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ABSTRACT

Antimicrobial compounds, such as antibiotics, are produced by microbes and eventually restrict the growth and proliferation of harmful
microorganisms. The majority of antimicrobials generated by microorganisms are considered secondary metabolites. Because of the
ongoing worldwide concern about antibiotic resistance, scientific discussions are needed to examine breakthroughs in the production of
antimicrobial agents and their alternatives that may limit the development of antibiotic-resistant strains among bacterial infections.
Bacteriophages have been employed in the food industry in a variety of ways, depending on their intended function. The use of
bacteriophages to regulate bacterial cells in raw materials from fields, abattoirs, and ready-to-eat food products is known as biocontrol.
The development of low-cost and convenient model organisms, as well as cutting-edge molecular biology, has aided in the bioprospecting
of new antimicrobial medications and the discovery of new therapeutic targets. Antimicrobial compounds isolated from microorganisms,
such as bacteriophages, lysin, lactic acid, nisin, probiotics, natamycin, reuterin, and other antimicrobial compounds isolated from marine
microbes, are summarized in this review, along with their mode of action, potential applications in food and human health, and future

scope.
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INTRODUCTION

Food security is currently an emerging and immensely supervised issue.
Approximately 13 percent of the food produced and harvest food is wasted or lost
(United Nation, 2023).There are numerous reasons for this food loss across the
world, which are different in both evolved and evolving nations. Poor handling
during harvesting, transportation, and processing contributes to food loss. The loss
varies with categories of food such as root crops (40-50%), fruits and vegetables
(35%), fish and seafood (30%), cereals, oilseed, dairy and meat (each 20%)
(Emilie Wieben, 2017). However, microbial contamination is the primary factor
responsible for undesirable food loss (Saeed ef al., 2019). Some food spoilage
microbes threaten humans who are consuming the same products. There are certain
metabolites produced by microbes by which human health is impaired, such as
mycotoxins produced by fungi (Goessens et al., 2024).

Table 1 Potential of microbe-derived antimicrobial agents

To gain confidence in this alarming issue, numerous techniques have been
employed. These techniques vary with country and include preservatives (natural
and synthetic), thermal treatments, and hurdle technology along with advanced
packaging technology. These treatments are given at different stages of
contamination. The widely accepted method for preservation is either chemical
preservatives or natural preservatives, although natural antimicrobial compounds
derived from microbes have room for further research. Chemical preservatives
such as sulfites, nitrites, benzoic acid, sodium benzoate, potassium sorbate and
sodium sorbate are less preferred due to growing awareness in the community
regarding health issues (Rathee et al., 2023). Natural preservatives are those that
are sound and of authentic natural origin, and synthetic chemicals are not
incorporated into them. Its origin may be plants; insects, such as honey from bees;
or microbes, such as lactic acid from LAB. Table 1 lists several microbial-derived
antimicrobial agents and their potential applications.

Antimicrobials Target microbe

Application Reference

Bacteriophage
Staphylococcus aureus

In combination with Nisin Listeriamonocytogenes

Salmonellaspp.and Campylobacterspp.

Raw meat (beef)
Soft and hard cheese, pasteurized milk
Apples and melons

(Hooton et al., 2011)
(Tabla et al., 2012)
(Leverentz et al., 2001)

Lactic acid bacteria
L. monocytogenes
Listeria innocua

LAB as source of bacteriocin

(Nisin) L. lactis subsp lactis

LAB as probiotic Campylobacter spp

Food borne pathogens: Escherichia coli O157:H7

Bakery products (Yang et al., 2012)

Cheese, fermented sausages (McAuliffe et al., 1998)

Raw poultry products (Mignacca et al., 2017)

Natamycin (antibiotic) Saccharomyces cerevisiae

Aspergillus flavus

Penicillium expansum, Fusarium culmorum,
Lactobacillus helveticus, and Listeria ivanovi

Liquid cheese whey
Olives

(Titone et al., 2025)

Ripened cheese

Reuterin
In combination with lactic acid

L. monocytogenes and E. coli
E. coli O157:H7 and L monocytogenes Meat

Milk and cottage cheese
(El-Ziney et al., 1999)
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Microorganisms produce certain compounds, namely, secondary metabolites and
antimicrobial peptides, or themselves act as antagonists (Rani et al., 2021).
Bacteriophages are potent antimicrobial agents that act as agents against microbes
(Zalewska-Piatek & Piatek, 2021). However, some examples have shown that
the compounds produced by these microbes act against spoilage microbes, such as
nisin, the bacteriocin produced by lactic acid bacteria (Perez et al., 2022), and
natamycin, the antibiotic produced by the microbe Streptomyces nataliensis (Shen
et al., 2024). Natural preservatives of microbial origin have no harmful effects on
human life and are quite convenient for use in the food industry. The concept of
including these compounds in food has been proven to be correct since the shelf
life of the products is enhanced without causing any unfavorable organoleptic
changes in the product (Abdulmumeen et al., 2012). Due to the potential
advantages of these microorganisms as antimicrobial agents, consumer attention
needs to be given to this topic. The methods of action, possible applications, and
future scopes of antimicrobial chemicals derived from microbes are summarized
in this review.

Bacteriophages

Bacteriophages are viruses that specifically invade bacterial cells without causing
any harm to animals or plants. These bacteria use bacterial resources for their
replication and are consequently regarded as obligate parasites of bacteria (Monk
et al., 2010). Phages are categorized into two categories, namely, lytic and
lysogenic. The former are considered virulent, whereas the latter are considered
temperate (Ackermann and Prangishvili, 2012). Lytic phages cause lysis of
bacterial cells (especially E. coli), and temperate phages result in infection and
hardly cause lysis (Kutter and Sulakvelidze, 2004).In food, lytic phages have
been used to inhibit the metabolism of host bacterial cells. Because they are used
as biocontrol agents, the amount of bacteriophages taken for the destruction of
bacteria is the main concern or point of attention (Hagens and Loessner, 2010).
This is because while used in food, there is less bacterial contamination due to high
hygiene practices at the place, and diffusion and mixing are slow due to the use of
selected solid food rather than liquid food (Hagens and Loessner, 2010). The
complete eradication of the food matrix contamination can be achieved by adding
high amount of bacteriophages (Hagens and Loessner, 2010). The mechanism by
which a bacteriophage infects a bacterial cell to replicate its genome and lyse the
host cell is illustrated in Figure 1. Bacteriophages have been used in the food sector
in different ways according to their application. The biocontrol of bacteria in raw
material from fields, slaughterhouses, and ready-to-eat food products is the major
area covered by bacteriophages. The contamination of finished products, namely,
milk and milk products, is controlled via phage treatment under biopreservation
(Kazi and Annapure, 2016). Listeria was successfully removed from the surface
of stainless steel using different bacteriophages and hence proved to be useful for
disinfecting surfaces (biosanitation). Phage therapy is another way for
bacteriophages to reduce diseases in livestock (Kazi and Annapure, 2016).
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Figure 1 Mechanistic action of Bacteriophages

Enormous success has been achieved in controlling food pathogens using
bacteriophages. The E. coli phage can eliminate host cells only when a host is
undergoing metabolism, that is, when the host is active (O’flynn et al., 2004).
Salmonella and Campylobacter contamination in raw meat and in raw and cooked
beef has been reported to be reduced to a greater extent (Thames, & Theradiyil,
2020). Staphylococcus aureus inactivation has been achieved using a phage
cocktail in both soft and hard cheese(Weng et al., 2021).A study showed that
incorporation of A511 bacteriophage into a whey protein isolate based coating
reduced the count of Listeria monocytogenes in cheese. Additionally this coating

have positive impact on springness, color, and hardness (Garcia-Anaya ef al.,
2023). The combined effect of combined pressure and high static pressure has
resulted in a decrease inStaphylococcusspp. contamination in pasteurized milk
(Martinez et al., 2008). Phage treatment was also applied to the plants before
harvest. The main reason behind this preharvest treatment is to avoid human
contamination in food products. Although these phages are harmless to healthy
humans, they are inactivated using fertilizers (Kazi and Annapure, 2016).

Lysin: A Bacteriophage Enzyme

Lytic phages produce enzymes called lysins, which play a key role in the
degradation of the bacterial cell wall or release of phage cells into the body
(BorysowskKi et al., 2006). These compounds attack peptidoglycan in the cell wall
and hence are more lethal to gram-positive bacteria and thereby improve food
safety when added externally (Fischetti, 2008). Lysins are highly specific to the
host cell and consequently have narrow-spectrum activity (Shah et al., 2023), with
the exception of the enterococcal phage lysin (Yoong et al., 2004). The primary
benefit of using lysins is that bacterial cells are not resistant to these enzymes
(Fischetti, 2008). There are numerous methodologies by which lysins can be
incorporated into food. First, they may be directly put on as proteins in purified
form into the food product pasteurized milk (Obeso et al., 2008). Second,
recombinant bacteria, which secrete lysin, are added to food products (Xu,
2021).In addition, lysin production is expensive, and these enzymes are highly
prone to proteolysis, making them unstable proteins and thereby reducing their
usage in certain food products (Coffey et al., 2010).

First, phages are exceptionally limited for use in food products since they do not
affect the human body. All the verifications have shown that oral consumption of
these compounds in the diet is harmless to healthyhumans. Bacteriophages are
extremely active and specific, allowing them to be used in specific food products.
Additionally, they have a versatile nature, covering biocontrol, biopreservation,
biosanitation and phage therapy. Additionally, bacteriophages are strong
antimicrobial agents(Kazi and Annapure, 2016).The use of chemicals as
biocontrol measures seems to have decreased their effective use in the food sector
after the exponential growth of bacteriophages as effective biocontrol measures
(Garecia et al., 2008). In the future, more attention needs to be given to safety and
technical issues related to the antimicrobial skills of these materials. To understand
the proper mechanism of phage resistance, further research is needed (Kazi and
Annapure, 2016). Moreover, the emergence of phage-resistant progenies has been
reported by my authors; however, no evidence has been shown to affect phage
trials (Kazi and Annapure, 2016). The company Intralyix, Inc., has released two
phage preparations, namely, Ecoshield™ (target E. coli) and Listshield™ (target
Listeria monocytogenes). Micreos is another company that releases phage products
against Listeriaspp. and Salmonellaspp.(Listex™ and Salmonlex™, respectively).
The main challenge for bacteriophages to be used in food is their acceptance by
consumers because of their different advantages (Ge et al., 2022).

Lactic acid bacteria

Taxonomically, Lactic acid bacteria (LAB) belong to various groups that include
both rod-shaped (Lactobacillus) and coccus-shaped (Lactococcus) bacteria. LAB
are gram-positive (+), sternly nonsporulating, producing either lactic acid alone
(Homofermentation) or a mixture of carbon dioxide, acetic acid and ethanol
(Heterofermentation) as a final product of glucose metabolism, and they are
aerotolerant (Kuipers et al,, 2000). Different species, including Oenococcus,
Lactobacillus, Carnobacterium, Tetragenococcus, Pediococcus Streptococcus,
Lactococcus, Lactosphaera, Melissococcus, Enterococcus and Leuconostoc, are
the genera that fall under LAB (Holzapfel et al, 2001). Several LAB produce
antimicrobial peptides commonly referred to as “bacteriocins”, which inhibit the
growth of food spoilage microbes. Lactic acid is the result of fermentation, which
also protects food from spoilage. Moreover, lactic acid serves as an antimicrobial
agent and is extravagantly used in different food sectors, including fermentation
and baking (Perez et al., 2022). Lactic acid interferes with the homeostasis of
target cells by lowering the pH. Many strains of lactic acid bacteria function as
probiotics, thereby improving the intestinal biota by killing harmful
microorganisms.

Lactic acid bacteria work as antimicrobial agents by producing several compounds
that act against microbes during their metabolism. Lactic acid, hydrogen
peroxide (H,0,), carbon dioxide (CO,), bacteriocins and diacetyl are the primary
antimicrobial compounds produced by LAB (Mobolaji and Wuraola, 2011).
Mobolaji and Wuraola (2011) reported that lactic acid interrupts the cell
membrane potential, hinders active transport, decreases the cellular pH and affects
other metabolic functions; thus, lactic acid has antimicrobial effects. The cultural
composition, growing environment and strain used are the determinants for
producing lactic acid and decreasing the pH. Gram-negative bacteria show greater
sensitivity to diacetyl, and the latter reacts with arginine-binding proteins, therefore
affecting the utilization of arginine and in turn inhibiting gram-negative bacterial
growth (Ammor et al., 2006). Similarly, H,O,oxidizes the sulthydryl groups of
enzymes, resulting in the denaturation of enzymes and the production of bacterial
free radicals that damage DNA (Sunil and Narayana, 2008). There are several
main factors that have contributed to the success of LAB as antimicrobial agents.
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The subsequent production of lactic acid or acetic acid during the metabolism of
glucose decreases the pH. These bacteria release certain organic acids that have
antimicrobial properties and therefore inhibit the growth of microbes during food
production (Reis et al., 2012). For example, in sauerkraut LAB are responsible for

fermentation and preservation. The different strains that are effective against food
spoilage bacteria are presented in Table 2.

Table 2 Different strains that are effective against food spoilage bacteria

LAB strain

Target microorganisms

References

Lactobacillus curvatus

Carnobacterium divergens
Enterococcus faecium, Lactococcus lactis

Food borne pathogens: Escherichia coli
O157:H7
L. monocytogenes
Listeria innocua

(Brillet et al., 2005)
(Yang et al., 2012)

Lactic acid bacteria produce certain bactericidal peptides during their growth,
known as bacteriocins, which have antimicrobial effects on many foodborne
microbes (Listeria monocytogens) and spoilage microbes (Staphylococcus aureus)
(Ricke, 2015). Bacteriocins are different from antibiotics in many ways. The major
difference lies in the spectrum of action; bacteriocins are specific and work against
microbes that closely resemble the producing species, whereas antibiotics have
broad-spectrum activity. Antibiotics are secondary metabolites that are not used by
producing species directly; however, bacteriocins are polypeptides that work in
favor of the producing microbe (Ricke, 2015). Class-I bacteriocins are also known
as antibiotics due to the presence of dehydroalanine, methyllanthionine,
lanthionine, and 2-aminoisobutyric acid. These polypeptides work against target

Table 3 Classification of bacteriocins produced by LAB

microbes due to their antimicrobial properties. Nisin is a major class that represents
this class (Rodriguez et al., 2003). Like active peptides, class 2 bacteriocins are
called nonlantibiotics because they do not contain lanthionine amino acids in their
membrane. These compounds are relatively heat stable and small in size (<10
kDa). Lactacin F and lactacin G are the main bacteriocins in this category.
Compared with other bacteriocins, class 3 bacteriocins are heat labile and generally
larger (>30 kDa). Enterolysin bacteriocin belongs to this class, and further
exploration within this category is ongoing (Dimitrov Todorov and Dicks, 2005;
Ross et al., 2002). The different classifications of bacteriocins produced by LAB
are presented in Table 3.

Classification Bacteriocin Bacteriocin producing strain References

Class 1 Nisin Lactococcus lactis

Class 2 Lactacin F L. johnsonii spp. (Daw and Falkiner, 1996; Ross et al.,
Lactoccin G L. lactis spp. 2002; Todorov and Dicks, 2004)
Helveticin I Lactobacillus helveticus

Class 3

Enterolysin

Enterococcus faecium

Lactic acid bacteria as probiotics

According to the Food and Agriculture Organization and World Health
Organization, probiotics are live microorganisms that, when administered in
adequate amounts, confer health benefits to the host (Bajagai et al, 2016).
Probiotics have been extensively used during animal food production to enhance
overall health and the immune system. Different species, including Enterococcus,
Lactobacillus, Propionibacterium, Bacillus, and Bifidobacterium, are widely used
as probiotic species (Buntyn et al., 2016). Lactobacilli, Streptococci, Enterococci
and Lactococci are lactic acid-producing bacteria that have been utilized as direct-
fed microbes or probiotics (Bajagai et al., 2016).

There are many factors that contribute to the success of these strains as probiotics.
These cells can produce enzymes and organic acids that have antimicrobial
properties (Saarela et al., 2002). They are stable in bile and other gastric juices,
and they have antagonistic effects on specific microbes. Additionally, they have
not shown any interference with the host body (Saarela et al., 2002).1t has been
reported that when Lactobacillus spp. are utilized as probiotics, there is a decrease
in Campylobacter spp.in raw poultry products (Mignacca et al., 2017).

The most commonly used probiotics are Lactobacillus spp.(Bajagai et al., 2016;
Buntyn et al., 2016),and the use of nisin as a bacteriocin can be replaced by the
use of L. casei to reduce Mycobacterium avium ssp. Paratuberculosis. These
probiotics from naturally occurring bacteria have several advantages, such as being
potentially more competent against ecologically similar taxa, and they have high
chances for approval from regulatory agencies to be utilized during food and
animal production (Seal et al., 2013). Various other nontoxic anaerobic bacteria
produced from indigenous species, mainly gram-positive, spore-forming
Clostridium spp., have been reported to aid in fostering anti-inflammatory immune
responses, especially inside the gut of mammals, since T-regulatory cells are
activated. Notably, these bacterial strains constitute a large proportion of the
intestinal microflora of many monogastric animals (Atarashi ef al., 2011). As a
result, several species of Clostridium live in the gastrointestinal tract, which is
pathogenic; however, these can be used as probiotics (Cartman, 2011). The
identification and isolation of potential probiotics from unrestricted species might
be valuable for their use in commercial food and animal production due to their
history of minimal discovery (Dec et al., 2014). Research on the isolation of novel
probiotic bacteria from the feces of Canadian geese (Branta canadensis) is
ongoing, and these bacteria could be consumed as probiotics in poultry.
Consequently, many anaerobic and aerobic, gram-positive and gram-negative
bacteria, which are thought to possess probiotic properties, have been isolated
(Volokhov et al., 2012). As a result of several types of research, many other
microbes have been identified to have potential probiotic properties, and now
interest has shifted to Clostridia to be used as probiotics. Probiotics helps to
improve gut health and have already been available on the market (Kumar et al.,
2024).A study demonstrated that bacteriophage CPQl effectively controlled

Clostridium perfringens in chicken meat and milk thus used as a potential method
to prevent foodborne diseases (Mohammadi et al., 2022).

The lactic acid bacteria used in food preservation are considered natural and are
more preferred than chemical antimicrobials because they are linked with
fermented products as probiotics (Das and Goyal, 2012). There are products
containing yeast, bacteria and fungi that are already commercialized worldwide.
LAB probiotic strains have contributed significantly to interactions in the human
intestine (Das and Goyal, 2012). The addition of bacteriocins to fermented
sausages used to make cheese has resulted in overall improvements in food quality
and food safety. Natural microbial antioxidants are experiencing significant future
demand due to their inherent safety and cost-effectiveness compared to synthetic
alternatives.

Nisin

Nisin, a polycyclic peptide that is a member of the lantibiotic class of bacteriocins,
is produced by Lactococcus lactis. This bacteriocin is routinely used by
manufacturers because of its antimicrobial properties (Rodriguez et al., 2003). It
also exhibits broad-spectrum activity and is active against food spoilage
microorganisms, including L. monocytogenes and S. aureus (Egan et al., 2016).
Nisin was first discovered when it caused a problem for cheese making and
hindered the activity of starter culture. Since 1988, it has been marketed in America
as a food preservative and is regarded as safe for consumption. Nisin has been
reported to have the potential to work against Clostridium infections in humans
because it inhibits spore germination (Le Lay et al, 2016).The underlying
mechanism of nisin is that it binds to the cell membrane of the targeted cell. It
passes through the cell wall and reaches lipid-1I, which is a membrane-attached
cell wall precursor important for the synthesis of the cell wall. Nisin does one thing
from the following after reaching the cell wall. Either it attaches to lipid II and
hampers the peptidoglycan network or binds to a carbohydrate-pyrophosphate
moiety of lipid II in an N-terminal pattern so that a pore can be formed, as
illustrated in Figure 2.
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This results in decreasing membrane potential because the increased permeability
of the cell membrane results in leakage of ions, amino acids and nucleotides from
cells. This eventually results in cell death, as damaged cells can produce energy
(Egan et al., 2016; Pol et al., 2000; Rodriguez et al., 2003). Bacteriocins have
been widely used for food preservation, especially in dairy, egg meat and vegetable
products. Nisin is the only bacteriocin that is regarded as safe for utilization and is
effective against many spoilage and food poisoning microbes (Deegan et al.,
2006). Bacteriocins have been combined with other techniques so that it becomes
easy to dissolve the membrane of pathogenic microbes (Daw and Falkiner, 1996).
Another application of bacteriocins is in packaging, referred to as bioactive
packaging. This may be achieved by incorporating bacteriocins in sachets and
placing these sachets in packed products. This would ensure the activity of
antimicrobial peptides (Ross et al., 2002).

Natamycin

Antibiotics are secondary bioactive metabolites produced naturally by
microorganisms that stop growth and kill a wide range of other competing
microbes. Unfortunately, numerous of these competing microbes develop
resistance against these metabolites (Clardy and Walsh, 2004). Additionally,
antibiotics act indiscriminately against pathogenic bacteria as well as good bacteria
in food, which in turn highlights the importance of the development of alternative
antibacterial agents with selective targets so that potentially beneficial microbes
can be saved (Clardy and Walsh, 2004). The use of antibiotics has gained global
interest due to their resistance to bacterial pathogens that put human and animal
health in danger. These issues were first discussed at the “Alternatives To
Antibiotics” (ATA) conference at the World Organization for Animal Health (OIE)
in Paris in September 2012 (Seal et al., 2013). Antibiotics may serve as
antibacterial or antifungal agents. Antifungal antibiotics, as the name suggests,
work against fungal infection. There are many techniques employed to hinder the
fungal growth of raw agricultural produce and finished food products. These
methods include the application of fungicides, disinfectants and advanced
packaging techniques for raw produce (Rojas-Graii et al., 2009). For processed
food products, many procedures are followed, including Hazard analysis and
critical control points (HACCP), Good Hygiene Practices, the use of hurdle
technology and other thermal techniques (Dijksterhuis ez al., 2013). Moreover,
the use of preservatives is quite common (Silva and Lidon, 2016). However,
natural preservatives are preferred over chemical or synthetic preservatives
because of their origin and effects. The structure of natamycin is presented in
Figure 3.

Table 4 Permitted level of natamycin in different food products

Natamycin

Figure 3 Structure of natamycin (Image is produced by PubChem)

Natamycin is the only antifungal compound that has a natural microbial origin and
is permitted to be used in the food industry as a preservative. Surprisingly,
competing microbes are unable to develop resistance to natamycin, which has
broad-spectrum activity (TeWelscher et al, 2008). The E number given to
natamycin by the European Union and the European Free Trade Association is
E235. The natamycin-producing microbe is Streptomyces nataliensis (Shen et al.,
2024). Surface treatment using natamycin on cheese and uncured meats has been
approved in many countries. Natamycin is different from other food preservatives
because it remains on the surface of food products (dairy products, meat and
others) without penetrating them (Davidson and Doan, 2020). An evident
reduction in the Saccharomyces cerevisiae population occurred when liquid cheese
whey was treated with natamycin at a concentration of 12.5 ™ It has been found
to be effective against Aspergillus flavus in fresh-packed and seasoned table olives
(Davidson and Doan, 2020). In addition, natamycin is also used in packaging
films in addition to nisin for the inhibition of Penicillium expansum, Listeria
ivanovi, Fusarium culmorum and Lactobacillus helveticus when applied to ripened
cheese surfaces. It serves as a biocontrol agent for fungal pathogens on plant
produce without causing any harm to nontarget organisms. In combination with
oxygen, natamycin has been reported to improve button mushroom excellence and
improve shelf life (Davidson and Doan, 2020). There are different levels or doses
of natamycin used and permitted for different food products. There are many
different ways in which natamycin has been utilized for food products. These
include direct addition, spraying onto the product surface, immersion in the liquid
and coating emulsions (Stark, 2003). The permitted levels of natamycin in
different food products are presented in Table 4.

Products Natamycin permitted level (mg/kg) References

Cheese 1250-2000 (Sreeramya, et al., 20221)
Meat products 1250-2000 (Delves-Broughton and Weber, 2011)
Bakery products 1250-2000 (Debonne, 2020)

Yogurt 5-10 (Sara et al., 2014)

Fruit juices 2.5-10 (Siricururatana et al., 2013)
Tomato paste 7.0-7.5 (Sreeramya, et al., 20221)

TeWelscher et al., (2008) conducted a study that demonstrated the mechanism
behind the action of natamycin. This antibiotic works by binding to the ergosterol
present in yeast cells. Ergosterol is a sterol present in yeast and protozoal cell
membranes that maintains the integrity of the cell. Thus, interference with the state
of the cell membrane obstructs growth and reproduction in target cells.This study
demonstrated that yeast is killed by natamycin via specific irreversible binding to
ergosterol without permeating the plasma membrane. As a result of this
mechanism, natamycin is different from all other polyene antibiotics examined
thus far. Ergosterol binds with an evident affinity of approximately 10 pM,
specifically to ergosterol,at a stoichiometry of approximately 1:1 or 1:2,as
determined by whether sterol is present to interact with both the outer or both
leaflets’ membranes. Recently, natamycin was shown to block yeast and fungal
cell growth by instantaneously stopping the active transport of amino acids and
glucose through the plasma membrane, which is reversible hindrance of membrane
transport proteins (Davidson and Doan, 2020). Polyene antibiotics cause
membrane permeability and oxidative damage to the membrane structure. In yeast
cells, natamycin interacts with the crucial functions of ergosterol. It is evident that
sterols are present in sterol-rich domains in membranes and perform functions such
as endocytosis, exocytosis and vascular fusion (Takeda and Chang, 2005;
Wachtler and Balasubramanian, 2006). Therefore, after binding to ergosterol,
natamycin inhibits these activities. Natamycin has been shown to have

antimicrobial effects on almost all molds and yeast. It is widely used in different
processing sectors, including juices, meat, dairy and bakery.

Reuterin

Reuterin is an antimicrobial compound that is produced by Lactobacillus
reuteribacteria during the anaerobic breakdown of glycerol (Greifova et al., 2017).
This compound offers a wide range of antimicrobial activities and inhibits gram-
negative bacteria (Cleusix et al, 2007). Moreover, its activity has expanded to
include gram-positive bacteria, molds, yeasts, bacterial spores and protozoa.
Reuterin is a water-soluble mixture of monomeric, hydrated and cyclic dimers in
the form of 3-hydroxypropionaldehyde (Figure 4).

HOMO

Figure 4 Structure of Reuterin (Image is produced by PubChem)
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These compounds are synthesized by coenzyme B12-dependent or glycerol
dehydratase-mediated ~ reactions (Chen and  Chen, 2013). 3-
hydroxypropionaldehyde (3-HPA) is spontaneously converted into acrolein (a
cytotoxic electrophile), on which its antimicrobial activity relies (Engels et al.,
2016). These microbial compounds were effectively proven to be proteolytic and
lipolytic enzymes. This property favors reuterin, which can be utilized to preserve
different meat products (Mishra ef al., 2012). Reutrin can decrease the number of
E. coli and L. monocytogenes in milk and cottage cheese under cold conditions at
7 °C. At different concentrations, it has different effects. A study reported that at a
lower concentration (1.38 mM), reuterin had a fungistatic effect, and at a
concentration of 6.9 mM, a fungicidal effect was observed in yogurt. Nisin
bacteriocin has advantages over nisin bacteriocin due to its poor binding properties,
uneven distribution on the surface of the meat and its products, and poor solubility
(Gharsallaoui et al., 2016).

Reuterin is linked to DNA synthesis,but this has not been fully elucidated because
of the complexity of HPA-system chemistry (Vollenweider and Lacroix, 2004).
These compounds have the potential to stop the activity of ribonucleotide
reductase, which catalyzes the initial step of DNA synthesis by competing with
ribonucleotides for binding sites for HPA dimers. It has been assumed that reuterin
may stop the activity of an enzyme (ribonucleotide reductase) that catalyzes the
first step in DNA synthesis by competing (HPAdimer) with ribonucleotides for
binding sites (Dobrogosz, 1989). The broad-spectrum activity could be explained
by the mechanism behind the inhibition of the conversion of ribonucleotides to
deoxyribonucleotides (Dobrogosz, 1989). It has been proposed by scientists that
the activity of reuterin can be increased by the addition of lactic acid to meat even
under low-temperature (78°C) and short-term (15 s) treatments against L.
monocytogenes and E. coli O157:H7 (El-Ziney and Debevere, 1998).
Furthermore, the undesirable changes at the meat surface could be overcome by
using lower concentrations of lactic acid and reuterin. In summary, this
antimicrobial compound can be used as both an antibacterial and antifungal
preservative (Cleusix et al., 2007).

Antimicrobial compounds from marine microbes, especially for the
preservative of cosmetics

Microbes are known to attack cosmetic products, and to avoid microbial
contamination, preservatives are added, which also help to retard microbial
contamination (Corinaldesi et al., 2017). For the protection of food and cosmetic
products, parabens, such as 4-hydroxybenzoate alkyl esters, have been widely
employed. These esters were isolated from the marine bacterial strain A4B-17, a
strain that belongs to the genus Microbulbifer, which is potentially effective
against yeasts, molds and bacteria (Peng et al, 2006). Particularly for
cosmeceuticals and cosmetic products, chitosan is an extensively used
antimicrobial compound. Chitosan is a basic polysaccharide mainly made from
partial deacetylation of chitin (Younes and Rinaudo, 2015). Chitin is an
abundantly found natural polysaccharide that is part of the exoskeleton of fungi
and many marine arthropods (Tharanathan and Kittur, 2003). Chitosan is
considered to have excessive antimicrobial and wide-spectrum activity against
bacteria, viruses and fungi (Friedman and Juneja, 2010). Favorably, chitosan has
lower toxicity in humans.

The possible nature of the action of these antimicrobial compounds derived from
marine microbes has been proposed since the actual mechanism has not yet been
fully recognized (Nadarajah et al., 2001). Depending on the molecular weight of
chitosan, two methods are being proposed. Low-molecular-weight chitosan is
thought to integrate with DNA-inhibiting transcription after entering the bacterial
cell wall (Friedman and Juneja, 2010; Ruocco et al., 2016), and high-molecular-
weight chitosan is believed to change the permeability of cells, hindering the
transport of essential solutes into the cell by interacting with the cell surface (Eaton
et al., 2008). Chitosan can act against fungi by either directly interfering with the
growth of fungal cells or activating defense processes. Fungi, particularly
Zygomycetes, Chytridiomycetes, Ascomycetes and Basidiomycetes, are the richest
sources of chitin and chitosan (Ghormade et al., 2017), and chitin contributes 22%
to 44% of the fungal cell wall, and the amount depends on the life stage,
morphology and taxa (Abdel-Mohsen et al., 2016). Fungal chitin and chitosan lack
protein, which is expected to cause allergic reactions (Friedman and Juneja,
2010). Interestingly, advancements in fermentation technology have suggested that
cultivation of certain fungi is easier, less time consuming and less expensive than
cultivation of other fungal sources (Corinaldesi ef al, 2017). Carotenoids,
particularly astaxanthin, are also known to have antimicrobial properties (Vilchez
etal., 2011). It prevents swelling under the eyes, wrinkles and acne (Ambati et al.,
2014).

CONCLUSION

Effective preservation methods are crucial to minimize food loss throughout the
entire supply chain. This necessitates explorethe naturally occurring antimicrobial
compounds from microbial origin. Recently, bacteriophages are gaining
attractionfor various purposes. Lactic acid bacteria (LAB) are used as antimicrobial
agents due to their probiotic and production of antimicrobial compounds. The
presence of bacteriocins produced by LAB has demonstrably enhanced safety and

quality in cheese production. Additionally, natamycin which is considered as a
Generally Recognized as Safe (GRAS) category compound has antifungal activity
and can be used in medical therapies. Similarly, reuterin exhibits antimicrobial
activity against both bacteria and fungi, thus increase the shelf life of various
products including meat, yogurt, and cheese. However, future researches should
beprioritizing safety and address technical challenges associated with
antimicrobial agents, also consider their cost-effectiveness and safety for human
consumption. Furthermore, to maximize efficacy, synergistic combinations of
these agents should be explored. Microorganisms are underutilized reservoirs of
potential biomolecules with diverse properties including antibacterial. The
emergence of novel human-resistant infections and the associated rise of
multidrug-resistant strains have elevated antimicrobial resistance to a critical
public health concern. Wide varieties of novel antimicrobial agents are urgently
needed to improve treatment for infectious illnesses and for industrial applications.
Investigating microbial species presents a promising avenue for discovering novel
antimicrobials with potentially superior mechanisms of action compared to
existing ones.
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