cosmetic preservation, antibiofilm strategies and adjunctive
therapeutic approaches. Recent advances in encapsulation, peptide engineering, recombi-
nant production, nanodelivery and combination strategies with conventional antibiotics,
hurdle technologies or other natural antimicrobials have improved the stability, bioavail-
ability and antimicrobial efficacy of these compounds in experimental systems. However,
broader translation remains limited by several major challenges. These include proteolytic
degradation, reduced stability in complex matrices, context-dependent antimicrobial ac-
tivity, possible toxicity, resistance development, high production and purification costs,
formulation difficulties, scale-up limitations and regulatory constraints. Further validation
is also needed regarding safety, microbiome impact, environmental fate and performance
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1. Introduction

Since their discovery, antibiotics have played a central role in the treatment of bac-
terial infections in humans and animals and have also been used in agricultural and
food-production systems. However, their extensive and sometimes inappropriate use
across these interconnected sectors has contributed to the emergence and dissemination of
antimicrobial resistance, which now represents a major global public health threat [1-4]. It
is estimated that if this trend remains uncontrolled, antimicrobial resistance may contribute
to millions of deaths annually by 2050 [5]. In parallel, antibiotic residues and unmetab-
olized compounds released into the environment contribute to antibiotic pollution and
may affect non-target organisms, including aquatic organisms, plants and soil-associated
communities [2,6,7]. It is therefore essential to develop safer, more targeted and more
sustainable antimicrobial strategies. A wide range of natural antimicrobial compounds has
been investigated as potential alternatives to conventional antibiotics, including polyphe-
nols, terpenoids, alkaloids, organosulfur compounds and bioactive products derived from
plants and bee products, such as propolis, honey, garlic and onion extracts. These natural
compounds exhibit antimicrobial, antioxidant and preservative properties and have shown
potential applications in the food, agricultural, cosmetic and pharmaceutical sectors [8-10].
However, among the diverse natural antimicrobial strategies currently under investigation,
biologically produced antimicrobial peptides and proteins have emerged as particularly
promising candidates due to their potency, specificity and environmental compatibility. In
this context, AMPs, bacteriocins and mycocins are gaining increasing attention because of
their natural origin, structural diversity, biodegradability and antimicrobial activity [11].

These compounds include AMPs produced by diverse organisms, with bacteriocins
referring specifically to antimicrobial peptides produced by bacteria and mycocins referring
mainly to antimicrobial peptides or proteinaceous toxins produced by yeasts and other
fungi. Together, they contribute naturally to microbial competition and have been exploited
as food biopreservatives, antimicrobial ingredients and potential alternatives or adjuncts
to conventional antibiotics [12,13]. Their safety profile, stability under specific processing
conditions and activity against foodborne, clinical and environmental pathogens support
their potential application in food, agriculture, cosmetics and healthcare [14,15]. However,
this potential should be considered alongside important translational limitations, including
possible cytotoxicity, haemolytic activity, reduced stability in complex environments, emer-
gence of resistance, high production costs and the fact that many AMP candidates do not
progress successfully to clinical use [16]. This review summarises the main characteristics,
mechanisms of action and applications of AMPs, bacteriocins and mycocins and discusses
the key challenges that still limit their broader translation. This narrative review was
based on a literature search conducted in PubMed and Google Scholar, complemented by
manual screening of relevant references cited in selected articles, and focusing primarily
on studies published within the last 10 years. Older studies were included when relevant
to provide historical context, describe established mechanisms, or discuss antimicrobial
peptides, bacteriocins or mycocins already used in clinical or applied settings. Search

/a7

terms included combinations of “antimicrobial peptide”, “antimicrobial peptides”, “AMP”,
“bacteriocin”, “mycocin”, “natural antimicrobial”, “food safety”, “agriculture”, “animal
health”, “healthcare”, “antibiotic resistance”, “biofilm”, “toxicity”, “pharmacokinetics” and
“pharmacodynamics”. Studies were included when they addressed antimicrobial activity,
mechanisms of action, applications, translational potential or limitations of AMPs, bacteri-
ocins, or mycocins in food safety, agriculture, animal health or healthcare. Studies were
excluded when they were not directly related to antimicrobial or anti-infective applications,

focused primarily on unrelated biological functions or were outside the scope of the review.
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2. Natural Antimicrobials: AMPs, Bacteriocins and Mycocins

Natural antimicrobials comprise a chemically diverse group of compounds, including
peptide- and protein-based molecules as well as non-peptide secondary metabolites such
as polyphenols, terpenoids, alkaloids, organosulfur compounds and other plant- or bee-
derived substances, including honey, propolis, garlic and onion derivatives [17-20]. These
non-peptide antimicrobials have been extensively investigated in food preservation, agri-
culture and healthcare. However, a comprehensive discussion of all natural antimicrobial
classes would require a broader chemical and regulatory framework than can be adequately
covered here. Therefore, the present review deliberately focuses on peptide-based natural
antimicrobials, namely AMPs, bacteriocins and mycocins. Non-peptide natural antimi-
crobials are mentioned only when useful as contextual benchmarks, but they are not the
primary subject of this review.

2.1. AMPs

AMPs comprise a diverse group of naturally occurring or engineered antimicrobial
molecules that play important roles in microbial competition and innate defence across
bacteria, fungi, plants, animals and humans [21,22]. Although many classical AMPs are
short peptides of approximately 12-50 amino acids, this definition is not absolute, as
antimicrobial peptide-like molecules vary widely in size, net charge, hydrophobicity, sec-
ondary structure and biosynthetic origin. Most well-characterised AMPs are cationic and
amphipathic, which favours their interaction with negatively charged microbial surfaces,
but anionic, neutral, cyclic, lipidated and highly modified peptides have also been de-
scribed [23,24]. Some AMPs contain disulphide bridges, D-amino acids, non-proteinogenic
residues or post-translational modifications, while others, such as peptaibols, lipopeptides
or lantibiotic-like molecules, can be considered non-classical antimicrobial peptide-based
compounds. This structural and chemical diversity contributes to their broad range of
mechanisms and applications. They are known for broad-spectrum activity against bacteria,
fungi, viruses and parasites, largely due to their capacity to interact with microbial mem-
branes and compromise membrane integrity [23]. Most AMPs are cationic and amphipathic,
which favours their interaction with negatively charged microbial surfaces while reducing
toxicity toward host cells [23]. However, not all AMPs are cationic. Anionic antimicrobial
peptides (AAMPs), although less studied, also contribute to innate immunity in humans,
animals and plants. These peptides, typically with net charges ranging from —1 to —7,
possess amphiphilic properties and may act by forming salt bridges with microbial mem-
branes or by targeting intracellular components [24]. Examples include dermcidin from
human sweat and otacidin from amphibians [24-27].

AMPs can be categorized based on their structure. The main structural classes include
the following: (1) a-helical peptides, like magainins and cecropins, which are flexible in
solution but adopt helical shapes upon contact with membranes; (2) 3-sheet peptides, such
as defensins, stabilized by disulfide bonds; (3) extended peptides that are rich in specific
amino acids like proline or tryptophan, such as indolicidin; and (4) loop or cyclic peptides,
including bactenecins. These structural features are functionally relevant, as amphipathicity,
charge distribution, cyclization, disulfide bonds and other conformational constraints can
influence membrane interaction, resistance to proteolytic degradation, stability in complex
matrices and overall antimicrobial activity.

Beyond structural classification, AMPs can also be categorized according to their
mode of action. Many exert antimicrobial effects by forming pores or disrupting microbial
membranes, whereas others enter the cell and affect essential intracellular processes, in-
cluding DNA replication, RNA transcription and protein synthesis. In some cases, AMPs
can also trigger programmed cell death-like responses in target microorganisms. This di-

https://doi.org/10.3390/antibiotics15070649


https://doi.org/10.3390/antibiotics15070649

Antibiotics 2026, 15, 649

4 of 44

versity in structure and function supports the exploration of AMPs as antimicrobial tools in
food safety, agriculture and healthcare, but their suitability is compound- and application-
specific and depends on stability, toxicity, antimicrobial spectrum, matrix compatibility,
production feasibility and regulatory requirements.

2.1.1. Non-Bacteriocin Bacterial-Derived AMPs

Although bacteriocins can be considered within the broader group of bacterial an-
timicrobial peptides and proteins, they are discussed separately in Section 2.3 because
of their ribosomal biosynthesis, specific classification systems, regulatory relevance and
well-established applications, particularly in food biopreservation. Therefore, this sub-
section focuses on non-bacteriocin bacterial-derived antimicrobial peptides and peptide-
like compounds that contribute to microbial competition, niche colonization and defence
against competing microorganisms. These include non-ribosomal peptides, cyclic pep-
tides, lipopeptides and hybrid peptide-based secondary metabolites produced through
specialised biosynthetic pathways [28-30]. Concrete examples include Bacillus-derived
lipopeptides such as surfactins, iturins and fengycins, which are synthesized by non-
ribosomal peptide synthetases and contribute to antimicrobial activity, biofilm modula-
tion, plant-disease suppression and biofungicide development [31]. Their technological
relevance is particularly evident in agricultural biocontrol, where they can inhibit phy-
topathogenic fungi and bacteria and support more sustainable crop-protection strategies.
Another relevant example is daptomycin, a non-ribosomal cyclic lipopeptide produced by
Streptomyces roseosporus, which illustrates the clinical potential of bacterial lipopeptides as
membrane-active agents against resistant Gram-positive pathogens [32].

Owing to their structural diversity and activity against pathogenic and multidrug-
resistant microorganisms, these bacterial-derived compounds have attracted interest as
potential alternatives or adjuvants to conventional antibiotics. Depending on their structure
and target organism, these molecules may display antibacterial, antifungal, antibiofilm or
membrane-active properties [28-30].

The antimicrobial activity of these compounds is mediated by multiple and sometimes
complementary mechanisms. Many interact with microbial membranes, causing pore
formation, membrane destabilization, dissipation of membrane potential or leakage of
intracellular components [23,33-35]. Others interfere with essential intracellular processes,
including DNA, RNA or protein synthesis, enzyme activity, cell division or metabolic
homeostasis. Some peptide-based compounds may also promote oxidative stress through
reactive oxygen species (ROS) accumulation, contributing to microbial damage and cell
death [23,30,33,35].

This mechanistic diversity supports the potential use of non-bacteriocin bacterial-
derived AMPs and peptide-like compounds in food safety, agriculture, cosmetics and
healthcare. However, their translation remains limited by susceptibility to proteolytic
degradation, reduced stability under physiological or processing conditions, possible cyto-
toxicity or haemolytic activity, context-dependent antimicrobial spectra, high production
costs and difficulties in scale-up and purification [28-30,36]. Production and downstream
processing illustrate these limitations. For example, optimisation of medium composition
and fermentation parameters increased surfactin production by Bacillus subtilis YPS-32 to
1.82 g/L, showing that yield can be improved through response-surface-based fermentation
optimisation [37]. Similarly, Bacillus velezensis SK was reported to produce a lipopeptide
mixture at 1.33 g/L, but purification required sequential extraction and chromatographic
steps to resolve surfactin isoforms and related compounds [38]. These examples highlight
a common challenge for bacterial lipopeptides: they are frequently produced as mixtures
of homologues or co-produced families, which complicates purification, quantification
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and batch-to-batch standardisation. Clinically relevant lipopeptides face similar produc-
tion challenges; for example, daptomycin production by Streptomyces roseosporus has been
improved through metabolic engineering strategies targeting precursor supply, regula-
tory pathways, by-product formation, biosynthetic gene-cluster copy number and oxygen
supply [39]. Therefore, optimisation of yield, product purity, congener composition and
reproducible biological activity remains essential before broader technological application.
Strategies such as peptide engineering, recombinant expression, synthetic biology, encapsu-
lation, nanocarriers and optimized fermentation systems are being explored to improve
stability, bioavailability, specificity and production yield [29,30,35,36].

2.1.2. Filamentous Fungi-Derived AMPs

Filamentous fungi are prolific producers of structurally diverse antimicrobial peptides
and peptide-like compounds, including peptaibols, peptaibiotics and other antifungal pro-
teins with targeted antimicrobial activity. These molecules contribute to ecological competi-
tion, particularly in antagonistic interactions with other fungi, bacteria and plant pathogens,
and have attracted interest for applications in agriculture, food safety and biotechnology.

Peptaibols are among the best-characterized antimicrobial peptides produced by fil-
amentous fungi. They are linear peptides enriched in non-proteinogenic amino acids,
particularly a-aminoisobutyric acid (Aib), which promotes the formation of stable heli-
cal structures and facilitates their insertion into lipid bilayers [40,41]. Once inserted into
target membranes, peptaibols can form transmembrane pores, disturb ion gradients and
compromise cellular homeostasis, ultimately leading to membrane permeabilization and
cell death. Prominent examples include alamethicin, trichogin, suzukacillin and zervam-
icin [40,41]. These compounds are commonly associated with Trichoderma spp., which are
widely studied for their antagonistic activity against phytopathogenic fungi, including
Botrytis cinerea [40-42].

Other filamentous fungi also produce antimicrobial peptide-like compounds with
distinct biological activities. Emericellipsin A, produced by Emericellopsis alkalina, has
shown antifungal activity, while efrapeptins from Tolypocladium niveum act mainly by in-
hibiting mitochondrial ATP synthase and disrupting cellular energy metabolism [43—45].
Although cytotoxic, insecticidal or antiviral effects have also been reported for some of
these compounds; these activities are outside the main scope of this review and are men-
tioned only briefly as examples of broader bioactivity [43-46]. Here, their relevance is
considered primarily in relation to antifungal activity, food safety, post-harvest protection
and agricultural biocontrol. The mechanisms of action of filamentous fungi-derived antimi-
crobial peptides and proteins vary according to compound family. Peptaibols primarily
act through interactions with fungal membranes, leading to pore formation, ion leakage
and loss of cellular homeostasis [40-42]. In contrast, small cysteine-rich antifungal proteins
secreted by filamentous fungi may involve more complex cellular responses. For example,
PAF and PAFB from Penicillium chrysogenum exhibit antifungal activity associated with
fungal membrane lipid composition and regulated cellular uptake, suggesting mechanisms
that are not restricted to canonical membrane permeabilisation [47].

PAF from P. chrysogenum has been shown to affect plasma membrane integrity and
induce an apoptosis-like phenotype in Aspergillus nidulans, with associated oxidative stress
responses [48,49]. In addition, PAFC from P. chrysogenum Q176 reduced the metabolic
activity of pre-established Candida albicans biofilms, including a fluconazole-resistant clinical
isolate, and its candidacidal activity was associated with intracellular ROS induction,
protein internalisation and plasma membrane disintegration [50]. These findings support
the potential of filamentous fungi-derived antimicrobial proteins as antifungal tools in food
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safety, agriculture and healthcare, while also highlighting the need for compound-specific
mechanistic evaluation.

2.1.3. Yeast-Derived AMPs

Yeasts are increasingly recognized as sources of antimicrobial molecules, including
low-molecular-weight antimicrobial peptides, proteinaceous toxins and other secreted
bioactive compounds that contribute to microbial competition and fermentation-associated
microbial control. Although yeast killer toxins and mycocins are discussed separately in
Section 2.2, several studies have reported peptide-like antimicrobial fractions produced by
yeasts with activity against spoilage or pathogenic microorganisms.

This antimicrobial potential is particularly relevant in fermentation microbiology. In
wine, bioethanol and fermented-food production, microbial contaminants can reduce prod-
uct quality, alter sensory properties, decrease fermentation efficiency or cause spoilage [51].
Wine spoilage yeasts such as Brettanomyces bruxellensis are especially problematic because
they can produce undesirable volatile phenols and persist under stressful fermentation and
storage conditions [52]. In bioethanol fermentations, contaminating yeasts and bacteria may
compete with starter strains, reduce ethanol yield and compromise process stability [53].
Yeast-derived AMPs and peptide fractions may therefore provide targeted biocontrol tools
that are compatible with fermentation-based processes.

Non-Saccharomyces yeasts have attracted particular interest as sources of antifungal
peptides for food and fermentation-related applications. For example, Candida intermedia
LAMAP1790 has been reported to produce low-molecular-weight antimicrobial peptides
(<10 kDa) with activity against the wine-spoilage yeast Brettanomyces bruxellensis, without
markedly affecting fermentative Saccharomyces cerevisiae [54]. Subsequent work showed
that peptide-containing fractions from this strain also affect other spoilage yeasts, including
Pichia guilliermondii, and may induce reactive oxygen species accumulation in sensitive
cells [55]. These findings support the potential of non-Saccharomyces yeasts as sources of
selective antimicrobial peptides for biocontrol in fermented products.

In parallel, S. cerevisiae has been shown to secrete antimicrobial peptides during al-
coholic fermentation. Studies on wine and industrial strains identified glyceraldehyde
3-phosphate dehydrogenase (GAPDH)-derived peptides with activity against wine spoilage
yeasts and bacteria. GAPDH-derived antimicrobial peptides from S. cerevisiae have been
detected in extracellular fractions during alcoholic fermentation and, in later studies, as-
sociated with the cell surface/cell wall of stationary-phase cells [56-59]. Their occurrence
therefore appears to be strain-, growth-phase- and fermentation-condition-dependent, and
their release should not be attributed simply to nonspecific cell lysis. Multiple studies by
Branco and collaborators demonstrated that GAPDH-derived peptides from S. cerevisiae,
named saccharomycin, inhibit the growth of contaminants such as Brettanomyces bruxellensis,
a major spoilage yeast in bioethanol and wine fermentations [56—61]. For example, saccha-
romycin showed MIC values of 1-2 mg/mL against six B. bruxellensis strains, including ISA
1649, ISA 1700, ISA 1791, ISA 2104, ISA 2116 and ISA 2211 [62]. In wine-related conditions,
1.0 mg/mL saccharomycin combined with 25 mg/L SO, prevented B. bruxellensis prolifera-
tion in wines containing 13-14% ethanol, supporting its potential as a biocontrol strategy
to reduce reliance on high SO, levels [62]. The antimicrobial activity of peptide fractions
secreted by S. cerevisiae has also been quantified against foodborne and clinically relevant
microorganisms. A 2-10 kDa peptide fraction derived from S. cerevisine metabolism showed
MIC values of 0.25 mg/mL against Escherichia coli, Listeria monocytogenes and Salmonella sp.,
whereas the MIC against Candida albicans was 1.0 mg/mL and Candida krusei was not
inhibited at the highest concentration tested [61]. These values indicate that the activity
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of yeast-derived peptide fractions is strongly dependent on the target microorganism and
cannot be generalized without specifying the active concentration and assay conditions.

Genetic engineering strategies have been employed to enhance the production of these
AMPs in industrial strains. Overexpression of GAPDH fragments, particularly partial
TDH1 gene sequences in S. cerevisiae, led to significant inhibition of B. bruxellensis—up to
72-fold greater than that observed with unmodified strains—while maintaining ethanol
production efficiency. This suggests that AMP-overproducing yeast strains could be used to
naturally control microbial contamination, reducing reliance on chemical antimicrobials in
industrial processes [63]. In this case, the biological effect was reported as relative inhibition
by AMP-overproducing yeast strains rather than as a purified peptide MIC.

Beyond fermentation, yeast-derived peptide fractions have also been explored for
cosmetic and dermocosmetic applications, particularly as multifunctional antimicrobial
and skin-related bioactives [64]. These applications, including reported MIC values, preser-
vative efficacy and skin-related bioactivities, are discussed in more detail in Section 3.2.

2.2. Mycocins

Mycocins, also known as yeast killer toxins, should be distinguished from broader
yeast-derived AMP fractions. Whereas yeast-derived AMPs often refer to low-molecular-
weight peptide fractions or peptide-like compounds with antimicrobial activity, mycocins
are typically extracellular proteins or glycoproteins produced by killer yeasts. They are
associated with the killer phenotype, in which a producer strain secretes a toxin capable of
inhibiting or killing susceptible microorganisms while remaining immune to its own toxin.
This toxin-immunity relationship distinguishes mycocins from many general antimicrobial
peptide fractions and contributes to their ecological role in microbial competition [65,66].
This specificity, together with their proteinaceous nature and low reported toxicity in
several experimental models, makes them interesting candidates for food biopreservation,
biotechnology and biomedical antifungal applications, although safety and efficacy must
be assessed case by case.

The genetic determinants of mycocin production are diverse. In S. cerevisiae, the best-
characterized killer systems are associated with cytoplasmic double-stranded RNA viruses
involving a helper L-A virus and a satellite M virus. The M dsRNA encodes specific killer
toxins, such as K1, K2, K28 or Klus, as well as the corresponding immunity determinant [66].
These toxins act through distinct mechanisms, including binding to 3-1,6-glucans in the
fungal cell wall, disruption of plasma membrane function or interference with DNA synthe-
sis and cell cycle regulation [66]. However, killer phenotypes are not restricted to dsRNA
viral systems. In other yeasts, they may be associated with linear dsDNA plasmids, virus-
like elements or chromosomal determinants. Thus, mycocins represent a heterogeneous
group of yeast-derived antimicrobial proteins with different genetic origins, molecular
structures, target spectra and mechanisms of action.

Antibacterial effects have also been reported for some yeast extracellular preparations,
particularly from Wickerhamomyces anomalus, but these findings should be interpreted
cautiously. Calazans et al. evaluated the antimicrobial activity of culture supernatants from
W. anomalus WA45 against 29 coagulase-positive S. aureus strains isolated from beef, pork
and chicken, together with one reference strain [67]. In that study, the active extracellular
preparation was described as containing mycocins, and its activity was expressed in (3-
glucanase units. Complete inhibition of the tested S. aureus strains was observed at higher
[-glucanase activities, while inhibition was still detected at 0.02 U/mg [67]. Therefore, the
reported antibacterial effect should be considered the activity of an extracellular mycocin/ 3-
glucanase-containing preparation rather than the action of a single purified and structurally
defined mycocin. Further purification, molecular identification and mechanistic studies
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are required to determine whether the antibacterial activity is mediated by a specific
mycocin, extracellular enzymes with antimicrobial effects, other extracellular factors, or a
combination of these components [67].

One of the noteworthy mycocin-producing genera is Debaryomyces, particularly the
species Debaryomyces hansenii. This yeast is commonly found in cheeses and other fer-
mented foods, where it survives under high-salt, low-pH, and low-water-activity con-
ditions, making it well-suited for food preservation applications. Banjara et al. (2016)
screened 42 isolates of D. hansenii from 22 cheese samples and found that 23 strains ex-
hibited killer activity against both Candida albicans and Candida tropicalis [67,68]. These
observations suggest that D. hansenii may contribute to the regulation of fungal communi-
ties in fermented food matrices, although any potential role in the human gastrointestinal
microbiome would require dedicated in vivo validation. D. hansenii is included in the EFSA
list of microorganisms with Qualified Presumption of Safety (QPS) status, supporting its rel-
evance for food-and feed-related applications when used under appropriate conditions [69].
However, QPS status applies to the taxonomic unit and does not automatically establish the
safety or regulatory acceptability of every strain, mycocin preparation, extract or specific
application. Therefore, strain-level safety assessment and application-specific validation
remain necessary before use in fermented-food bioprotection. Practical application as a
mycocin-based preservative will also require further characterisation of the active molecule,
production yield, stability, effective concentration in food matrices and safety under realistic
exposure conditions.

Beyond food safety, mycocins have also been discussed as potential antimicrobial
tools for health-related applications. However, the available studies involve different yeast
species, toxin preparations, target organisms and assay formats, and should therefore
be interpreted in relation to the specific mycocin, active concentration or activity unit,
target organism and experimental model used [65]. Broad claims regarding antibacterial or
antiprotozoal activity should be avoided unless they are supported by purified compounds,
defined concentrations and appropriate mechanistic evidence.

Additionally, Golubev et al. demonstrated mycocin production in Trichosporon pullu-
lans isolates obtained from tree exudates released during early spring [70].

In that study, mycocinogenic activity was assessed using agar-based inhibition and
culture-supernatant assays rather than a purified mycocin preparation; therefore, no MIC
or defined mycocin concentration was reported. Mycocinogenic activity was associated
with dsRNA-containing virus-like particles and conferred a competitive advantage over
sensitive strains in mixed-culture experiments and natural populations. The mycocins
displayed a very narrow activity spectrum, inhibiting only conspecific isolates from tree
exudates, with no detectable activity against the other yeast species tested [70].

Overall, mycocins represent a versatile group of yeast-derived antimicrobial molecules
with potential applications in food biopreservation, biotechnology and antimicrobial ther-
apy. However, their broader use will require further characterisation of spectrum of activity,
stability, production feasibility, safety and performance in realistic matrices.

2.3. Bacteriocins

Bacteriocins are ribosomally synthesised antimicrobial peptides or proteins produced
by bacteria and are among the best-characterised groups of bacterial antimicrobial com-
pounds. Unlike many broad-spectrum antimicrobial agents, bacteriocins often display
narrow or target-specific activity, frequently against closely related species or selected
pathogens [71]. This specificity, together with their proteinaceous nature, biodegradability
and generally low toxicity toward eukaryotic cells, has supported their development as
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natural antimicrobial tools for food preservation, healthcare, veterinary applications and
biotechnology [36].

Bacteriocin production is especially well documented in lactic acid bacteria (LAB),
where these molecules contribute to ecological competitiveness in fermented foods and
gastrointestinal or environmental niches. LAB-derived bacteriocins can inhibit relevant
foodborne and spoilage microorganisms, including Listeria monocytogenes and Staphylococcus
aureus, making them particularly attractive for food biopreservation and multi-hurdle
preservation strategies [72]. However, bacteriocins are not restricted to LAB and have
also been described in other Gram-positive and Gram-negative bacteria, expanding their
structural and functional diversity.

Structurally and biosynthetically, bacteriocins from Gram-positive bacteria have been
classified using several schemes, and these systems have evolved as new molecules and
biosynthetic pathways have been described. Although no single classification is universally
adopted, commonly used frameworks distinguish post-translationally modified peptides,
such as lantibiotics—small, heat-stable, non-lanthionine peptides, such as pediocin-like
bacteriocins, enterocins and plantaricins—and larger, heat-labile protein bacteriocins with
bacteriolytic or non-lytic mechanisms [71,73]. Class I bacteriocins, or lantibiotics, are small
post-translationally modified peptides containing unusual amino acids such as lanthionine;
nisin and lacticin 3147 are prototypical examples. Class II bacteriocins are small, heat-stable,
non-lanthionine peptides, including pediocin PA-1, enterocins and plantaricins, many of
which show strong activity against Listeria spp. Class III bacteriocins are larger, heat-labile
proteins with bacteriolytic or non-lytic mechanisms [12,71,73].

Older schemes also included a class IV category for complex bacteriocins associated
with lipid or carbohydrate moieties. However, this category remains debated, because in
many cases the contribution of the non-protein component to antimicrobial activity has
not been clearly demonstrated or the compounds were not sufficiently purified and chemi-
cally characterized. Therefore, class IV should be interpreted cautiously, and bacteriocin
classification should be viewed as an evolving framework based on biosynthesis, structure,
post-translational modification, molecular size and genetic organization [12,71,73].

The mechanisms of action of bacteriocins are diverse but commonly involve disruption
of membrane integrity, receptor-mediated pore formation or interference with cell wall
biosynthesis. Lantibiotics such as nisin bind lipid 1I, thereby inhibiting peptidoglycan
biosynthesis and promoting pore formation in the cytoplasmic membrane, which leads
to dissipation of membrane potential and leakage of essential ions and metabolites [74].
Many class II bacteriocins act after receptor recognition at the target cell surface, inserting
into the membrane and disturbing membrane organization. Other bacteriocins may affect
intracellular targets, including DNA, RNA or protein synthesis, although these mechanisms
are less common and often depend on the specific bacteriocin and target organism [36,71].

Among LAB-derived bacteriocins, nisin remains the best-studied and most widely
applied example. Produced by Lactococcus lactis, nisin has GRAS status and is autho-
rised in numerous countries for use in dairy products, canned foods and other food
matrices. Its dual mechanism, involving lipid II binding and membrane pore formation,
explains its strong activity against Gram-positive bacteria, including L. monocytogenes
and spore-forming bacteria. Beyond food preservation, nisin has also been evaluated in
pharmaceutical, oral-care, wound-care and cosmetic contexts as a natural antimicrobial
component [75-78]. However, despite its established use, nisin activity can be reduced
in complex matrices because of adsorption to proteins or fat components, degradation
by proteolytic enzymes, pH- or salt-dependent effects and limited diffusion or uneven
distribution in the final product. In addition, tolerance or resistance to nisin may develop
in target microorganisms through changes in cell envelope composition, membrane charge,
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stress-response pathways, target accessibility or proteolytic inactivation. Therefore, nisin
is often more effective when used within multi-hurdle preservation strategies or delivery
systems that improve stability, availability and local antimicrobial activity [79-81].

Other bacteriocins, including pediocin PA-1 from Pediococcus acidilactici, enterocins
from Enterococcus faecium and plantaricins from Lactiplantibacillus plantarum, (formerly
known as Lactobacillus plantarum) have shown potential for dairy preservation, control of
L. monocytogenes in cheeses and fermented products and use as adjuncts in multi-hurdle
preservation systems [71]. Bacteriocin-like inhibitory substances (BLIS) from non-LAB
genera, including Bacillus and Staphylococcus, further expand the available antimicrobial
repertoire, with activity against diverse Gram-positive and, in some cases, Gram-negative
bacteria, particularly when combined with permeabilising agents or other hurdles [82].

A major limitation of bacteriocin application is the possible loss of activity in com-
plex matrices. Bacteriocins may be degraded by proteases, adsorb to food components,
interact with proteins or lipids, or show reduced activity under unfavourable pH, salt or
temperature conditions. Therefore, recent research has focused on formulation and delivery
strategies to improve bacteriocin stability, bioavailability and controlled release [83,84].
Encapsulation in liposomes, polymeric micro- and nanoparticles, edible films or nanovesi-
cles can protect bacteriocins from degradation, reduce interactions with food matrices
and enhance antimicrobial efficacy during storage. For example, liposomal or nanovesicle
formulations of nisin and other bacteriocins in dairy systems have improved anti-Listeria
activity and allowed lower effective doses, thereby reducing potential sensory impacts [85].

Food-matrix applications further illustrate the technological relevance of bacteriocins.
In dairy products, nisin and other LAB-derived bacteriocins have been widely investigated
for the control of Listeria monocytogenes, Staphylococcus aureus and spore-forming bacteria
in cheese, pasteurized cheese spreads and fermented dairy products [86,87]. In meat and
poultry products, bacteriocins such as nisin and pediocin-like peptides have been evaluated
to reduce L. monocytogenes and other spoilage or pathogenic bacteria, particularly when
combined with refrigeration, modified-atmosphere packaging, organic acids, high-pressure
processing or other hurdle technologies [88,89]. In beverages and acidic food systems,
bacteriocins may help control spoilage bacteria or sensitive Gram-positive contaminants,
although efficacy depends strongly on pH, ionic strength, processing conditions and
interactions with matrix components [78,83,84]. Active packaging represents another
promising approach: incorporation of bacteriocins into edible films, coatings, cellulose-
based materials or polymeric packaging can provide localized antimicrobial activity at
the food surface, where post-processing contamination frequently occurs [89,90]. These
examples show that bacteriocins are not universally effective across all matrices, but can
be valuable when formulation, delivery strategy and target food system are matched
appropriately [83-85].

Beyond food preservation, bacteriocins are increasingly recognised as potential thera-
peutic agents, topical antimicrobials, disinfectants and microbiome-modulating tools [91].
Their relatively narrow spectrum may reduce collateral damage to beneficial microbiota,
while their proteinaceous nature favours environmental degradation compared with per-
sistent broad-spectrum biocides [36]. Nevertheless, their successful translation requires
careful evaluation of stability, safety, resistance development, production scalability and
efficacy in realistic matrices.

The main antimicrobial mechanisms described for AMPs, bacteriocins and mycocins
are summarised in Figure 1.
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Figure 1. Representative mechanisms of action of antimicrobial peptides (AMPs), bacteriocins and
mycocins. AMPs, bacteriocins and mycocins may exert antimicrobial activity through distinct but
sometimes overlapping mechanisms. Many AMPs disrupt microbial membranes by increasing
membrane permeability or promoting pore formation. Lantibiotic bacteriocins, such as nisin, bind
lipid II, inhibiting peptidoglycan biosynthesis and, in some cases, promoting pore formation in the
cytoplasmic membrane. Yeast-derived mycocins may act on fungal cell wall or membrane targets,
depending on the producing species and toxin type. In some cases, their activity has been associated
with -glucan hydrolysis, which can compromise fungal cell wall integrity and lead to cell damage
or lysis. Antimicrobial activity may also involve reactive oxygen species (ROS) generation, resulting
in oxidative damage to cellular components. Multimodal mechanisms of action may help limit
the emergence of microbial resistance. Arrows indicate the direction of antimicrobial action or
downstream cellular effects, while graphical symbols represent the specific mechanisms shown in
each panel.

3. Applications of Natural Antimicrobials as Preservatives
3.1. Potential as Natural Preservatives for Food Products

Bacteriocins, yeast-derived mycocins and other antimicrobial peptide-like compounds
are promising natural preservation tools, as their proteinaceous nature and activity against
spoilage and pathogenic microorganisms make them relevant for improving microbial
safety and extending food shelf life [92].

Bacteriocins are ribosomally synthesized antimicrobial peptides produced by various
bacteria, particularly LAB, that show potent inhibitory effects against foodborne pathogens
and spoilage organisms [93]. Among these, nisin, produced by L. lactis, is the most com-
mercially successful bacteriocin and has been widely applied in food preservation systems.

Nisin is typically produced through fermentation using milk-based substrates, after
which it is concentrated and lyophilized for use in various food matrices. It is particularly
effective against Gram-positive bacteria, such as L. monocytogenes and Clostridium botulinum,
and is approved for use in dairy products, canned foods, and cured meats [94] In food
challenge studies, its efficacy is clearly concentration dependent. For example, nisin
treatments at 25 and 250 ppm were evaluated against L. monocytogenes inoculated on cold-

https://doi.org/10.3390/antibiotics15070649


https://doi.org/10.3390/antibiotics15070649

Antibiotics 2026, 15, 649

12 of 44

smoked salmon at approximately 10> CFU/g and stored at 4 or 7 °C; the 250 ppm treatment
showed greater efficacy than 25 ppm and reduced the prevalence of L. monocytogenes in
treated samples [94]. Pediocin PA-1 also displays strong anti-Listeria activity, with synthetic
pediocin PA-1 showing a MIC of 6.8 nM against L. monocytogenes [95,96].

Despite its broad utility, nisin has several application-dependent limitations. Its
thermal stability is pH- and process-dependent, with better retention of activity under
acidic conditions and greater loss under neutral or alkaline pH and prolonged heating. It is
also susceptible to degradation by proteolytic enzymes, including proteinase K, trypsin and
chymotrypsin, and its activity may be reduced by interactions with food-matrix components
such as proteins, lipids and salts [97,98]. Therefore, nisin and other bacteriocins are often
more effective when incorporated into multi-hurdle preservation strategies combining
refrigeration, pH control, organic acids, modified-atmosphere packaging, high-pressure
processing, permeabilising agents or encapsulation systems [36,99,100].

In purified peptide assays, synthetic pediocin PA-1 showed anti-Listeria activity in the
nanomolar range, with a reported MIC of 6.8 nM against L. monocytogenes [95]. Mechanistic
studies also show that nisin dissipated the proton motive force of L. monocytogenes Scott A
at concentrations > 5 ug/mL, whereas 1 pg/mL mainly affected the pH gradient and had
limited effect on membrane potential [101]. Similarly, pediocin PA-1 at 20 pg/mL caused
marked or complete dissipation of the proton motive force in energized L. monocytogenes
Scott A cells [102]. These examples show that bacteriocin efficacy should not be generalized
without specifying concentration, target organism, physiological state, assay system and
matrix conditions. Although the present review focuses mainly on AMPs, bacteriocins
and mycocins, other microbial natural antimicrobials, such as natamycin, provide useful
benchmarks for food-preservation applications. Natamycin is not an AMP, bacteriocin
or mycocin, but a polyene macrolide antifungal compound produced by Streptomyces
natalensis [103]. Its inclusion here is therefore limited to its role as a non-peptide comparator
for established antifungal preservation strategies, particularly in surface treatment of
cheese and dry or cured meat products. Unlike many peptide-based antimicrobials that
act through membrane disruption or pore formation, natamycin acts mainly by binding
ergosterol in fungal membranes and inhibiting fungal growth without classical membrane
permeabilisation [104]. Regulatory authorities, including the EFSA and FDA, permit
natamycin use as a food preservative under defined conditions, particularly for surface
treatment of selected foods [104-106]. Because of its low water solubility, natamycin
remains mainly at the food surface, making it suitable for controlling yeasts and moulds
in cheese, dry or fermented meat products, bakery products, fruit and vegetable coatings
and fermented foods such as olives [65,105-113]. More recently, natamycin has also been
incorporated into biodegradable films and edible coatings based on materials such as starch,
whey protein or chitosan, illustrating how active packaging can combine a physical barrier
with localised antifungal activity [112]. This benchmark is useful because it illustrates the
regulatory maturity, formulation control and matrix-specific validation that peptide-based
antimicrobials would also need to achieve for broader application in food systems.

Synthetic and Engineered Peptide Analogues Inspired by Natural Antifungal Peptides

Synthetic and engineered peptide analogues should be distinguished from naturally
occurring AMPs, bacteriocins and mycocins. They are not natural antimicrobials in the
strict sense, but they are relevant to this review because many are designed from natural
peptide scaffolds or inspired by naturally occurring antimicrobial motifs. These compounds
illustrate how the structural principles of natural AMPs can be used to improve antifungal
potency, stability, spectrum of activity and performance in food matrices.
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Several synthetic peptides have demonstrated antifungal activity against common
spoilage yeasts, such as Zygosaccharomyces bailii, S. cerevisiae and D. hansenii [114,115]. For
instance, the synthetic peptide KKFFRAWWAPRFLK-NH, and related analogues inhibited
food-spoilage yeasts with MICs ranging from 25 to 200 ug/mL; Z. bailii was reported as
the most sensitive species, whereas Zygosaccharomyces rouxii was the most resistant. These
peptides acted through membrane permeabilization and maintained activity under varying
pH, salt and thermal conditions, including application with experimental validation, was
also reported in an orange soft drink model [115].

Similarly, the a-helical peptide SnuCalCpI15 from Calotropis procera bound to the cell
surface and penetrated food spoilage yeasts, causing increased membrane permeability and
structural damage to the cell wall [116]. In that study, SnuCalCpI15 showed MIC values of
0.20 = 0.01 mM against Candida albicans and Saccharomyces cerevisiae, and 0.26 £ 0.01 mM
against Pichia anomala and Rhodotorula mucilaginosa [116].

Other studies have evaluated barley-derived synthetic defensins and radish antimicro-
bial peptides. The barley-derived synthetic defensin D-Ip1 showed MIC/MEFC values of
50-100 ng/mL against Z. bailii and D. hansenii, while S. cerevisiae and Z. rouxii were inhib-
ited only at higher concentrations, with MIC/MEFC values in the 200-400 pg/mL range.
D-Ip1 also induced dose-dependent membrane permeabilization and ROS production at
100, 200 and 400 pg/mL, and retained inhibitory activity against Z. bailii in apple juice at
100-400 pg/mL [117,118]. Chemically synthesized radish peptides Rs-AFP1 and Rs-AFP2
were also reported to inhibit food-spoilage yeasts, with Rs-AFP2 associated with both mem-
brane permeabilization and ROS overproduction, whereas Rs-AFP1 mainly induced ROS
overproduction [118]. These peptide systems were evaluated in food-relevant matrices,
including soft drinks, salad dressings and fruit juice models, and showed no detectable
cytotoxicity or haemolytic activity under the experimental conditions tested [117,118].

Overall, these studies show that synthetic and engineered antifungal peptide ana-
logues may be useful complementary tools for food preservation. However, they should
be presented as peptide-based translational derivatives inspired by natural antimicrobial
scaffolds, rather than as natural antimicrobials themselves. Broader application will require
further validation of safety, sensory impact, regulatory status, production cost, stability
and efficacy in realistic food matrices [119,120].

3.2. Potential as Natural Preservatives for Cosmetics

A clear regulatory distinction is needed when discussing peptide-based antimicrobials
in cosmetic applications. In cosmetic products, antimicrobial preservatives are primarily
intended to protect the formulation from microbial contamination during manufacturing,
storage and consumer use, and in the EU permitted preservatives are listed under Annex
V of Regulation (EC) No. 1223/2009 [121]. Their efficacy is commonly evaluated through
preservative-efficacy or challenge tests, such as ISO 11930, which assess the antimicrobial
protection of the cosmetic product rather than therapeutic activity on the skin [122]. By
contrast, peptide-based ingredients investigated for antioxidant, anti-collagenase, sooth-
ing, barrier-supporting or skin-conditioning effects should be described as cosmetic or
dermocosmetic actives only when the claims remain within the cosmetic framework and
are supported by appropriate evidence, in accordance with the common criteria for cos-
metic claims [123]. Claims implying treatment or prevention of infection, wound healing,
pathological inflammation, acne as a disease, dermatitis or other skin disorders may fall
outside the cosmetic category and require medicinal or other regulatory assessment [123].
Therefore, AMPs, bacteriocins, mycocins and yeast-derived peptide fractions should be dis-
cussed separately as potential formulation preservatives, cosmetic bioactives or therapeutic
candidates, according to the intended use, evidence level and regulatory pathway.
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The pharmaceutical and cosmetic industries have shown growing interest in natural
AMPs and bacteriocins as multifunctional ingredients that combine antimicrobial preser-
vation with additional skin benefits [20,124]. These molecules can serve as alternatives or
complements to conventional synthetic preservatives, responding to consumer demand
for “clean-label” and sustainable formulations, while contributing to product safety and
stability [20,63]. In topical products, AMPs and bacteriocins may act both as in-package
preservatives and as on-skin antimicrobial agents that modulate the cutaneous microbiota
without the broad collateral impact associated with traditional biocides [125].

Mauricio et al. assessed its preservative efficacy in cosmetic and topical formula-
tions using in vitro susceptibility assays and ISO 11930 challenge testing [124]. Nisin
alone inhibited Gram-positive microorganisms, particularly Staphylococcus aureus and
Bacillus sp., but it was not sufficient to ensure broad preservative efficacy against all tested
cosmetic contaminants [124]. Adequate preservative performance according to criterion
A of ISO 11930 was achieved only when nisin was combined with EDTA and conven-
tional preservatives. Specifically, the combination of 125 ppm nisin, 0.1% EDTA and 0.35%
synthetic preservative system showed antimicrobial activity compliant with ISO 11930
criterion A [124]. These findings indicate that, in cosmetic formulations, nisin may be
useful as part of a hurdle-preservation strategy that reduces reliance on higher concentra-
tions of conventional synthetic preservatives rather than as a stand-alone broad-spectrum
preservative [124]. This example also illustrates a broader formulation challenge: antimi-
crobial activity in vitro does not necessarily translate into sufficient preservative efficacy
in the final cosmetic product. Interactions with surfactants, polymers, oils, proteins, salts,
pH conditions or packaging materials may reduce peptide availability and antimicrobial
performance. Therefore, peptide-based antimicrobials may need to be combined with
approved preservatives, preservative boosters, chelating agents, encapsulation systems
or other formulation strategies to meet preservative-efficacy requirements, such as those
evaluated by ISO 11930. Yeast-derived peptide fractions have recently gained attention
as multifunctional dermocosmetic actives. In a recent study, peptides in the 2-10 kDa
range secreted by S. cerevisiae Ethanol-Red were evaluated for cosmetic applications and
showed antimicrobial, anti-collagenase, anti-inflammatory, antioxidant and wound-healing-
related activities. Their antimicrobial activity was concentration-dependent, with MICs of
125 ug/mL against Staphylococcus aureus; 250 ug/mL against Bacillus cereus, Staphylococcus
epidermidis, Escherichia coli and Pseudomonas aeruginosa; 500 ug/mL against methicillin-
resistant S. aureus (MRSA), Enterococcus faecalis and Streptococcus mitis; and 1000 pg/mL
against Candida albicans and Streptococcus pyogenes [64]. In challenge tests, the peptide
fraction reduced microbial counts according to ISO 11930:2019 criteria for several tested
microorganisms, although it was not effective alone against Aspergillus brasiliensis. Synergy
was observed when the peptide fraction was combined with a reduced concentration
of a conventional preservative system, particularly against C. albicans and A. brasilien-
sis [64]. The same peptide fraction inhibited collagenase activity by 41.8%, 81.9% and 94.5%
at 250, 500 and 1000 pg/mL, respectively, showed no significant cytotoxicity in dermal
cells up to at least 500 pg/mL and was tested at 250 pg/mL in anti-inflammatory and
wound-healing-related assays [64]. These features support its potential as a multifunctional
dermocosmetic bioactive, although further formulation, safety and preservative-efficacy
validation is required before broader cosmetic application. In addition, these peptides have
been shown to downregulate pro-inflammatory cytokine expression in dermal cells, inhibit
collagen-degrading enzymes, and promote cell migration, highlighting their potential as
anti-ageing, soothing, and reparative ingredients for skincare formulations that also require
effective microbial protection [64].
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AMPs and bacteriocins can be formulated into various cosmetic delivery systems,
including emulsions, hydrogels, micellar solutions and advanced nano-carriers [83]. En-
capsulation in liposomes, polymeric nanoparticles or biopolymer-based films improves
peptide stability against oxidation and proteolysis, minimises interactions with other for-
mulation components and enables controlled release onto the skin surface [126]. Delivery
systems developed for food applications may provide useful technological inspiration
for cosmetic formulations, but their use in skincare products requires cosmetic-specific
validation of compatibility, peptide stability, release profile, preservative efficacy, skin
tolerance, sensory properties and regulatory suitability [127]. Beyond preservation inside
the package, natural antimicrobials show promise as cosmetic bioactives and adjuvants in
managing microbiota-associated skin conditions [128].

Because many AMPs also exhibit immunomodulatory effects, including reduction of
pro-inflammatory mediators and support of barrier function, they may help restore micro-
biome balance rather than indiscriminately eradicating microorganisms, a key distinction
from classical antiseptics [125,129,130].

Despite these advantages, several formulation and regulatory challenges still limit the
widespread use of AMPs and bacteriocins as cosmetic preservatives and biocides. Peptide
stability, potential interactions with surfactants or charged polymers and cost-effective
large-scale production must be optimised to ensure robust performance across diverse
product types [83,120,123-125].

Ongoing advances in peptide engineering, recombinant production and encapsula-
tion technologies are expected to mitigate these barriers and facilitate the integration of
AMPs, bacteriocins and yeast-derived peptides as next-generation natural preservatives
and functional ingredients in skincare products [36].

4. Potential of Natural Antimicrobials in Healthcare

Natural antimicrobials, particularly AMPs, are increasingly being explored for health-
care applications, including their use as antibiotic alternatives, antibiotic adjuvants, topical
antimicrobials, antibiofilm agents and modulators or biomarkers of host defence. However,
the therapeutic potential of AMPs in healthcare should be interpreted cautiously, as success-
ful translation depends not only on antimicrobial potency but also on safety, stability, deliv-
ery, manufacturability, resistance risk and efficacy in clinically relevant infection models. A
search was performed in ClinicalTrials.gov using the exact phrase “antimicrobial peptides”
in quotation marks in the “Other terms” field (https://clinicaltrials.gov/expert-search,
accessed on 20 October 2025), retrieving 182 studies. For the purposes of this narrative
review, the subsequent discussion focused on studies registered within the last 10 years
and directly related to the antimicrobial or anti-infective relevance of AMPs. Studies were
considered relevant when the AMP-related intervention, target or biological rationale was
associated with antimicrobial activity, anti-infective applications or infection-related clinical
contexts. Studies primarily focused on non-antimicrobial functions, such as the hormonal
role of liver-expressed antimicrobial peptide 2 (LEAP-2), were excluded.

A detailed list of clinical trials involving colistin, C16G2 other antimicrobial peptide
candidates and endogenous AMP biomarkers is provided in Supplementary Tables S1-S5. In
the main text, representative examples are discussed to highlight the main translational trends.

4.1. Potential to Combat Antibiotic-Resistant Infections

Antimicrobial resistance (AMR) is one of the major biomedical and societal challenges
of the 21st century. The overuse and misuse of antibiotics in humans, animals and plants
have contributed to the spread of resistant pathogens, making infections harder to treat
and increasing healthcare and economic burdens [4,131]. In parallel, antibiotic discovery
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continues to face major obstacles, including the repeated rediscovery of known molecules,

difficulties in cultivating potentially useful microorganisms and the high cost and risk

associated with the development of new antibiotics [131,132]. In this context, natural an-

timicrobials, particularly AMPs, are being explored as therapeutic candidates and antibiotic

adjuvants because of their diverse mechanisms of action, including membrane disrup-

tion, pore formation, intracellular targeting, antibiofilm effects and immunomodulatory

activity [133]. Representative clinical and translational examples are summarized in Table 1.

Table 1. Representative clinical and translational applications of antimicrobial peptides in healthcare.

AMP/ Tvoe/Source Main Application/Target Administration Route/ Translational Relevance/
Compound M Organism/Administration Development Stage Main Limitations
Severe multidrug-resistant
Gram-negative
Colistin/ Cyclic lipopeptide infections/targets MDR Intravenous, nebulized, Last-resort therapy/limited
polymyxin AMPs from Gram-negative bacteria, oral or topical, depending by nephrotoxicity,
B Paenibacillus spp including Pseudomonas on formulation/Approved = neurotoxicity and resistance
' aeruginosa, Acinetobacter use; multiple clinical trials concerns
baumannii and Klebsiella
pneumoniae
Specifically Microbiome-sparing targeted
tarceted Dental caries/selective Topical/oral dental antimicrobial strategy /
C16G2 an timgicrobial targeting of Streptococcus formulations/Phase II long-term efficacy and
peptide—STAMP mutans clinical trials implementation require
further validation
Periodontitis, as adjunct to .
Synthetic non-surgical periodontal Topical eel /Earlv-ph. }”op 1call/'lofc al AMPgherzpy
TAPS-18 cathelicidin-based therapy/targets opica’ s8¢ / ary-phase or orarin ec.tlons/ roader
AMP periodontal/oral clinical trial efﬁcaFy requires va.hdatlon
infection-associated bacteria in larger studies
. . Mild infected diabetic foot Topical vaound. a.nti.m icrobial
Hybrid cecropin— . with antibiofilm
PL-5/ melittin-derived ulcers/targets Topical spray/Phase IT otential/clinical translation
peceleganan AMP wound-associated bacteria in clinical trial p d d P d
M infected diabetic foot ulcers cepends on sa ety an
efficacy confirmation
Mucosal AMP formulation
with potential
PL-18 Synthetic AMP Bacterial vaginosis and Vaginal suppository/ microbiota-preserving
formulation mixed vaginal infections Phase I clinical trial activity /limited by
early-stage safety, tolerability
and PK data
Established food-grade
Nisin-based Oral, peri-implant Local gels or antimicrobial being
formula- LAB-derived woun ci-care or topic,al coatings/Preclinical and repurposed for localized
tions bacteriocin antimierobial applications formulation-stage healthcare uses/formulation
evaluation. stability, delivery and clinical
efficacy require validation
Endogenous AMP
Biomarker and modifiable measured in biological Links innate immunity,
Human host-defence samples or modulated by vitamin D axis, mucosal
LL-37/ endogenous AMP/associated with nutritional / defence and inflammatory
hCAP18 a theglici din mucosal defence and pharmacological status/clinical benefit of
inflammation interventions/Clinical modulation; remains

biomarker/intervention
studies

context-dependent

Recent studies focused on the discovery or design of AMPs with activity against

resistant microorganisms, including the isolation of new peptide scaffolds from microbial
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or insect sources, the repurposing of phage-encoded peptides and the design of lipopeptide
analogues with activity against multidrug-resistant isolates [134-137]. These approaches
presented activity against clinically relevant pathogens, including S. aureus, P. aeruginosa,
K. pneumoniae, E. coli, Salmonella and Campylobacter spp., including antibiofilm effects and
susceptibility to proteolytic degradation [134-137]. Together, these studies highlight the
potential of AMPs as antimicrobial agents, while also revealing the need to evaluate stability,
spectrum of activity and efficacy in infection-relevant models.

The use of AMPs as antibiotic adjuvants is also gaining attention. Recent examples
include peptides able to resensitize methicilin-resistant Staphylococcus aureus (MRSA), en-
hance the effect of ciprofloxaxin against E. coli, K. pneumoniae, P. aeruginosa and Acinetobacter
baumannii, or enhance tetracycline efficacy in experimental infection models [138-140].
Together, these findings suggest that AMP-antibiotic combinations help restore the activ-
ity of conventional antibiotics, reduce effective drug concentrations and limit resistance
development [138-140]. However, translation of these combinations will require carefull
assessment of toxicity, pharmacokinetics/pharmacondynamics, dosing compatibility and
efficacy in clinically relevant infection settings [16]. More complex delivery strategies are
also being explored. Gasanov et al. (2025) engineered Wharton's jelly-derived mesenchy-
mal stem cells to express the AMP SE-33 and evaluated their safety and antimicrobial
activity in a murine model of S. aureus-induced pneumonia [141,142]. The modified cells
showed antimicrobial activity, promoted bacterial clearance from the lungs and attenuated
inflammatory damage, while preclinical safety analyses indicated minimal toxicity and im-
munogenicity [141,142]. Although still experimental, this approach illustrates the potential
of cell-based platforms for localized or sustained AMP delivery.

Among clinically used AMP-related compounds, colistin and polymyxin B remain
important examples because of their role in the treatment of severe infections caused by
multidrug-resistant Gram-negative bacteria. Although colistin and polymyxin B are AMP-
related cyclic lipopeptides of bacterial origin, they should be distinguished from newly
developed natural or engineered AMP candidates. In this review, they are included as
clinically approved benchmark examples of AMP-related compounds, rather than as newly
developed AMP therapeutics, since they are long-established conventional last-resort an-
tibiotics whose use is mainly associated with severe multidrug-resistant Gram-negative
infections and is limited by toxicity, pharmacokinetics /pharmacodynamics uncertainty and
resistance concerns. Polymyxins are cyclic lipopeptide AMPs produced by Paenibacillus
polymyxa subsp. colistinus, with polymyxin B and polymyxin E, also known as colistin,
being the clinically relevant members [143,144]. Colistin is available as colistin sulfate
for oral or topical administration and as colistin methanesulfonate, an intravenous or
nebulized prodrug [143,144]. Although colistin was approved by the FDA in 1959, its
use declined because of nephrotoxicity and neurotoxicity, before re-emerging as a last-
resort option against multidrug-resistant and extensively drug-resistant Gram-negative
pathogens [143,144]. However, clinical trials have shown limited efficacy advantages for
some combination regimens, relevant safety concerns and persistent pharmacokinetic and
pharmacodynamic uncertainties, including optimal dosing, tissue penetration and conver-
sion of colistin methanesulfonate to active colistin [145-160]. A detailed list of clinical trials
involving colistin and polymyxin-based therapies is provided in Supplementary Table S1.

Targeted AMPs have also reached clinical evaluation. C16G2 is a specifically targeted
antimicrobial peptide (STAMP) designed by fusing a broad-spectrum AMP domain with
a Streptococcus mutans-specific targeting domain, enabling selective killing of S. mutans
while preserving the surrounding oral microbiota [161]. Thus, C16G2 represents a clinically
relevant example of a targeted, microbiome-sparing AMP strategy. Clinical studies support
the safety, specificity and microbiome-sparing potential of C16G2 as a preventive strategy
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for dental caries, although broader clinical translation still requires further validation of
long-term efficacy and implementation feasibility. Details of the C16G2 clinical trials are
provided in Supplementary Table S2.

Other AMP candidates are being developed for topical, oral, wound-care and mucosal
applications. Among clinical-stage candidates, TAPS-18, a synthetic cathelicidin-based
peptide formulated as a topical gel, has been evaluated as an adjunct to non-surgical
periodontal therapy (NCT05125718). PL-5, also known as peceleganan, is a hybrid cecropin—
melittin-derived peptide under clinical evaluation as a topical spray for infected dia-
betic wounds (NCT06189638). PL-18, a synthetic AMP formulation administered as vagi-
nal suppositories, is being assessed in a Phase I clinical trial for bacterial vaginosis and
mixed vaginal infections, with attention to safety, tolerability and microbiota preservation
(NCT05340790). In contrast, nisin-based formulations are mainly at the preclinical and
formulation-development stage, although early clinical exploration has been reported in
selected localized applications (NCT07088679). Nisin has been incorporated in gels and
coatings for oral, peri-implant, wound-care and topical applications, extending the use of
this established food-grade bacteriocin into localized healthcare contexts. A detailed list of
clinical trials involving AMP candidates is provided in Supplementary Table S3.

Overall, recent AMP- based healthcare studies showed their translational potential
against antibiotic-resistant infections, particularly as topical agents, antibiofilm compounds,
antibiotic adjuvants and targeted microbiome-sparing antimicrobials. Nevertheless, promis-
ing in vitro or early preclinical activity does not necessarily predict clinical success. Despite
antimicrobial and antibiofilm potential, the clinical translation of AMPS remains lim-
ited by interconnected safety, efficacy and scalability barriers [16]. In fact, incomplete
selectivity for microbial over eukaryotic membranes may lead to cytotoxicity, hemolytic
activity and, for some systemically administered AMPs such as polymyxins, clinically
relevant nephrotoxicity [16]. The AMP’s in vivo efficacy may also be compromised by pro-
teolytic degradation, loss of activity in ionic and/or protein-rich complex media, including
saline or serum-containing environments, protein-binding, short half-life, pharmacoki-
netic/pharmacodynamic uncertainty and inefficient delivery to the infection site [16].
Moreover, clinical application is further limited by high production and purification costs,
scalability issues and acquired resistance mechanisms to AMPs [16].

4.2. Other Healthcare Applications and Endogenous AMP Modulation

In addition to their use against antibiotic-resistant infections, AMPs are being in-
vestigated in broader healthcare contexts, including cancer, hospital hygiene, mucosal
defence, inflammatory diseases and host-directed therapeutic strategies. These applica-
tions reflect the multifunctional nature of AMPs, which may combine direct antimicrobial
activity with antibiofilm, immunomodulatory, wound-healing or tissue-protective effects.
Moreover, AMPs are also relevant in healthcare as endogenous host-defence molecules.
In this context, endogenous AMP modulation can be viewed as a host-directed antimi-
crobial strategy, rather than as the direct administration of an antimicrobial compound.
Nutritional, microbial, hormonal and pharmacological interventions may influence AMP
expression and thereby affect epithelial and mucosal antimicrobial defence, inflammation
and barrier function.

Some exogenous AMPs have been evaluated for dual antimicrobial and anticancer
activity. La et al. (2025) characterized brevinin-1 E8.13, isolated from the skin secretion
of the Vietnamese frog Sylvirana guentheri, and reported antibacterial activity against S.
aureus together with antiproliferative effects against lung, gastric, leukaemia, colorectal and
liver cancer cell lines [162]. Importantly, the peptide showed comparatively low toxicity
toward normal human fibroblasts [162]. Although such findings are promising, anticancer
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applications of AMPs remain at an early stage and require careful evaluation of selectivity,
pharmacokinetics, systemic toxicity and delivery.

AMPs have also been proposed for infection prevention and hygiene applications. As-
ghar et al. (2025) explored purified AMPs isolated from non-resistant hospital-environment
strains as alternatives to probiotic-based cleaning strategies, aiming to reduce the spread of
hospital-associated resistant pathogens [163]. The authors identified Bacillus paracheniformis
UAB33 as a producer of bacitracin Bl and reported significant reductions in microbial load
when the peptide was formulated into disinfectant wipes [163]. This type of approach
suggests the potential use of AMPs as components of non-living antimicrobial surface in-
terventions, although performance under real hospital conditions still requires validation.

A growing number of clinical studies also evaluate endogenous AMPs as biomarkers
of immune activation, mucosal integrity and treatment response. These studies include
measurements of LL-37, hCAP18, calprotectin and other AMP-related markers in gas-
trointestinal, respiratory, cutaneous, urogenital and periodontal contexts. Nutritional,
microbial, hormonal and pharmacological interventions, including vitamin D, omega-3
fatty acids, phenylbutyrate, probiotics, amino acid supplementation and oestrogen therapy,
have been investigated for their capacity to modulate endogenous AMP expression. A
detailed list of clinical trials using endogenous AMP levels as biomarkers is provided in
Supplementary Table S4.

The vitamin D/LL-37 axis is particularly well represented in clinical research. Vitamin
D supplementation has been associated with increased LL-37 or hCAP18 levels in serum,
respiratory secretions or skin, supporting the connection between micronutrient status and
AMP-mediated innate immunity [164,165]. Trials focused specifically on LL-37 and cathe-
licidin modulation are summarized in Supplementary Table S5. Interventions, including
omega-3 fatty acids, phenylbutyrate and probiotics, have also been investigated for their
potential to enhance LL-37-associated mucosal defence. Clinical contexts include tuberculo-
sis, sepsis, chronic kidney disease, chronic obstructive pulmonary disease, peri-implantitis
and inflammatory skin conditions (Supplementary Table S5). However, the clinical benefit
of AMP upregulation remains context-dependent and should not be assumed solely from
biomarker changes.

Gastrointestinal studies further illustrate the potential role of endogenous AMPs
in mucosal defence. For example, clinical trials have evaluated faecal AMPs following
probiotic intake, amino acid-fortified oral rehydration therapy or Bifidobacterium longum
supplementation, linking these peptides to intestinal barrier function, microbial balance
and host defence. One trial investigated whether isoleucine supplementation in oral
rehydration solution could induce AMP production and improve outcomes in children
with acute diarrhoea [166]. Although preliminary findings suggested possible benefit,
larger and well-controlled trials are needed to confirm efficacy, optimal dosage, safety and
mechanisms of action [166].

Cutaneous, oral and periodontal studies have also assessed AMP expression as a
marker of disease activity or therapeutic response. Changes in AMP levels have been
evaluated in rosacea, psoriasis, atopic dermatitis, periodontitis, peri-implantitis, hidradeni-
tis suppurativa and other inflammatory conditions. In these settings, AMPs may reflect
epithelial barrier status, microbial dysbiosis, local inflammation or response to topical and
systemic treatments. However, interpretation remains complex because increased AMP
expression may indicate either improved host defence or ongoing inflammatory activation,
depending on the disease context.

Taken together, these studies indicate that AMPs are relevant not only as antimicrobial
candidates but also as biomarkers and modulators of epithelial and mucosal immunity.
Their broader healthcare value will depend on distinguishing when AMP induction is

https://doi.org/10.3390/antibiotics15070649


https://doi.org/10.3390/antibiotics15070649

Antibiotics 2026, 15, 649

20 of 44

protective, neutral or pathological, and on translating biomarker associations into clinically
meaningful outcomes.

4.3. Applications in Animal Health and Feed

The application of AMPs in animals is mainly centred on their potential use as al-
ternatives to antibiotics in animal feed. To facilitate comparison between the AMP-based
approaches discussed in this section, Table 2 summarises the animal species/model, main
reported outcome and experimental stage of the studies described below.

Table 2. Summary of AMP-based strategies explored for animal health applications.

AMP/Strategy Species/Model Main Outcome Stage/Experimental Context
LLv Broiler chickens En-hance'd immune indicators fmd Dietary supplementation
jejunal immune gene expression
Broiler chickens e . . .
. Mitigation of intestinal damage Feed supplementation/
lechonera challenged with . L . .
. o and microbiota imbalance infection challenge
necrotic enteritis
Geesg 1nfecteq with Reduced bacterial infection Oral AMP intervention/
R71 multidrug-resistant A L . .
in vitro and in vivo infection challenge

Neisseria S1

Epinecidin-1-

Increased survival after bacterial

Nile tilapia fry Aquaculture functional feed

expressing Artemia challenge
AMP mixture from Improved growth, immunity,
. . . . . Aquaculture feed
chicken and pig Pengze crucian carp antioxidant capacity and .
. . . . supplementation
intestines resistance to Aeromonas hydrophila
PR39-expressing Mice challenged with ~ Improved intestinal morphology, Engineered probiotic/
Lactobacillus casei enterotoxigenic E. coli immune status and survival infection challenge

KR32-expressing

Bacillus subtilis

Piglets challenged with
enterotoxigenic E. coli

Reduced oxidative intestinal

injury and modulated faecal Engineered probiotic/

infection challenge

microbiota

In vitro bacterial Recombinant production, . .

. . . o Recombinant production/
LfcinB-hLY models/proposed antibacterial activity and I 1
. L L o in vitro validation
livestock application digestive stability
Bacterial models and E. Antlbg cterla'l act1y1ty and . Recombinant production/
MaglI-CB modulation of intestinal barrier S .
in vivo infection model

coli-infected mice

and immune markers

Liu et al. (2024) evaluated the immune-enhancing effects of the heat-resistant AMP
LLv, derived from human LL-37, when added to the diet of broiler chickens [167]. In
that study, dietary supplementation with 100 mg/kg LLv increased serum immune in-
dicators, including IgA, IgM, IL-4 and avian influenza virus antibody (AIV-Ab), and
modulated immune-related gene expression in the jejunal mucosa [167]. These findings
indicate that the immunomodulatory effect of LLv is dose-dependent and should be in-
terpreted in relation to the dietary supplementation level used [167]. Daneshmand et al.
(2020) evaluated the recombinant AMP cLFchimera, derived from camel lactoferrin, in
broiler chickens challenged with necrotic enteritis [168]. The experimental AMP group
received 20 mg cLFchimera/kg diet, while the antibiotic comparator group received 45 mg
bacitracin methylene disalicylate/kg diet [168]. The study assessed mortality, intestinal
morphology and lesions, gut microbiota balance and expression of immune and tight-
junction genes [168]. The findings suggest that cLFchimera may help mitigate necrotic
enteritis-associated damage and restore microbial balance in challenged birds [168]. Wang
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et al. (2024) explored e-polylysine hydrochloride (e-PLH), a natural antimicrobial peptide
extracted from Streptomyces albulus, as a dietary supplement for laying hens [169]. Al-
though often discussed together with antimicrobial peptides because of its peptide bonds,
cationic nature and antimicrobial activity, e-PLH is more accurately classified as a micro-
bial poly(amino acid) antimicrobial compound rather than a conventional ribosomally
synthesized AMP [170]. The study reported beneficial effects of e-PLH supplementation
on laying performance, egg quality, serum biochemical parameters, antioxidant status,
intestinal morphology, gut microbiota and volatile fatty acid profiles [169]. Where reported,
the active dietary level should be specified; for example, 0.05% e-PLH supplementation
was associated with improved production-related parameters and modulation of cecal
microbiota in laying hens [169]. These data support the potential of ¢e-PLH as a feed ad-
ditive, although its practical application requires optimization of dose, production stage
and target outcome [169]. Importantly, e-polylysine has an established history of food
use as a preservative in several countries, including Japan, and has been the subject of
FDA GRAS notices in the United States for use as an antimicrobial agent in selected food
applications [170-172].

Jia et al. (2025) evaluated the effectiveness of the AMP R7I as an alternative to antibi-
otics for treating bacterial infection in geese [173]. The authors investigated an outbreak of
an acute diarrheal disease in domestic geese caused by a multi-antibiotic-resistant strain of
Gram-negative bacteria, Neisseria S1 [173].

In the in vivo model, geese were orally infected with 2 x 10 CFU of Neisseria S1
for three consecutive days, and the treatment group received orally administered R7I at
20 mg/kg after infection, using neomycin at 20 mg/kg as the antibiotic comparator [173].
Under these conditions, R7I reduced Neisseria S1 infection in vitro and in vivo, supporting
its potential as an oral AMP-based intervention against bacterial diarrhoeal disease in
poultry [173].

Several studies have evaluated AMPs in aquaculture. Ting et al. (2018) generated
transgenic Artemia expressing epinecidin-1 (Epi-1) and assessed whether these organisms
could be used as functional feed for Nile tilapia fry [174]. The engineered Artemia enhanced
resistance and survival against acute bacterial infections caused by Gram-positive and
Gram-negative pathogens [174]. Wang et al. (2021) examined an AMP mixture isolated
from chicken and pig intestines as a potential alternative to antibiotics in Pengze crucian
carp [175]. The results indicated improved growth performance, digestive enzyme ac-
tivity, antioxidant capacity, immune-related gene expression and resistance to Aeromonas
hydrophila challenge [175]. These findings support the potential of AMP-based feed ad-
ditives in aquaculture, although validation under commercial production conditions is
still required. Another approach is to use engineered probiotics expressing AMPs. The
proline-rich antimicrobial peptide PR39 is a cationic host defence peptide originally isolated
from porcine leukocytes, with dual roles in antimicrobial defence and immune modula-
tion [176]. Zhang et al. (2016) expressed a synthetic PR39 gene in Lactobacillus casei 393,
generating a recombinant strain capable of secreting bioactive PR39 [177]. The recombinant
L. casei exhibited antibacterial activity against E. coli and Salmonella, but limited effects
on Staphylococcus aureus. In vivo, BALB/c mice fed with the engineered strain showed
enhanced growth, improved intestinal morphology, and increased immune cell counts,
while displaying reduced mortality following enterotoxigenic E. coli K88* challenge [177].
These findings demonstrate that PR39-expressing L. casei effectively combines probiotic
and antimicrobial properties, supporting its potential use as an animal feed additive to
promote growth and resistance to enteric infections [177]. In another study, Wen et al.
(2023) constructed a recombinant Bacillus subtilis strain, WB800-KR32, that expresses the
AMP KR32 [178]. Administration of the engineered probiotic to piglets challenged with
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enterotoxigenic E. coli alleviated intestinal oxidative injury and favourably altered the
faecal microbial community [178]. Because these approaches rely on viable engineered
microorganisms, their use as feed additives also raises biosafety and regulatory consid-
erations that go beyond the activity of the expressed AMP. In addition to efficacy, future
development should assess biological containment, environmental persistence, faecal
shedding, horizontal gene transfer of recombinant constructs or selectable markers, and
the genetic stability of the engineered strain during production, storage, gastrointestinal
passage and repeated administration [177-179]. Strategies such as stable chromosomal
integration, avoidance of antibiotic-resistance markers, minimization of mobile genetic
elements and confirmation of expression stability over multiple generations may help
reduce these risks [177,178]. Therefore, engineered probiotic AMP platforms should be
evaluated not only for antimicrobial efficacy and host benefit, but also for strain stabil-
ity, containment and regulatory safety before use in animal-production systems. Specific
AMPs, including lactoferrin-derived peptides and lysozyme-based hybrid peptides, are
considered potential alternatives to conventional antibiotics for reducing drug residues and
pathogen resistance in animal production [180]. Sun et al. (2019) explored the hybrid AMP
LfcinB-hLY, generated by fusing bovine lactoferrin and human lysozyme, as a potential
related antimicrobial candidate [180]. This was primarily a recombinant production and
in vitro activity study rather than a dietary-dose trial. The authors reported a LfcinB-hLY
production yield of 15.7 mg/L in Pichia pastoris, with approximately 1.8 mg purified peptide
obtained from 500 mL culture, and showed antibacterial activity against Gram-negative
and Gram-positive bacteria, together with resistance to trypsin and chymotrypsin digestion
under acidic conditions [180].

Zhang et al. (2018) analysed the recombinant hybrid AMP magainin II-cecropin B
(MaglI-CB), combining magainin II from Xenopus laevis and cecropin B from the Cecropia
moth [181]. Recombinant MaglI-CB was expressed in Cordyceps militaris, reaching 4.5 mg/g
freeze-dried mycelium powder, and purified MaglI-CB showed MIC values ranging from 2
to 32 pg/mL against tested Gram-positive and Gram-negative bacteria, including MICs of
2 ug/mL against S. aureus and 4 pug/mL against E. coli and B. subtilis [181]. In mice infected
with E. coli ATCC 25922, MaglI-CB improved intestinal barrier-associated parameters and
modulated immune and inflammatory markers [181]. These results support its potential
as a livestock feed additive, although further studies are needed to define optimal dosing,
long-term safety and efficacy under production conditions [181].

From a feed-application perspective, these studies suggest that AMPs may influ-
ence animal health not only through direct antimicrobial activity, but also by modulating
gut microbiota composition, intestinal barrier function, oxidative stress and immune re-
sponses [182,183]. However, their practical use as feed additives requires careful consider-
ation of formulation and production constraints. AMPs must remain active during feed
processing and storage, including exposure to heat, pressure, moisture and interactions
with feed components [182,183]. They must also resist, or be protected from, degradation
by gastrointestinal proteases, while maintaining activity at doses that are effective, eco-
nomically feasible and safe for the target species [182,183]. In addition, residue formation,
potential effects on non-target microbiota, toxicity, immunogenicity and the risk of resis-
tance development should be evaluated before large-scale implementation [184]. Therefore,
future studies should define optimal dosage, delivery format, processing stability, digestive
stability and safety profiles under realistic animal-production conditions.

5. Agricultural Applications of Natural Antimicrobials

Natural antimicrobials are being explored as lower-residue and more targeted alter-
natives or complements to conventional pesticides in crop protection. Within the scope
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of this review, particular attention is given to AMPs, bacteriocins, mycocins and related
peptide-based antimicrobial compounds with activity against phytopathogenic bacteria
and fungi. However, agricultural translation must be interpreted according to the applica-
tion context. Evidence obtained in vitro or under controlled conditions cannot be assumed
to predict open-field performance, where UV exposure, rainfall, temperature variation,
plant-surface microbiota, formulation stability and persistence on leaves or fruit surfaces
strongly influence efficacy. Therefore, this section distinguishes controlled-environment or
greenhouse applications, open-field crop-protection examples and postharvest uses.

5.1. Controlled Environment and Greenhouse Applications

Controlled environment and greenhouse studies are important intermediate steps be-
tween in vitro antimicrobial screening and field deployment. In these systems, temperature,
humidity, inoculum pressure and treatment timing can be more tightly controlled, allowing
a clearer assessment of antimicrobial activity on plants. Bacteriocin-producing rhizobacteria
and other antimicrobial-producing bacteria have shown activity against plant-pathogenic
bacteria such as Erwinia, Xanthomonas and Pseudomonas spp., including effects on growth
inhibition, biofilm formation and disease suppression in planta [185,186].

Specific examples support the agricultural relevance of bacteriocin-mediated disease
suppression. In rice, non-pathogenic bacteriocinogenic strains of Xanthomonas oryzae pv.
oryzae were tested against bacterial blight caused by virulent X. oryzae pv. oryzae, reducing
disease incidence in greenhouse and screenhouse experiments [187]. In olive, a bacteriocin
produced by Pseudomonas syringae pv. ciccaronei NCPPB2355 inhibited Pseudomonas savas-
tanoi pv. savastanoi (formerly described as P. syringae subsp. savastanoi) the causal agent of
olive knot disease, and reduced knot formation and epiphytic survival of the pathogen on
treated olive plants [188]. Earlier studies also reported that avirulent bacteriocin-producing
strains of Ralstonia solanacearum (formerly Pseudomonas solanacearum) could reduce bacterial
wilt development in solanaceous crops such as tobacco and tomato [189].

These examples show that bacteriocin-based plant-disease suppression has been
demonstrated in specific pathosystems. However, the evidence often involves producer
strains, avirulent strains or crude bacteriocin preparations rather than purified, formulation-
ready bacteriocins. This distinction is important because plant protection may result from
multiple mechanisms, including antibiosis, competition, biofilm interference, induced
systemic resistance and plant-growth promotion [185,186,190].

Mycocins also provide relevant examples under controlled plant-disease conditions.
The killer toxin produced by Pichia membranifaciens CYC 1106 inhibited Botrytis cinerea, the
causal agent of grey mould, and reduced disease development in treated Vitis vinifera plants
under experimental conditions [191]. This example supports the potential of yeast killer
toxins as antifungal biocontrol tools, but it should still be interpreted as controlled-condition
evidence rather than broad field validation.

Microbial lipopeptides provide another important class of peptide-like antimicrobials
for greenhouse applications. Cell-free supernatants from Bacillus subtilis ET-1 containing
iturin A were tested against powdery mildew caused by Podosphaera xanthii on melon plants
(Cucumis melo) under greenhouse conditions [192]. In that study, treatments containing 400,
40 and 4 mg/L iturin A produced dose-dependent disease-control effects, with complete
disease control reported at the highest concentration tested [192]. This type of evidence
is particularly useful because it links a defined lipopeptide-rich preparation with a plant-
pathogen system and a measurable in planta disease outcome.

Plant-derived AMPs have also been investigated as topical biofungicide candidates.
Cyclotides, which are small cysteine-rich cyclic peptides, have attracted attention because
of their structural stability and pesticidal or antifungal activities [193]. Similarly, Ag-
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AMP from Amaranthus quitensis showed antifungal activity against phytopathogens such
as Penicillium, Fusarium and Aspergillus spp., together with thermal stability and low
cytotoxicity in the reported models [194]. These examples indicate potential for agricultural
use, but most evidence remains closer to laboratory or controlled-condition validation than
to full field deployment.

Synthetic and engineered antimicrobial peptides have also been screened against
bacterial plant pathogens such as Xanthomonas, Erwinia and Pseudomonas spp. [195]. These
peptides may inhibit bacterial growth, interfere with biofilm formation and, in some cases,
act as plant-defence elicitors [195]. However, because these molecules are synthetic or
engineered, they should be considered translational analogues inspired by natural peptide
scaffolds rather than natural antimicrobials in the strict sense. Their agricultural use
also requires field-specific validation of phytotoxicity, persistence, environmental fate,
production cost and regulatory classification [195].

5.2. Open-Field Crop-Protection Applications

Open-field application is a more demanding stage of validation. Peptide-based antimi-
crobials applied to crops are exposed to sunlight, rainfall, wash-off, oxidation, proteolysis,
variable humidity, microbial degradation and uneven distribution on plant surfaces. For
this reason, open-field evidence remains more limited than in vitro and greenhouse evi-
dence, especially for purified AMPs, bacteriocins and mycocins.

A useful field-relevant example is the work with B. subtilis ET-1 lipopeptide prepara-
tions against melon powdery mildew. After greenhouse testing, both cell-free supernatant
and crude lipopeptide extract containing approximately 100 ppm iturin A were evaluated
under open-field conditions on melon plants artificially inoculated with P. xanthii [192].
Both treatments showed strong disease control, comparable to that obtained with a conven-
tional chemical fungicide in that study [192]. This example is important because it moves
beyond in vitro inhibition and greenhouse assays. Nevertheless, it also illustrates a broader
limitation of the field: the active treatment was a lipopeptide-rich preparation derived from
a microbial producer strain, not a single purified peptide product.

Commercially used Trichoderma-based biofungicides illustrate the distinction between
producer-organism biocontrol and the direct application of purified antimicrobial pep-
tides. Trichoderma spp. can produce peptaibols and other antimicrobial metabolites with
activity against phytopathogenic fungi [196]. However, the efficacy of Trichoderma-based
products in agricultural systems is multifactorial and should not be attributed only to
peptaibols. Their biocontrol activity may involve competition for nutrients and space,
rhizosphere or phyllosphere colonisation, mycoparasitism, secretion of lytic enzymes,
antibiosis, production of secondary metabolites and induction of local or systemic plant
defence responses [196,197]. Therefore, these products support the relevance of peptide-
producing microorganisms in agriculture, but they should not be presented as direct field
applications of purified peptaibols alone.

5.3. Postharvest Applications

Postharvest applications represent a distinct agricultural context. In this case, an-
timicrobial treatments are applied after harvest to fruit, vegetables or storage environ-
ments to reduce spoilage during transport, storage or marketing. These systems are often
more controlled than open-field applications, because temperature, humidity, treatment
concentration and exposure time can be better managed. They are therefore particu-
larly relevant for peptide-based antifungal agents targeting wound-invading or storage-
associated pathogens.
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Yeast killer toxins and mycocins have been explored in this setting. Pichia membranifa-
ciens and its purified killer toxin showed inhibitory effects against B. cinerea and reduced
disease development in postharvest apple wound experiments [198]. This provides a
clearer postharvest example than many general claims about mycocin activity, because
it links a defined yeast killer system with a relevant fruit pathogen and an in vivo fruit
model. However, broader use will require formulation, stability and safety validation
under commercial storage conditions.

Lipopeptides from Bacillus spp. also show postharvest potential. Lipopeptides pro-
duced by B. subtilis Y17B, including surfactin, iturin and fengycin families, inhibited
Alternaria alternata and reduced postharvest Alternaria fruit rot of cherry in fruit assays [199].
Microscopy-based analyses in that study indicated fungal structural damage, supporting a
direct antifungal effect of the lipopeptide preparation [199]. This example is useful because
it addresses a real postharvest disease system rather than only laboratory growth inhibition.

Ag-AMP and other plant-derived antifungal peptides may also be relevant for posthar-
vest disease control, particularly when applied as topical treatments against fungal spoilage
organisms [194]. However, as with other peptide-based antimicrobials, evidence should
be interpreted according to the level of validation: in vitro inhibition, treated fruit assays,
pilot storage studies and commercial postharvest application are not equivalent stages
of development.

Overall, agricultural applications of AMPs, bacteriocins, mycocins and related peptide-
based antimicrobials remain promising but unevenly developed. The strongest evidence
is often found in in vitro assays, controlled plant experiments, greenhouse trials and
postharvest models, whereas open-field validation remains more limited and frequently
involves antimicrobial-producing microorganisms, cell-free supernatants or crude pep-
tide/lipopeptide extracts rather than purified antimicrobial peptides. Future studies
should therefore clearly distinguish purified peptide activity, producer-strain biocontrol,
greenhouse efficacy, field performance and postharvest protection. Key translational
challenges include formulation stability, persistence on plant surfaces, resistance to UV
exposure and rainfall, phytotoxicity, effects on beneficial microbiota and pollinators, pro-
duction cost, environmental fate and regulatory approval as plant-protection or postharvest
biocontrol products.

5.4. Environmental Fate, Ecotoxicity and Non-Target Effects

The environmental advantages of peptide-based natural antimicrobials should be
interpreted cautiously. Their biodegradability and targeted activity may reduce long-term
chemical residues compared with some conventional pesticides, but these properties do
not automatically guarantee environmental safety [200,201]. After agricultural application,
AMPs, bacteriocins, mycocins and lipopeptide-rich preparations may be exposed to UV ra-
diation, rainfall, adsorption to soil particles, enzymatic degradation, microbial metabolism
and wash-off into surrounding environments. Their environmental fate will depend on
peptide structure, formulation, dose, application frequency, crop surface, soil type, climate
and persistence of the delivery system [200,202].

Formulation is particularly important. Encapsulation, coatings, wetting agents, stick-
ers or slow-release systems may improve field stability and rainfastness, but they may also
prolong environmental persistence and increase exposure of non-target organisms [201,202].
Therefore, formulation strategies should be evaluated not only for efficacy against plant
pathogens but also for degradation profile, mobility, accumulation potential and release
behaviour under realistic field conditions [200,202].

Ecotoxicological assessment is also necessary. Although many peptide-based antimi-
crobials are expected to degrade more readily than persistent synthetic pesticides, they may
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still affect non-target microorganisms or beneficial organisms depending on spectrum of
activity, environmental concentration and exposure route [200,201]. Particular attention
should be given to soil and phyllosphere microbiota, plant-growth-promoting bacteria, my-
corrhizal fungi, pollinators, aquatic organisms and natural enemies used in integrated pest
management [200,201]. For microbial producer strains or crude extracts, risk assessment
should also consider strain persistence, possible genetic exchange, production of secondary
metabolites and effects on native microbial communities [201-204].

Therefore, environmental benefits should be considered potential advantages rather
than assumed outcomes. Broader agricultural implementation will require field-level
studies addressing environmental fate, ecotoxicity, persistence of formulations, impact
on non-target microbiota, effects on beneficial insects and compatibility with integrated
pest management [200-203]. These data are essential to define safe application rates, re-
entry intervals, preharvest intervals, formulation design and regulatory classification as
plant-protection or postharvest biocontrol products [202,203].

6. Production and Bioengineering Strategies for Natural Antimicrobials

The natural production of AMPs, bacteriocins and mycocins in living organisms is
often limited by low yields, tight regulation, susceptibility to proteolytic degradation,
toxicity to host cells and high manufacturing costs [205,206]. Several strategies have been
developed to enhance antimicrobial peptide production in both native and heterologous
systems [205,206]. The following section summarizes strategies to improve yield, stability,
safety and delivery of natural antimicrobial peptides and related compounds, including
endogenous AMP upregulation and formulation/delivery approaches [207,208].

6.1. Strategies to Enhance Natural Production

At the organismal level, nutritional, microbial, hormonal and environmental stimuli
can upregulate innate AMP expression [207,209-211]. These approaches are mainly rele-
vant to host-directed or in vivo enhancement of endogenous antimicrobial defence, rather
than to the industrial manufacture of purified antimicrobial compounds. They are included
here to illustrate how natural AMP production can be stimulated within living system:s,
complementing downstream biotechnological strategies such as recombinant expression,
synthetic biology and optimized fermentation. For example, Vitamin D3 enhances tran-
scription of CAMP through the vitamin D receptor pathway [207], whereas short-chain fatty
acids, including butyrate and propionate, can increase defensin and cathelicidin expression
in epithelial cells through histone deacetylase inhibition [209,210]. Similarly, probiotic or
microbial components such as lipopolysaccharides, peptidoglycans and flagellins activate
pattern-recognition receptors (PRRs), including Toll-like receptors and NOD-like receptors,
to trigger AMP synthesis in mucosal tissues [211].

In parallel, advances in metabolic and synthetic biology enable the improvement of
AMP yield in natural producers by manipulating regulatory elements, promoters, signal
peptides and precursor-processing enzymes [205,206]. For example, Zhao et al. (2015)
engineered a recombinant fusion protein combining parasin I (PI), a catfish-derived AMP,
with human lysozyme (hLY) to enable safe and efficient production in Pichia pastoris [212].
The authors reported improved secretion of a protein that retained activity after enzymatic
cleavage and showed synergistic antibacterial effects, suggesting potential application as a
feed additive [212]. Dong et al. (2023) established a recombinant Pichia pastoris expression
system to produce Turgencin A, a peptide that is difficult to isolate naturally and less
active when obtained by chemical synthesis [213]. Recombinant Turgencin A showed
broad-spectrum antimicrobial activity against Gram-negative and Gram-positive bacteria
and potential application as a food preservative in pork [213].
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In plant systems, treatment with jasmonic acid or salicylic acid analogues can elicit
AMP accumulation as part of systemic acquired resistance [214,215]. Together, these
physiological and molecular strategies aim to exploit the organism’s intrinsic defence
pathways to obtain higher peptide yields in a sustainable and biologically relevant man-
ner, reducing dependence on costly chemical synthesis or recombinant overexpression
systems [207,209-215].

6.2. Production of Synthetic AMP Analogues

Peptoids and other synthetic AMP analogues are being developed to improve antimi-
crobial efficacy, stability and selectivity by targeting bacterial membranes and intracellu-
lar components [216,217]. Modifications may include deletions, substitutions, changes
in physicochemical properties or secondary structure, C-terminal amidation, methyla-
tion, dimerization, hybridization or incorporation of non-natural building blocks [217].
Nielsen et al. (2022) and Wardell et al. (2025) evaluated cationic amphipathic peptoids
TM1-TM20, designed to self-assemble into defined nanostructures [218,219]. Lipo-peptoid
TM18 showed antimicrobial, antibiofilm and anti-abscess activity against multidrug-
resistant P. aeruginosa and MRSA [218]. Rahman et al. (2025) synthesized 15 analogues
of the lipopeptide Humimycin A and found that the 3-hydroxymyristoyl lipid chain and
C-terminal carboxylic acid were critical for activity against S. aureus [220].

Zhang et al. (2025) used a template-based de novo design strategy to build «-helical
antimicrobial peptides with repetitive subunits (XXFY)n and a (3-sheet comparator (KFKY)n,
systematically mapping relationships between structure and activity against susceptible
and resistant bacteria [221]. Peptide 27 (OOFI4, where O is ornithine, F is phenylalanine
and I is isoleucine) showed bactericidal, membrane-disrupting and immunomodulatory
activity and was effective in murine models of multidrug-resistant P. aeruginosa and MRSA-
induced skin infections [221]. Li et al. (2025) analysed a library of 3-hairpin AMPs with
identical B-turn sequences and varying length and arrangement of alternating hydrophobic
and hydrophilic residues [222]. They identified the D-amino acid sequence D-G(RF)3 as
having high efficacy, low toxicity, stability against digestive enzymes and mouse plasma,
antibacterial and antibiofilm activity, in vivo efficacy in a mouse pulmonary infection model
and synergy with conventional antibiotics [222]. Kim et al. (2025) evaluated 13-amino acid
AMPs for acne vulgaris by varying the number and position of tryptophan residues [223].
Two peptides showed activity against susceptible and resistant Cutibacterium acnes strains,
reduced C. acnes-induced ear swelling in a mouse model and exhibited low dermal-cell
cytotoxicity, low induction of pro-inflammatory cytokines and stability for up to 12 h after
protease exposure [223].

6.3. Nanovectorization

Nanotechnology strategies are also being used to improve the antimicrobial perfor-
mance stability, delivery and safety profile of natural peptides [224-229]. Liu et al. (2025)
combined black phosphorus nanosheets (BPs) with the AMP melittin to generate BPs/Mel
nanocomposites and evaluated their antimicrobial activity against Escherichia coli and
Staphylococcus aureus [224]. The most favourable formulation, BPs/Mel-7, contained middle-
sized BPs and showed ICs values of 19.1 £ 2.8 ug/mL against E. coli and 12.6 £ 1.3 ug/mL
against S. aureus, whereas BPs alone showed no detectable antibacterial activity at con-
centrations up to 200 ng/mL [224]. In live/dead staining assays, BPs/Mel-7 at 50 ug/mL
killed more than 80% of bacterial cells, and almost complete bacterial killing was observed
when the concentration was increased to 100 pg/mL [224]. In an S. aureus-infected mouse
wound model, wounds were treated with 200 uL of BPs/Mel-7 at 50 pg/mL, resulting
in approximately 90% wound closure after 7 days, reduced bacterial burden and lower
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IL-6 and TNF-« levels compared with controls. Xiao et al. (2025) functionalized zeolitic
imidazolate framework-8 (ZIF-8)-coated MnO; nanoparticles with an antibacterial peptide
to generate AP-MnO,@ZIF-8 [225]. This nanocomposite showed MIC values of 20 ug/mL
against multidrug-resistant E. coli and 39 pg/mL against S. aureus [225]. In colony-forming
unit assays, 150 ug/mL AP-MnO,@ZIF-8 reduced bacterial survival below 5%, indicat-
ing strong growth inhibition under the tested conditions [225]. The nanocomposite also
suppressed bacterial activity in an S. aureus-infected mouse wound model, supporting
its potential as an AMP-based wound-healing platform [225]. Li et al. (2025) proposed
a metal-organic framework (UiO-66)-based nanoplatform functionalized with the AMP
UBI29-41 and loaded with indocyanine green (ICG) to enhance near-infrared-triggered
antimicrobial photodynamic therapy against periodontal biofilms [226]. The ICG@UiO-66-
UBI nanocomposite was evaluated at concentrations up to 50 pg/mL for cytocompatibility,
with cell viability remaining above 90% after 24 h at concentrations < 40 ug/mL; 30 ug/mL
was selected as a relatively biosafe concentration for subsequent experiments [226]. Un-
der 808 nm near-infrared irradiation, ICG@UiO-66-UBI reduced colony-forming units in
single-species periodontal biofilms by approximately two orders of magnitude and dis-
rupted quorum-sensing-associated pathways, including the LuxS/AI-2 system and related
virulence genes [226]. These effects were linked to UBI29-41-mediated targeting of bacterial
surface components and ICG-generated ROS under near-infrared irradiation [226].

Ktodziniska et al. (2025) used hyaluronic acid nanogels modified with octenyl succinic
anhydride to improve the pharmacokinetics and safety profile of human LL-37 [227].
After radiolabelling the AMP with gallium-67 and the polymer with indium-111, the
nanoformulation was tracked in mice after intratracheal administration using single-photon
emission computed tomography (SPECT) [227]. The nanoformulation improved AMP
retention in the lungs and reduced accumulation in excretory organs, potentially lowering
kidney and liver toxicity [227]. Yang et al. (2025) engineered an LPS-targeting, non-lytic M13
phage conjugated with polymyxin B (PMB-M13aLPS) [228]. This platform delivered the
peptide specifically to Gram-negative bacteria, reduced MICs by two orders of magnitude
and cured MDR P. aeruginosa infections in mice with improved potency and tolerability
compared with PMB alone [228].

Another strategy involves structurally nanoengineered antimicrobial peptide poly-
mers (SNAPPs). First introduced by Lam et al. (2016), SNAPPs consist of a star-like
architecture composed of a nanoengineered core with radiating peptide arms [229]. Their
efficacy is influenced by the number, length and amino acid sequence of these arms [230].
Jayawardena et al. (2025) simulated the molecular dynamics of SNAPPs interacting with
bacterial membranes [231,232]. One study compared alternating, random and diblock
arrangements of lysine (K), a hydrophilic positively charged amino acid, and valine (V),
a hydrophobic amino acid [232]. SNAPPs with alternating or random blocks adopted an
“octopus-like” configuration after membrane contact, leading to submersion, water infiltra-
tion and pore formation [232]. In contrast, diblock SNAPPs maintained a “pufferfish-like”
morphology due to electrostatic repulsion, resulting in weak adherence and limited water
penetration [232]. A second study examined lipidation effects on x-helical stability and
membrane disruption, identifying C12-SNAPP as the most disruptive configuration and
C18-SNAPP as less effective because of hydrophobic hindrance.

As a complementary approach, nanoparticle carriers have also been explored
for CRISPR/Cas9 delivery to disrupt biofilm-associated resistance or quorum-sensing
genes [233-236]. Although CRISPR/Cas9 is not a natural antimicrobial compound, these
systems are briefly mentioned here because they illustrate how nano-enabled platforms
may support combination strategies against drug-resistant biofilms, including co-delivery
with antimicrobial agents [233-236].
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7. Challenges and Future Perspectives

Despite the growing interest in AMPs, bacteriocins and mycocins as natural antimicro-
bial agents, their widespread application in food safety, agriculture and healthcare remains
limited by biological, technological and regulatory challenges. These compounds offer im-
portant advantages, including structural diversity, biodegradability, target specificity and
multiple mechanisms of action [31,36,185]. However, antimicrobial activity demonstrated
under controlled laboratory conditions is not sufficient to ensure successful translation
into industrial or clinical applications. Their effectiveness must be confirmed in complex
matrices, under realistic processing and storage conditions, and within regulatory frame-
works that differ between food, cosmetic, agricultural, veterinary and pharmaceutical
sectors [14,16,121-123,237,238].

One major challenge is the possible emergence of microbial resistance or evasion
mechanisms. Although AMPs, bacteriocins and mycocins are often considered less prone
to resistance development than conventional antibiotics, this risk should not be underesti-
mated [12,238-241]. Microorganisms may reduce susceptibility by modifying membrane
charge, altering cell wall or outer membrane composition, changing surface receptors,
producing proteases, activating efflux systems or forming biofilms that restrict peptide
penetration [239-242]. For narrow spectrum bacteriocins, receptor modification or loss
may be sufficient to reduce efficacy [12,242,243]. Future studies should therefore assess not
only immediate antimicrobial activity but also resistance development after serial exposure,
possible cross-resistance with conventional antibiotics and effects on non-target microbial
communities [133,239-242].

Biofilms further complicate antimicrobial application. Many spoilage and pathogenic
microorganisms persist in biofilms on food-processing surfaces, medical devices, wounds,
plant tissues and animal production environments. Biofilm matrices can limit peptide
diffusion, reduce access to target cells and promote phenotypic tolerance [243]. Although
several AMPs and bacteriocins show antibiofilm activity, their efficacy depends strongly on
the target species, biofilm maturity, matrix composition and delivery system [133,243-247].
This supports the use of realistic biofilm models rather than relying only on planktonic
assays. Combination strategies, including AMPs with conventional antibiotics, mild pro-
cessing technologies, enzymes, organic acids, nanocarriers or quorum-sensing inhibitors,
may be more effective than single-agent approaches [35,133,226,246].

Stability is another critical limitation. Many AMPs, bacteriocins and mycocins are
sensitive to proteolytic degradation, oxidation, pH changes, temperature variation, ionic
strength and interactions with proteins, lipids or polysaccharides [15,76,246]. In food matri-
ces, antimicrobial peptides may bind to fat or protein fractions, reducing their availability
and activity [14,83,127]. In cosmetic formulations, they may interact with surfactants,
emulsifiers, preservatives or charged polymers [124-126]. In healthcare, they may be de-
graded by host proteases, rapidly cleared or inactivated by physiological salts and serum
components [16,31,125]. In agriculture, UV radiation, humidity, temperature changes and
plant surface chemistry may further compromise stability [199,208]. Therefore, activity
observed in buffer or culture medium cannot be directly extrapolated to final products or
biological systems.

Formulation technologies will be central to overcoming these limitations. Encapsulation
in liposomes, polymeric nanoparticles, nanogels, hydrogels, edible films, electrospun fibres
or biopolymer-based coatings can protect peptides from degradation, improve solubility, re-
duce undesirable matrix interactions and enable controlled release [83-85,208,241,245]. These
strategies are particularly relevant for bacteriocins such as nisin, whose activity can be re-
duced in complex food or topical systems [83,84,124,126,127]. Encapsulation may improve
antimicrobial persistence during storage, reduce the required dose and increase local activ-
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ity in food, cosmetic, healthcare and agricultural applications [83-85,124,126,208,227,245].
However, these systems also add complexity, cost and regulatory considerations, and
their effects on release kinetics, bioavailability and safety must be evaluated case by
case [125,245].

Large-scale production and quality control remain major bottlenecks. Natural pro-
ducers often synthesize AMPs, bacteriocins and mycocins at low concentrations, with
yields affected by strain, medium composition, fermentation conditions and downstream
processing [205,206]. Purification can be expensive, especially when high purity is re-
quired for medical or pharmaceutical applications. Peptide recovery may also be affected
by proteolysis, adsorption to biomass, co-production of other metabolites or instability
during processing [205,206]. Recombinant expression, synthetic biology, promoter engi-
neering, optimized signal peptides, protease-deficient hosts and low-cost substrates may
improve yields and reduce costs [205,206,212,213]. Nevertheless, industrial production
must ensure batch-to-batch consistency, reproducible biological activity and absence of toxic
contaminants or undesirable by-products. This requires robust chemical and functional
characterization, including molecular mass determination, purity assessment, sequence
confirmation where applicable, antimicrobial potency, storage stability and compatibility
with the intended matrix [15,64,76]. For peptide fractions or crude extracts, defining the
active component, or at least a reproducible chemical and functional profile, becomes
essential [61,64]. Matrix-related stability is another major technological barrier. The activity
of AMPs, bacteriocins and mycocins in real products depends not only on antimicrobial
potency measured in buffer or culture medium, but also on pH, ionic strength, water
activity, fat content, protein content, enzymes, salts, surfactants, polyphenols, processing
temperature, storage conditions and product microstructure [14,76,246]. In food systems,
peptides may bind to caseins, whey proteins, meat proteins or polysaccharides, partition
into fat phases, aggregate, precipitate, adsorb to packaging materials or become unevenly
distributed within the matrix. In cosmetic and pharmaceutical formulations, surfactants,
oils, polymers, preservatives, humectants and packaging materials may similarly alter
peptide solubility, stability and availability. In plant-protection systems, adsorption to
cuticular waxes, soil particles or plant residues, together with UV exposure, rainfall and mi-
crobial degradation, may reduce persistence or alter release. Consequently, matrix-specific
challenge tests, formulation optimisation and measurement of active peptide availability at
the target site are essential for technological translation.

Resistance and tolerance should also be considered in a compound- and context-
specific manner. For bacteriocins, resistance may arise through modification, loss or reduced
expression of cell-surface receptors. For example, nisin and related lantibiotics interact
with lipid II, whereas several class Ila pediocin-like bacteriocins require the mannose
phosphotransferase system as a receptor; changes in receptor availability or expression can
therefore reduce susceptibility [74,247]. In L. monocytogenes, nisin resistance has also been
associated with altered cell-envelope regulation, including mechanisms involving increased
pbp2229 expression mediated by the two-component system Hpk1021 [80]. More broadly,
AMP tolerance mechanisms may include changes in cell-surface charge, modification
of membrane lipid composition, thickening or remodelling of the cell wall, activation
of stress-response pathways, efflux, proteolytic degradation, extracellular trapping or
sequestration and biofilm-associated protection [239,240,242,243,248,249]. These examples
show that peptide-based antimicrobials may have lower or different resistance risks than
conventional antibiotics, but resistance or tolerance should not be dismissed.

Biofilm-related efficacy also requires realistic testing models. Static microtiter-plate
assays are useful for initial screening, but they do not reproduce the complexity of biofilms
in food-processing facilities, medical-device surfaces or plant environments. In food-
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processing contexts, models should include relevant materials such as stainless steel, plastic,
rubber, conveyor-belt surfaces or packaging materials, mixed-species communities, organic
residues, low-temperature conditions and repeated cleaning/disinfection cycles [250]. In
healthcare contexts, antibiofilm testing should consider catheter, implant, wound-dressing
or medical-device materials, conditioning films, flow conditions and host-relevant flu-
ids [251]. In agriculture, plant-surface models should reflect phyllosphere, rhizosphere, leaf,
fruit or root conditions, including surface topography, humidity, UV exposure, wash-off
and interactions with resident microbiota [252,253]. Therefore, antibiofilm activity should
be validated in application-relevant models before being used to support food, medical or
agricultural translation.

Safety assessment is non-negotiable. Although many natural antimicrobials are
biodegradable and some producing organisms have GRAS or QPS status, this does not
automatically guarantee the safety of every peptide, extract, formulation or route of ex-
posure [15,69,112,113]. Cytotoxicity, haemolytic activity, allergenicity, immunogenicity,
pro-inflammatory effects, effects on beneficial microbiota and environmental impact must
be carefully assessed [15,16,124,125]. For cosmetic and topical applications, skin irritation,
sensitization and cutaneous microbiome effects must be considered [124,125]. For food ap-
plications, digestibility, gastrointestinal stability, exposure levels and interactions with food
components are relevant [14,15]. For agricultural applications, effects on soil microbiota,
beneficial insects, plants and aquatic systems should be addressed [200-203]. For fungal-
and yeast-derived antimicrobials, the producing organism and possible co-production of
undesirable secondary metabolites also require attention [65,203,204].

Regulatory approval remains one of the most complex barriers. The same molecule
may be regulated differently depending on whether it is used as a food preservative,
food contact material component, animal feed additive, cosmetic ingredient, plant pro-
tection product, veterinary product or pharmaceutical agent [16,121,123,237,238]. Food
applications require evidence of technological need, consumer safety, toxicological profile,
exposure levels and stability in the final product [238]. Agricultural applications require
data on environmental fate, ecotoxicity and non-target effects [200-203,237]. Pharma-
ceutical applications require pharmacokinetic, pharmacodynamic, toxicity and efficacy
data, often followed by clinical validation [16,35,125]. Cosmetic applications require safety
assessment under expected conditions of use and compatibility with the final formula-
tion [121,122,124,125]. Regulatory planning should therefore begin early in development.

Finally, a persistent gap remains between laboratory efficacy and real-world per-
formance. Many studies use purified peptides, standard strains and simplified assays,
while commercial applications involve complex microbial communities, organic mat-
ter, processing stresses, environmental variability and economic constraints [14,78,246].
Future studies should include food challenge tests, mixed-species biofilms, contami-
nated surfaces, plant-pathogen systems, skin and intestinal cell models, animal mod-
els and pilot-scale trials [15,124,133,195,250-253]. Progress will likely depend on in-
tegrated strategies combining peptide engineering, encapsulation, nanodelivery, syn-
thetic biology, combination treatments, omics-based screening, molecular modelling and
machine learning [35,133,205,206,208,216,217,224-229,231,232,254]. However, these tech-
nologies must be accompanied by toxicological evaluation, cost analysis and regulatory
feasibility assessment.

Overall, AMPs, bacteriocins and mycocins should not be presented as simple replace-
ments for conventional antibiotics, preservatives or pesticides. Their most realistic value
lies in their use as targeted, biodegradable and adaptable antimicrobial tools within broader
preservation, therapeutic and biocontrol strategies [12,31,36,185]. Future development
should therefore be assessed not only by antimicrobial potency, but also by the ability
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of these compounds to overcome translational barriers, including scalable production,
purification, formulation stability, safety, regulatory compliance, matrix-specific efficacy,
environmental fate and cost-effective implementation.

8. Conclusions

Natural antimicrobials, including AMPs, bacteriocins and mycocins, represent a di-
verse and biologically relevant group of compounds with potential applications in food
safety, agriculture, cosmetics, animal health and human healthcare. Their natural origin,
structural diversity and multiple mechanisms of action make them attractive potential alter-
natives or complements to conventional antibiotics, synthetic preservatives and chemical
pesticides. By disrupting microbial membranes, inhibiting cell wall synthesis, interfer-
ing with intracellular targets, modulating immune responses or compromising fungal
cell wall integrity, these compounds offer several routes for controlling pathogenic and
spoilage microorganisms.

However, their translational maturity differs considerably between classes and applica-
tion areas. Bacteriocins currently appear closest to commercial implementation, particularly
in food preservation, where nisin remains the most mature example because of its estab-
lished industrial use and regulatory acceptance. In the short to medium term, the most
realistic applications of AMPs, bacteriocins and mycocins are likely to include food biop-
reservation, active packaging, topical or localized antimicrobial use, cosmetic preservation
and postharvest protection. Yeast-derived AMPs and mycocins also have relevant potential
in fermented foods, cosmetics, postharvest systems and localized antifungal applications,
but remain less developed because many active compounds still require purification, molec-
ular identification, standardized activity measurement and validation in real matrices.
Synthetic, engineered and nanoformulated AMPs may offer longer-term potential in health-
care and antibiofilm applications, but their translation is limited by proteolytic degradation,
toxicity, pharmacokinetics, production costs and regulatory complexity.

In food systems, bacteriocins and yeast-derived antimicrobial peptides may improve
microbial safety, extend shelf life and support clean-label preservation strategies. Nisin
remains the most established example, but other bacteriocins, mycocins and antifungal
peptides are increasingly being investigated for use in dairy products, meat, beverages,
bakery products, fruit and vegetable preservation and active packaging. In cosmetics
and topical products, peptide-based antimicrobials may act as formulation preservatives,
preservative boosters or multifunctional ingredients with antimicrobial, anti-inflammatory,
skin-protective or microbiome-modulating properties, provided that claims remain aligned
with the appropriate regulatory category. In agriculture, AMPs, bacteriocins and mycocins
may contribute to biopesticide, biofungicide and postharvest protection strategies, although
field validation, formulation stability, ecotoxicity and effects on non-target microbiota
remain critical requirements. In healthcare, these molecules are being explored as anti-
infective agents, antibiotic adjuvants, antibiofilm compounds, immunomodulators and
microbiome-sparing alternatives for localized therapy.

Despite this broad potential, translation into commercial and clinical products remains
uneven. The main obstacles include limited stability, proteolytic degradation, possible
toxicity, narrow or context-dependent activity, production costs, formulation difficulties,
regulatory complexity and the need for validation in realistic systems. These challenges
are particularly relevant when moving from purified compounds and laboratory assays to
complex food matrices, cosmetic formulations, biological tissues, environmental settings or
industrial-scale processes.

Future development should therefore focus on integrated solutions combining peptide
engineering, recombinant production, encapsulation, nanodelivery, standardized safety

https://doi.org/10.3390/antibiotics15070649


https://doi.org/10.3390/antibiotics15070649

Antibiotics 2026, 15, 649 33 of 44

assessment and well-designed efficacy studies. Greater attention should also be given to re-
sistance development, microbiome impact, environmental fate and regulatory classification
from the earliest stages of product development.

In conclusion, AMPs, bacteriocins and mycocins should be viewed not as simple
replacements for conventional antimicrobial strategies, but as targeted, biodegradable
and adaptable tools within broader preservation, therapeutic and biocontrol approaches.
Their future impact will depend on the capacity to move beyond proof-of-concept antimi-
crobial activity and deliver stable, safe, scalable and regulatory-compliant solutions for
real-world applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/antibiotics15070649/s1, Table S1: Clinical trials focused on the
antimicrobial peptide colistin. Data were acquired from ClinicalTrials.gov (https://clinicaltrials.gov/
expert-search, accessed on 20 October 2025); Table S2: Clinical trials focused on the antimicrobial
peptide C16G2. Data were acquired from ClinicalTrials.gov (https:/ /clinicaltrials.gov/expert-search,
accessed on 20 October 2025); Table S3: Clinical trials focused on the antimicrobial effect of specific
antimicrobial peptides. Data were acquired from ClinicalTrials.gov (https:/ /clinicaltrials.gov/expert-
search, accessed on 20 October 2025); Table S4: Clinical trials using antimicrobial peptide levels as
biomarkers. Data were acquired from ClinicalTrials.gov (https:/ /clinicaltrials.gov/expert-search,
accessed on 20 October 2025); Table S5: Clinical trials using LL-37 or cathelicidin antimicrobial
peptide levels. Data were acquired from ClinicalTrials.gov (https://clinicaltrials.gov/expert-search,
accessed on 20 October 2025).

Author Contributions: Conceptualization, P.B.; writing—original draft preparation, C.R.-R., L.R.R.
and P.B.; formal analysis, C.R.-R., EM.M., LR.R. and P.B.; investigation, C.R.-R., L.R.R. and P.B.;
funding acquisition, C.R.-R., EM.M. and P.B.; writing—review and editing, C.R.-R., EM.M., LR.R.
and P.B. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by COFAC/ILIND through the seed funding project “Val-
orization of food waste as a source of bioactive compounds—BioAct360” (DOI: 10.62658/CO-
FAC/ILIND/BIORG/2/2025).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

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

References

1.  Al-Khalaifah, H.; Rahman, M.H.; Al-Surrayai, T.; Al-Dhumair, A.; Al-Hasan, M. A One-Health Perspective of Antimicrobial
Resistance (AMR): Human, Animals and Environmental Health. Life 2025, 15, 1598. [CrossRef] [PubMed]

2. Yang, Q.; Gao, Y.; Ke, J.; Show, PL.; Ge, Y.; Liu, Y,; Guo, R.; Chen, J. Antibiotics: An overview on the environmental occurrence,
toxicity, degradation, and removal methods. Bioengineered 2021, 12, 7376-7416. [CrossRef] [PubMed]

3.  Batuman, O.; Britt-Ugartemendia, K.; Kunwar, S.; Yilmaz, S.; Fessler, L.; Redondo, A.; Chumachenko, K.; Chakravarty, S.; Wade, T.
The Use and Impact of Antibiotics in Plant Agriculture: A Review. Phytopathology 2024, 114, 885-909. [CrossRef] [PubMed]

4. Ahmed, SK.; Hussein, S.; Qurbani, K.; Ibrahim, R.H.; Fareeq, A.; Mahmood, K.A.; Mohamed, M.G. Antimicrobial resistance:
Impacts, challenges, and future prospects. J. Med. Surg. Public Health 2024, 2, 100081. [CrossRef]

5. de Kraker, M.E.A; Stewardson, A.].; Harbarth, S. Will 10 Million People Die a Year due to Antimicrobial Resistance by 2050?
PLoS Med. 2016, 13, €1002184. [CrossRef] [PubMed]

6. Barathe, P; Kaur, K;; Reddy, S.; Shriram, V.; Kumar, V. Antibiotic pollution and associated antimicrobial resistance in the
environment. J. Hazard. Mater. Lett. 2024, 5, 100105. [CrossRef]

7. Yilmaz, C.; Ozcengiz, G. Antibiotics: Pharmacokinetics, toxicity, resistance and multidrug efflux pumps. Biochem. Pharmacol. 2017,

133, 43-62. [CrossRef] [PubMed]

https://doi.org/10.3390/antibiotics15070649


https://www.mdpi.com/article/10.3390/antibiotics15070649/s1
https://www.mdpi.com/article/10.3390/antibiotics15070649/s1
https://clinicaltrials.gov/expert-search
https://clinicaltrials.gov/expert-search
https://clinicaltrials.gov/expert-search
https://clinicaltrials.gov/expert-search
https://clinicaltrials.gov/expert-search
https://clinicaltrials.gov/expert-search
https://clinicaltrials.gov/expert-search
https://doi.org/10.3390/life15101598
https://www.ncbi.nlm.nih.gov/pubmed/41157271
https://doi.org/10.1080/21655979.2021.1974657
https://www.ncbi.nlm.nih.gov/pubmed/34612807
https://doi.org/10.1094/phyto-10-23-0357-ia
https://www.ncbi.nlm.nih.gov/pubmed/38478738
https://doi.org/10.1016/j.glmedi.2024.100081
https://doi.org/10.1371/journal.pmed.1002184
https://www.ncbi.nlm.nih.gov/pubmed/27898664
https://doi.org/10.1016/j.hazl.2024.100105
https://doi.org/10.1016/j.bcp.2016.10.005
https://www.ncbi.nlm.nih.gov/pubmed/27765485
https://doi.org/10.3390/antibiotics15070649

Antibiotics 2026, 15, 649 34 of 44

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Loebler, M.; Sdnchez, C.; Mauricio, E.M.; Diogo, E.; Santos, M.; Vasilenko, P.; Cruz, A.S.; Mendes, B.; Gongalves, M.; Duarte, M.P.
Potential Application of Propolis Extracts to Control the Growth of Stemphylium vesicarium in “Rocha” Pear. Appl. Sci. 2020,
10, 1990. [CrossRef]

Correia, R.; Duarte, M.P.,; Mauricio, E.M.; Brinco, J.; Quintela, J.C.; da Silva, M.G.; Gongalves, M. Chemical and Functional
Characterization of Extracts from Leaves and Twigs of Acacia dealbata. Processes 2022, 10, 2429. [CrossRef]

Pereira, P.; Mauricio, E.M.; Duarte, M.P;; Lima, K.; Fernandes, A.S.; Bernardo-Gil, G.; Cebola, M.-J. Potential of supercritical fluid
myrtle extracts as an active ingredient and co-preservative for cosmetic and topical pharmaceutical applications. Sustain. Chem.
Pharm. 2022, 28, 100739. [CrossRef]

Girdhar, M,; Sen, A ; Nigam, A ; Oswalia, ].; Kumar, S.; Gupta, R. Antimicrobial peptide-based strategies to overcome antimicrobial
resistance. Arch. Microbiol. 2024, 206, 411. [CrossRef] [PubMed]

Cotter, P.D.; Ross, R.P.; Hill, C. Bacteriocins—A viable alternative to antibiotics? Nat. Rev. Microbiol. 2013, 11, 95-105. [CrossRef]
[PubMed]

Mokoena, M.P. Lactic Acid Bacteria and Their Bacteriocins: Classification, Biosynthesis and Applications against Uropathogens:
A Mini-Review. Molecules 2017, 22, 1255. [CrossRef] [PubMed]

Verma, D.K,; Thakur, M.; Singh, S.; Tripathy, S.; Gupta, A.K.; Baranwal, D.; Patel, A.R.; Shah, N.; Utama, G.L.; Niamah, A.K,;
et al. Bacteriocins as antimicrobial and preservative agents in food: Biosynthesis, separation and application. Food Biosci. 2022,
46,101594. [CrossRef]

Soltani, S.; Zirah, S.; Rebuffat, S.; Couture, F,; Boutin, Y.; Biron, E.; Subirade, M.; Fliss, I. Gastrointestinal Stability and Cytotoxicity
of Bacteriocins from Gram-Positive and Gram-Negative Bacteria: A Comparative in vitro Study. Front. Microbiol. 2021, 12, 780355.
[CrossRef] [PubMed]

Cresti, L.; Cappello, G.; Pini, A. Antimicrobial Peptides towards Clinical Application—A Long History to Be Concluded. Int. ].
Mol. Sci. 2024, 25, 4870. [CrossRef] [PubMed]

Khameneh, B.; Iranshahy, M.; Soheili, V.; Fazly Bazzaz, B.S. Review on plant antimicrobials: A mechanistic viewpoint. Antimicrob.
Resist. Infect. Control 2019, 8, 118. [CrossRef] [PubMed]

Jubair, N.; Rajagopal, M.; Chinnappan, S.; Abdullah, N.B.; Fatima, A. Review on the Antibacterial Mechanism of Plant-Derived
Compounds against Multidrug-Resistant Bacteria (MDR). Evid.-Based Complement. Altern. Med. 2021, 2021, 3663315. [CrossRef]
[PubMed]

Ogwu, M.C.; Izah, S.C. Honey as a Natural Antimicrobial. Antibiotics 2025, 14, 255. [CrossRef] [PubMed]

Rybczyniska-Tkaczyk, K.; Grenda, A.; Jakubezyk, A.; Kiersnowska, K.; Bik-Matodziriska, M. Natural Compounds with Antimicro-
bial Properties in Cosmetics. Pathogens 2023, 12, 320. [CrossRef] [PubMed]

Zasloff, M. Antimicrobial peptides of multicellular organisms. Nature 2002, 415, 389-395. [CrossRef] [PubMed]

Hancock, R.E.W.; Sahl, H.-G. Antimicrobial and host-defense peptides as new anti-infective therapeutic strategies. Nat. Biotechnol.
2006, 24, 1551-1557. [CrossRef] [PubMed]

Brogden, K.A. Antimicrobial peptides: Pore formers or metabolic inhibitors in bacteria? Nat. Rev. Microbiol. 2005, 3, 238-250.
[CrossRef] [PubMed]

Harris, E; Dennison, S.R.D.; Phoenix, D.A. Anionic Antimicrobial Peptides from Eukaryotic Organisms. Curr. Protein Pept. Sci.
2009, 10, 585-606. [CrossRef] [PubMed]

Paulmann, M.; Arnold, T,; Linke, D.; Ozdirekcan, S.; Kopp, A.; Gutsmann, T.; Kalbacher, H.; Wanke, I.; Schuenemann, V.J.; Habeck,
M.; et al. Structure-Activity Analysis of the Dermcidin-derived Peptide DCD-1L, an Anionic Antimicrobial Peptide Present in
Human Sweat. J. Biol. Chem. 2012, 287, 8434-8443. [CrossRef] [PubMed]

Costa, T.O.G.; Almeida, R.A.; Melo, ].T.; Koolen, H.H.F,; da Silva, EM.A.; Leite, ].R.S.A.; Prates, M.V,; Bloch, C,, Jr.; Pinto, A.C.
Isolation and amino acid sequencing by MALDI-TOF-MS/MS of a novel antimicrobial anionic peptide from the skin secretion of
Osteocephalus taurinus (Anura, Hylidae). J. Braz. Chem. Soc. 2012, 23, 2133-2136. [CrossRef]

Bahar, A.A.; Ren, D. Antimicrobial Peptides. Pharmaceuticals 2013, 6, 1543-1575. [CrossRef] [PubMed]

Jenssen, H.; Hamill, P.; Hancock, R.E. Peptide antimicrobial agents. Clin. Microbiol. Rev. 2006, 19, 491-511. [CrossRef] [PubMed]
Hancock, R.E.W.; Rozek, A. Role of membranes in the activities of antimicrobial cationic peptides. FEMS Microbiol. Lett. 2002, 206,
143-149. [CrossRef] [PubMed]

Hassan, M.; Kjos, M.; Nes, LE; Diep, D.B.; Lotfipour, F. Natural antimicrobial peptides from bacteria: Characteristics and potential
applications to fight against antibiotic resistance. J. Appl. Microbiol. 2012, 113, 723-736. [CrossRef] [PubMed]

Ageitos, ] M.; Sdnchez-Pérez, A.; Calo-Mata, P.; Villa, T.G. Antimicrobial peptides (AMPs): Ancient compounds that represent
novel weapons in the fight against bacteria. Biochem. Pharmacol. 2017, 133, 117-138. [CrossRef] [PubMed]
Mihaylova-Garnizova, R.; Davidova, S.; Hodzhev, Y.; Satchanska, G. Antimicrobial Peptides Derived from Bacteria: Classification,
Sources, and Mechanism of Action against Multidrug-Resistant Bacteria. Int. ]. Mol. Sci. 2024, 25, 10788. [CrossRef] [PubMed]
Ongena, M.; Jacques, P. Bacillus lipopeptides: Versatile weapons for plant disease biocontrol. Trends Microbiol. 2008, 16, 115-125.
[CrossRef] [PubMed]

https://doi.org/10.3390/antibiotics15070649


https://doi.org/10.3390/app10061990
https://doi.org/10.3390/pr10112429
https://doi.org/10.1016/j.scp.2022.100739
https://doi.org/10.1007/s00203-024-04133-x
https://www.ncbi.nlm.nih.gov/pubmed/39311963
https://doi.org/10.1038/nrmicro2937
https://www.ncbi.nlm.nih.gov/pubmed/23268227
https://doi.org/10.3390/molecules22081255
https://www.ncbi.nlm.nih.gov/pubmed/28933759
https://doi.org/10.1016/j.fbio.2022.101594
https://doi.org/10.3389/fmicb.2021.780355
https://www.ncbi.nlm.nih.gov/pubmed/35145490
https://doi.org/10.3390/ijms25094870
https://www.ncbi.nlm.nih.gov/pubmed/38732089
https://doi.org/10.1186/s13756-019-0559-6
https://www.ncbi.nlm.nih.gov/pubmed/31346459
https://doi.org/10.1155/2021/3663315
https://www.ncbi.nlm.nih.gov/pubmed/34447454
https://doi.org/10.3390/antibiotics14030255
https://www.ncbi.nlm.nih.gov/pubmed/40149066
https://doi.org/10.3390/pathogens12020320
https://www.ncbi.nlm.nih.gov/pubmed/36839592
https://doi.org/10.1038/415389a
https://www.ncbi.nlm.nih.gov/pubmed/11807545
https://doi.org/10.1038/nbt1267
https://www.ncbi.nlm.nih.gov/pubmed/17160061
https://doi.org/10.1038/nrmicro1098
https://www.ncbi.nlm.nih.gov/pubmed/15703760
https://doi.org/10.2174/138920309789630589
https://www.ncbi.nlm.nih.gov/pubmed/19751192
https://doi.org/10.1074/jbc.M111.332270
https://www.ncbi.nlm.nih.gov/pubmed/22262861
https://doi.org/10.1590/S0103-50532012001200002
https://doi.org/10.3390/ph6121543
https://www.ncbi.nlm.nih.gov/pubmed/24287494
https://doi.org/10.1128/cmr.00056-05
https://www.ncbi.nlm.nih.gov/pubmed/16847082
https://doi.org/10.1111/j.1574-6968.2002.tb11000.x
https://www.ncbi.nlm.nih.gov/pubmed/11814654
https://doi.org/10.1111/j.1365-2672.2012.05338.x
https://www.ncbi.nlm.nih.gov/pubmed/22583565
https://doi.org/10.1016/j.bcp.2016.09.018
https://www.ncbi.nlm.nih.gov/pubmed/27663838
https://doi.org/10.3390/ijms251910788
https://www.ncbi.nlm.nih.gov/pubmed/39409116
https://doi.org/10.1016/j.tim.2007.12.009
https://www.ncbi.nlm.nih.gov/pubmed/18289856
https://doi.org/10.3390/antibiotics15070649

Antibiotics 2026, 15, 649 35 of 44

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Baltz, R.H.; Miao, V.; Wrigley, S.K. Natural products to drugs: Daptomycin and related lipopeptide antibiotics. Nat. Prod. Rep.
2005, 22, 717-741. [CrossRef] [PubMed]

Zhang, Q.-Y.; Yan, Z.-B.; Meng, Y.-M.; Hong, X.-Y.; Shao, G.; Ma, J.-].; Cheng, X.-R; Liu, J.; Kang, J.; Fu, C.-Y. Antimicrobial
peptides: Mechanism of action, activity and clinical potential. Mil. Med. Res. 2021, 8, 48. [CrossRef] [PubMed]

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] [PubMed]

Zhou, Y,; Yang, X; Li, Q.; Peng, Z.; Li, ].; Zhang, J. Optimization of fermentation conditions for surfactin production by B. subtilis
YPS-32. BMC Microbiol. 2023, 23, 117. [CrossRef] [PubMed]

Barale, S.S.; Ghane, S.G.; Sonawane, K.D. Purification and characterization of antibacterial surfactin isoforms produced by Bacillus
velezensis SK. AMB Express 2022, 12, 7. [CrossRef] [PubMed]

Li, X;; Sang, Z.; Zhao, X.; Wen, Y. Metabolic engineering of Streptomyces roseosporus for increased production of clinically
important antibiotic daptomycin. Microb. Biotechnol. 2024, 17, €70038. [CrossRef] [PubMed]

Baccelli, I.; Luti, S.; Bernardi, R.; Favaron, F,; De Zotti, M.; Sella, L. Water-Soluble Trichogin GA IV-Derived Peptaibols Protect
Tomato Plants from Botrytis cinerea Infection with Limited Impact on Plant Defenses. Front. Plant Sci. 2022, 13, 881961. [CrossRef]
[PubMed]

De Zotti, M.; Sella, L.; Bolzonello, A.; Gabbatore, L.; Peggion, C.; Bortolotto, A.; Elmaghraby, I.; Tundo, S.; Favaron, F. Targeted
Amino Acid Substitutions in a Trichoderma Peptaibol Confer Activity against Fungal Plant Pathogens and Protect Host Tissues
from Botrytis cinerea Infection. Int. . Mol. Sci. 2020, 21, 7521. [CrossRef] [PubMed]

Hou, X,; Sun, R;; Feng, Y.; Zhang, R.; Zhu, T.; Che, Q.; Zhang, G.; Li, D. Peptaibols: Diversity, bioactivity, and biosynthesis. Eng.
Microbiol. 2022, 2, 100026. [CrossRef] [PubMed]

Rogozhin, E.A.; Sadykova, V. A Lipoaminopeptaibol Secreted by Alkalophilic Fungus Emericellopsis alkalina Demonstrates a
Strong Cytotoxic Effect against Tumor Cell Lines. Proceedings 2019, 22, 4. [CrossRef]

Kuvarina, A.E.; Sukonnikov, M.A.; Rogozhin, E.A.; Serebryakova, M.V.; Timofeeva, A.V.; Georgieva, M.L.; Sadykova, V.S.
Formation of Various Antimicrobial Peptide Emericellipsin Isoforms in Emericellopsos alkalina under Different Cultivation
Conditions. Appl. Biochem. Microbiol. 2023, 59, 160-167. [CrossRef]

Briickner, H.; Degenkolb, T. Sequences of Tolypins, Insecticidal Efrapeptin-Type Peptaibiotics from Species of the Fungal Genus
Tolypocladium. Chem. Biodivers. 2020, 17, €2000276. [CrossRef] [PubMed]

Eichberg, J.; Oberpaul, M.; Hartwig, C.; Geifsler, A.H.; Culmsee, C.; Vilcinskas, A.; Bottcher-Friebertshéuser, E.; Briickner, H.;
Degenkolb, T.; Hardes, K. Structural characterization and bioactivity profiling of the fungal peptaibiotic tolypin reveal protective
effects against influenza viruses. Arch. Der Pharm. 2024, 357, €2400384. [CrossRef] [PubMed]

Huber, A.; Galgoczy, L.; Véradi, G.; Holzknecht, ].; Kakar, A.; Malanovic, N.; Leber, R.; Koch, J.; Keller, M.A.; Batta, G.; et al. Two
small, cysteine-rich and cationic antifungal proteins from Penicillium chrysogenum: A comparative study of PAF and PAFB.
Biochim. Biophys. Acta Biomembyr. 2020, 1862, 183246. [CrossRef] [PubMed]

Leiter, E.; Szappanos, H.; Oberparleiter, C.; Kaiserer, L.; Csernoch, L.; Pusztahelyi, T.; Emri, T.; Pdcsi, I.; Salvenmoser, W.;
Marx, F. Antifungal protein PAF severely affects the integrity of the plasma membrane of Aspergillus nidulans and induces an
apoptosis-like phenotype. Antimicrob. Agents Chemother. 2005, 49, 2445-2453. [CrossRef] [PubMed]

Marx, F; Binder, U.; Leiter, E.; Pécsi, I. The Penicillium chrysogenum antifungal protein PAF, a promising tool for the development
of new antifungal therapies and fungal cell biology studies. Cell. Mol. Life Sci. 2008, 65, 445-454. [CrossRef] [PubMed]
Holzknecht, ].; Kithbacher, A.; Papp, C.; Farkas, A.; Véradi, G.; Marcos, ].E,; Manzanares, P.; T6th, G.K.; Galgéczy, L.; Marx, F.
The Penicillium chrysogenum Q176 Antimicrobial Protein PAFC Effectively Inhibits the Growth of the Opportunistic Human
Pathogen Candida albicans. J. Fungi 2020, 6, 141. [CrossRef] [PubMed]

Berbegal, C.; Spano, G.; Tristezza, M.; Grieco, F.; Capozzi, V. Microbial Resources and Innovation in the Wine Production Sector. S.
Afr. |. Enol. Vitic. 2017, 38, 156-166. [CrossRef]

Coulon, J.; Perello, M.C.; Lonvaud-Funel, A.; de Revel, G.; Renouf, V. Brettanomyces bruxellensis evolution and volatile phenols
production in red wines during storage in bottles. J. Appl. Microbiol. 2010, 108, 1450-1458. [CrossRef] [PubMed]

Beckner, M.; Ivey, M.L.; Phister, T.G. Microbial contamination of fuel ethanol fermentations. Lett. Appl. Microbiol. 2011, 53,
387-394. [CrossRef] [PubMed]

Pena, R.; Ganga, M.A. Novel antimicrobial peptides produced by Candida intermedia LAMAP1790 active against the wine-
spoilage yeast Brettanomyces bruxellensis. Antonie Van Leeuwenhoek 2019, 112, 297-304. [CrossRef] [PubMed]

Pena, R.; Vilches, J.; G.-Poblete, C.; Ganga, M. A. Effect of Candida intermedia LAMAP1790 Antimicrobial Peptides against
Wine-Spoilage Yeasts Brettanomyces bruxellensis and Pichia guilliermondii. Fermentation 2020, 6, 65. [CrossRef]

Branco, P; Francisco, D.; Monteiro, M.; Almeida, M.G.; Caldeira, J.; Arneborg, N.; Prista, C.; Albergaria, H. Antimicrobial
properties and death-inducing mechanisms of saccharomycin, a biocide secreted by Saccharomyces cerevisiae. Appl. Microbiol.
Biotechnol. 2017, 101, 159-171. [CrossRef] [PubMed]

https://doi.org/10.3390/antibiotics15070649


https://doi.org/10.1039/B416648P
https://www.ncbi.nlm.nih.gov/pubmed/16311632
https://doi.org/10.1186/s40779-021-00343-2
https://www.ncbi.nlm.nih.gov/pubmed/34496967
https://doi.org/10.1002/jcla.24093
https://www.ncbi.nlm.nih.gov/pubmed/34851542
https://doi.org/10.1186/s12866-023-02838-5
https://www.ncbi.nlm.nih.gov/pubmed/37101148
https://doi.org/10.1186/s13568-022-01348-3
https://www.ncbi.nlm.nih.gov/pubmed/35084596
https://doi.org/10.1111/1751-7915.70038
https://www.ncbi.nlm.nih.gov/pubmed/39487765
https://doi.org/10.3389/fpls.2022.881961
https://www.ncbi.nlm.nih.gov/pubmed/35665189
https://doi.org/10.3390/ijms21207521
https://www.ncbi.nlm.nih.gov/pubmed/33053906
https://doi.org/10.1016/j.engmic.2022.100026
https://www.ncbi.nlm.nih.gov/pubmed/39629030
https://doi.org/10.3390/proceedings2019022004
https://doi.org/10.1134/S0003683823020060
https://doi.org/10.1002/cbdv.202000276
https://www.ncbi.nlm.nih.gov/pubmed/32573986
https://doi.org/10.1002/ardp.202400384
https://www.ncbi.nlm.nih.gov/pubmed/39031917
https://doi.org/10.1016/j.bbamem.2020.183246
https://www.ncbi.nlm.nih.gov/pubmed/32142818
https://doi.org/10.1128/aac.49.6.2445-2453.2005
https://www.ncbi.nlm.nih.gov/pubmed/15917545
https://doi.org/10.1007/s00018-007-7364-8
https://www.ncbi.nlm.nih.gov/pubmed/17965829
https://doi.org/10.3390/jof6030141
https://www.ncbi.nlm.nih.gov/pubmed/32824977
https://doi.org/10.21548/38-2-1333
https://doi.org/10.1111/j.1365-2672.2009.04561.x
https://www.ncbi.nlm.nih.gov/pubmed/19840180
https://doi.org/10.1111/j.1472-765X.2011.03124.x
https://www.ncbi.nlm.nih.gov/pubmed/21770989
https://doi.org/10.1007/s10482-018-1159-9
https://www.ncbi.nlm.nih.gov/pubmed/30187229
https://doi.org/10.3390/fermentation6030065
https://doi.org/10.1007/s00253-016-7755-6
https://www.ncbi.nlm.nih.gov/pubmed/27502415
https://doi.org/10.3390/antibiotics15070649

Antibiotics 2026, 15, 649 36 of 44

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Branco, P; Sabir, E; Diniz, M.; Carvalho, L.; Albergaria, H.; Prista, C. Biocontrol of Brettanomyces/Dekkera bruxellensis in
alcoholic fermentations using saccharomycin-overproducing Saccharomyces cerevisiae strains. Appl. Microbiol. Biotechnol. 2019,
103, 3073-3083. [CrossRef] [PubMed]

Branco, P.; Albergaria, H.; Arneborg, N.; Prista, C. Effect of GAPDH-derived antimicrobial peptides on sensitive yeasts cells:
Membrane permeability, intracellular pH and H+-influx/-efflux rates. FEMS Yeast Res. 2018, 18, foy030. [CrossRef] [PubMed]
Branco, P; Kemsawasd, V.; Santos, L.; Diniz, M.; Caldeira, J.; Almeida, M.G.; Arneborg, N.; Albergaria, H. Saccharomyces
cerevisiae accumulates GAPDH-derived peptides on its cell surface that induce death of non-Saccharomyces yeasts by cell-to-cell
contact. FEMS Microbiol. Ecol. 2017, 93, fix055. [CrossRef] [PubMed]

Branco, P; Viana, T.; Albergaria, H.; Arneborg, N. Antimicrobial peptides (AMPs) produced by Saccharomyces cerevisiae induce
alterations in the intracellular pH, membrane permeability and culturability of Hanseniaspora guilliermondii cells. Int. ]. Food
Microbiol. 2015, 205, 112-118. [CrossRef] [PubMed]

Branco, P.; Mauricio, E.M.; Costa, A.; Ventura, D.; Roma-Rodrigues, C.; Duarte, M.P,; Fernandes, A.R.; Prista, C. Exploring the
Multifaceted Potential of a Peptide Fraction Derived from Saccharomyces cerevisiae Metabolism: Antimicrobial, Antioxidant,
Antidiabetic, and Anti-Inflammatory Properties. Antibiotics 2023, 12, 1332. [CrossRef] [PubMed]

Branco, P.; Coutinho, R.; Malfeito-Ferreira, M.; Prista, C.; Albergaria, H. Wine Spoilage Control: Impact of Saccharomycin on
Brettanomyces bruxellensis and Its Conjugated Effect with Sulfur Dioxide. Microorganisms 2021, 9, 2528. [CrossRef] [PubMed]
Branco, P; Carvalho, L.; Prista, C.; Albergaria, H. Effect of overexpression of partial TDH1 and TDH2/3 gene sequences in a
starter strain of industrial bioethanol fermentation on the Brettanomyces bruxellensis contaminant growth. Lett. Appl. Microbiol.
2023, 76, ovad141. [CrossRef] [PubMed]

Mauricio, E.M.; Branco, P; Aratjo, A.L.B.; Roma-Rodrigues, C.; Lima, K.; Duarte, M.P,; Fernandes, A.R.; Albergaria, H. Evaluation
of Biotechnological Active Peptides Secreted by Saccharomyces cerevisiae with Potential Skin Benefits. Antibiotics 2024, 13, 881.
[CrossRef] [PubMed]

Nascimento, B.L.; Delabeneta, M.F.,; Rosseto, L.R.B.; Junges, D.S.B.; Paris, A.P; Persel, C.; Gandra, R.F. Yeast Mycocins: A great
potential for application in health. FEMS Yeast Res. 2020, 20, foaa016. [CrossRef] [PubMed]

Molina-Vera, C.; Morales-Tlalpan, V.; Chavez-Vega, A.; Uribe-Lopez, J.; Trujillo-Barrientos, J.; Campos-Guillén, J.; Chavez-Servin,
J.L.; Garcia-Gasca, T.; Saldafia, C. The Killer Saccharomyces cerevisiae Toxin: From Origin to Biomedical Research. Microorganisms
2024, 12, 2481. [CrossRef] [PubMed]

Calazans, G.E; da Silva, J.C.; Delabeneta, M.E,; Paris, A.P,; Yassuda Filho, P.; Auler, M.E.; Menolli, R.A.; Paula, C.R.; Siméo,
R.D.C.G,; Gandra, R.F. Antimicrobial activity of Wickerhamomyces anomalus mycocins against strains of Staphylococcus aureus
isolated from meats. Food Sci. Technol. 2021, 41, 388-394. [CrossRef]

Banjara, N.; Nickerson, K.W.; Suhr, M.].; Hallen-Adams, H.E. Killer toxin from several food-derived Debaryomyces hansenii
strains effective against pathogenic Candida yeasts. Int. |. Food Microbiol. 2016, 222, 23-29. [CrossRef] [PubMed]

EFSA BIOHAZ Panel; Allende, A.; Alvarez-Ordoénez, A.; Bortolaia, V.; Bover-Cid, S.; De Cesare, A.; Dohmen, W.; Guillier, L.;
Jacxsens, L.; Nauta, M.; et al. Update of the list of qualified presumption of safety (QPS) recommended microbiological agents
intentionally added to food or feed as notified to EFSA 21: Suitability of taxonomic units notified to EFSA until September 2024.
EFSA . 2025, 23, €9169. [CrossRef] [PubMed]

Golubev, W.L; Pfeiffer, I.; Golubeva, E. Mycocin production in Trichosporon pullulans populations colonizing tree exudates in the
spring. FEMS Microbiol. Ecol. 2002, 40, 151-157. [CrossRef] [PubMed]

Cotter, PD.; Hill, C.; Ross, R.P. Bacteriocins: Developing innate immunity for food. Nat. Rev. Microbiol. 2005, 3, 777-788. [CrossRef]
[PubMed]

Zacharof, M.P,; Lovitt, R W. Bacteriocins Produced by Lactic Acid Bacteria a Review Article. APCBEE Procedia 2012, 2, 50-56.
[CrossRef]

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

Wiedemann, I.; Breukink, E.; van Kraaij, C.; Kuipers, O.P; Bierbaum, G.; de Kruijff, B.; Sahl, H.-G. Specific Binding of Nisin to the
Peptidoglycan Precursor Lipid Il Combines Pore Formation and Inhibition of Cell Wall Biosynthesis for Potent Antibiotic Activity.
J. Biol. Chem. 2001, 276, 1772-1779. [CrossRef] [PubMed]

Mierau, I; Leij, P.; van Swam, I.; Blommestein, B.; Floris, E.; Mond, J.; Smid, E.J. Industrial-scale production and purification of
a heterologous protein in Lactococcus lactis using the nisin-controlled gene expression system NICE: The case of lysostaphin.
Microb. Cell Factories 2005, 4, 15. [CrossRef] [PubMed]

Wee, S.; Chua, S.L.; Yu, D.; Koh, S.P,; Lee, KM.; Wu, Y.; Chan, S.H. The detection, characterization, and quantification of dominant
degradation products of nisin A and Z in selected dairy products by liquid chromatography-high-resolution mass spectrometry
technique. [DS Commun. 2024, 5, 7-12. [CrossRef] [PubMed]

Soto, K.M.; Herndndez-Iturriaga, M.; Loarca-Pifia, G.; Luna-Barcenas, G.; Gémez-Aldapa, C.A.; Mendoza, S. Stable nisin
food-grade electrospun fibers. J. Food Sci. Technol. 2016, 53, 3787-3794. [CrossRef] [PubMed]

https://doi.org/10.3390/antibiotics15070649


https://doi.org/10.1007/s00253-019-09657-7
https://www.ncbi.nlm.nih.gov/pubmed/30734124
https://doi.org/10.1093/femsyr/foy030
https://www.ncbi.nlm.nih.gov/pubmed/29546274
https://doi.org/10.1093/femsec/fix055
https://www.ncbi.nlm.nih.gov/pubmed/28449125
https://doi.org/10.1016/j.ijfoodmicro.2015.04.015
https://www.ncbi.nlm.nih.gov/pubmed/25897995
https://doi.org/10.3390/antibiotics12081332
https://www.ncbi.nlm.nih.gov/pubmed/37627752
https://doi.org/10.3390/microorganisms9122528
https://www.ncbi.nlm.nih.gov/pubmed/34946131
https://doi.org/10.1093/lambio/ovad141
https://www.ncbi.nlm.nih.gov/pubmed/38115640
https://doi.org/10.3390/antibiotics13090881
https://www.ncbi.nlm.nih.gov/pubmed/39335054
https://doi.org/10.1093/femsyr/foaa016
https://www.ncbi.nlm.nih.gov/pubmed/32275311
https://doi.org/10.3390/microorganisms12122481
https://www.ncbi.nlm.nih.gov/pubmed/39770684
https://doi.org/10.1590/fst.39319
https://doi.org/10.1016/j.ijfoodmicro.2016.01.016
https://www.ncbi.nlm.nih.gov/pubmed/26828815
https://doi.org/10.2903/j.efsa.2025.9169
https://www.ncbi.nlm.nih.gov/pubmed/39834754
https://doi.org/10.1111/j.1574-6941.2002.tb00947.x
https://www.ncbi.nlm.nih.gov/pubmed/19709222
https://doi.org/10.1038/nrmicro1273
https://www.ncbi.nlm.nih.gov/pubmed/16205711
https://doi.org/10.1016/j.apcbee.2012.06.010
https://doi.org/10.1007/s00253-016-7343-9
https://www.ncbi.nlm.nih.gov/pubmed/26860942
https://doi.org/10.1074/jbc.M006770200
https://www.ncbi.nlm.nih.gov/pubmed/11038353
https://doi.org/10.1186/1475-2859-4-15
https://www.ncbi.nlm.nih.gov/pubmed/15921518
https://doi.org/10.3168/jdsc.2023-0392
https://www.ncbi.nlm.nih.gov/pubmed/38223384
https://doi.org/10.1007/s13197-016-2365-y
https://www.ncbi.nlm.nih.gov/pubmed/28017994
https://doi.org/10.3390/antibiotics15070649

Antibiotics 2026, 15, 649 37 of 44

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Parada Fabidn, J.C.; Alvarez Contreras, A.K.; Natividad Bonifacio, I.; Hernandez Robles, M.E;; Vazquez Quifiones, C.R.; Quifiones
Ramirez, E.I; Vazquez Salinas, C. Toward safer and sustainable food preservation: A comprehensive review of bacteriocins in the
food industry. Biosci. Rep. 2025, 45, 277-302. [CrossRef] [PubMed]

Ibarra-Sanchez, L.A.; Van Tassell, M.L.; Miller, M.]. Invited review: Hispanic-style cheeses and their association with Listeria
monocytogenes. J. Dairy Sci. 2017, 100, 2421-2432. [CrossRef] [PubMed]

Gravesen, A.; Kallipolitis, B.; Holmstrem, K.; Heiby, P.E.; Ramnath, M.; Knechel, S. pbp2229-mediated nisin resistance mechanism
in Listeria monocytogenes confers cross-protection to class Ila bacteriocins and affects virulence gene expression. Appl. Environ.
Microbiol. 2004, 70, 1669-1679. [CrossRef] [PubMed]

Field, D.; Fernandez de Ullivarri, M.; Ross, R.P; Hill, C. After a century of nisin research—Where are we now? FEMS Microbiol.
Rev. 2023, 47, fuad023. [CrossRef] [PubMed]

Fernandez-Fernandez, R.; Lozano, C.; Eguizédbal, P.; Ruiz-Ripa, L.; Martinez-Alvarez, S.; Abdullahi, LD.N.; Zarazaga, M.; Torres,
C. Bacteriocin-Like Inhibitory Substances in Staphylococci of Different Origins and Species with Activity Against Relevant
Pathogens. Front. Microbiol. 2022, 13, 870510. [CrossRef] [PubMed]

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

Shafique, B.; Ranjha, M.M.A.N.; Murtaza, M.A.; Walayat, N.; Nawaz, A.; Khalid, W.; Mahmood, S.; Nadeem, M.; Manzoor, M.E;
Ameer, K.; et al. Recent Trends and Applications of Nanoencapsulated Bacteriocins against Microbes in Food Quality and Safety.
Microorganisms 2023, 11, 85. [CrossRef] [PubMed]

Benech, R.-O.; Kheadr, E.E.; Lacroix, C.; Fliss, I. Antibacterial Activities of Nisin Z Encapsulated in Liposomes or Produced in Situ
by Mixed Culture during Cheddar Cheese Ripening. Appl. Environ. Microbiol. 2002, 68, 5607-5619. [CrossRef] [PubMed]

Silva, C.C.G;; Silva, S.P.M.; Ribeiro, S.C. Application of Bacteriocins and Protective Cultures in Dairy Food Preservation. Front.
Microbiol. 2018, 9, 594. [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]

Khorshidian, N.; Khanniri, E.; Mohammadi, M.; Mortazavian, A.M.; Yousefi, M. Antibacterial Activity of Pediocin and Pediocin-
Producing Bacteria Against Listeria monocytogenes in Meat Products. Front. Microbiol. 2021, 12, 709959. [CrossRef] [PubMed]
Popa, E.E.; Mitelut, A.C.; Rapa, M.; Popescu, P.A.; Draghici, M.C.; Geicu-Cristea, M.; Popa, M.E. Antimicrobial Active Packaging
Containing Nisin for Preservation of Products of Animal Origin: An Overview. Foods 2022, 11, 3820. [CrossRef] [PubMed]
Nguyen, V.T.; Gidley, M.].; Dykes, G.A. Potential of a nisin-containing bacterial cellulose film to inhibit Listeria monocytogenes
on processed meats. Food Microbiol. 2008, 25, 471-478. [CrossRef] [PubMed]

Yap, P.G.; Lai, Z.W.; Tan, ].S. Bacteriocins from lactic acid bacteria: Purification strategies and applications in food and medical
industries: A review. Beni-Suef Univ. ]. Basic Appl. Sci. 2022, 11, 51. [CrossRef]

Choyam, S.; Srivastava, A.K,; Shin, J.-H.; Kammara, R. Ocins for Food Safety. Front. Microbiol. 2019, 10, 1736. [CrossRef] [PubMed]
Jack, RW.,; Tagg, ].R.; Ray, B. Bacteriocins of gram-positive bacteria. Microbiol. Rev. 1995, 59, 171-200. [CrossRef] [PubMed]
Chen, R.; Skeens, ].W.; Wiedmann, M.; Guariglia-Oropeza, V. The efficacy of nisin against Listeria monocytogenes on cold-smoked
salmon at natural contamination levels is concentration-dependent and varies by serotype. Front. Microbiol. 2022, 13, 930400.
[CrossRef] [PubMed]

Bédard, F.; Hammami, R.; Zirah, S.; Rebuffat, S.; Fliss, I.; Biron, E. Synthesis, antimicrobial activity and conformational analysis of
the class Ila bacteriocin pediocin PA-1 and analogs thereof. Sci. Rep. 2018, 8, 9029. [CrossRef] [PubMed]

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

EFSA Panel on Food Additives; Nutrient Sources added to Food; Younes, M.; Aggett, P.; Aguilar, F,; Crebelli, R.; Dusemund, B.;
Filipi¢, M.; Frutos, M.].; Galtier, P.; et al. 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. [CrossRef] [PubMed]

Holcapkova, P.; Hurajova, A.; Bazant, P.; Pummerova, M.; Sedlarik, V. Thermal stability of bacteriocin nisin in polylactide-based
films. Polym. Degrad. Stab. 2018, 158, 31-39. [CrossRef]

Yang, S.-C.; Lin, C.-H.; Sung, C.T.; Fang, ].-Y. Antibacterial activities of bacteriocins: Application in foods and pharmaceuticals.
Front. Microbiol. 2014, 5, 241. [CrossRef] [PubMed]

Abee, T.; Krockel, L.; Hill, C. Bacteriocins: Modes of action and potentials in food preservation and control of food poisoning. Int.
J. Food Microbiol. 1995, 28, 169-185. [CrossRef] [PubMed]

Bruno, M.E ; Kaiser, A.; Montville, T.]. Depletion of proton motive force by nisin in Listeria monocytogenes cells. Appl. Environ.
Microbiol. 1992, 58, 2255-2259. [CrossRef] [PubMed]

Bruno, M.E.; Montville, T.]. Common Mechanistic Action of Bacteriocins from Lactic Acid Bacteria. Appl. Environ. Microbiol. 1993,
59, 3003-3010. [CrossRef] [PubMed]

https://doi.org/10.3390/antibiotics15070649


https://doi.org/10.1042/bsr20241594
https://www.ncbi.nlm.nih.gov/pubmed/40259615
https://doi.org/10.3168/jds.2016-12116
https://www.ncbi.nlm.nih.gov/pubmed/28189316
https://doi.org/10.1128/aem.70.3.1669-1679.2004
https://www.ncbi.nlm.nih.gov/pubmed/15006792
https://doi.org/10.1093/femsre/fuad023
https://www.ncbi.nlm.nih.gov/pubmed/37300874
https://doi.org/10.3389/fmicb.2022.870510
https://www.ncbi.nlm.nih.gov/pubmed/35558130
https://doi.org/10.1016/j.ifset.2015.12.013
https://doi.org/10.3390/microorganisms11010085
https://www.ncbi.nlm.nih.gov/pubmed/36677377
https://doi.org/10.1128/AEM.68.11.5607-5619.2002
https://www.ncbi.nlm.nih.gov/pubmed/12406756
https://doi.org/10.3389/fmicb.2018.00594
https://www.ncbi.nlm.nih.gov/pubmed/29686652
https://doi.org/10.3168/jds.2019-17498
https://www.ncbi.nlm.nih.gov/pubmed/31928749
https://doi.org/10.3389/fmicb.2021.709959
https://www.ncbi.nlm.nih.gov/pubmed/34603234
https://doi.org/10.3390/foods11233820
https://www.ncbi.nlm.nih.gov/pubmed/36496629
https://doi.org/10.1016/j.fm.2008.01.004
https://www.ncbi.nlm.nih.gov/pubmed/18355672
https://doi.org/10.1186/s43088-022-00227-x
https://doi.org/10.3389/fmicb.2019.01736
https://www.ncbi.nlm.nih.gov/pubmed/31428063
https://doi.org/10.1128/mr.59.2.171-200.1995
https://www.ncbi.nlm.nih.gov/pubmed/7603408
https://doi.org/10.3389/fmicb.2022.930400
https://www.ncbi.nlm.nih.gov/pubmed/36147859
https://doi.org/10.1038/s41598-018-27225-3
https://www.ncbi.nlm.nih.gov/pubmed/29899567
https://doi.org/10.1080/10408690290825475
https://www.ncbi.nlm.nih.gov/pubmed/11934133
https://doi.org/10.2903/j.efsa.2017.5063
https://www.ncbi.nlm.nih.gov/pubmed/32625365
https://doi.org/10.1016/j.polymdegradstab.2018.10.019
https://doi.org/10.3389/fmicb.2014.00241
https://www.ncbi.nlm.nih.gov/pubmed/24904554
https://doi.org/10.1016/0168-1605(95)00055-0
https://www.ncbi.nlm.nih.gov/pubmed/8750665
https://doi.org/10.1128/aem.58.7.2255-2259.1992
https://www.ncbi.nlm.nih.gov/pubmed/1637163
https://doi.org/10.1128/aem.59.9.3003-3010.1993
https://www.ncbi.nlm.nih.gov/pubmed/16349044
https://doi.org/10.3390/antibiotics15070649

Antibiotics 2026, 15, 649 38 of 44

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Delves-Broughton, J.; Steenson, L.; Dorko, C.; Erdmann, J.; Mallory, S.; Norbury, E; Thompson, B. 12—Use of natamycin as a
preservative on the surface of baked goods: A case study. In Case Studies in Novel Food Processing Technologies; Doona, C.]., Kustin,
K., Feeherry, FE., Eds.; Woodhead Publishing: Cambridge, UK, 2010; pp. 303-320.

Welscher, YM.; Napel, H.H.; Balagué, M.M.; Souza, C.M.; Riezman, H.; de Kruijff, B.; Breukink, E. Natamycin Blocks Fungal
Growth by Binding Specifically to Ergosterol without Permeabilizing the Membrane. |. Biol. Chem. 2008, 283, 6393-6401.
[CrossRef] [PubMed]

Kallinteri, L.D.; Kostoula, O.K.; Savvaidis, .N. Efficacy of nisin and/or natamycin to improve the shelf-life of Galotyri cheese.
Food Microbiol. 2013, 36, 176-181. [CrossRef] [PubMed]

Fajardo, P.; Martins, J.T.; Fucifios, C.; Pastrana, L.; Teixeira, J.A.; Vicente, A.A. Evaluation of a chitosan-based edible film as carrier
of natamycin to improve the storability of Saloio cheese. J. Food Eng. 2010, 101, 349-356. [CrossRef]

Dzigbordi, B.; Adubofuor, J.; Duie, W.-M.E. The effects of different concentrations of natamycin and the point of addition on some
physicochemical and microbial properties of vanilla-flavoured yoghurt under refrigerated condition. Int. Food Res. J. 2013, 20,
3287-3292.

Pipek, P; Rohlik, B.-A.; Lojkova, A.; Staruch, L. Suppression of mould growth on dry sausages. Czech J. Food Sci. 2010, 28, 258-263.
[CrossRef]

Salem, A.M.; Amin, R.A.; Khater, D.F; Shokr, L.A. Antifungal Effect of Some Chemical Preservatives on Aspergillus Niger in
Minced Beef Meat. Benha Vet. Med. ]. 2016, 30, 295-301. [CrossRef]

Tsiraki, M.I; E1-Obeid, T.; Yehia, H.M.; Karam, L.; Savvaidis, LN. Effects of Chitosan and Natamycin on Vacuum-Packaged Phyllo:
A Pastry Product. J. Food Prot. 2018, 81, 1982-1987. [CrossRef] [PubMed]

He, C; Zhang, Z.; Li, B.; Xu, Y.; Tian, S. Effect of natamycin on Botrytis cinerea and Penicillium expansum—Postharvest pathogens
of grape berries and jujube fruit. Postharvest Biol. Technol. 2019, 151, 134-141. [CrossRef]

Romero, V.; Borneo, R.; Passalacqua, N.; Aguirre, A. Biodegradable films obtained from triticale (x Triticosecale Wittmack) flour
activated with natamycin for cheese packaging. Food Packag. Shelf Life 2016, 10, 54-59. [CrossRef]

FDA. 21 CFR §184.1538—Nisin Preparation. Available online: https://www.ecfr.gov/current/title-21/chapter-I/subchapter-
B/part-184/subpart-B/section-184.1538 (accessed on 24 May 2026).

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]

Shwaiki, L.N.; Arendt, E.K.; Lynch, K.M.; Thery, T.L.C. Inhibitory effect of four novel synthetic peptides on food spoilage yeasts.
Int. J. Food Microbiol. 2019, 300, 43-52. [CrossRef] [PubMed]

Han, H.-L.; Kwon, C.W.; Choi, Y.; Chang, P.-S. Antifungal activity of «-helical propeptide SnuCalCpI15 derived from Calotropis
procera R. Br. against food spoilage yeasts. Food Control 2022, 133, 108628. [CrossRef]

Shwaiki, L.N.; Sahin, A.W.; Arendt, E.K. Study on the Inhibitory Activity of a Synthetic Defensin Derived from Barley Endosperm
against Common Food Spoilage Yeast. Molecules 2021, 26, 165. [CrossRef] [PubMed]

Shwaiki, L.N.; Arendt, EK.; Lynch, K M. Anti-yeast activity and characterisation of synthetic radish peptides Rs-AFP1 and
Rs-AFP2 against food spoilage yeast. Food Control 2020, 113, 107178. [CrossRef]

Gong, Y.; Xue, Q.; Li, ].; Zhang, S. Antifungal peptides from living organisms. Front. Microbiol. 2024, 15, 1511461. [CrossRef]
[PubMed]

Popa, C.; Shi, X.; Ruiz, T.; Ferrer, P.; Coca, M. Biotechnological Production of the Cell Penetrating Antifungal PAF102 Peptide in
Pichia pastoris. Front. Microbiol. 2019, 10, 1472. [CrossRef] [PubMed]

European Parliament and Council of the European Union. Regulation (EC) No 1223/2009 of the European Parliament and of the
Council of 30 November 2009 on Cosmetic Products. Off. J. Eur. Union 2009, L342, 59-209.

ISO 11930:2019; Cosmetics—Microbiology—Evaluation of the Antimicrobial Protection of a Cosmetic Product. International
Organization for Standardization: Geneva, Switzerland, 2019.

European Commission. Commission Regulation (EU) No 655/2013 of 10 July 2013 Laying Down Common Criteria for the
Justification of Claims Used in Relation to Cosmetic Products. Off. J. Eur. Union 2013, L190, 31-34.

Mauricio, E.M.; Rosado, C.; Duarte, M.P,; Verissimo, ].; Bom, S.; Vasconcelos, L. Efficiency of Nisin as Preservative in Cosmetics
and Topical Products. Cosmetics 2017, 4, 41. [CrossRef]

Mazurkiewicz-Pisarek, A.; Baran, J.; Ciach, T. Antimicrobial Peptides: Challenging Journey to the Pharmaceutical, Biomedical,
and Cosmeceutical Use. Int. |. Mol. Sci. 2023, 24, 9031. [CrossRef] [PubMed]

Lens, M. Phospholipid-Based Vesicular Systems as Carriers for the Delivery of Active Cosmeceutical Ingredients. Int. |. Mol. Sci.
2025, 26, 2484. [CrossRef] [PubMed]

Kapolos, J.; Giannopoulou, D.; Papadimitriou, K.; Koliadima, A. A Comprehensive Review of Emulsion-Based Nisin Delivery
Systems for Food Safety. Foods 2025, 14, 1338. [CrossRef] [PubMed]

Woodburn, K.W,; Jaynes, J.; Clemens, L.E. Designed Antimicrobial Peptides for Topical Treatment of Antibiotic Resistant Acne
Vulgaris. Antibiotics 2020, 9, 23. [CrossRef] [PubMed]

https://doi.org/10.3390/antibiotics15070649


https://doi.org/10.1074/jbc.M707821200
https://www.ncbi.nlm.nih.gov/pubmed/18165687
https://doi.org/10.1016/j.fm.2013.05.006
https://www.ncbi.nlm.nih.gov/pubmed/24010596
https://doi.org/10.1016/j.jfoodeng.2010.06.029
https://doi.org/10.17221/121/2010-CJFS
https://doi.org/10.21608/bvmj.2016.31399
https://doi.org/10.4315/0362-028X.JFP-18-236
https://www.ncbi.nlm.nih.gov/pubmed/30457390
https://doi.org/10.1016/j.postharvbio.2019.02.009
https://doi.org/10.1016/j.fpsl.2016.09.003
https://www.ecfr.gov/current/title-21/chapter-I/subchapter-B/part-184/subpart-B/section-184.1538
https://www.ecfr.gov/current/title-21/chapter-I/subchapter-B/part-184/subpart-B/section-184.1538
https://doi.org/10.1016/j.fm.2010.11.015
https://www.ncbi.nlm.nih.gov/pubmed/21356474
https://doi.org/10.1016/j.ijfoodmicro.2019.04.005
https://www.ncbi.nlm.nih.gov/pubmed/31035250
https://doi.org/10.1016/j.foodcont.2021.108628
https://doi.org/10.3390/molecules26010165
https://www.ncbi.nlm.nih.gov/pubmed/33396521
https://doi.org/10.1016/j.foodcont.2020.107178
https://doi.org/10.3389/fmicb.2024.1511461
https://www.ncbi.nlm.nih.gov/pubmed/39741586
https://doi.org/10.3389/fmicb.2019.01472
https://www.ncbi.nlm.nih.gov/pubmed/31316491
https://doi.org/10.3390/cosmetics4040041
https://doi.org/10.3390/ijms24109031
https://www.ncbi.nlm.nih.gov/pubmed/37240379
https://doi.org/10.3390/ijms26062484
https://www.ncbi.nlm.nih.gov/pubmed/40141127
https://doi.org/10.3390/foods14081338
https://www.ncbi.nlm.nih.gov/pubmed/40282740
https://doi.org/10.3390/antibiotics9010023
https://www.ncbi.nlm.nih.gov/pubmed/31940992
https://doi.org/10.3390/antibiotics15070649

Antibiotics 2026, 15, 649 39 of 44

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Joshi, A.A.; Vocanson, M.; Nicolas, ].-F.; Wolf, P; Patra, V. Microbial derived antimicrobial peptides as potential therapeutics in
atopic dermatitis. Front. Immunol. 2023, 14, 1125635. [CrossRef] [PubMed]

Machado, M,; Silva, S.; Costa, E.M. Are Antimicrobial Peptides a 21st-Century Solution for Atopic Dermatitis? Int. . Mol. Sci.
2023, 24, 13460. [CrossRef] [PubMed]

Gargate, N.; Laws, M.; Rahman, K.M. Current economic and regulatory challenges in developing antibiotics for Gram-negative
bacteria. npj Antimicrob. Resist. 2025, 3, 50. [CrossRef] [PubMed]

Farha, M.A; Tu, M.M.; Brown, E.D. Important challenges to finding new leads for new antibiotics. Curr. Opin. Microbiol. 2025,
83,102562. [CrossRef] [PubMed]

Wang, Y.; Song, M.; Chang, W. Antimicrobial peptides and proteins against drug-resistant pathogens. Cell Surf. 2024, 12, 100135.
[CrossRef] [PubMed]

Joshi, S.R.; Bhattacharjee, K. Purification and Characterization of Antimicrobial Peptide from an Epilithic Bacterium Streptomyces
sp. AL50 with Activity Against Biofilm Forming Coagulase-Negative Staphylococci. Curr. Microbiol. 2025, 82, 407. [CrossRef]
[PubMed]

Wilkinson, R.C.; Thomas, N.E.; Bhatti, A.; Burton, M.R,; Joyce, N.; Jenkins, R.E. Phage-Encoded Antimicrobial Peptide gp28
Demonstrates LL-37-Like Antimicrobial Activity Against Multidrug-Resistant Pseudomonas aeruginosa. PHAGE 2025, 6, 12-19.
[CrossRef] [PubMed]

Giglio, F.; De Stefano, F.; Fusco, A.; Salvia, R.; Scieuzo, C.; Cos, P.; Donnarumma, G.; Falabella, P. Antibacterial and Antifungal
Potential of Hermetia illucens Hemolymph Contained-Peptides. Probiotics Antimicrob. Proteins 2025, 18, 2446-2461. [CrossRef]
[PubMed]

Abdallah, K; Fliss, O.; Pham, N.P; Guay, L.D.; Gingras, H.; Godin, C.; Leprohon, P; Biron, E.; Fliss, I.; Ouellette, M. Antimicrobial
Activity of a Synthetic Brevibacillin Analog Against Multidrug-Resistant Campylobacter spp. Int. ]. Mol. Sci. 2025, 26, 4657.
[CrossRef] [PubMed]

Shi, J.; Chen, C.; Kong, P; Yu, E; Lv, Q.; Wang, Z.; Liu, Y. Non-Membrane Active Peptide Resensitizes MRSA to 3-Lactam
Antibiotics and Inhibits S. aureus Virulence. Adv. Sci. 2025, 12, €2416260. [CrossRef] [PubMed]

Almarwani, B.; Phambu, N.; Sunda-Meya, A. Synergistic Ciprofloxacin-RWn Peptide Therapy Overcomes Drug Resistance in
Gram-Negative Bacteria. ACS Omega 2025, 10, 35698-35705. [CrossRef] [PubMed]

Pan, Y,; Liu, H,; Liu, Y,; Zhang, T.; Xu, S.; Lu, Y,; Lu, Y.; Xu, L.; Hu, X,; Cao, X,; et al. Antimicrobial peptide-antibiotic synergy
exerts anti-streptococcus suis infection by membrane disruption, ROS induction and biofilm inhibition. Int. Immunopharmacol.
2025, 161, 115053. [CrossRef] [PubMed]

Gasanov, V.A.O,; Kashirskikh, D.A.; Khotina, V.A ; Lee, A.A.; Nikitochkina, S.Y.; Kuzmina, D.M.; Mukhina, L.V.; Vorotelyak, E.A.;
Vasiliev, A.V. Genetically Modified Mesenchymal Stromal/Stem Cells as a Delivery Platform for SE-33, a Cathelicidin LL-37
Analogue: Preclinical Pharmacokinetics and Tissue Distribution in C57BL/6 Mice. Antibiotics 2025, 14, 429. [CrossRef] [PubMed]
Gasanov, V.A.O.; Kashirskikh, D.A.; Khotina, V.A.; Kuzmina, D.M.; Nikitochkina, S.Y.; Mukhina, I.V.; Vorotelyak, E.A.; Vasiliev,
A.V. Preclinical Evaluation of the Safety, Toxicity and Efficacy of Genetically Modified Wharton's Jelly Mesenchymal Stem /Stromal
Cells Expressing the Antimicrobial Peptide SE-33. Cells 2025, 14, 341. [CrossRef] [PubMed]

Diani, E.; Bianco, G.; Gatti, M.; Gibellini, D.; Gaibani, P. Colistin: Lights and Shadows of an Older Antibiotic. Molecules 2024,
29, 2969. [CrossRef] [PubMed]

El-Sayed Ahmed, M.A.E.-G.; Zhong, L.-L.; Shen, C.; Yang, Y.; Doi, Y.; Tian, G.-B. Colistin and its role in the Era of antibiotic
resistance: An extended review (2000-2019). Emerg. Microbes Infect. 2020, 9, 868-885. [CrossRef] [PubMed]

Abdellatif, S.; Trifi, A.; Daly, F; Mahjoub, K.; Nasri, R.; Ben Lakhal, S. Efficacy and toxicity of aerosolised colistin in ventilator-
associated pneumonia: A prospective, randomised trial. Ann. Intensive Care 2016, 6, 26. [CrossRef] [PubMed]

Kaye, K.S.; Shorr, A.F.; Wunderink, R.G.; Du, B.; Poirier, G.E.; Rana, K.; Miller, A.; Lewis, D.; O'Donnell, J.; Chen, L.; et al. Efficacy
and safety of sulbactam-durlobactam versus colistin for the treatment of patients with serious infections caused by Acinetobacter
baumannii-calcoaceticus complex: A multicentre, randomised, active-controlled, phase 3, non-inferiority clinical trial (ATTACK).
Lancet Infect. Dis. 2023, 23, 1072-1084. [CrossRef] [PubMed]

Kuti, J.L.; Kim, A.; Cloutier, D.J.; Nicolau, D.P. Evaluation of Plazomicin, Tigecycline, and Meropenem Pharmacodynamic Expo-
sure against Carbapenem-Resistant Enterobacteriaceae in Patients with Bloodstream Infection or Hospital-Acquired / Ventilator-
Associated Pneumonia from the CARE Study (ACHN-490-007). Infect. Dis. Ther. 2019, 8, 383-396. [CrossRef] [PubMed]

Paul, M.; Daikos, G.L.; Durante-Mangoni, E.; Yahav, D.; Carmeli, Y.; Benattar, Y.D.; Skiada, A.; Andini, R.; Eliakim-Raz, N.;
Nutman, A.; et al. Colistin alone versus colistin plus meropenem for treatment of severe infections caused by carbapenem-resistant
Gram-negative bacteria: An open-label, randomised controlled trial. Lancet Infect. Dis. 2018, 18, 391-400. [CrossRef] [PubMed]
Dickstein, Y.; Leibovici, L.; Yahav, D.; Eliakim-Raz, N.; Daikos, G.L.; Skiada, A.; Antoniadou, A.; Carmeli, Y.; Nutman, A.; Levi,
I; et al. Multicentre open-label randomised controlled trial to compare colistin alone with colistin plus meropenem for the
treatment of severe infections caused by carbapenem-resistant Gram-negative infections (AIDA): A study protocol. BMJ Open
2016, 6, €009956. [CrossRef] [PubMed]

https://doi.org/10.3390/antibiotics15070649


https://doi.org/10.3389/fimmu.2023.1125635
https://www.ncbi.nlm.nih.gov/pubmed/36761743
https://doi.org/10.3390/ijms241713460
https://www.ncbi.nlm.nih.gov/pubmed/37686269
https://doi.org/10.1038/s44259-025-00123-1
https://www.ncbi.nlm.nih.gov/pubmed/40500291
https://doi.org/10.1016/j.mib.2024.102562
https://www.ncbi.nlm.nih.gov/pubmed/39603107
https://doi.org/10.1016/j.tcsw.2024.100135
https://www.ncbi.nlm.nih.gov/pubmed/39687062
https://doi.org/10.1007/s00284-025-04407-7
https://www.ncbi.nlm.nih.gov/pubmed/40705114
https://doi.org/10.1089/phage.2024.0009
https://www.ncbi.nlm.nih.gov/pubmed/40351406
https://doi.org/10.1007/s12602-025-10697-x
https://www.ncbi.nlm.nih.gov/pubmed/40773039
https://doi.org/10.3390/ijms26104657
https://www.ncbi.nlm.nih.gov/pubmed/40429801
https://doi.org/10.1002/advs.202416260
https://www.ncbi.nlm.nih.gov/pubmed/39976117
https://doi.org/10.1021/acsomega.5c02285
https://www.ncbi.nlm.nih.gov/pubmed/40852239
https://doi.org/10.1016/j.intimp.2025.115053
https://www.ncbi.nlm.nih.gov/pubmed/40526982
https://doi.org/10.3390/antibiotics14050429
https://www.ncbi.nlm.nih.gov/pubmed/40426496
https://doi.org/10.3390/cells14050341
https://www.ncbi.nlm.nih.gov/pubmed/40072070
https://doi.org/10.3390/molecules29132969
https://www.ncbi.nlm.nih.gov/pubmed/38998921
https://doi.org/10.1080/22221751.2020.1754133
https://www.ncbi.nlm.nih.gov/pubmed/32284036
https://doi.org/10.1186/s13613-016-0127-7
https://www.ncbi.nlm.nih.gov/pubmed/27033711
https://doi.org/10.1016/s1473-3099(23)00184-6
https://www.ncbi.nlm.nih.gov/pubmed/37182534
https://doi.org/10.1007/s40121-019-0251-4
https://www.ncbi.nlm.nih.gov/pubmed/31254273
https://doi.org/10.1016/s1473-3099(18)30099-9
https://www.ncbi.nlm.nih.gov/pubmed/29456043
https://doi.org/10.1136/bmjopen-2015-009956
https://www.ncbi.nlm.nih.gov/pubmed/27098822
https://doi.org/10.3390/antibiotics15070649

Antibiotics 2026, 15, 649 40 of 44

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Daitch, V.; Paul, M.; Daikos, G.L.; Durante-Mangoni, E.; Yahav, D.; Carmeli, Y.; Benattar, Y.D.; Skiada, A.; Andini, R.; Eliakim-Raz,
N.; et al. Excluded versus included patients in a randomized controlled trial of infections caused by carbapenem-resistant
Gram-negative bacteria: Relevance to external validity. BMC Infect. Dis. 2021, 21, 309. [CrossRef] [PubMed]

Hinarejos, P.; Guirro, P; Leal, J.; Montserrat, E; Pelfort, X.; Sorli, M.L.; Horcajada, J.P.; Puig, L. The use of erythromycin and
colistin-loaded cement in total knee arthroplasty does not reduce the incidence of infection: A prospective randomized study in
3000 knees. J. Bone Jt. Surg. 2013, 95, 769-774. [CrossRef] [PubMed]

Kaye, K.S.; Marchaim, D.; Thamlikitkul, V.; Carmeli, Y.; Chiu, C.H.; Daikos, G.; Dhar, S.; Durante-Mangoni, E.; Gikas, A;
Kotanidou, A.; et al. Colistin Monotherapy versus Combination Therapy for Carbapenem-Resistant Organisms. NEJM Evid. 2023,
2, EVID0a2200131. [CrossRef] [PubMed]

Li, X;; Zhang, C; Li, J.; Chen, T.; Xie, J.; Huang, Y. Multicentre open-label randomised controlled trial comparing the efficacy
and safety of colistin-based combination therapy with the best available therapy for treating hospital-acquired pneumonia or
bloodstream infections caused by carbapenem-resistant Enterobacteriaceae (COUNT-CRE): A study protocol. BMJ Open 2025,
15, €092157. [CrossRef] [PubMed]

Amat, T.; Gutiérrez-Pizarraya, A.; Machuca, I.; Gracia-Ahufinger, I.; Pérez-Nadales, E.; Torre-Giménez, A.; Garnacho-Montero, I
Cisneros, ].M.; Torre-Cisneros, J. The combined use of tigecycline with high-dose colistin might not be associated with higher
survival in critically ill patients with bacteraemia due to carbapenem-resistant Acinetobacter baumannii. Clin. Microbiol. Infect.
2018, 24, 630-634. [CrossRef] [PubMed]

Park, H.J.; Cho, J.H.; Kim, H.J.; Han, S.H.; Jeong, S.H.; Byun, M.K. Colistin monotherapy versus colistin/rifampicin combination
therapy in pneumonia caused by colistin-resistant Acinetobacter baumannii: A randomised controlled trial. J. Glob. Antimicrob.
Resist. 2019, 17, 66-71. [CrossRef] [PubMed]

Rosso-Fernandez, C.; Garnacho-Montero, ].; Antonelli, M.; Dimopoulos, G.; Cisneros, ].M. Safety and efficacy of colistin versus
meropenem in the empirical treatment of ventilator-associated pneumonia as part of a macro-project funded by the Seventh
Framework Program of the European Commission studying off-patent antibiotics: Study protocol for a randomized controlled
trial. Trials 2015, 16, 102. [CrossRef] [PubMed]

Cisneros, ].M.; Rosso-Fernandez, C.M.; Roca-Oporto, C.; De Pascale, G.; Jiménez-Jorge, S.; Ferndndez-Hinojosa, E.; Matthaiou,
D.K.; Ramirez, P; Diaz-Miguel, R.O.; Estella, A.; et al. Colistin versus meropenem in the empirical treatment of ventilator-
associated pneumonia (Magic Bullet study): An investigator-driven, open-label, randomized, noninferiority controlled trial. Crit.
Care 2019, 23, 383. [CrossRef] [PubMed]

Stoma, I.; Karpov, I; Iskrov, I; Krivenko, S.; Uss, A.; Vlasenkova, S.; Lendina, I.; Cherniak, V.; Suvorov, D. Decolonization of
Intestinal Carriage of MDR/XDR Gram-Negative Bacteria with Oral Colistin in Patients with Hematological Malignancies:
Results of a Randomized Controlled Trial. Mediterr. ]. Hematol. Infect. Dis. 2018, 10, e2018030. [CrossRef] [PubMed]

Boisson, M.; Grégoire, N.; Cormier, M.; Gobin, P.; Marchand, S.; Couet, W.; Mimoz, O. Pharmacokinetics of nebulized colistin
methanesulfonate in critically ill patients. J. Antimicrob. Chemother. 2017, 72, 2607-2612. [CrossRef] [PubMed]

Jeong, YJ.; Gu, N.; Kwack, W.G.; Kang, Y.; Park, S.Y.; Yoon, Y.S. Prospective observational study of the impact of plasma colistin
levels in patients with carbapenem-resistant Acinetobacter baumannii pneumonia. J. Glob. Antimicrob. Resist. 2021, 27, 315-323.
[CrossRef] [PubMed]

Eckert, R.; He, J.; Yarbrough, D.K,; Qi, F.; Anderson, M.H.; Shi, W. Targeted Killing of Streptococcus mutans by a Pheromone-
Guided “smart” Antimicrobial Peptide. Antimicrob. Agents Chemother. 2006, 50, 3651-3657. [CrossRef] [PubMed]

La, H.T.; Nhu, Q.B.T.; Tran, HM.; Ngo, H.T.; Le, PM.T.; Hoang, H.H.; Nguyen, L.T.; Nguyen, D.T.; Ta, T.Q. Cloning and Functional
Characterization of a Novel Brevinin-1-Type Peptide from Sylvirana guentheri with Anticancer Activity. Curr. Issues Mol. Biol.
2025, 47, 673. [CrossRef] [PubMed]

Asghar, M.U.; Zaidi, A.H.; Tariq, M.; Ain, N.U. Next generation antimicrobial peptide disinfectant targeting biocide and
vancomycin resistant staphylococcus aureus through integrated in Silico and in vitro validation. Sci. Rep. 2025, 15, 28108.
[CrossRef] [PubMed]

Mily, A.; Rekha, R.S.; Kamal, S.M.; Arifuzzaman, A.S.; Rahim, Z.; Khan, L.; Haq, M.A.; Zaman, K.; Bergman, P; Brighenti, S.;
et al. Significant Effects of Oral Phenylbutyrate and Vitamin D3 Adjunctive Therapy in Pulmonary Tuberculosis: A Randomized
Controlled Trial. PLoS ONE 2015, 10, e0138340. [CrossRef] [PubMed]

Rekha, R.S.; Mily, A.; Sultana, T.; Haq, A.; Ahmed, S.; Mostafa Kamal, S.M.; van Schadewijk, A.; Hiemstra, P.S.; Gudmundsson,
G.H.; Agerberth, B.; et al. Inmune responses in the treatment of drug-sensitive pulmonary tuberculosis with phenylbutyrate and
vitamin Dj3 as host directed therapy. BMC Infect. Dis. 2018, 18, 303. [CrossRef] [PubMed]

Alam, N.H.; Raqib, R.; Ashraf, H.; Qadri, F; Ahmed, S.; Zasloff, M.; Agerberth, B.; Salam, M.A.; Gyr, N.; Meier, R. L-isoleucine-
supplemented oral rehydration solution in the treatment of acute diarrhoea in children: A randomized controlled trial. J. Health
Popul. Nutr. 2011, 29, 183-190. [CrossRef] [PubMed]

Liu, X.; Wang, X.; Shi, X.; Wang, S.; Shao, K. The immune enhancing effect of antimicrobial peptide LLv on broilers chickens.
Poult. Sci. 2024, 103, 103235. [CrossRef] [PubMed]

https://doi.org/10.3390/antibiotics15070649


https://doi.org/10.1186/s12879-021-05995-y
https://www.ncbi.nlm.nih.gov/pubmed/33789574
https://doi.org/10.2106/jbjs.L.00901
https://www.ncbi.nlm.nih.gov/pubmed/23636182
https://doi.org/10.1056/evidoa2200131
https://www.ncbi.nlm.nih.gov/pubmed/37538951
https://doi.org/10.1136/bmjopen-2024-092157
https://www.ncbi.nlm.nih.gov/pubmed/40669898
https://doi.org/10.1016/j.cmi.2017.09.016
https://www.ncbi.nlm.nih.gov/pubmed/28970161
https://doi.org/10.1016/j.jgar.2018.11.016
https://www.ncbi.nlm.nih.gov/pubmed/30476654
https://doi.org/10.1186/s13063-015-0614-4
https://www.ncbi.nlm.nih.gov/pubmed/25872790
https://doi.org/10.1186/s13054-019-2627-y
https://www.ncbi.nlm.nih.gov/pubmed/31779711
https://doi.org/10.4084/mjhid.2018.030
https://www.ncbi.nlm.nih.gov/pubmed/29755707
https://doi.org/10.1093/jac/dkx167
https://www.ncbi.nlm.nih.gov/pubmed/28575278
https://doi.org/10.1016/j.jgar.2021.10.017
https://www.ncbi.nlm.nih.gov/pubmed/34775134
https://doi.org/10.1128/aac.00622-06
https://www.ncbi.nlm.nih.gov/pubmed/17060534
https://doi.org/10.3390/cimb47080673
https://www.ncbi.nlm.nih.gov/pubmed/40864826
https://doi.org/10.1038/s41598-025-12736-7
https://www.ncbi.nlm.nih.gov/pubmed/40751059
https://doi.org/10.1371/journal.pone.0138340
https://www.ncbi.nlm.nih.gov/pubmed/26394045
https://doi.org/10.1186/s12879-018-3203-9
https://www.ncbi.nlm.nih.gov/pubmed/29973153
https://doi.org/10.3329/jhpn.v29i3.7864
https://www.ncbi.nlm.nih.gov/pubmed/21766553
https://doi.org/10.1016/j.psj.2023.103235
https://www.ncbi.nlm.nih.gov/pubmed/38035471
https://doi.org/10.3390/antibiotics15070649

Antibiotics 2026, 15, 649 41 of 44

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

Daneshmand, A.; Kermanshahi, H.; Sekhavati, M.H.; Javadmanesh, A.; Ahmadian, M.; Alizadeh, M.; Aldawoodi, A. Effects
of cLFchimera peptide on intestinal morphology, integrity, microbiota, and immune cells in broiler chickens challenged with
necrotic enteritis. Sci. Rep. 2020, 10, 17704. [CrossRef] [PubMed]

Wang, H.; Wu, J.; Hu, M.; Zhang, H.; Zhou, X;; Yang, S.; He, K; Yan, F; Jin, H.; Chen, S.; et al. Effects of dietary supplement
of e-polylysine hydrochloride on laying performance, egg quality, serum parameters, organ index, intestinal morphology, gut
microbiota and volatile fatty acids in laying hens. J. Sci. Food Agric. 2024, 104, 3069-3079. [CrossRef] [PubMed]

Wang, L.; Zhang, C.; Zhang, J.; Rao, Z.; Xu, X.; Mao, Z.; Chen, X. Epsilon-poly-L-lysine: Recent Advances in Biomanufacturing
and Applications. Front. Bioeng. Biotechnol. 2021, 9, 748976. [CrossRef] [PubMed]

U.S. Food and Drug Administration. GRAS Notice No. GRN 000135: e-Polylysine. Available online: https:/ /www.hfpappexternal.
fda.gov/scripts/fdcc/index.cfm?id=135&set=GRASNotices (accessed on 25 June 2026).

U.S. Food and Drug Administration. GRAS Notice No. GRN 000336: e-Polylysine. Available online: https:/ /www.hfpappexternal.
fda.gov/scripts/fdcc/index.cfm?id=336&set=GRASNotices (accessed on 25 June 2026).

Jia, S.; Gao, J.; Fu, J.; Bi, C,; Dou, X.; Shan, A. Effect of Oral Antimicrobial Peptide R7I Against Epidemic Enteropathogenic
Neisseria in Geese (Anser cygnoides orientalis). Animals 2025, 15, 2939. [CrossRef] [PubMed]

Ting, C.-H.; Chen, Y.-C.; Chen, J.-Y. Nile tilapia fry fed on antimicrobial peptide Epinecidin-1-expressing Artemia cyst exhibit
enhanced immunity against acute bacterial infection. Fish Shellfish Immunol. 2018, 81, 37-48. [CrossRef] [PubMed]

Wang, S.; Xie, S.; Zhou, A.; Zhang, C.; Wen, L.; Xu, G.; Zou, J. Effects of mixed antimicrobial peptide on the growth performance,
antioxidant and immune responses and disease resistance of Pengze crucian carp (Carassius auratus var. Pengze). Fish Shellfish
Immunol. 2021, 114, 112-118. [CrossRef] [PubMed]

Agerberth, B.; Gunne, H.; Odeberg, J.; Kogner, P.; Boman, H.G.; Gudmundsson, G.H. PR-39, a proline-rich peptide antibiotic from
pig, and FALL-39, a tentative human counterpart. Vet. Immunol. Immunopathol. 1996, 54, 127-131. [CrossRef] [PubMed]

Zhang, L.; Guo, D.; Liu, Y,; Shao, Y.; Wang, Y.; Xu, Y,; Jiang, Y.; Cui, W.; Li, Y.; Tang, L. Probiotic Lactobacillus casei expressing
porcine antimicrobial peptide PR39 elevates antibacterial activity in the gastrointestinal tract. Can. J. Microbiol. 2016, 62, 961-969.
[CrossRef] [PubMed]

Wen, C.; Zhang, H.; Guo, Q.; Duan, Y.; Chen, S.; Han, M,; Li, E; Jin, M.; Wang, Y. Engineered Bacillus subtilis alleviates intestinal
oxidative injury through Nrf2-Keap1 pathway in enterotoxigenic Escherichia coli (ETEC) K88-infected piglet. J. Zhejiang Univ. Sci.
B 2023, 24, 496-509. [CrossRef] [PubMed]

EFSA Panel on Genetically Modified Organisms. Guidance on the risk assessment of genetically modified microorganisms and
their products intended for food and feed use. EFSA J. 2011, 9, 2193. [CrossRef]

Sun, J.; Jiang, J.; Liu, L.; Wang, Z.; Wei, C. Expression of the hybrid antimicrobial peptide lactoferrin-lysozyme in Pichia pastoris.
Biotechnol. Appl. Biochem. 2019, 66, 202-208. [CrossRef] [PubMed]

Zhang, M.; Shan, Y.; Gao, H.; Wang, B.; Liu, X.; Dong, Y.; Liu, X.; Yao, N.; Zhou, Y.; Li, X,; et al. Expression of a recombinant hybrid
antimicrobial peptide magainin II-cecropin B in the mycelium of the medicinal fungus Cordyceps militaris and its validation in
mice. Microb. Cell Factories 2018, 17, 18. [CrossRef] [PubMed]

Wu, D.; Fu, L.; Wen, W.; Dong, N. The dual antimicrobial and immunomodulatory roles of host defense peptides and their
applications in animal production. J. Anim. Sci. Biotechnol. 2022, 13, 141. [CrossRef] [PubMed]

Wang, S.; Zeng, X.F,; Yang, Q.; Qiao, S.Y. Antimicrobial Peptides as Potential Alternatives to Antibiotics in Food Animal Industry.
Int. ]. Mol. Sci. 2016, 17, 603. [CrossRef] [PubMed]

Silveira, R.F; Roque-Borda, C.A.; Vicente, E.F. Antimicrobial peptides as a feed additive alternative to animal production, food
safety and public health implications: An overview. Anim. Nutr. 2021, 7, 896-904. [CrossRef] [PubMed]

Sugrue, I.; Ross, R.P; Hill, C. Bacteriocin diversity, function, discovery and application as antimicrobials. Nat. Rev. Microbiol. 2024,
22,556-571. [CrossRef] [PubMed]

Rooney, W.M.; Chai, R.; Milner, ].J.; Walker, D. Bacteriocins Targeting Gram-Negative Phytopathogenic Bacteria: Plantibiotics of
the Future. Front. Microbiol. 2020, 11, 575981. [CrossRef] [PubMed]

Sakthivel, N.; Mew, T.W. Efficacy of bacteriocinogenic strains of Xanthomonas oryzae pv. oryzae on the incidence of bacterial blight
disease of rice (Oryza sativa L.). Can. ]. Microbiol. 1991, 37, 764-768. [CrossRef]

Lavermicocca, P.; Lonigro, S.L.; Valerio, F,; Evidente, A.; Visconti, A. Reduction of Olive Knot Disease by a Bacteriocin from
Pseudomonas syringae pv. ciccaronei. Appl. Environ. Microbiol. 2002, 68, 1403-1407. [CrossRef] [PubMed]

Chen, W.Y,; Echandi, E. Effects of avirulent bacteriocin-producing strains of Pseudomonas solanacearum on the control of bacterial
wilt of tobacco. Plant Pathol. 1984, 33, 245-253. [CrossRef]

Fenibo, E.O.; joma, G.N.; Matambo, T. Biopesticides in Sustainable Agriculture: A Critical Sustainable Development Driver
Governed by Green Chemistry Principles. Front. Sustain. Food Syst. 2021, 5, 619058. [CrossRef]

Santos, A.; Marquina, D. Killer toxin of Pichia membranifaciens and its possible use as a biocontrol agent against grey mould
disease of grapevine. Microbiology 2004, 150, 2527-2534. [CrossRef] [PubMed]

https://doi.org/10.3390/antibiotics15070649


https://doi.org/10.1038/s41598-020-74754-x
https://www.ncbi.nlm.nih.gov/pubmed/33077741
https://doi.org/10.1002/jsfa.13198
https://www.ncbi.nlm.nih.gov/pubmed/38072654
https://doi.org/10.3389/fbioe.2021.748976
https://www.ncbi.nlm.nih.gov/pubmed/34650962
https://www.hfpappexternal.fda.gov/scripts/fdcc/index.cfm?id=135&set=GRASNotices
https://www.hfpappexternal.fda.gov/scripts/fdcc/index.cfm?id=135&set=GRASNotices
https://www.hfpappexternal.fda.gov/scripts/fdcc/index.cfm?id=336&set=GRASNotices
https://www.hfpappexternal.fda.gov/scripts/fdcc/index.cfm?id=336&set=GRASNotices
https://doi.org/10.3390/ani15202939
https://www.ncbi.nlm.nih.gov/pubmed/41153866
https://doi.org/10.1016/j.fsi.2018.07.008
https://www.ncbi.nlm.nih.gov/pubmed/29981882
https://doi.org/10.1016/j.fsi.2021.04.017
https://www.ncbi.nlm.nih.gov/pubmed/33905842
https://doi.org/10.1016/s0165-2427(96)05676-0
https://www.ncbi.nlm.nih.gov/pubmed/8988856
https://doi.org/10.1139/cjm-2016-0130
https://www.ncbi.nlm.nih.gov/pubmed/27718591
https://doi.org/10.1631/jzus.B2200674
https://www.ncbi.nlm.nih.gov/pubmed/37309041
https://doi.org/10.2903/j.efsa.2011.2193
https://doi.org/10.1002/bab.1705
https://www.ncbi.nlm.nih.gov/pubmed/30382618
https://doi.org/10.1186/s12934-018-0865-3
https://www.ncbi.nlm.nih.gov/pubmed/29402269
https://doi.org/10.1186/s40104-022-00796-y
https://www.ncbi.nlm.nih.gov/pubmed/36474280
https://doi.org/10.3390/ijms17050603
https://www.ncbi.nlm.nih.gov/pubmed/27153059
https://doi.org/10.1016/j.aninu.2021.01.004
https://www.ncbi.nlm.nih.gov/pubmed/34632120
https://doi.org/10.1038/s41579-024-01045-x
https://www.ncbi.nlm.nih.gov/pubmed/38730101
https://doi.org/10.3389/fmicb.2020.575981
https://www.ncbi.nlm.nih.gov/pubmed/33042091
https://doi.org/10.1139/m91-131
https://doi.org/10.1128/AEM.68.3.1403-1407.2002
https://www.ncbi.nlm.nih.gov/pubmed/11872493
https://doi.org/10.1111/j.1365-3059.1984.tb02646.x
https://doi.org/10.3389/fsufs.2021.619058
https://doi.org/10.1099/mic.0.27071-0
https://www.ncbi.nlm.nih.gov/pubmed/15289549
https://doi.org/10.3390/antibiotics15070649

Antibiotics 2026, 15, 649 42 of 44

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

Trupo, M.; Magarelli, R.A.; Martino, M.; Larocca, V.; Giorgianni, A.; Ambrico, A. Crude lipopeptides from culture of Bacillus
subtilis strain ET-1 against Podosphaera xanthii on Cucumis melo. J. Nat. Pestic. Res. 2023, 4, 100032. [CrossRef]

Tran, G.H.; Tran, TH.; Pham, S.H.; Xuan, H.L.; Dang, T.T. Cyclotides: The next generation in biopesticide development for
eco-friendly agriculture. J. Pept. Sci. 2024, 30, €3570. [CrossRef] [PubMed]

Alem, D.; Diaz-Dellavalle, P.; Leoni, C.; De-Simone, S.G.; Correa, A.; Oppezzo, P.; Rizza, M.D. In Search of Topical Agricultural
Biofungicides: Properties of the Recombinant Antimicrobial Peptide TrxAq-AMP Obtained from Amaranthus quitensis. J. Microb.
Biochem. Technol. 2014, 6, 268-273. [CrossRef]

Badosa, E.; Planas, M.; Feliu, L.; Montesinos, L.; Bonaterra, A.; Montesinos, E. Synthetic Peptides against Plant Pathogenic
Bacteria. Microorganisms 2022, 10, 1784. [CrossRef] [PubMed]

Meher, J.; Rajput, R.S.; Bajpai, R; Teli, B.; Sarma, B.K. Trichoderma: A Globally Dominant Commercial Biofungicide. In Trichoderma:
Agricultural Applications and Beyond; Manoharachary, C., Singh, H.B., Varma, A., Eds.; Springer International Publishing: Cham,
Switzerland, 2020; pp. 195-208.

Avila-Oviedo, J.L.; Chavez-Avilés, M.N. Ecological versatility and biocontrol mechanisms of Trichoderma spp.: Toward sustainable
agriculture. Discov. Appl. Sci. 2026, 8, 230. [CrossRef]

Santos, A.; Sdnchez, A.; Marquina, D. Yeasts as biological agents to control Botrytis cinerea. Microbiol. Res. 2004, 159, 331-338.
[CrossRef] [PubMed]

Ahmad, T,; Xing, E; Nie, C.; Cao, C.; Xiao, Y.; Yu, X.; Moosa, A.; Liu, Y. Biocontrol potential of lipopeptides produced by the
novel Bacillus subtilis strain Y17B against postharvest Alternaria fruit rot of cherry. Front. Microbiol. 2023, 14, 1150217. [CrossRef]
[PubMed]

EFSA Panel on Plant Protection Products and Their Residues; Ockleford, C.; Adriaanse, P.; Berny, P.; Brock, T.; Duquesne, S.;
Grilli, S.; Hernandez-Jerez, A.F.; Bennekou, S.H.; Klein, M.; et al. Scientific Opinion addressing the state of the science on risk
assessment of plant protection products for in-soil organisms. EFSA J. 2017, 15, e04690. [CrossRef] [PubMed]

Karaoglan, B.; Alkassab, A.T.; Borges, S.; Fisher, T.; Link-Vrabie, C.; McVey, E.; Ortego, L.; Nuti, M. Microbial pesticides:
Challenges and future perspectives for non-target organism testing. Environ. Sci. Eur. 2024, 36, 205. [CrossRef]

European Commission. Commission Regulation (EU) 2022/1439 of 31 August 2022 amending Regulation (EU) No 283/2013 as
regards the information to be submitted for active substances and the specific data requirements for micro-organisms. Off. J. Eur.
Union 2022, L.227, 8-37.

European Commission; Directorate-General for Health and Food Safety. Explanatory Notes for the Implementation of the Data
Requirements on Micro-Organisms and Plant Protection Products Containing Them in the Framework of Regulation (EC) No
1107/2009. 2023. Available online: https:/ /food.ec.europa.eu/system/files/2023-10/pesticides_ppp_app-proc_guide_imp-data-
req_micro-organisms-ppp_imp-reg-11072009.pdf (accessed on 24 June 2026).

Barrero-Canosa, J.; Ebeling, J.; Kenny, E.F.; Marx-Stoelting, P.; Paege, N.; Feustel, S.; Leme, D.M. Human health risk assessment
for microbial pesticides in the EU: Challenges and perspectives. Environ. Health 2025, 24, 43. [CrossRef] [PubMed]

Deo, S.; Turton, K.L.; Kainth, T.; Kumar, A.; Wieden, H.-]. Strategies for improving antimicrobial peptide production. Biotechnol.
Adv. 2022, 59, 107968. [CrossRef] [PubMed]

Lou, M.; Ji, S.; Wu, R; Zhu, Y,; Wu, J.; Zhang, ]J. Microbial production systems and optimization strategies of antimicrobial
peptides: A review. World |. Microbiol. Biotechnol. 2025, 41, 66. [CrossRef] [PubMed]

Gombeart, A.F.; Borregaard, N.; Koeffler, H.P. Human cathelicidin antimicrobial peptide (CAMP) gene is a direct target of the
vitamin D receptor and is strongly up-regulated in myeloid cells by 1,25-dihydroxyvitamin D3. FASEB ]. 2005, 19, 1067-1077.
[CrossRef] [PubMed]

Zabot, G.L.; Schaefer Rodrigues, F.; Polano Ody, L.; Vinicius Tres, M.; Herrera, E.; Palacin, H.; Cérdova-Ramos, J.S.; Best, I;
Olivera-Montenegro, L. Encapsulation of Bioactive Compounds for Food and Agricultural Applications. Polymers 2022, 14, 4194.
[CrossRef] [PubMed]

Schauber, J.; Svanholm, C.; Termén, S.; Iffland, K.; Menzel, T.; Scheppach, W.; Melcher, R.; Agerberth, B.; Liihrs, H.; Gudmundsson,
G.H. Expression of the cathelicidin LL-37 is modulated by short chain fatty acids in colonocytes: Relevance of signalling pathways.
Gut 2003, 52, 735-741. [CrossRef] [PubMed]

Xiong, H.; Guo, B.,; Gan, Z.; Song, D.; Lu, Z.; Yi, H.; Wu, Y,; Wang, Y.; Du, H. Butyrate upregulates endogenous host defense
peptides to enhance disease resistance in piglets via histone deacetylase inhibition. Sci. Rep. 2016, 6, 27070. [CrossRef] [PubMed]
Fu, ].; Zong, X.; Jin, M.; Min, J.; Wang, F.; Wang, Y. Mechanisms and regulation of defensins in host defense. Signal Transduct.
Target. Ther. 2023, 8, 300. [CrossRef] [PubMed]

Zhao, H.; Tang, ].; Cao, L.; Jia, G.; Long, D.; Liu, G.; Chen, X,; Cai, J.; Shang, H. Characterization of bioactive recombinant
antimicrobial peptide parasin I fused with human lysozyme expressed in the yeast Pichia pastoris system. Enzym. Microb. Technol.
2015, 77, 61-67. [CrossRef] [PubMed]

Dong, C,; Li, M.; Zhang, R.; Lu, W,; Xu, L,; Liu, J.; Chu, X. The Expression of Antibacterial Peptide Turgencin A in Pichia pastoris
and an Analysis of Its Antibacterial Activity. Molecules 2023, 28, 5405. [CrossRef] [PubMed]

https://doi.org/10.3390/antibiotics15070649


https://doi.org/10.1016/j.napere.2023.100032
https://doi.org/10.1002/psc.3570
https://www.ncbi.nlm.nih.gov/pubmed/38317283
https://doi.org/10.4172/1948-5948.1000155
https://doi.org/10.3390/microorganisms10091784
https://www.ncbi.nlm.nih.gov/pubmed/36144386
https://doi.org/10.1007/s42452-026-08253-5
https://doi.org/10.1016/j.micres.2004.07.001
https://www.ncbi.nlm.nih.gov/pubmed/15646379
https://doi.org/10.3389/fmicb.2023.1150217
https://www.ncbi.nlm.nih.gov/pubmed/37032895
https://doi.org/10.2903/j.efsa.2017.4690
https://www.ncbi.nlm.nih.gov/pubmed/32625401
https://doi.org/10.1186/s12302-024-01017-1
https://food.ec.europa.eu/system/files/2023-10/pesticides_ppp_app-proc_guide_imp-data-req_micro-organisms-ppp_imp-reg-11072009.pdf
https://food.ec.europa.eu/system/files/2023-10/pesticides_ppp_app-proc_guide_imp-data-req_micro-organisms-ppp_imp-reg-11072009.pdf
https://doi.org/10.1186/s12940-025-01196-1
https://www.ncbi.nlm.nih.gov/pubmed/40605039
https://doi.org/10.1016/j.biotechadv.2022.107968
https://www.ncbi.nlm.nih.gov/pubmed/35489657
https://doi.org/10.1007/s11274-025-04278-x
https://www.ncbi.nlm.nih.gov/pubmed/39920500
https://doi.org/10.1096/fj.04-3284com
https://www.ncbi.nlm.nih.gov/pubmed/15985530
https://doi.org/10.3390/polym14194194
https://www.ncbi.nlm.nih.gov/pubmed/36236142
https://doi.org/10.1136/gut.52.5.735
https://www.ncbi.nlm.nih.gov/pubmed/12692061
https://doi.org/10.1038/srep27070
https://www.ncbi.nlm.nih.gov/pubmed/27230284
https://doi.org/10.1038/s41392-023-01553-x
https://www.ncbi.nlm.nih.gov/pubmed/37574471
https://doi.org/10.1016/j.enzmictec.2015.06.001
https://www.ncbi.nlm.nih.gov/pubmed/26138401
https://doi.org/10.3390/molecules28145405
https://www.ncbi.nlm.nih.gov/pubmed/37513276
https://doi.org/10.3390/antibiotics15070649

Antibiotics 2026, 15, 649 43 of 44

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

Zhang, P.; Jackson, E.; Li, X.; Zhang, Y. Salicylic acid and jasmonic acid in plant immunity. Hortic. Res. 2025, 12, uhaf082.
[CrossRef] [PubMed]

Omidvar, R.; Vosseler, N.; Abbas, A.; Gutmann, B.; Griinwald-Gruber, C.; Altmann, E; Siddique, S.; Bohlmann, H. Analysis of a
gene family for PDF-like peptides from Arabidopsis. Sci. Rep. 2021, 11, 18948. [CrossRef] [PubMed]

Bonvin, E.; Personne, H.; Paschoud, T,; Reusser, ].; Gan, B.-H.; Luscher, A.; Kohler, T.; van Delden, C.; Reymond, J.-L. Antimicrobial
Peptide-Peptoid Hybrids with and without Membrane Disruption. ACS Infect. Dis. 2023, 9, 2593-2606. [CrossRef] [PubMed]
Chen, N.; Jiang, C. Antimicrobial peptides: Structure, mechanism, and modification. Eur. J. Med. Chem. 2023, 255, 115377.
[CrossRef] [PubMed]

Wardell, S.J.T.; Yung, D.B.Y.; Nielsen, J.E.; Lamichhane, R.; Serensen, K.; Molchanova, N.; Herlan, C.; Lin, ]J.S.; Brése, S.; Wise,
L.M,; et al. A biofilm-targeting lipo-peptoid to treat Pseudomonas aeruginosa and Staphylococcus aureus co-infections. Biofilm
2025, 9, 100272. [CrossRef] [PubMed]

Nielsen, J.E.; Alford, M.A_; Yung, D.B.Y.; Molchanova, N.; Fortkort, J.A.; Lin, ].S.; Diamond, G.; Hancock, RE.W.; Jenssen, H.;
Pletzer, D.; et al. Self-Assembly of Antimicrobial Peptoids Impacts Their Biological Effects on ESKAPE Bacterial Pathogens. ACS
Infect. Dis. 2022, 8, 533-545. [CrossRef] [PubMed]

Rahman, M.R.T.; Guay, L.D.; Fliss, L; Biron, E. Structure-Activity Study of the Antimicrobial Lipopeptide Humimycin A and
Screening Against Multidrug-Resistant Staphylococcus aureus. Antibiotics 2025, 14, 385. [CrossRef] [PubMed]

Zhang, J.; Chu, A.; Yang, P; Li, B.; Ouyang, X.; Miao, X.; Zhong, C.; Gou, S.; Zhang, Y.; Liu, H.; et al. High therapeutic index
a-helical antimicrobial peptides with repetitive subunit structures against multidrug-resistant bacteria. Eur. ]. Med. Chem. 2025,
298, 117996. [CrossRef] [PubMed]

Li, B; Liu, Y;; Yan, P; Ouyang, X,; Ba, Z.; Wang, Y.; Yang, T.; Yu, Z; Ren, B.; Zhong, C.; et al. The novel 3-hairpin antimicrobial
peptide D-G(RF)3 demonstrates exceptional antibacterial efficacy. Eur. J. Med. Chem. 2025, 283, 117149. [CrossRef] [PubMed]
Kim, H.; Jang, ].H.; Kim, H.R.; Cho, ].H. Novel-designed antimicrobial peptides with dual antimicrobial and anti-inflammatory
actions against Cutibacterium acnes for acne vulgaris therapy. Biochem. Pharmacol. 2025, 232, 116708. [CrossRef] [PubMed]

Liu, S.; Shi, Z.; Teng, L.; Nie, J.; Zhang, L. Biocompatible Black Phosphorus Nanosheets-Antimicrobial Peptide Nanocomposites
for Enhanced Anti-Infection Therapy. Molecules 2025, 30, 872. [CrossRef] [PubMed]

Xiao, M.; Wu, Y,; Li, W,; Wang, J.; Zhang, W.; Gui, L.; Ge, F. Synthesis of ZIF-8 Coated MnO, Functionalized Antibacterial Peptide
Nanoparticles and Its Antibacterial and Wound-Healing Promotion Studies. Curr. Microbiol. 2025, 82, 413. [CrossRef] [PubMed]
Li, W;; You, F; Yang, ].; Gu, D.; Li, Y,; Zhang, X.; Miao, L.; Sun, W. Antimicrobial peptide-targeted photodynamic therapy for
preventing periodontal plaque biofilm formation through the disruption of quorum sensing system. Mater. Today Bio 2025,
33, 101970. [CrossRef] [PubMed]

Klodzinska, S.N.; Esposito, T.V.E; Agnoletti, M.; Rodriguez-Rodriguez, C.; Blackadar, C.; Wu, L.; Thakur, A.; Nahrstedt, J.; Rades,
T.; Saatchi, K.; et al. Nanogel encapsulation improves pharmacokinetics and biodistribution of antimicrobial peptide LL37 upon
lung deposition: In vivo evaluation by SPECT/CT. ]. Control. Release 2025, 383, 113817. [CrossRef] [PubMed]

Yang, Y.; Vexler, S.; Jordan, M.C.; Abbondante, S.; Kang, D.; Peng, H.; Marshall, M.; Naini, B.V,; Jain, S.; Lai, Y.C.; et al. A Synthetic
Phage-Peptide Conjugate as a Potent Antibacterial Agent for Pseudomonas aeruginosa Infections. ACS Cent. Sci. J. 2025, 11,
1715-1735. [CrossRef] [PubMed]

Lam, S.J.; O’Brien-Simpson, N.M.; Pantarat, N.; Sulistio, A.; Wong, E.H.H.; Chen, Y.-Y.; Lenzo, ].C.; Holden, ].A.; Blencowe, A;
Reynolds, E.C.; et al. Combating multidrug-resistant Gram-negative bacteria with structurally nanoengineered antimicrobial
peptide polymers. Nat. Microbiol. 2016, 1, 16162. [CrossRef] [PubMed]

Ramamurthy, R.; Mehta, C.H.; Nayak, U.Y. Structurally nanoengineered antimicrobial peptide polymers: Design, synthesis and
biomedical applications. World J. Microbiol. Biotechnol. 2021, 37, 139. [CrossRef] [PubMed]

Jayawardena, A.; Hung, A.; Qiao, G.; Hajizadeh, E. Molecular Dynamics Simulation of the Interaction of Lipidated Structurally
Nano Engineered Antimicrobial Peptide Polymers with Bacterial Cell Membrane. ]. Phys. Chem. B 2025, 129, 9382-9393. [CrossRef]
[PubMed]

Jayawardena, A.; Hung, A.; Qiao, G.; Hajizadeh, E. Molecular Dynamics Simulations of Structurally Nanoengineered An-
timicrobial Peptide Polymers Interacting with Bacterial Cell Membranes. J. Phys. Chem. B 2025, 129, 250-259. [CrossRef]
[PubMed]

Saffari Natanzi, A.; Poudineh, M.; Karimi, E.; Khaledi, A.; Haddad Kashani, H. Innovative approaches to combat antibiotic
resistance: Integrating CRISPR/Cas9 and nanoparticles against biofilm-driven infections. BMC Med. 2025, 23, 486. [CrossRef]
[PubMed]

Wan, E; Draz, M.S.; Gu, M,; Yu, W,; Ruan, Z.; Luo, Q. Novel Strategy to Combat Antibiotic Resistance: A Sight into the
Combination of CRISPR/Cas9 and Nanoparticles. Pharmaceutics 2021, 13, 352. [CrossRef] [PubMed]

Zohra, T.; Numan, M.; Ikram, A.; Salman, M.; Khan, T.; Din, M.; Salman, M.; Farooq, A.; Amir, A.; Ali, M. Cracking the
Challenge of Antimicrobial Drug Resistance with CRISPR/Cas9, Nanotechnology and Other Strategies in ESKAPE Pathogens.
Microorganisms 2021, 9, 954. [CrossRef] [PubMed]

https://doi.org/10.3390/antibiotics15070649


https://doi.org/10.1093/hr/uhaf082
https://www.ncbi.nlm.nih.gov/pubmed/40343347
https://doi.org/10.1038/s41598-021-98175-6
https://www.ncbi.nlm.nih.gov/pubmed/34556705
https://doi.org/10.1021/acsinfecdis.3c00421
https://www.ncbi.nlm.nih.gov/pubmed/38062792
https://doi.org/10.1016/j.ejmech.2023.115377
https://www.ncbi.nlm.nih.gov/pubmed/37099837
https://doi.org/10.1016/j.bioflm.2025.100272
https://www.ncbi.nlm.nih.gov/pubmed/40248507
https://doi.org/10.1021/acsinfecdis.1c00536
https://www.ncbi.nlm.nih.gov/pubmed/35175731
https://doi.org/10.3390/antibiotics14040385
https://www.ncbi.nlm.nih.gov/pubmed/40298539
https://doi.org/10.1016/j.ejmech.2025.117996
https://www.ncbi.nlm.nih.gov/pubmed/40763664
https://doi.org/10.1016/j.ejmech.2024.117149
https://www.ncbi.nlm.nih.gov/pubmed/39675159
https://doi.org/10.1016/j.bcp.2024.116708
https://www.ncbi.nlm.nih.gov/pubmed/39662606
https://doi.org/10.3390/molecules30040872
https://www.ncbi.nlm.nih.gov/pubmed/40005182
https://doi.org/10.1007/s00284-025-04378-9
https://www.ncbi.nlm.nih.gov/pubmed/40715821
https://doi.org/10.1016/j.mtbio.2025.101970
https://www.ncbi.nlm.nih.gov/pubmed/40677408
https://doi.org/10.1016/j.jconrel.2025.113817
https://www.ncbi.nlm.nih.gov/pubmed/40339660
https://doi.org/10.1021/acscentsci.5c00562
https://www.ncbi.nlm.nih.gov/pubmed/41019108
https://doi.org/10.1038/nmicrobiol.2016.162
https://www.ncbi.nlm.nih.gov/pubmed/27617798
https://doi.org/10.1007/s11274-021-03109-z
https://www.ncbi.nlm.nih.gov/pubmed/34278535
https://doi.org/10.1021/acs.jpcb.5c02067
https://www.ncbi.nlm.nih.gov/pubmed/40913566
https://doi.org/10.1021/acs.jpcb.4c06691
https://www.ncbi.nlm.nih.gov/pubmed/39686718
https://doi.org/10.1186/s12916-025-04323-4
https://www.ncbi.nlm.nih.gov/pubmed/40830872
https://doi.org/10.3390/pharmaceutics13030352
https://www.ncbi.nlm.nih.gov/pubmed/33800235
https://doi.org/10.3390/microorganisms9050954
https://www.ncbi.nlm.nih.gov/pubmed/33946643
https://doi.org/10.3390/antibiotics15070649

Antibiotics 2026, 15, 649 44 of 44

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

Kim, M.; Hwang, Y.; Lim, S.; Jang, H.K.; Kim, H.O. Advances in Nanoparticles as Non-Viral Vectors for Efficient Delivery of
CRISPR/Cas9. Pharmaceutics 2024, 16, 1197. [CrossRef] [PubMed]

European Union. Regulation (EC) No 1107/2009 Concerning the Placing of Plant Protection Products on the Market. 2009.
Available online: https://eur-lex.europa.eu/eli/reg/2009/1107/0j/eng (accessed on 24 June 2026).

European Food Safety Authority. Food Additive Application Procedure. Available online: https://www.efsa.europa.eu/en/
applications/food-additive (accessed on 8 May 2026).

Yeaman, M.R.; Yount, N.Y. Mechanisms of antimicrobial peptide action and resistance. Pharmacol. Rev. 2003, 55, 27-55. [CrossRef]
[PubMed]

Joo, H.S.; Fu, C.I; Otto, M. Bacterial strategies of resistance to antimicrobial peptides. Philos. Trans. R Soc. Lond. B Biol. Sci. 2016,
371, 20150292. [CrossRef] [PubMed]

Radaic, A.; de Jesus, M.B.; Kapila, Y.L. Bacterial anti-microbial peptides and nano-sized drug delivery systems: The state of the
art toward improved bacteriocins. . Control. Release 2020, 321, 100-118. [CrossRef] [PubMed]

Telhig, S.; Ben Said, L.; Zirah, S.; Fliss, I.; Rebulffat, S. Bacteriocins to Thwart Bacterial Resistance in Gram Negative Bacteria. Front.
Microbiol. 2020, 11, 586433. [CrossRef] [PubMed]

Uruén, C.; Chopo-Escuin, G.; Tommassen, J.; Mainar-Jaime, R.C.; Arenas, J. Biofilms as Promoters of Bacterial Antibiotic Resistance
and Tolerance. Antibiotics 2021, 10, 3. [CrossRef] [PubMed]

Almeida, C.V,; de Oliveira, C.ER.; Almeida, L.H.O.; Ramalho, S.R.; Gutierrez, C.O.; Sardi, ].C.O.; Franco, O.L.; Cardoso, M.H.;
Macedo, M.L.R. Computer-made peptide RQ18 acts as a dual antifungal and antibiofilm peptide though membrane-associated
mechanisms of action. Arch. Biochem. Biophys. 2024, 753, 109884. [CrossRef] [PubMed]

de Oliveira, K.B.S.; Leite, M.L.; Melo, N.T.M.; Lima, L.F,; Barbosa, T.C.Q.; Carmo, N.L.; Melo, D.A.B.; Paes, H.C.; Franco, O.L.
Antimicrobial Peptide Delivery Systems as Promising Tools Against Resistant Bacterial Infections. Antibiotics 2024, 13, 1042.
[CrossRef] [PubMed]

Wang, L.; Dekker, M.; Heising, J.; Zhao, L.; Fogliano, V. Food matrix design can influence the antimicrobial activity in the food
systems: A narrative review. Crit. Rev. Food Sci. Nutr. 2024, 64, 8963-8989. [CrossRef] [PubMed]

Kjos, M.; Nes, LE; Diep, D.B. Mechanisms of resistance to bacteriocins targeting the mannose phosphotransferase system. Appl.
Environ. Microbiol. 2011, 77, 3335-3342. [CrossRef] [PubMed]

Simons, A.; Alhanout, K.; Duval, R.E. Bacteriocins, Antimicrobial Peptides from Bacterial Origin: Overview of Their Biology and
Their Impact against Multidrug-Resistant Bacteria. Microorganisms 2020, 8, 639. [CrossRef] [PubMed]

Tajer, L.; Paillart, J.-C.; Dib, H.; Sabatier, J.-M.; Fajloun, Z.; Abi Khattar, Z. Molecular Mechanisms of Bacterial Resistance to
Antimicrobial Peptides in the Modern Era: An Updated Review. Microorganisms 2024, 12, 1259. [CrossRef] [PubMed]
Fagerlund, A.; Langsrud, S.; Meretrg, T. Microbial diversity and ecology of biofilms in food industry environments associated
with Listeria monocytogenes persistence. Curr. Opin. Food Sci. 2021, 37, 171-178. [CrossRef]

Riool, M.; de Breij, A.; Drijfhout, ].W.; Nibbering, PR.H.; Zaat, S.A.]. Antimicrobial Peptides in Biomedical Device Manufacturing.
Front. Chem. 2017, 5, 63. [CrossRef] [PubMed]

Rudrappa, T.; Biedrzycki, M.L.; Bais, H.P. Causes and consequences of plant-associated biofilms. FEMS Microbiol. Ecol. 2008, 64,
153-166. [CrossRef] [PubMed]

Carezzano, M.E.; Paletti Rovey, M.F.; Cappellari, L.D.R.; Gallarato, L.A.; Bogino, P.; Oliva, M.M.; Giordano, W. Biofilm-Forming
Ability of Phytopathogenic Bacteria: A Review of its Involvement in Plant Stress. Plants 2023, 12, 2207. [CrossRef] [PubMed]
Santos-Jtnior, C.D.; Torres, M.D.T.; Duan, Y.; Rodriguez Del Rio, A.; Schmidt, T.S.B.; Chong, H.; Fullam, A.; Kuhn, M.; Zhu,
C.; Houseman, A; et al. Discovery of antimicrobial peptides in the global microbiome with machine learning. Cell 2024, 187,
3761-3778.e16. [CrossRef] [PubMed]

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/10.3390/ antibiotics15070649


https://doi.org/10.3390/pharmaceutics16091197
https://www.ncbi.nlm.nih.gov/pubmed/39339233
https://eur-lex.europa.eu/eli/reg/2009/1107/oj/eng
https://www.efsa.europa.eu/en/applications/food-additive
https://www.efsa.europa.eu/en/applications/food-additive
https://doi.org/10.1124/pr.55.1.2
https://www.ncbi.nlm.nih.gov/pubmed/12615953
https://doi.org/10.1098/rstb.2015.0292
https://www.ncbi.nlm.nih.gov/pubmed/27160595
https://doi.org/10.1016/j.jconrel.2020.02.001
https://www.ncbi.nlm.nih.gov/pubmed/32035192
https://doi.org/10.3389/fmicb.2020.586433
https://www.ncbi.nlm.nih.gov/pubmed/33240239
https://doi.org/10.3390/antibiotics10010003
https://www.ncbi.nlm.nih.gov/pubmed/33374551
https://doi.org/10.1016/j.abb.2024.109884
https://www.ncbi.nlm.nih.gov/pubmed/38218361
https://doi.org/10.3390/antibiotics13111042
https://www.ncbi.nlm.nih.gov/pubmed/39596736
https://doi.org/10.1080/10408398.2023.2205937
https://www.ncbi.nlm.nih.gov/pubmed/37154045
https://doi.org/10.1128/aem.02602-10
https://www.ncbi.nlm.nih.gov/pubmed/21421780
https://doi.org/10.3390/microorganisms8050639
https://www.ncbi.nlm.nih.gov/pubmed/32349409
https://doi.org/10.3390/microorganisms12071259
https://www.ncbi.nlm.nih.gov/pubmed/39065030
https://doi.org/10.1016/j.cofs.2020.10.015
https://doi.org/10.3389/fchem.2017.00063
https://www.ncbi.nlm.nih.gov/pubmed/28971093
https://doi.org/10.1111/j.1574-6941.2008.00465.x
https://www.ncbi.nlm.nih.gov/pubmed/18355294
https://doi.org/10.3390/plants12112207
https://www.ncbi.nlm.nih.gov/pubmed/37299186
https://doi.org/10.1016/j.cell.2024.05.013
https://www.ncbi.nlm.nih.gov/pubmed/38843834
https://doi.org/10.3390/antibiotics15070649

	Introduction 
	Natural Antimicrobials: AMPs, Bacteriocins and Mycocins 
	AMPs 
	Non-Bacteriocin Bacterial-Derived AMPs 
	Filamentous Fungi-Derived AMPs 
	Yeast-Derived AMPs 

	Mycocins 
	Bacteriocins 

	Applications of Natural Antimicrobials as Preservatives 
	Potential as Natural Preservatives for Food Products 
	Potential as Natural Preservatives for Cosmetics 

	Potential of Natural Antimicrobials in Healthcare 
	Potential to Combat Antibiotic-Resistant Infections 
	Other Healthcare Applications and Endogenous AMP Modulation 
	Applications in Animal Health and Feed 

	Agricultural Applications of Natural Antimicrobials 
	Controlled Environment and Greenhouse Applications 
	Open-Field Crop-Protection Applications 
	Postharvest Applications 
	Environmental Fate, Ecotoxicity and Non-Target Effects 

	Production and Bioengineering Strategies for Natural Antimicrobials 
	Strategies to Enhance Natural Production 
	Production of Synthetic AMP Analogues 
	Nanovectorization 

	Challenges and Future Perspectives 
	Conclusions 
	References

