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Antibiotic abuse in hospitals, animal feed, and the food industry for decades has resulted in an alarming increase in
antibiotic-resistant microbes. Antibiotic-resistant infections kill 700,000 people every year, and if the current trend
continues, 10 million deaths are anticipated by 2050. To combat these life-threatening diseases, new antimicrobials

must be discovered and developed quickly. Bacteriocins, a viable alternative to antibiotics, are ribosomally
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synthesized, bactericidal active proteins produced by certain bacteria and have the potential to substitute antibiotics
to combat multidrug-resistant pathogens. To harness the full potential of these natural antimicrobials, their limitations
such as sensitivity to proteolytic enzymes, a restricted antibacterial spectrum, a high dosage requirement, and low
yield must be overcome first. This review discusses the use of combinatorial therapy to improve and broaden the
antibacterial activity of bacteriocins while reducing the risk of resistance development, which is critical for their use
as therapeutics and food preservatives.

1. INTRODUCTION

Antibiotics gained worldwide acclaim after the discovery of penicillin in
1941, revolutionizing the treatment of bacterial infections in humans and
other animals. Antibiotics are effective against a variety of pathogens
depending on their mode of action but their overuse, and prolonged
exposure has encouraged the selection and replication of antibiotic-
resistant microbial strains in the decades thereafter [1,2]. In due course
of time, majority of infection causing microorganisms have developed
resistance to most of the antibiotics they were once susceptible to. This
is of great concern as more and more strains of microorganisms have
become antibiotic resistant, and some have developed resistant to several
different antibiotics and therapeutic agents, the phenomenon named as
multidrug resistance (MDR). According to the WHO list of antibiotic-
resistant “priority pathogens,” there are 12 families of bacteria that pose
the highest risk to human health, Acinetobacter baumannii (carbapenem-
resistant),  Pseudomonas  aeruginosa  (carbapenem-resistant),
Enterobacteriaceae (carbapenem-resistant), Enterococcus faecium
(vancomycin-resistant), Staphylococcus aureus (methicillin-resistant),
Helicobacter pylori (clarithromycin-resistant), Campylobacter spp.,
(fluoroquinolone-resistant), Salmonellae (fluoroquinolone-resistant),
Neisseria  gonorrhoeae (cephalosporin-resistant, fluoroquinolone-
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resistant) Streptococcus pneumoniae (penicillin-resistant), Haemophilus
influenzae (ampicillin-resistant), and Shigella spp., (fluoroquinolone-
resistant) [3]. In fact, virtually all major bacterial infections in the
world are becoming resistant to the antibiotics of choice. According to
the Centre for Disease Control and Prevention, antibiotic-resistant is
estimated to cause 2.8 million deaths in the United States each year [4].
About 70% of the bacteria that cause these infections are resistant to
at least one of the widely used antibiotics to treat these infections.
Alternative strategies to combat multidrug resistance are thus required
to prevent multidrug resistance from spreading further. Bacteriocins
offer an alternative to the conventional antibiotics. They possess great
potential to substitute antibiotics against multidrug-resistant pathogens
[5]. Bacteriocins are proteinaceous compounds with molecular weights
ranging from 2 to 30 kDa. These are ribosomally synthesized, bactericidal
active proteins released extracellularly by Gram-positive and Gram-
negative bacteria. Unlike antibiotics, which have a broad spectrum of
activity, bacteriocins are limited in their antibacterial action to strains of
closely related or same species. Bacteriocins do not kill the bacteria that
produce them due to unique self-immunity proteins that form a strong
complex with the receptor proteins and the bacteriocin, thereby avoiding
cell death [6]. Bacteriocins have been given the Generally Recognized
as Safe designation by the US Food and Drug Administration, implying
that they are safe for human consumption under the conditions of their
type and usage.

Nisin and pediocin PA-1 are the most well-studied bacteriocins derived
from lactic acid bacteria (LAB) that have been utilized effectively as
food preservatives. Despite having the status of Qualified Presumption
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of Safety, they have a number of limitations, including vulnerability to
proteolytic enzymes, a limited antibacterial spectrum, a high dosage
requirement, and poor yield [7,8]. Different studies have recently been
conducted to overcome these limitations of bacteriocins and to achieve
improved antibacterial spectrum, stability, and shelf life [8-11]. This
review focuses on the latest advances and developments carried out for
enhancing and broadening the antibacterial properties of bacteriocins
to combat antibiotic resistance and their high efficacy in food and
health-care applications.

2. PROPERTIES OF BACTERIOCINS

Bacteriocins are used in a variety of sectors as they are colorless,
odorless, and tasteless, and also have excellent high thermal and pH
tolerance. Because of their proteinaceous composition, proteolytic
enzymes destroy them rapidly. As a result, they do not last long in
the human body, hence, lowering the chances of antibiotic fragments
interacting with target strains [12]. Furthermore, because they are
ribosomally produced proteins, it is possible to improve their properties
to augment their activity and spectrum of action. Bacteriocins generated
by Gram-positive bacteria, particularly LAB, are of special interest due
to their widespread industrial use. LAB bacteria are Gram-positive,
facultative anaerobes that have a coccus or rod shape and are commonly
found in fermented foods and dairy products. They often produce low
molecular weight bacteriocins which are susceptible to gastrointestinal
tract proteases and undergo post-translational modifications. These
have been reported to demonstrate antimicrobial activity against
S. aureus, Bacillus cereus, Clostridium botulinum, and Listeria
monocytogenes [13,14]. Bacteriocins are favored against conventional
antibiotics as they are completely digested in the body, hence, are safe;
they are 103 to 10° times more potent, and they are resistant to thermal
treatments such as pasteurization or sterilization [15].

3. BACTERIOCIN CLASSIFICATION

Bacteriocins are classified according to their basic structures, molecular
weights, post-translational modifications, and genetic features. Based
on these properties, they are divided into three categories [12]:

3.1. Class I Bacteriocin

Class I bacteriocins, commonly known as lantibiotics, are produced
by Gram-positive bacteria such as LAB, Bacillus, Enterococcus,
Streptococcus, Micrococcus, Staphylococcus, and actinomycetes.
They are composed of 19-50 amino acids which undergo extensive
post-translational modification to produce unique amino acids such as
lanthionine, B-methyllanthionine, and dehydrobutyrine. The numerous
rings formed by these unique amino acids provide them structural
stability against high temperatures, wide pH ranges, and proteolysis.
Class I bacteriocins are further divided into three subclasses, i.e. la
(lantibiotics), Ib (labyrinthopeptins), and Ic (sanctibiotics). The most
common and studied lantibiotic are nisins (major nisin variants include
nisin A, nisin Q, and nisin Z) which are produced by LAB such as
Lactobacillus lactis and are used as a food preservative [16].

3.2. Class II Bacteriocins

Class II bacteriocins are small heat stable peptides produced by LAB.
Unlike Class I bacteriocins, Class II bacteriocins do not undergo post-
translational modification. Class II bacteriocins are divided into four
groups: Class Ila (pediocin-like peptides), Class IIb (unmodified two-
peptide peptides), Class Ilc (cyclic peptides with N and C terminals joined
by a peptide bond), and Class IId (single peptide, linear, unmodified, and

non-pediocin-like). Pediocin-like bacteriocins are the most prevalent
Class Ila bacteriocins. Bactofencin A belongs to the bacteriocin Class I1d
and possesses numerous unique characteristics. It is highly cationic
and resembles antibacterial cationic peptides found in eukaryotes [17].
Another notable feature of bactofencin A is that it has ditB homologue-
mediated immunity, which unlike specific immunity proteins, is suggested
to reduce the negative charge of the cell wall, preventing bacteriocins
from interacting with cells [18]. Acidocin B, produced by Lactobacillus
acidophilus, is an example of a Class Ila bacteriocin [13].

3.3. Class III Bacteriocin

Class III bacteriocins are large and heat-labile bacteriocins with very
limited information. The most common class III bacteriocin is colicin
produced by Escherichia coli. Other than colicin, this class incudes
helveticin M (produced by Lactobacillus crispatus), helveticin J
(produced by Lactobacillus helveticus), and enterolysin A (produced
by E. faecalis). Recently, helveticin M has been characterized and was
found to exhibit antibacterial activity against both Gram-positive and
Gram-negative bacteria by disrupting and disordering the cell wall and
outer membrane [19]. Some notable bacteriocins, their sources and
targets are given in Table 1 [7,19-30].

4. MODE OF ACTION

Both antibiotics and bacteriocins have similar mechanisms of
action, which include disrupting cell wall formation, inhibiting DNA
replication and protein synthesis, and disrupting cell membrane
integrity [Figure 1].

4.1. Disruption in Cell Wall Synthesis

One of the common modes of action of bacteriocins is disruption of cell
wall synthesis. For example: Nisin A is a bacteriocin produced by L.
lactis and exhibits strong antimicrobial activity through bacteriostatic
as well as bactericidal actions. The N-terminal domain of nisin is
reported to bind to lipid II, a membrane-bound cell wall precursor, and
blocks cell wall synthesis while the C-terminal is implicated in pore
formation in the membrane, eventually leading to cell death due to
intercellular chemical leakage. As a result, nisin A is employed in both
food and pharmaceutical industries [16].

4.2. Inhibition of DNA Gyrase

Another mode of action of bacteriocins is inhibition of DNA gyrase,
a class of topoisomerase. For example: Microcin B17 bacteriocin
produced by E. coli strains possesses antibacterial properties. It
specifically targets bacterial DNA gyrase and stabilizes gyrase-
DNA covalent complexes, causing double-strand breaks and cell
death. Microcin B17 works in a similar way as quinolone antibiotics.
However, due to its low solubility and the limits imposed by its
non-essential protein transporter-based absorption, microcin B17
is ineffective, making it relatively easy for bacteria to acquire
transport-based resistance. Limitations in developing microcin-based
antibacterial drugs can be resolved with a thorough understanding of
its production process [31].

4.3. Inhibition of Protein Synthesis

Colicins are bacteriocins that inhibit protein synthesis at various stages
by their explicit 16S rRNase activity. RNase domain of colicin E3 has
been reported to bind to the A site in the 70S ribosome, triggering the
cleavage of 16S rRNA. Bacteriocins, such as E3-E6 colicins and DF13
cloacin, demonstrate development of rRNase at 16S [20].



Table 1: Different types of bacteriocins.

Type of Bacteriocin

Ia (lantibiotics or lanthipeptides)
contain unusual amino acids such
as lanthionine

Ib (labyrinthopeptins or
head-to-tail cyclized peptides
whose N- and C- terminals are
linked by peptide bonds)

Ic (sanctibiotics or
sulfur-to-alpha-carbon containing
peptides)

Id [Linear azole (in) e-containing
peptides or LAPs: contain
combinations of heterocyclic
rings of thiazole and (methyl)
oxazole]

Ie (Glycocins i.e., containing
glycosylated residues)

If (Lasso peptides: contain an
amide bond between first amino
acid in core peptide chain and

a negatively charged residue at
position+7 to+9, thus producing a
ring like structure that embraces
C-terminal linear part of the
peptide)

Example

Nisin

Nisin A

Nisin, Lacticin 481,
Lacticin 3147
Lacticin 3147

Macedocin ST91KM

Cytolysin

Carnocyclin A,
AS-48; Garvicin ML

Subtilosin A

Thuricin CD;
Thurincin H

Streptolysin S

Microcin B17
Micrococcin P

Glycocin F

Enterocin F4-9

Microcin J25

Capistruin

Lassomycin

Isolated from

Class I (Modified; <5 kDa)

Lactobacillus lactis

Lactobacillus lactis
subsp. lactis

Lactococcus lactis

Lactobacillus lactis
subsp. lactis DPC3147

Streptococcus
gallolyticus subsp.
macedonicus STI1KM

Enterococcus faecalis
Carnobacterium

maltaromaticum
Lactococcus garvieae

Bacillus subtilis

Bacillus thuringiensis

Streptococcus pyogenes

Escherichia coli
Staphylococcus

equorum

Lactobacillus plantarum

Enterococcus faecium

Escherichia coli

Burkholderia
thailandensis

LAB
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Active against

Streptococcus suis, Staphylococcus
aureus, Actinobacillus suis, Actinobacillus
pleuropneumoniae and Haemophilus parasuis

Staphylococcus aureus, Staphylococcus
intermedius, Streptococcus agalactiae,
Streptococcus dysgalactiae, Enterococcus
faecalis and Escherichia coli

Listeria monocytogenes

Streptococcus dysgalactiae M, Staphylococcus
aureus 10 and Streptococcus uberis

Streptococcus agalactiae, Streptococcus
dysgalactiae, Streptococcus uberis,
Staphylococcus aureus and Staphylococcus
epidermidis

Mammalian cells and Gram-positive bacteria

Leuconostoc, Lactobacillus, Pediococcus,
Lactococcus, Enterococcus, Carnobacterium,
Listeria

Lactobacillus, Pediococcus, Lactococcus,
Streptococcus, Enterococcus, Listeria,
Clostridium

Enterococcus. faecalis, L. monocytogenes,
P. gingivalis, K. rhizophila, Enterobacter
aerogenes, Streptococcus pyogenes and
Shigella sonnei

Clostridium difficile

Staphylococcus aureus protoplasts
Streptococcus faecalis protoplasts
Bacillus megaterium protoplasts
Escherichia coli spheroplasts

Escherichia coli, Salmonella, Pseudomonas
and Klebsiella

Listeria monocytogenes

Bacillus subtilis, Enterococcus. Faecalis,
Staphylococcus aureus, Listeria
monocytogenes, Streptococcus pyogenes,
Yersinia frederiksenii,

Enterococcus faecalis, Enterococcus durans,
Bacillus coagulans, Escherichia coli JM109

Salmonella and Shigella species, and
Escherichia coli

Burkholderia and Pseudomonas strains

Mycobacterium tuberculosis

234

Reference

[7,20]

[20]

(21]

[20]

[20]

[22]
[7,23]

(7]

(7]

(7]

(7]

(21]

(7]

(7]

(7]

(7]

(7]

(Contd...)
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Table 1: (Continued).

Type of Bacteriocin

IIa (pediocin-like peptides)

1Ib (two-peptide bacteriocins)

Ilc (Leaderless bacteriocins; cyclic
peptides with N and C terminals

joined by a peptide bond)

Example

Isolated from
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Active against

Class II (Unmodified; heat stable; <10 kDa)

Plantaricin 423

Mundticin ST4SA

Pediocin PA-1

Pediocin PA-1

Pediocin 34

Pediocin AcH

Lactococcin Q

Lacticin Q

Lacticin Z

Leucocin A

Leucocin K7

Leucocin B

Lactococcin BZ

Carnobacteriocin
BMI1 (Ila) and
Piscicolin 126 (ITa)

Sukacin
Aureocin A70

Bacteriocins 7293 A
and 7293B

Enterocins A and B

Enterocin A

Lactococcin G

Thermophilin 13

Carnobacteriocin XY

Lactocyclicin Q
(61 aa)

Lactobacillus plantarum
423

Enterococcus mundltii
ST4SA

Pediococcus acidilactici

Enterococcus faecium
NCIM 5423 and
Lactiplantibacillus
plantarum Acr2

Pediococcus
pentosaceous 34

Lactobacillus plantarum

Lactobacillus lactis
QU 4

Lactobacillus lactis
QU5

Lactobacillus lactis
QU 14

Leuconostoc gelidum
UALI187

Leuconostoc
mensenteroides K7

Leuconostoc carnosum
Talla

Lactobacillus lactis spp.
(lactis BZ)

Carnobacterium
maltaromaticum
UAL307

Lactobacillus sakei
Staphylococcus aureus

Weissella hellenica
BCC 7239

Enterococcus faecium

Lactobacillus lactis
MGl614

Lactobacillus lactis

Streptococcus
thermophilus

Carnobacterium
piscicola LV17B

Lactococcus sp. strain
QU 12

Food-borne pathogens such as Listeria
monocytogenes (the deadliest bacteria for
food poisoning), Bacillus cereus, Clostridium
sporogenes, Entterococcus faecalis, Listeria
spp., Staphylococcus spp., Clostridium
perfringens

Enterococcus faecalis, Streptococcus
pneumoniae, Staphylococcus aureus, and
Listeria monocytogenes

Listeria monocytogenes and Clostridium
perfringens

Listeria monocytogenes

Listeria monocytogenes

Listeria monocytogenes

Strains of Lactobacillus lactis only

High antibacterial activity against a wide range
of Gram-positive bacteria

High antibacterial activity against a wide range
of Gram-positive bacteria

Listeria monocytogenes

Listeria monocytogenes

Listeria monocytogenes

Listeria monocytogenes; Lactobacillus,
Enterococcus, Leuconostocs, Listeria, Bacillus,
Enterobacter, Escherichia, Rhodococcus,
Salmonella, Yersinia, and Citrobacter spp.

Escherichia coli DH50., Pseudomonas
aeruginosa ATCC 14207 and Salmonella
typhimurium ATCC 23564

Listeria monocytogenes
Listeria monocytogenes

Psudomonas aeruginosa, Aeromonas
hydrophila, Salmonella typhimurium and
Escherichia coli

Listeria monocytogenes

Listeria monocytogenes

Lactococcus lactis strains

Streptococcus thermophilus, Enterococcus
faecium, Listeria innocua, Bacillus subtilis,
Staphylococcus carnosus

High activity against a wide range of
Gram-positive bacteria

Reference

[24]

[24]

[20,21]

[20]

[20]

[21]
[25]

[25]

[25]

[20]

[20]

[20]

[20,26]

[20]

(20]
[20]
(20]

(21]

[20]

(7]

(7]

[27]

[25]

(Contd...)
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Table 1: (Continued).
Type of Bacteriocin Example Isolated from Active against Reference
Leucocyclicin Q Leuconostoc High activity against a wide range of [25]
(61 aa) mesenteroides TK41401 Gram-positive bacteria
Enterocin L50 Enterococcus faecium Listeria monocytogenes, Staphylococcus [7]
aureus, Clostridium perfringens and
Clostridium botulinum
Garvicin KS Lactococcus garvieae Acinetobacter baumannii and Staphylococcus [20]
KS1546 aureus
11d (single peptide, linear, Lactococcin 972 LAB Closely related lactococci species [71
unmodified, non-pediocin-like
bacteriocins)
Lactococcin A Strains of Lactobacillus Lactococci sp. [28]
lactis
Class IIT (Unmodified; heat labile; > 10 kDa)
Class 111 Helvecitin M Lactobacillus crispatus Staphylococcus aureus, Staphylococcus [19]
saprophyticus, and Enterobacter cloacae
Enterolysin A LAB Escherichia coli, Listeria monocytogenes, [7]
Staphylococcus epidermidis, Serratia
marcescens, Klebsiella pneumoniae, MRSA
Zoocin A LAB Other Streptococci [7]
Dysgalacticin Streptococcus Streptococcus pyogenes [7]
dysgalactiae subsp.
equisimilis strain
W2580
Caseicin Lactobacillus casei Escherichia coli and Staphylococcus aureus [7]
Helveticin J Lactobacillus helveticus Staphylococcus aureus, Staphylococcus [7]
481 saprophyticus, Enterobacter cloacae
Gardnerella vaginalis, Streptococcus agalactia
Linocin M18 Brevibacterium linens Listeria monocytogenes [21,29]
Bacteriocin CAMT2 Bacillus Listeria monocytogenes, Staphylococcus [20,30]
amyloliquefaciens aureus, Escherichia coli and Vibrio
ZJHD3-06 parahaemolyticus

4.4. Endonuclease Activity

Furthermore, some colicins have been shown to exhibit endonuclease
activity, cutting a specific nucleic acid at a specific place, for example,
colicins E2, E7, E8, and E9 cleave DNA; colicins E3, E4, and E6 and
cloacin DF13 cleave rRNA; and colicins D and E5 cleave tRNA. The
most attractive feature of colicins is their specificity and wide range of
interactions [32,33].

4.5. Inhibition of Septum Formation

Bacteriocins such as lactococcin 972 and garvicin A exhibit antibacterial
properties by inhibiting the septum formation [27]. Septum formation
occurs when the membrane pinches inward during bacterial cell
division; the cytoplasm is divided down the center of the cell, resulting
in two daughter cells. The cell cycle and cell division are halted as a
result, leading to a variety of secondary effects such as cell enlargement,
membrane rupture, and lysis [34].

5. BENEFITS AND DRAWBACKS OF BACTERIOCINS

Bacteriocins have attracted a lot of attention in recent years as potential
antibacterial agents due to a number of properties, including low
toxicity to eukaryotic cells, low inhibitory concentrations against
different bacterial strains (typically in the nanomolar range), and
high temperature tolerance [13,35,36]. Although, bacteriocins are

mostly employed as food preservatives in the food sector, they are
increasingly gaining popularity as possible therapeutic antimicrobials
and immune-modulating agents [37]. Although bacteriocins may offer
a solution to the global problem of antibiotic-resistant bacteria, they
have a number of drawbacks, including a limited antibacterial range,
a high dose level for the suppression of multidrug-resistant bacteria,
a high development cost, sensitivity to proteolytic enzymes, and a
low yield due to insufficient purification recovery [8]. Furthermore, it
has been observed that the usage of bacteriocins has resulted in the
development of resistance in a variety of food spoilage and pathogenic
bacteria [38,39]. It is a growing concern, especially in food industry,
where bacteriocins are most frequently used. At present, there is limited
information available on several aspects of bacteriocins including
toxicity and immunogenicity. Various strains of Lactobacillus, Bacillus,
Streptococcus, Listeria, Clostridium, and Staphylococcus have been
found to have natural resistance to Class I bacteriocins [14]. Scientists
are continuously seeking viable methods to counteract these drawbacks
of bacteriocins. One of the most common approaches is combinatorial
therapy, in which bacteriocins are coupled with other bioactive
chemicals including antibiotics, nanoparticles (NPs), essential oils
(EOs), and bacteriophages to enhance their antibacterial properties.
Such combinations of bacteriocins have tremendous scope and potential
to offer numerous benefits as they improve the antibacterial activity,
stability, and solubility of bacteriocins while also protecting them
from enzymatic degradation. Furthermore, one of the most significant
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advantages of these combinations is the reduced concentration of
each component, which lowers their adverse effects. As a result, such
combinations have a lot of potential in terms of expanding the usage of
bacteriocins as antiviral and anticancer drugs.

6. COMBINATION THERAPY FOR BOOSTING
BACTERIOCIN ACTIVITY

Scientists are continuously seeking viable methods to counteract various
drawbacks of bacteriocins. One of the most common approaches is
combinatorial therapy, in which bacteriocins are coupled with other
bioactive chemicals including antibiotics, NPs, EOs, and bacteriophages
to enhance their antibacterial properties [Figure 2]. Such combinations
of bacteriocins have tremendous scope and potential to offer numerous
benefits as they improve the antibacterial activity, stability, and solubility
of bacteriocins while also protecting them from enzymatic degradation.
Furthermore, one of the most significant advantages of these combinations
is the reduced concentration of each component, which lowers their
adverse effects. As a result, such combinations have a lot of potential in
terms of expanding the usage of bacteriocins as antiviral and anticancer
drugs. Numerous studies conducted using bacteriocins in combination
with various bioactive compounds and proved to be effective against a
variety of infections have been summarized in Table 2 [40-71].

6.1. Antibiotics and Bacteriocins

For decades, antibiotics have been widely used or misused. Antibiotic
abuse has begun to restrict their efficacy as a result of the growth of
multidrug-resistant and has resulted in emergence of plethora of deadly
infectious diseases. Hence, it is imperative to develop different novel
strategies to combat this worldwide problem. Using combination therapy,
combining antibiotics with other antimicrobials like bacteriocins may
allow antibiotics to be effective against these resistant bacteria [72,73].
The synergistic effect of these combinations enables these antimicrobial
medicines to be used at much lower doses while still maintaining their
efficacy [Table 2]. Combination of haloduracin and chloramphenicol
has been reported to exhibit excellent synergy against a wide range of
bacteria, including S. aureus, E. faecium, and several Streptococcus

species [74]. Similarly, ramoplanin in combination with actagardine has
been reported to exhibit a partial synergistic effect against 61.5 percent of
target Clostridium difficile strains responsible for C. difficile associated
diarrhea, frequently caused by disruptions in the intestinal microbiota
caused by broad spectrum antibiotics [43]. Other lantibiotic actagardine-
antibiotic combinations, such as vancomycin and metronidazole, have
also been proven to be effective against various C. difficile strains [75].
Hanchi et al. (2017) [76] reported a synergistic effect of the bacteriocin
durancin and vancomycin in the treatment of S. aureus, a bacterial
human pathogen that has become increasingly difficult to treat due to
the emergence of multi-drug resistant strains like methicillin-resistant S.
aureus strains (MRSA). Durancin 61A and nisin bacteriocins have been
shown to be effective against MRSA when used in combination with
vancomycin/ramplanin [5]. Combining the bacteriocin PsVP-10 with
the antibiotic chlorhexidine has been used to treat oral pathogens such
as Streptococcus mutants and Streptococcus sobrinus [76]. E. faecalis,
a hospital-acquired pathogen that causes infectious endocarditis, urinary
tract infections, and other systemic infections has been found to be
resistant to a wide range of antibiotic classes, including aminoglycosides,
quinolones, macrolides, rifampicin, daptomycin, and (-lactams. In the
presence of 200 U/ml nisin, the minimum inhibitory concentration and
minimum bactericidal concentration of 18 different antibiotics against
E. faecalis were observed to be reduced [40]. In addition, against three
E. faecalis strains, synergistic interactions between and penicillin or
chloramphenicol have been identified [75]. Bacteriocins like plantaricins
have been demonstrated to have a synergistic effect with a range of
antibiotics in the treatment of Candida albicans, the most common cause
of fungal infections [77]. When used in combination with traditional
antibiotics, bacteriocins (e.g., polymyxins and nisin) have been proven
to be particularly effective in minimizing the development of biofilms
formed by P. aeruginosa in the lungs of intensive care patients, even at
extremely low doses [78]. This significant drop in concentrations has
been attributed to nisin’s biofilm-penetrating potential, giving it a viable
choice for the prevention of biofilm in medical devices and equipment.
Similarly, using a combination of bacteriocin produced by Lactobacillus
plantarum ST8SH and nisin A with vancomycin has also been reported

Disrupted Cell wall Synthesis

Inhibition of DNA gyrase Inhibition of RNA

Polymerase

Pores formation and cell death due
to leakage of intercellular molecules

Inhibition of Protein Synthesis

Figure 1: Modes of action of bacteriocins.
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Table 2: Combination Therapy: Bacteriocins combined with other bioactive molecules.

Combinations
Antibiotics and Bacteriocins
Nisin with ramoplanin
Nisin with chloramphenicol
Nisin with chloramphenicol or penicillin
Nisin Z with methicillin
Nisin, lysozyme and lactoferrin
Thuricin CD with ramoplanin
Subtilosin A with metronidazole and metronidazole
PsVP-10 with chlorhexidine
Bacteriocin from L. plantarum ST8SH with Vancomycin

Lacticin 3147 with penicillin G or vancomycin

Enterocin CRL35 and Subtilosin
Essential oils (EO) and bacteriocins

Nisin with carvacrol; Nisin with mountain savory

Nisin with Origanum vulgare EO
Nisin with 7 vulgaris EO

Nisin with Ocimum basilicum EO, Salvia officinalis EO and
Trachysper mumammi EO

Nisin V in combination with carvacrol and cinnamaldehyde

Nisin with carvacrol (a component of EO of Origanum
vulgare) and EDTA

Pediocin with S. montagna EO
Nanoparticle-bacteriocin conjugates

Nisin with nanoliposomes and garlic extract

Chitosan nanoparticles loaded with nisin

Ag NPs and nisin conjugates

Nisin and Au NPs

Nisin and Alginate—chitosan nanoparticles

Nisin and Phosphotidylcholine (PC) liposomes coated with
chitosan or chondroitin

Nisin and Soluble soybean polysaccharide-based NPs

Subtilosin loaded poly (vinyl alcohol) (PVOH) nanofiber
Iron oxide nanoparticles and nisin

Nisin in nanofibers

Enterocin with Ag NPs

Pediocin and Au NPs with listeria adhesion protein

Bacteriocin CAMT2 and nanovesicles made up of soybean
phosphatidylcholine

Bac4463 and Bac22 from Lactobacillus spp. With Ag NPs
Plantaricin and Ag NPs
Combined Bacteriocins and Bacteriophages
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Figure 2: Bacteriocins combinatorial therapy: Combining bacteriocins with other antimicrobials with distinct modes of action, such as antibiotics, essential oils,

nanoparticles, and bacteriophage, can boost antimicrobial efficacy while limiting the risk of resistance.

to prevent L. monocytogenes and multidrug-resistant S. aureus from
forming biofilms [46,79]. Traditional antibiotics that were dying due to
multidrug-resistant bacteria have been given new life by combinatorial
therapies offered by bacteriocins and antibiotics. The synergistic effects
of these combinations have great potential to eliminate key drawbacks
and obstacles experienced in the treatment of infectious diseases by
antibiotics alone, thereby changing the medical therapeutic paradigm.

6.2. EOs and Bacteriocins

The antimicrobial properties of EOs and their components have been
recognized for a long time [80-82]. EOs are obtained by distilling various
plant components and are formed of volatile molecules of a very complex
combination (terpenes, flavonoids, phenolic acids, and aldehydes)
produced as secondary metabolites of aromatic and medicinal plants.
Only 300, of the almost 3000 EOs identified, are used commercially in
food, perfume, pharmaceutical, and agriculture sectors, among others
[83]. Antibacterial properties have been discovered in EOs such as
peppermint, lavender, eucalyptus, lemongrass, and tea tree, among others,
and they are being investigated as a natural alternative to chemical-based
antimicrobials [81-84]. The production of strong odors and off-flavors
is the two major drawbacks of employing EOs as antibacterial agents,
restricting their use in large concentrations [85]. EOs can be used with
other antibacterial drugs like bacteriocins to improve efficacy, reduce
resistance, and minimize dosages. EOs from Rosmarinus officinalis,
Origanum vulgare, Zingiber officinale, Cinnamomum cassia, Allium

sativum, Brassica hirta, Thymus vulgaris, Satureja montagna, and
Cymbopogon nardus, in combination with bacteriocins such as nisin and
pediocin, have been reported to better control and inhibit a wide range of
bacteria such as L. monocytogenes, B. cereus, Salmonella typhimurium,
Aspergillus niger, E. coli, S. aureus, and Pseudomonas fluorescens [40,86-
88]. The synergistic effect of combination of bacteriocin bacLP17 with
EOs of T. vulgaris, Salvia officinalis has also been reported to effectively
impair the biofilm produced by foodborne pathogen, L. monocytogenes
[87]. Scanning electron microscopy examinations revealed higher damage
to the cell wall and cell membrane when bacterial cells were treated with
a combination of nisin and cinnamon EO than when treated with either
of them alone [88]. When EOs and bacteriocins are used together, pores
are formed in the bacterial cell membrane, resulting in altered membrane
permeability, leakage of cellular components, and disruption of the pH
gradient and membrane potential across the cell membrane, jeopardizing
cellular metabolism and ultimately leading to cell death [40,85,89,90].
Hence, the combination of bacteriocins and EOs appears to be a promising
and effective protective approach that warrants further investigation.

6.3. NP-Bacteriocin Conjugates

NPs have the potential to develop new materials in wide areas of
applications such as energy, food, textiles, medical, and electronics [91-93].
NPs are ultrafine particles having a size of 1 to 100 nanometers with
large surface area and other unique physicochemical properties. These
properties of NPs are being exploited to overcome some of the limitations
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of traditional medicines and therapeutic agents [94-96]. Hence, their use
is rapidly growing in medicine and pharmacology with exciting future
prospects. Using NPs along with bacteriocins not only offers several
benefits but also overcomes many different limitations of bacteriocins.
NPs are reported to possess antibacterial properties, thus when combined
with bacteriocin, they enhance the antimicrobial spectrum while also
reducing the bacteriocin dose required [92]. NPs coat the bacteriocin
molecules, preventing them from being degraded by proteolytic enzymes
and allowing them to persist for longer periods of time. Bacteriocin-NP
conjugates have been reported to possess improved efficacy against a
variety of food-borne diseases as well as antibiotic-resistant bacteria [8].
According to Gomaa (2019) [96], bacteriocin produced by Lactobacillus
paracasei and silver NPs (AgNPs) conjugates have greater antibacterial
activity against MDR pathogens such as S. aureus and Pseudomonas
aeuroginosa due to increased cell membrane disruption, reactive oxygen
species (ROS) production, and disrupted DNA replication and protein
synthesis. Similarly, plantaricin, a bacteriocin produced by Lactobacillus
plantarum and coupled with AgNPs has shown to exhibit enhanced
antibacterial activity against different foodborne pathogenic bacteria such
as L. monocytogenes, Proteus mirabilis, E. coli, S. aureus, P. aeruginosa,
Salmonella Paratyphi A, Streptococcus faecalis, Shigella flexneri, and B.
cereusi [67]. AgNPs-nisin, gold NPs (AuNPs)-nisin, and copper oxide
NPs (CuONPs)-nisin conjugates are also known to display increased
antibacterial properties against a large spectrum of pathogens like S.
aureus, A. niger, E. coli, L. monocytogenes, Pseudomonas fluorescens,
Micrococcus luteus, and Fusarium moniliforme [55,57,97]. Furthermore,
other than metal oxide NPs, the nanocomposites like Ag-ZnO (AZO),
chitosan NPs, nanoliposome encapsulated bacteriocins have also been
reported to exhibit strong antibacterial activity against pathogenic and
food spoiling bacteria [8,98]. Nanofibers, which are extremely fine
threads with diameters in the nanometer range, due to large surface
area and physical stability have been used as carriers and to encapsulate
bacteriocins by electro-spinning them along with polymer solution [8,11].
For example, electro-spun nisin and nanofibers, used as wound dressing
materials, have been shown to not only inhibit the growth of S. aureus
strains over a prolonged period of time but also reduced the healing time
[99]. Thus, combining bacteriocins with nanomaterials can not only have
positive impact on their antibacterial properties and stability but can also
overcome the ongoing problem of antibiotic resistance among bacteria.

6.4. Combined Bacteriocins and Bacteriophages

Bacteriophages are viruses that infect bacterial cells and employ a
lytic or lysogenic cycle to generate viral components. Bacteriophages
continue to multiply after infecting a bacterial population until the
infected bacteria is destroyed, implying that only a low phage count
delivered once is sufficient to kill the pathogenic bacteria. Recently,
the combined use of bacteriocin-bacteriophage combinations has
been reported to significantly reduce the target pathogens such as
Clostridium perfringens, S. aureus, and L. monocytogenes [40,100].
Kim et al. (2019) [71] reported the synergistic inhibition of S.
aureus by bacteriocin isolated from Lactococcus lactis and SAP84
bacteriophage. The combined use of Class II bacteriocin, coagulin
C23 with FWLLm1 and FWLLm3 bacteriophages, and phage P100
with pediocin PA-1 showed enhanced synergistic effect against the
foodborne pathogen, L. monocytogenes [101,102]. Bacteriocins and
bacteriophage are easy to isolate and characterize since they are
natural organisms. One drawback of using these natural antimicrobials
is their narrow-spectrum since they are very precise in killing and,
hence, the target bacterium must be identified before therapy can
begin [103]. However, this problem will be overcome with the help of
specially engineered phage cocktails. Bacteriocin and bacteriophage

combinations have excellent prospects for improving food safety and
quality without the use of potentially harmful chemical preservatives.

7. CHALLENGES AND FUTURE NEEDS

Bacteriocins are useful as alternative therapies in the treatment of
infectious diseases because of their wide variety and abundance.
In the recent decade, these powerful antimicrobials have been
widely researched, resulting in a variety of uses including food
preservation, medicinal therapies, and personal care. However, to
fully realize their immense potential as antimicrobials, a number
of challenges must be solved. Because bacteriocins are narrow
spectrum antimicrobials, the target bacteria must be identified
prior to therapy, and only that species will be attacked, leaving the
remainder of the microbiota unharmed [104]. The demand for speedy,
precise, and sensitive diagnostic tests for the detection of bacterial
pathogens is the most significant challenge posed by bacteriocin’s
selective property. Furthermore, this property of bacteriocins aids
in lowering the selected resistance pressure of bystander microbes.
When bacteriocin-based antimicrobial therapies are recommended
for clinical use, it is critical to address the issue of resistance
development. In vitro studies have contributed significantly to our
understanding of the potential for bacteriocin resistance development
[105]. Several bacteriocins (Class II bacteriocins, nisin, and other
lantipeptides) have been shown to be non-cytotoxic on a variety
of eukaryotic cell lines, even at extremely high concentrations,
assisting in the treatment of infectious diseases. However,
bacteriocins produced by virulence bacteria can also be used as
virulence factors to increase pathogenicity by suppressing normal
defense mechanisms [5]. As a result, all bacteriocins intended for
human use must address cytotoxicity. Bacteriocins are a possible
antibiotic alternative due to their tiny size, non-immunogenic nature,
biocompatibility, and biodegradability. However, a number of
challenges must be overcome before bacteriocin can be employed in
medicine, including solubility, pH stability, purification, and large-
scale manufacture. Bacteriocins have a complex molecular structure
that includes post-translational changes, which makes large-scale
replication problematic. The administrative route is another aspect
that must be carefully researched and optimized. In terms of food
particle size, digestive enzymes, salts, spices, bile, and other factors,
the circumstances in the human gut are very varied, all of which
cause variations in bacteriocin production. When administering
bacteriocins orally, half-life in the gastrointestinal tract, intestinal
absorption and bioavailability, pH stability, interaction with food
particles and other microorganisms in the gut, resistance to digestive
enzymes, and renal clearance are all factors to take into account.

8. CONCLUSION

Bacteriocins are antibacterial peptides capable of inhibiting both
food spoilage and pathogenic bacteria, making them a potential
alternative to antibiotics. Despite their many benefits, bacteriocins
have significant drawbacks, such as restricted antimicrobial spectrum,
high dosage requirement, increased sensitivity to proteolytic enzyme,
high production costs, and a low yield due to ineffective purification
processes. To overcome these limitations and improve the efficacy of
bacteriocins, combinatorial use of bacteriocins with other antibacterial
molecules and compounds provide the best solution. Combination
therapies have proven to have a synergistic impact and are more
effective than the antibacterial properties of individual components.
Furthermore, these combinations enhance the antimicrobial spectrum,
stability, solubility, and availability of bacteriocins. Such combinations
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have the potential to revolutionize the use of bacteriocins as
antibacterial agents in food and health industries once their safety and
efficacy are thoroughly evaluated in vitro and in vivo.
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