GENERAL ARTICLE

Bacteriocins from Lactic Acid Bacteria∗
A Natural Strategy for Inhibiting Unwanted Bacteria
Joyleen Fernandes, Rohit Kumbhar and Ram Kulkarni

Lactic acid bacteria (LAB) naturally inhibit the growth of
other closely related bacteria by producing antimicrobial peptides called ‘bacteriocins’. Bacteriocins are heat stable, foodsafe, and potently inhibit numerous food spoilage as well as
pathogenic bacteria. Most importantly, bacteriocins are rapidly
degraded by gastric enzymes, and there are no reports on
the development of antimicrobial resistance to them by the
pathogenic bacteria. These features have attracted the attention of researchers to study bacteriocins for their fundamental properties and possible applications as next-generation
antimicrobial agents.

1. Introduction
The discovery of antibiotics by Alexander Fleming in 1928 was
a milestone in the field of treatment of diseases caused by bacterial pathogens. Antibiotics function by either killing bacteria or
inhibiting their growth. Although antibiotics have revolutionized
medicine, their overuse has resulted in the emergence of antibiotic
resistance, a major detriment to the control of bacterial infections
worldwide. This has necessitated the need for newer alternatives
to conventional antibiotics. Antimicrobial peptides called bacteriocins produced by lactic acid bacteria (LAB) are not only considered to be promising candidates for antimicrobial therapy but
also have applications in other fields such as food preservation.
Lactic acid bacteria (LAB) are a group of non-sporulating and
facultatively anaerobic Gram-positive bacteria, which produce lac-
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One of the many ways in
which LAB benefits host
health is by the
production of
bacteriocins. These
chemicals inhibit the
growth of pathogenic
Gram-positive bacteria
such as Listeria
monocytogenes and
Staphylococcus aureus,
in the gut. LAB
bacteriocins activity has
also been detected
against Gram-negative
bacteria such as E. coli,
Pseudomonas, and
Salmonella.

tic acid as the major end product of their metabolism. These bacteria are found in diverse habitats, including naturally fermented
foods, in association with healthy humans, other animals, insects,
as well as, plants. By virtue of their biochemical properties, LAB
impart desired textures and flavors to fermented dairy products.
Additionally, LAB are used industrially for the production of biochemicals such as lactic acid which is used as a raw material for
making polylactic acid, a biodegradable polymer. All these reasons make LAB one of the highly researched groups of bacteria.
The most intensively scrutinized LAB belong to the genera Lactococcus, Lactobacillus, Streptococcus, Enterococcus, Pediococcus, and Leuconostoc. The genus Lactobacillus has been recently
reclassified into 25 genera based on similarities among the members [1].
Many LAB act as probiotics, which are defined as “live microorganisms that, when administered in adequate amounts, confer a
health benefit to the host”. One of the many ways in which
LAB benefits host health is by the production of bacteriocins.
These chemicals inhibit the growth of pathogenic Gram-positive
bacteria such as Listeria monocytogenes and Staphylococcus aureus, in the gut. LAB bacteriocins activity has also been detected
against Gram-negative bacteria such as E. coli, Pseudomonas,
and Salmonella in the presence of other stressors such as low pH
or osmotic shock. Other metabolites produced by LAB, such as
lactic acid, acetic acid, and hydrogen peroxide, also contribute to
their antimicrobial properties. While such chemicals have very
broad antimicrobial activities, bacteriocins mostly work specifically against closely related bacteria. Not only LAB but other
bacteria such as E. coli, also produce bacteriocins. Nonetheless,
LAB are ‘generally recognized as safe’ (GRAS) and are already
present in fermented foods. Thus, the bacteriocins produced by
them act as natural preservatives and are also considered safe for
human consumption.
Biochemically, bacteriocins are ribosomally synthesized 30–60
amino acid long peptides. This means that the genomes of these
LAB have bacteriocin-encoding genes similar to those for any
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other protein. This is in contrast to conventional antibiotics, which
are biosynthesized by pathways comprising an array of enzymes
[2]. Bacteriocins can generally tolerate a wide range of temperatures without undergoing degradation. They also retain their antimicrobial activities under a broad range of pH. Bacteriocins are
odorless, tasteless, and colorless, making them highly suitable for
food-related applications. Also, bacteriocins produced by LAB
are not cytotoxic to eukaryotic cells making them safe to be consumed. Since bacteriocins are readily degraded via the action of
the gastric proteolytic enzymes, it minimizes the probability of
any microbe developing resistance to its exposure.
An interesting question is how do bacteriocins produced by LAB
inhibit only other bacteria and not inhibit their own growth? The
answer lies in an elegant molecular mechanism of immunity to
the self-produced bacteriocins in these bacteria. In this system, a
lipoprotein produced by the LAB binds to the bacteriocin molecule
outside the cells. This induces reversible self-clustering of the
cells, reducing the exposure of the individual cells to bacteriocins. Furthermore, a few membrane proteins function to pump
out the bacteriocin molecules from the cells. Another way by
which LAB avoid self-toxicity to the bacteriocins is by synthesizing these peptides in the form of an inactive precursor. Only
after they are exported across the cell membrane, are they cleaved
by hydrolytic enzymes and converted to their active form.

2. Classification of Bacteriocins
Bacteriocins numbering in the hundreds have been reported to be
produced by LAB. To easily distinguish them from each other,
they have been classified into two main classes, I and II, based
on their molecular weight, primary structures, post-translational
modifications, and genetic characteristics. Both the classes (I and
II) of bacteriocins function as antimicrobial agents at nanomolar
concentrations.
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2.1 Class I: Lantibiotics

Nisin was the first
lantibiotic that was
widely used in the dairy
industry as a safe
preservative.

The name lantibiotics is derived from two words, lanthionine (an
unusual amino acid present in these bacteriocins) and antibiotics
(indicating their antimicrobial effect). Additionally, lantibiotics
also have other modified amino acids such as methyllanthionine,
dehydrobutyrine, and dehydroalanine, and intramolecular ring structures. Such modifications are made after translational synthesis
of the peptides and are hence called post-translational modifications. Lantibiotics can have one or two peptides. Nisin was the
first lantibiotic that was widely used in the dairy industry as a safe
preservative. Based on their mode of action and structural variations, lantibiotics are further divided into two major groups, type
A and type B (Figure 1). Type A lantibiotics contain cationic and
hydrophobic peptides and function by forming pores inside the
cytoplasmic membrane of the bacteria. Nisin, Pep5, and epidermin are some of the examples of type A lantibiotics. Mersacidin
is a type B lantibiotic that inhibits peptidoglycan synthesis.

2.2 Class II: Non-lanthionine Containing Bacteriocins
Class II bacteriocins do not contain lanthionine or any other modifications, due to which they are also called non-lanthionine containing peptides. They are divided into four subclasses, viz., IIa,
IIb, IIc, and IId (Figure 1). Class IIa bacteriocins are also called
Listeria active peptides because of their strong antibacterial activity against L. monocytogenes which is known to cause food
poisoning. Pediocin is an example of class IIa bacteriocin. Class
IIb bacteriocins are called two-component bacteriocins because
they contain two peptides, both of which are required for antibacterial activity. Plantaricin A, lactococcin, and enterocin are this
class of bacteriocins.
In class IIc, both ends of the peptides are covalently linked to
each other, giving rise to a cyclic and extremely stable structure
as seen in lactocyclicin Q. Class IId represents miscellaneous bacteriocins, which have a single linear peptide and are not pediocinlike such as lacticin Q.
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Figure 1. Structures of representative classes of bacteriocins.

3. Biosynthesis of Bacteriocins
Bacteriocins are ribosomally synthesized in their inactive prepeptide form with an additional stretch of amino acid residues present
on the N-terminus of the peptide, known as a signal sequence. After translation, the prepeptide undergoes posttranslational modifications, which includes the generation of modified amino acid
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Bacteriocins are
ribosomally synthesized
in their inactive
prepeptide form.
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Figure 2.

A schematic
representation of bacteriocin
biosynthesis. Only some of
the important genes and processes have been shown.

Several bacteriocins
from LAB have been
analyzed for their
potential application in
inhibiting unwanted
bacteria in foods as well
as human and animal
pathogens.
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residues within the prepeptide. This is followed by translocation
of the prepeptide across the cytoplasmic membrane to outside the
cell. A proteolytic enzyme then cleaves the prepeptide to remove
the N-terminal signal peptide. The N-terminal signal sequence
plays three important roles. First, the signal sequence, also called
a transit peptide acts as an actual signal indicating that such peptides are to be secreted to the exterior of the cells. Second, since
the prepeptide form is inactive, it ensures that the bacteriocins
are activated only after they are secreted. Finally, by interacting
with the C-terminal region, which is a to-be-bacteriocin, the signal sequence gives a specific conformation to the prepeptide. This
specific structure is required for the recognition of the prepeptide
by the enzymes involved in the generation of modified amino acid
residues. All the genes involved in the generation of active bacteriocins such as those encoding the bacteriocin prepeptide, the
modification enzyme, their transport machinery, the protease required for the removal of the signal peptide, immunity, and regulation, etc., are organized in a single gene cluster (Figure 2).

4. Applications
Several bacteriocins from LAB have been analyzed for their potential application in inhibiting unwanted bacteria in foods as well
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as human and animal pathogens. However, only two bacteriocins,
nisin A and pediocin PA1 have been commercially approved as
food preservatives and are widely used in the food industry. Similarly, many bacteriocins have therapeutic applications in treating
pathogenic diseases but are currently in clinical use only in animals. Some of the key applications for which bacteriocins have
been examined are discussed below [3].

4.1 Biopreservation of Foods
Because of their antimicrobial activity, bacteriocins have obvious application in preventing the growth of spoilage-causing and
pathogenic bacteria in foods [4, 5]. The various ways in which
bacteriocins could be used in food preservation are as follows:
• Bacteriocins could be purified from the cultivated LAB producers and incorporated into food products. Such use of bacteriocins
is also called ex-situ application since the production and application sites are different.
• Since LAB are food-grade bacteria, the bacteriocin producing
LAB alone or in combination with any other desired LAB can be
directly used for making the fermented food products. Indeed,
such natural production of bacteriocins in fermented foods such
as yogurt or cheese, also known as in situ production, prevents
the growth of other bacteria.

Since LAB are
food-grade bacteria, the
bacteriocin producing
LAB alone or in
combination with any
other desired LAB can
be directly used for
making the fermented
food products.

• The purified bacteriocins could be used in the form of a coating
onto food packaging films to reduce the growth of pathogenic
and spoilage-causing bacteria in food packaged in such films.
• A combination of the above approaches, such as, bacteriocin incorporation into the food as well as onto the food packaging films
have also been studied and found effective.

Some of the pathogenic and spoilage-causing bacteria that grow
in food and against which bacteriocins are used or have been examined are discussed below.
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Many bacteriocins have
been tested and found to
have antimicrobial
activity against L.
monocytogenes.
Specifically, class IIa
bacteriocins such as
pediocin PA1 are highly
effective and are
commercially used to
prevent the growth of L.
monocytogenes in
foodstuff.

Listeria monocytogenes is one of the most common pathogenic
bacteria found in refrigerated foods. Its ability to grow at 0o C
and cause serious infection to humans called listeriosis has raised
major food safety concerns. Many bacteriocins have been tested
and found to have antimicrobial activity against L. monocytogenes. Specifically, class IIa bacteriocins such as pediocin PA1
are highly effective and are commercially used to prevent the
growth of L. monocytogenes in foodstuff.
A few species of Clostridium, especially C. tyrobutyricum are
known to produce a defect in cheese known as late cheese blowing. Here, the production of butyric acid gas by these bacteria
produces texture and flavor defects in cheese, leading to economic
losses. Nisin finds extensive application in preventing the growth
of clostridia in cheese and that of L. monocytogenes in meat products. Staphylococcus aureus is an opportunistic pathogen that can
cause respiratory tract infections in humans. Studies have shown
that nisin can be effective in preventing S. aureus growth in foods
such as cheese.
Alicyclobacillus acidoterrestris is a bacterium that grows in fruit
juices and causes spoilage in the form of development of offflavors. Other pathogenic bacteria such as S. aureus, L. monocytogenes, E. coli O157:H7, and Salmonella have also been found to
grow in fruit juices. Although pasteurization can eliminate some
of the bacteria from juices, a few of them such as A. acidoterrestris can contaminate pasteurized juices as well. Furthermore,
pasteurization also leads to changes in the volatile compounds
which are the key determinants of juice flavor. LAB bacteriocins
offer an excellent solution to these problems. Nisin and pediocin
have been found to be very effective in controlling such bacteria in
juices. Additionally, enterocins which are bacteriocins produced
by Enterococcus species have also been examined and found to
inhibit the growth of such bacteria.
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4.2 Inhibition of Pathogens
Helicobacter pylori is a pathogenic Gram-negative bacterium that
causes gastroduodenal ulceration and gastric cancer. Studies have
found that LAB bacteriocins have excellent antimicrobial activity
against H. pylori. Attachment of H. pylori cells to the gastric epithelium followed by invasion, are the preliminary processes responsible for chronic infection. Therefore, in addition to in vitro
experiments, assays to test anti-H. pylori activity of LAB bacteriocins have been conducted when the bacteria are attached to
the epithelial cells. Furthermore, the administration of bacteriocin producing LAB has also been found to prevent Helicobacter
infection in mice.
Bacterial pathogens resistant to numerous conventional antibiotics have emerged in recent years, probably because of their
overuse. Some of the typical examples are vancomycin-resistant
Enterococci, Shiga toxin-producing E. coli (STEC), enterotoxigenic E. coli (ETEC), methicillin-resistant Staphylococcus aureus (MRSA) as well as some pathogenic species of Streptococcus and Neisseria genera. Some of the bacteriocins from LAB
such as Lactococcus lactis, Pediococcus acidilactici, and Streptococcus mutans have been found effective in inhibiting such multiresistant pathogens in vitro, and in animal models of infection.

The administration of
bacteriocin producing
LAB has been found to
prevent Helicobacter
infection in mice.

Bacterial vaginosis (BV) is a condition wherein the normal flora
of the vagina usually dominated by lactobacilli becomes rich in
pathogenic anaerobic bacteria such as Gardnerella vaginalis, Prevotella spp., Atopobium vaginalis, Mobiluncus spp., and Mycoplasma
hominis. BV also increases the risk of acquisition of sexually
transmitted diseases. The bacteriocins produced by some LAB
such as L. acidophilus, L. pentosus, L. jensenii, L. salivarius,
and L. fermentum were found to possess antibacterial activity
against BV associated pathogenic bacteria such as G. vaginalis,
other vaginal fungal pathogens such as Candida albicans, and the
pathogens associated with sexually transmitted diseases, such as
Neisseria gonorrhoeae. Interestingly, several such bacteriocins
producing LAB are also native vaginal residents.
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A wide variety of Gram-positive bacteria such as Streptococcus
mutans and other species are involved in the formation of plaques
as well as the generation of malodor in the oral cavity. Bacteriocins produced by LAB such as L. salivarius have been found to
have excellent activities against such oral pathogens and against
S. pyogenes and S. pneumoniae. Furthermore, nisin has also been
found effective in inhibiting biofilm formation by S. mutans.

4.3 Poultry and Dairy Animals

Nisin and other class II
bacteriocins have been
tested as alternatives to
antibiotics used in
poultry farms. These
bacteriocins were found
to be effective in
reducing Campylobacter
jejuni which causes food
poisoning. They also
improve the bodyweight
of chickens.

Antibiotics are routinely used for the prevention and treatment of
bacterial diseases, and improving the bodyweight gain in poultry. Nisin and other class II bacteriocins have been tested as
alternatives to antibiotics used in poultry farms [6]. These bacteriocins were found to be effective in reducing Campylobacter
jejuni which causes food poisoning. They also improve the bodyweight of chickens. Bacteriocins from certain LAB species are
also effective against E. coli that causes opportunistic infections
in chickens. Salmonella is another pathogenic bacterium that
originates from poultry, meat, and dairy products and causes food
poisoning in humans. Bacteriocins such as nisin and sakacin have
been found to have inhibitory activity against Salmonella. Mastitis is an important disease caused by certain Staphylococcus and
Streptococcus species that has a major impact on the dairy industry. The disease leads to the inflammation of the udders in dairy
cattle, and nisin has been successfully used to treat this condition.

4.4 Other Applications
Some studies have found
that bacteriocins can
inhibit the growth of
cancerous cell lines.
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Some studies have found that bacteriocins can inhibit the growth
of cancerous cell lines. The specificity of such bacteriocins towards cancer cells could be because of the higher affinity of cationic
bacteriocins towards more negatively charged cancerous cells in
comparison to normal cells [7, 8]. Some studies have shown that
certain bacteriocins such as nisin, lactacin, and fermenticin also
have spermicidal activity at higher concentrations. Thus, the potential application of bacteriocins as spermicidal agents is also
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being explored [9].

5. Conclusion
Bacteriocin biology has broadened our perspective on the ways of
combatting pathogenic and spoilage-causing bacteria. Although
several bacteriocins have been discovered and studied for their effectiveness in the past few years, only a handful of them are employed commercially. A deeper understanding of their mode of
action, the spectrum of the target bacteria which can be inhibited
by them, and safety for human use are required in order to fully
comprehend the extent of the applications of bacteriocins. The
techniques such as next-generation sequencing to identify novel
bacteriocin biosynthesis gene-clusters and metabolic engineering,
along with optimizing the fermentation parameters are proving to
be highly effective in the production of these immensely useful
molecules for mankind.

6. Acknowledgement
The academic activities related to antimicrobial resistance at the
host institute are supported through ERASMUS+grant 598515EPP-1-2018-1-IN-EPPKA2-CBHE-JP.

Suggested Reading
[1] J Zheng, et al., A taxonomic note on the genus Lactobacillus: Description of 23
novel genera, emended description of the genus Lactobacillus Beijerinck 1901,
and union of Lactobacillaceae and Leuconostocaceae, International Journal of
Systemic and Evolutionary Microbiology, Vol.70, pp.2782–2858, 2020.
[2] R H Perez, T Zendo, K Sonomoto, Novel bacteriocins from lactic acid bacteria
(LAB): Various structures and applications, Microbial Cell Factories, Vol.13,
pp.1–13, 2014.
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