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The emergence of antibiotic-resistant bacteria highlights the key magnitude of developing novel antimicrobials.
Novel antimicrobials can be acquired from natural antimicrobials such as plants or herbs or their byproducts,
animals, bacteria, algae, and mushrooms, which are officially recognized in India and consume (80%) 1.1 billion
World Health Organization (WHO). New cultivation, genomic engineering techniques, and modern approaches
are developed to generate novel narrow-spectrum antimicrobials. The review focuses on the safety and efficacy
of several well-studied natural antimicrobials, some unique culture techniques, and current approaches to new
antimicrobial development. It also discusses drivers, mechanisms of antimicrobial resistance (AMR), and strategies
for reducing AMR. A conclusion is made on the fact that natural products are still an important source of novel
antimicrobial agents and are particularly recommended by WHO due to their safety and efficacy and several positive
health benefits. Furthermore, this review highlights important knowledge gaps and suggests future research to design
chemically and structurally novel antimicrobials from natural products. Promoting cooperation between scientists,
medical professionals, and decision-makers, we may use natural product capabilities fully to counter microbiological
hazards and improve worldwide health results. The application of nanotechnology greatly enhanced the effectiveness
of naturally derived antimicrobials against several microbial diseases.

INTRODUCTION

modern treatment for various diseases including antimicrobial

Natural antimicrobial agents (AMAs) can be
acquired by plants (herbs) or their byproducts, animal origin,
bacterial origin, algae, and mushrooms. However, several
research findings indicate that the consumption or use of
crude or derivatives of herbals or plants or their byproducts is
superlatively significant compared to other various sources in
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activity [1].

Natural products (NPs) have been used for over 80
years and continue to save countless lives annually. Most of the
antibiotics on the market today are derived from NP classes that
were identified over half a century ago [2,3]. A major hazard to
public health and a global issue is the emergence of antimicrobial
resistance (AMR) and estimated 700,000 deaths annually and
expected to reach 20 million by 2050 [4]. Historically, natural
substances have been essential in the discovery and creation of
antimicrobial drugs and alternatives to synthetic medications
and the antibacterial effectiveness varies depending on their
structural variation [5]. The rapid evolution of resistant bacterial
strains has compelled a re-evaluation of these systems despite
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a decline in interest in recent years [6]. The various benefits
of plant-derived NPs over modern allopathic medications are
presented in Figure 1. Lists of antibacterials are given in Tables
1-4.

According to Nathan and Cars (2014), the 1930s
through 1960s were the “golden era” of antibiotic development.
Antibiotics were regarded as the “wonder drug” in the middle
of the 20™ century [7]. In India, almost 20,000 recognized
medicinal plants were found [8—10]. Figure 2 pie chart displays
the section on the use of herbal remedies and their components
in various medical systems for various therapeutic goals. It is
known that microbes that cannot be grown in a typical laboratory
setting account for 95%—-99% of the entire microbiome [11-14].

THE RISK-BENEFIT RATIO OF HERBAL THERAPY

India, which contains more than 17,000 species that
have been identified and 7,500 plants having therapeutic use,

is the ideal place to find numerous traditional compounds.
Allopathic medications can cure a variety of illnesses,
including cancer. Nevertheless, due to their exorbitant cost and
unanticipated, potential AMR and fatal side effects, many people
are turning back to natural sources like herbal medicines, which
have negligible or nonexistent side effects [14]. Numerous
benefits or advantages of herbals, or their formulations, are
based on diverse evaluations of the literature [15-33], and
are indicated in Figure 1. Particularly in relation to AMR, the
NPs have long been a valuable source of antibiotics since they
have special chemical structures and methods of action that
can be favorable over synthetic antibiotics. Their advantage in
pharmacokinetics, toxicity, and bioavailability is multifarious.
For example, a naturally occurring substance obtained from
Bacillus polymyxa, colistin, is potent against Gram-negative
bacteria resistant to many drugs. Still, poor gastrointestinal
absorption calls for parenteral treatment. This emphasizes that
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Figure 1. The various benefits of plant derived natural products over modern allopathic medications.

Table 1. Antimicrobials from plant-by-products.

Byproducts Compound Target organisms References

Green tea waste Tannins L. monocytogenes, S. aureus, E. coli [34]
Bacillus coagulans, Shigella flexneri

Pomegranate juice Flavonoids, Phenolics, tannins ~ MRSA ATCC 43300 and E. coli [35]

Pomegranate fruit-peels ~ Flavonoids, Phenolics, E. coli,L. monocytogenes, S. aureus, Yersinia [36,37]
enterocolitica, P. fluorescens

Almond skin-extracts Phenolics L. monocytogenes and S. aureus [37]

Tomato-seeds Saponins, phenols and E. faecalis, B. cereus, Micrococcus luteus, S. aureus, S. [38]

carotenoids epidermidis, Candida albicans

Grape pomace Flavanoids, stilbenes, phenols,  S. aureus, Enterococci, Salmonella, [39]
Total aerobic mesophilic and

Walnut green-husk Phenols B. cereus, S. aureus, B. subtilis [40]
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Table 2. Antimicrobials from animal origin.

Antimicrobial compound Chief component Target organisms References
Lactoperoxidase from milk Glycoprotein S. aureus, Salmonella, E. coli, L. monocytogenes and [34,41]
Y. entericolitica
Ovotransferrin from Egg albumin Glycoprotein Bacillus spp., Micrococcus, E. coli O157:H7, L. [37]
(peptide OTAP-92)  monocytogenes, S. aureus
Chitosan from Exoskeletons from Polycationic E. coli, S. aureus [42]
Crustaceans and arthropods biopolymers
Chitosan from Fish Polycationic E. coli, S. aureus Pseudomonas spp., E. coli, and L. [42]
biopolymer monocytogenes
Lactoperoxidase from raw milk, saliva Glycoprotein Salmonella, E. coli, S. aureus, L. monocytogenes [43]
Pleurocidin from mucosal tissue, polypeptides L. monocytogenes, E. coli and pathogenic fungi [44]
vegetables
Protamine from salmon Cationic peptides Coliforms, bacteria [45]
Table 3. Antimicrobials from bacterial origin.
Byproducts Origin Target organisms References
Natamycin S. natalensis Fungi [46]
Bulgaricin L. bulgaricus L. monocytogenes, Helicobacter pylori S. aureus, B. subtilis, [47]
Helveticin L. helviticus L. monocytogenes, Clostridium botulinum [47]
Plantaricin L. plantarum E. coli L. monocytogenes, S. aureus, S. typhimurium, [48]
Reuterin Lactba. reuteri E. coli, S. aureus, S [48]
Acidophilin L. acidophilus B. cereus, S. aureus B. subtilis, Listeria ivanovii, [47]
Nisin Lactococcus Clostridium spp., L. monocytogenes [49]
lactis
Table 4. Antimicrobials from algae and mushrooms.
Origin Components Target organisms Reference
Brown algae Terpens, hydrocarbons, phenols, aldehydes S. aureus and B. subtilis a [50]
Marine algae Phenols, catechins and carotenoids V. cholerae E. coli, S. aureus, S. [51]
Typhiumurium
Green algae Flavonoids, phenols, glycosides, alkaloids and Vibrio spp. [52]
saponins a
Red algae Lipophilic (octadecanoic acid and pyrrole-2- Strains of Pathogenic Vibrio [53]
carboxylic acid,
pentadecanoic acid)
Macrofungi Grifolin, oudemansin, pleuromutilin and B. cereus, S.aureus, L. monocytogenes, E. [54]
ganomycins, coli
Edible mushroom Flavonoid, palmitic acid, linoleic acid, ergosterol B. cereus, Micrococcus luteus [55]
Edible mushroom flavonoids, phenols, ascorbic acid, f-carotene, B. subtilis B. cereus, P. aeruginosa, E. coli [56]
lycopene
Edible mushroom Phenols, Fatty acids, B-carotenelinoleicc and M.s luteus, Micrococcus flavus, B. subtilis, [57]

flavonoids

B. cereus

although some natural antibiotics have strong efficacy, their
bioavailability may be restricted, so different administration
techniques are necessary.

Different natural antibiotics have different toxicity
profiles. Because of their nephrotoxicity and neurotoxicity,
polymyxins—including colistin—are only used to treat serious
infections when no other treatment works. On the other hand,
some NPs are less hazardous, which makes them appropriate

for a wider range of uses. Natural chemicals’ varied structures
make it possible to choose and optimize molecules with fewer
negative effects. Natural compounds have unique mechanisms
that can bypass established resistance pathways. For example,
fosmidomycin inhibits 1-deoxy-D-xylulose 5-phosphate
reductoisomerase, a critical enzyme in the non-mevalonate
route of isoprenoid biosynthesis that is lacking in humans but
found in some bacteria and parasites. This selectivity lowers
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Figure 2. Use of herbal remedies and their components in various medical systems.

the risk of cross-resistance with human metabolic pathways.
Furthermore, natural compounds can improve the efficacy
of existing antibiotics by blocking bacterial efflux pumps or
virulence factors, restoring the action of antibiotics that bacteria
have developed resistance to.

ANTIMICROBIAL PRODUCTS FROM
ENVIRONMENTAL SOURCES

AMA can be acquired from plants (herbs) or
their byproducts, animal origin, bacterial origin, algae, and
mushrooms. Some of these AMA are listed in Tables 1-4 and
the basic cultivation approach for novel antimicrobials (Fig. 3)
and modern developments in antimicrobial discovery from NPs
are shown in Figures 4 and 5. A great deal of research has been
done recently to identify natural antimicrobials that can halt the
progression of bacteria and fungi in food, thus increasing its
quality and prolongation of shelf-life [58]. Consequently, there
has been a hunt for antimicrobials that come from different
natural sources. Numerous studies on plants for AMAs have
shown the usefulness of substances in food applications, as well
as the variables affecting this efficacy [59]. Thus, the presence
of hydrophobic components in essential oils (EOs), such as
phenolic compounds, may be the cause of the antibacterial
action of plant extracts.

Antimicrobials from plants

The antibacterial activity of these substances varies
according to changes in their structure and chemical makeup
[60]. Since ancient times, plant-derived chemicals found in
herbs and spices have been utilized as preservatives, traditional
medicines, and food flavorings. The major studies on plants as
AMA were published [60]. In this part, we provide an overview
of these compounds’ antibacterial activity, largely based on
their structural characteristics. Secondary metabolites have
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Figure 3. The basic cultivation approach for novel antimicrobials.

antibacterial qualities that protect against spoilage and harmful
microorganisms, among other advantages [60].

Plants have major classes of chemicals called phenolics/
acids, quinones, saponins, flavonoids, tannins, terpenoids,
alkaloids, and others that exhibit antimicrobial activity [61].
Among the most varied classes of secondary metabolites,
phenolic compounds exhibit significant structural diversity.
Since the (-OH) groups of phenols can interact with bacterial cell
membranes to break membrane assemblies and cause seep out
of the cellular components, and it is believed that these groups
have an inhibitory effect. The ~OH group found in phenolic
compounds is crucial to the antibacterial activity of thymol
and carvacrol [62]. Active groups like -OH encourage electron
delocalization, which in turn serves as a proton exchanger and
lessens the incline across the bacterial cell’s cytosolic membrane.
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This will lead to the depletion of the ATP pool, the proton motive
force collapsing, and ultimately cell death. The very last enzyme
in the oxidative phosphorylation pathway to trigger ATP synthesis
is called ATP synthase (also known as F-ATPase or FOF1-ATP)
the enzyme responsible for synthesizing ATP from its precursor,
ADP and inorganic phosphate (Pi) using electrochemical
energy in the oxidative phosphorylation pathway. The collapse
of the proton motive force and the depletion of ATP reduce the
activity of this enzyme, contributing to the antibacterial effects.
Additionally, with an ever-rising need for novel antibiotics due
to the phenomenon of antibiotic resistance, serious research into

xploring
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Unstable
metabolites

Figure 4. Modem approaches in the selection of new AMAs from natural
products.

creative workarounds for this problem is highly encouraged, and
as this review made clear, one of the promising therapies is the
ATP synthase inhibitors [63].

The efficacy of EOs can be enhanced by combining
molecules with varying biochemical capabilities, as well as
by their lipophilic qualities, the potency of functional groups,
or water solubility, in addition to their chemical makeup. This
process involves the breakdown of membranes by lipophilic
chemicals, which inhibit phosphorylation, and translocation of
protein electron transport [64,65]. Certain antimicrobial plant
compounds are listed in Table 1.

Numerous secondary metabolites found in plants,
including flavonoids, alkaloids, terpenoids, and tannins, have been
shown to possess antibacterial qualities in vitro. The collection
of microorganisms that coexist in and around a plant and work
together to create a microbial ecosystem is known as the plant
microbiome. All types of microbiomes have intimate interactions
with both living and non-living elements of their surroundings.
The antimicrobial chemicals found in medicinal plants may offer
a substantial clinical benefit in the treatment of resistant microbial
strains and may work through different processes than currently
used antimicrobials to suppress the growth of bacteria, fungus,
viruses, and protozoa. Emetine, quinine, and berberine are still
very efficient tools in the battle against microbial infections.
Historically, plants have been a good source of anti-infective
medicines. For instance, a variety of Gram-positive and Gram-
negative bacteria can be inhibited by the crude extracts of curry,
ginger, sage, mustard, garlic, cinnamon, and basil [60-62].

Antimicrobials from plants byproducts

A significant number of by-products, such as pomace
fruits, peels, seeds, pulps, leftover flesh, and husks, are
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Figure 5. Schematic representation of modern developments in antibiotic discovery.
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frequently produced throughout the food preparation process.
Even though these by-products are usually regarded as waste,
some studies have shown that the husks, peels, seeds, and
kernels are potentially valuable sources of phenolic compounds
(polyphenols, tannins, and flavones) as well as numerous other
bioactive substances with a variety of functions, including
antimicrobial activity [66,67] and certain antimicrobial
plant compounds are listed in Table 1. Pomace is a valuable
by-product that is made up of seeds and stems. It is high in
phenolic compounds, minerals, polyphenols, flavonoids and
non-flavonoids, and dietary fiber [68]. It has been demonstrated
that 10% ethanolic extract of grape pomace inhibits the growth
of Salmonella, Staphylococcus aureus, and Enterobacteriaceae
[39].

Fruit peels’ antibacterial properties are widely known.
For instance, pomegranate fruit peels are frequently utilized in
herbal medicines to treat a variety of illnesses, and it has been
demonstrated that extracts from pomegranate fruit peels can stop
the growth of several pathogens, like Yersinia enterocolitica,
Bacillus cereus, S. aureus, and Listeria monocytogenes [69].
However, when it came to Gram-negative bacteria, the extract
worked better at a concentration (0.1%) against Pseudomonas
speciesand less well atthe same concentration against Salmonella
Typhimurium and Escherichia coli [70]. Antimicrobial action
is displayed by flavonoids, tannins, phenolics, and active
inhibitors found in peels [71]. It has been shown that the peel
of bergamot, a byproduct of the EOs, is effective against both
Gram-+ve Bacillus subtilis and Gram-negative pathogens like
E. coli and S. enterica. For the bergamot ethanolic fraction, the
MIC ranged from 0.2 to 0.8 mg/ml [72].

Quinine antibacterial pursuit against S. aureus, yeast
(C. albicans), E. coli, and P. aeruginosa [73]. Mango kernel
extracts have demonstrated an inclusive range of antibacterial
activity against several foodborne pathogens. Mango seed
kernel at 3,000 ppm showed antibacterial efficacy against E.
coli [74]. This antibacterial activity is explained by the presence
of polyphenolics [75].

Studies on tomato seed extracts have demonstrated
antibiotic efficacy against a variety of bacteria (G- and G+)
and fungi (B. cereus, C. albicans, E. faecalis, S. aureus, and
Staphylococcus epidermidis) [38]. Like this, husks of fruits as
byproducts that can be utilized as a convenient way to obtain
naturally occurring bioactive chemicals with antibacterial
qualities [40]. It was discovered that almond skin fractions had
antibacterial activity in the range (0.25—0.5mg/ml) hostile to S.
aureus and L. monocytogenes. Legume hulls have the potential
to be a unique natural addition because of their antibacterial
activity against pathogenic bacteria and common food
deterioration [76].

The antibacterial properties of coffee pulp were
examined about rancidity and microbiological development.
Very few investigations into the antibacterial properties of
coffee byproducts, such as coffee pulp and tea trash [77].
These investigations have yielded valuable insights into the
application of various fruits and vegetable by-products (peels,
seeds, pulps, and husks) as naturally occurring antimicrobials in
food. Furthermore, the residue generated by the industrial sector

may be employed as edible antimicrobial films or integrated
into antimicrobial packaging [38].

Tropical plant food by-products’ antibacterial
properties are reviewed. Banana peel and coconut root extracts
have strong antimicrobial properties. By-product alkaloids,
phenolics, and saponins exhibit potent antibacterial properties.
Numerous studies look at the microbiological properties of
a few secondary metabolites, such as tannins, terpenoids,
alkaloids, and phenolics, that are typically found in plant-food
by-products. However, the list of compounds to look for in by-
products is nearly endless because all of these metabolites have
a large number of subclasses of active chemicals. As previously
mentioned, pure chemicals that are isolated from plants are
often characterized to accurately determine their antibacterial
activities. Research on the antibacterial qualities of by-
products has characterized the profiles of active chemicals and
investigated the antimicrobial activity of various extracts. The
efficient utilization of by-products in animal production farms
is made possible by an accurate understanding of their active-
compound composition. However, using by-products is a
significant problem. Only a small number of publications have
explained how these substances work by removing their active
ingredients [38,77].

Antimicrobials of animal origin

Specific potential antimicrobials of animal origin are
listed in Table 2. It has been discovered that the iron-binding
glycoprotein lactoferrin (Lf) in milk has antibacterial pursuit
against a variety of bacterial and viral infections [78]. Lf has
been used as an anti-bacterial activity in the US [79,46]. It has
been claimed that Lf possesses antibacterial endeavors against
food-borne pathogens such as Carnobacterium, E. coli, L.
monocytogenes, and Klebsiella by taking up the microbial iron
[80].

Chitosan is one of several naturally occurring
antimicrobials that have invited a lot of attention for use in food
products. Crustaceans and arthropods naturally contain the
polycationic biopolymer chitosan in their exoskeletons [80] and
chitosan demonstrated to be a viable commercial replacement
for acid-soluble against S. aureus, L. monocytogenes, B. cereus,
E. coli, S. Typhimurium, and Shigella dysenteries [81,82].
The enzyme lysozyme is found naturally in both animal milk
and avian eggs. It is commonly agreed as safe (GRAS) to add
directly to food. The bacteriolytic enzyme known as white
lysozyme from hen eggs is frequently utilized as a protective
for meat and meat products, milk, fish, fruits, and vegetables
[42]. Tt has also been well-documented for its usage as an
antibacterial in food items [83].

The antibacterial activity of lysozyme stems
from its capacity to hydrolyze the beta-1, 4-links between
N-acetylglucosamine and N-acetylmuramic acid in the peptide-
glycan of the cell wall [46] with an inhibition (-) of 19.75nm and
17.37mm, respectively; Lysozyme demonstrated the strongest
antibacterial activity against Saccharomyces cerevisiae
and Listeria innocua [84]. It has been shown that bioactive
substances originating from milk, such as whey protein and
casein have a variety of uses, including being antibacterial [85].
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aS1-and aS2-casein have been found to contain antibacterial
peptides [86] against B. subtilis, Diplococcus pneumoniae,
Staphylococcus species, Sarcina species, and Streptococcus
pyvogenes [87].

Ciprofloxacin and enrofloxacin are among the residual
antimicrobials found in the organs of birds. Amoxicillin in
tilapia and chloramphenicol in rui are examples of residual
antibiotics in fish. AMR can be brought on by antimicrobial
residues in meat, milk, eggs, and fish. Animal parts that are
most likely to come into touch with environmental pathogens
are often where AMP are located. As a result, they are present
in the bone marrow and testes, on the skin, ear, and eye, and
on epithelial surfaces such as the tongue, trachea, lungs,
and gut. The transmission of antibiotic-resistant bacteria to
humans, immunopathological effects, allergies, mutagenicity,
nephropathy  (gentamicin), hepatotoxicity, reproductive
abnormalities, bone marrow toxicity (chloramphenicol), and
even carcinogenicity are just a few of the adverse effects that
these residues may have. The immune system relies heavily on
antimicrobial proteins. By immediately eliminating infections
or impeding their ability to replicate, they help the body
fight them. Interferons, the complement system, iron-binding
proteins, and antimicrobial proteins are the four primary
categories of antimicrobial compounds [42—87].

Antimicrobials of bacterial origin

Specific bacterial origin AMA are listed in Tables 3 and
4. Numerous chemicals with antibacterial action are fabricated
by microbes, particularly lactic acid bacteria (LAB). Among
these, it has been demonstrated that the proteinaceous substances
known as bacteriocins, like nisin, impede the expansion and
maturation of other microbial species. Comparably, another
popular broad-spectrum antibacterial agent is reuterin made
from glycerol in some strains of L. reuteri. Reuterin also works
well against a variety of spoilage and harmful microbes.

More than 50 countries throughout the world utilize
nisin, the only bacteriocin that has been licensed for use as
an antibacterial. Produced by Lactoccocus lactis, it exhibits
efficacy against food-associated Gram+ve bacterium [88]. Nisin
acts as a bactericide against Gram+ve foodborne pathogens and
spoilage bacteria, such as M. luteus, S. aureus, and B. cereus
[89]. It accomplishes this by penetrating the cytoplasmic
membrane, which results in the loss of membrane potential and
the release of intracellular metabolites [49].

Reuterin (B-hydroxypropionaldehyde) is a chemical
that demonstrates antibacterial action against a wide range of
spoilage and foodborne-pathogens. Reuterin is an excellent
choice for a food biopreservative due to its high-water solubility,
resistance to heat, proteolytic and lipolytic enzymes, and stability
across a broad pH range [90]. Reuterin and nisin together have
been shown to have a synergistic effect on L. monocytogenes
and S. aureus. Gram+ve (S. aureus, L. monocytogenes) and
Gram-ve (E. coli, S. Typhimurium) bacteria were significantly
reduced in number by reuterin from L. reuteri DPC16 [91].

Algae and mushrooms have been reported to be
natural sources of bioactive compounds with a wide range of
biological activity in recent years. These compounds include
antimicrobial, antioxidant, cytotoxic, antifouling, anti-

inflammatory, and antimitotic activities. On the other hand, not
significant research has been done has been done to evaluate
the antibacterial activity of mushrooms and algae. Therefore,
the wide variety of algae and mushroom species may provide a
possible trace for new antimicrobials [92].

Reportedly shown compounds include phenols,
terpenoids, phlorotannins, acrylic acid, steroids, ketones and
alkanes, cyclic polysulphides, and fatty acids with bactericidal
properties [93]. The mushrooms are frequently used as food and
have been found to have antibacterial qualities [94]. Recently
reported on the potential use of various genus of macro-
fungi as a potential food supplement and a good resource
of natural antibiotics compounds. Extracts from Australian
basidiomycetous macrofungi were evaluated against both Gram-
ve (P. aeruginosa) and Gram+ve (B. cereus, L. monocytogenes)
bacteria. At 10mg/ml, the ethanol extracts of macro fungus that
were examined stopped one or more of these infections from
growing [54]. The existence of certain secondary metabolites
like volatile compounds, gallic acids (GAs), phenols, free fatty-
acids (FFAs), and their spinoffs of mushrooms also be sensible
for the antibacterial action [95].

The use of nanotechnology in the preparation of natural
compounds has garnered the attention of numerous researchers
in recent years [96]. This technology has the potential to
enhance antimicrobial stability and prevent the growth of
foodborne pathogens in various food systems by being applied
directly, as coating, or as packaging [97]. Many studies have
reported on the use of nanotechnology to deliver antimicrobials.
However, because food components are so complex, there has
been very little research done on nanoparticles as antimicrobials
(AMAs). The potential application of liposomal nanoparticles
to augment nisin’s antibacterial activity against L. S. aureus
and monocytogenes was demonstrated and investigated the
antibacterial activity of solid lipid nanoparticles loaded with
nisin and free nisin [97,98].

Antimicrobials come from bacteria. Antimicrobial
substances (such as bacteriocin, organic acids, diacetyl, and
hydrogen peroxide) that are effective against pathogenic
bacteria are frequently produced by LAB. The most often
utilized antibacterial agents are isopropyl alcohol, n-propanol,
and ethyl alcohol. Although it works as a disinfectant as well,
methanol is rarely utilized due to its severe toxicity. Alcohols
have the ability to impede the growth of certain bacteria,
including Salmonella, Staphylococcus aureus, and Escherichia
coli. In short, typically cationic peptides having an amphiphilic
structure, AMPs readily bind and interact with the cellular
membranes of bacteria, fungi, viruses, and other pathogens. Both
Gram-positive and Gram-negative bacteria can manufacture
bacterial AMPs, also known as bacteriocins, through ribosome
synthesis in order to eradicate competing organisms. In order to
combat the growing antibiotic resistance of different diseases,
bacterial AMPs are essential and may even be a substitute for
inefficient antibiotics. Bacteriocins are extremely specialized
antibacterial substances that target certain bacterial infections
due to their limited spectrum of action. The two primary classes
of bacteriocins that are produced by Gram-positive and Gram-
negative bacteria are their classification, their mechanisms of
action, the beneficial effects they can have on the human body,
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their drawbacks, and their potential as an antibiotic substitute
[92-98].

ANTIMICROBIALS AND MECHANISM OF
RESISTANCE

Like the phenomena of tolerance observed in higher
organisms, antimicrobial-resistance is the inability of a micro-
organism to respond to an antibiotic [99] which persistently
presents a noteworthy public health concern concerning
mortality and financial loss. Action plans have been devised by
health authorities in several nations, including India, to contain
it. It is crucial to recognize the role that it plays. By 2025, AMR
alone is predicted to hamper the 10 million population than
cancer and car accidents 700,00 deaths annually [100]

International bodies, the World Health Organization
(WHO), and various other stakeholders are visualizing the
global rise in AMR which has been declared an urgent priority,
and numerous European world leaders have outlined their
action plans for containing AMR. Real attempts are being made
to defeat this AMR [101]. National Action Plan (NAP) of India
for AMR has also been developed to understand that AMR is
a complex issue that necessitates a multifaceted approach to
contain [102,103].

MECHANISM OF AMR

A schematic presentation of the mechanism of
development of AMR is presented in Figure 6 and several
pathways for prevention of AMR are also shown in Figure
7. Certain AMAs have always caused resistance in some
microorganisms as they do not have the target location or
metabolic pathway that the specific medication affects.
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Metronidazole and M. Tuberculosis is insensitive to tetracyclines.

Cross
resistance

There are various sources for attaining AMR such as Natural
resistance. For instance, gram-negative bacilli unaffected by
Penicillin-G, anerobic is not inhibited aminoglycosides, aerobic
organisms not affected by metronidazole and M. Tuberculosis
is insensitive to tetracyclines. Acquired resistance is developed
by a pathogenic organism (which was sensitive earlier) due
to the consumption of AMA over a period. This is a serious
clinical issue that can occur with any bacterium. However, both
the antibiotic and the microbe have a role in the development
of resistance. Some bacteria, like staphylococci, coliforms, and
tubercle bacilli, are infamous for developing resistance quickly
(sulfonamides resistance by Gonococci).

The AMR may be developed by mutation or gene
transfer. Mutation is a spontaneous, random genetic alteration
that is both stable and heritable in microorganisms. A few mutant
cells exist in every sensitive population of a microorganism, and
these cells need larger concentrations of AMA to be inhibited.
These are kept apart and allowed to grow as the AMA destroys
the sensitive cells. Consequently, when a single antitubercular
medication is administered, for example, it may eventually
appear that a sensitive strain has been replaced by a resistant
one. This phenomenon, known as vertical transfer of resistance,
is often of lower grade and occurs rather slowly. A mutation
may be developed by a single step (E. coli and S. cocci) or
multistep (S. cocci).

Gene transfer is called infectious resistance in which
a resistance gene transferred to another organism is called
horizontal transfer of resistance. This might be caused by
various mechanisms such as conjugation, transduction, and
transformation. However, resistant organisms can be classified
as: a) drug tolerant (loss of affinity to the AMA, e.g., Staphy.

One-way (neomycin resistant by enterobacteria
and makes them insensitive to streptomycin) and
Two-way (between clindamycin and
erythromycin).

Drug tolerant (Staphy.aureus and E.coli).
Drug destroying (beta-lactamases can destroy
penicillin’s, E.coli-Chloramphenicol).

impermeable (aminoglycosides and tetracyclines

Figure 6. Mechanism development of antimicrobial resistance.
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aureus and E. coli). b) Drug destroying (beta-lactamases
can destroy penicillin’s, E. coli-Chloramphenicol). ¢) Drug
impermeable (several hydrophilic antibiotics require certain
transport mechanisms or enter the bacterial cell through
channels made by proteins known as “porins.” The resistant
strains might lose these, e.g., aminoglycosides and tetracycline)
and d) Cross-resistance (cross-resistance is the development
of resistance to one AMA that transfers resistance to another
AMA that the organism has not been exposed to). This is more
frequently observed in medications that are related chemically
or mechanistically. This may be one-way (neomycin resistant by
enterobacteria and makes them insensitive to streptomycin) and
two-way (between clindamycin and erythromycin) [99,104].

PROBLEM STATEMENT FOR INDIA’S REPORTED
AMR RATE

AMR containment relies on the interconnection of
humans, animals, and environmental characteristics [105].
Another concern is the paucity of investigated data, which
makes it challenging to determine the exact incidence and
spread of AMR in India and hinders national comparisons. Out
of the 2152 AMR research publications published by Indian
institutes, 48.3% concentrated on people, while only 3.3% on
animals, 4.2% on the environment, and 0.5% addressed One
Health. The remaining research was focused on novel agents,
miscellaneous, editorials, and diagnostics [106].

THE CURRENT SCOPE OF THE AMR CHALLENGES
IN INDIA

As stated inthe “AMR Scenario Report for India, 2017”
under the auspices of the Indian government, more than 70% of

isolates of Klebsiella pneumoniae, E. coli, and A. baumannii,
as well as over half of all isolates of Pseu. aeruginosa, were
tolerant to fluoroquinolones and 3™ gen. cephalosporins. While
only about 35% of E. coli and P. aeruginosa exhibited resistance
to the piperacillin-tazobactam medication combination, 65% of
K [105].

The increasing prevalence of carbapenem-resistant A.
baumannii led to the frequent usage of colistin as a last-resort
antibiotic which reached 71%. In India, there has also been a
rise in colistin-resistance except for the 4.1% [106]. Genes and
microorganisms resistant to antibiotics have been identified
in some Indian water sources. When residential waste and
hospital effluent were the management plant’s input, domestic
water alone, and hospital effluent alone, respectively, the rate of
separation of E. coli tolerant to 3%-gen cephalosporins was 25,
70, and 95% [107].

AMR CHALLENGES IN INDIA

India is called “the world’s AMR capital” [108].
Disparate newly emerging multi-drug-resistant (MDR)
pathogens, which pose significant research and therapeutic
challenges. India is still working to fight off long-standing
foes including drug-resistant cholera pathogens, malaria, and
tuberculosis. Conditions like hunger, overcrowding, poverty,
and illiteracy exacerbate the problem [109]. The general
populace is often prevented from obtaining medical advice due
to their restricted access to healthcare and lack of understanding
about infectious diseases [110].

Due to this, antimicrobial drugs are frequently self-
prescribed without a doctor’s expertise on dosage and length of
therapy. Because of this, people frequently do self-medication

No prolong or
careless use
of AMAs

Prefer rapidly acting
and selective (narrow-
spectrum) AMAs

Prevention
of AMR

Infection by microbes
that are renowned for
producing resistance

Use
combination
of AMAs

Promoting the

drivers od AM

Improving the
agricultural practices
with ecological
friendly manure and
fertilizers

research on

Framing
rules and
regulations on

use of AMAs on
antimicrobial
residues with
legislative
punishment

Figure 7. Possible ways for prevention of AMR and Future directions for India.
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without discussing with a doctor about the correct dose and
length of treatment leads to MDR [111]. The amount of trash
produced by these businesses has increased in tandem with the
growth of the pharmaceutical industry. This trash enters water
bodies and acts as a constant source of AMR in the environment
due to lax oversight and a lack of enforcement [110,112]. The
utilization of antimicrobial chemicals such as pesticides and
insecticides in the agricultural sector is another significant
challenge, notwithstanding the paucity of available data on the
subject [113].

INDIA’S ENVIRONMENTAL AMR DRIVERS

In the risk assessment for AMR, Chereau et al. [114]
have demonstrated that although environmental sources of
AMR may contribute minimally to developed nations, they
pose a reasonable to elevated hazard in evolving nations of
Southeast Asia, including India, because of multiple co-factors
related to the overall event. The schematic presentation of AMR
drivers and preventive measurements is shown in Figure 8.

The major AMR environmental drivers include the
following:

Overuse or abuse of antimicrobial substances

Abuse or prolonged use of antibiotics in India
contributes to AMR in a greater extent. In 2010 alone, each
person consumed 10.7 antibiotic units [115]. The amount of
antibiotics sold at retail increased by 23% between 2000 and
2010 [116]. Roughly half of the antibiotics that are taken by
mouth are eliminated by the body intact through urine and
feces. Defecating in the open, as has been done for decades in
India [117], results in the soil and after absorbing antibiotics
or their residues. Nearly 35% of the population is exposed to
drinking water contaminated with feces [118] which means that
this environmental factor has a major role in the advancement
of AMR.

AMR promoted using antimicrobial in animals

India is a significant manufacturer of animal goods for
the world market, including meat, meat products, and farmed
fish. By 2030 [119], there is predicted to be a 312 percent
increase in this sector. Antimicrobial drugs are frequently
utilized to boost productivity and prevent illnesses in these
farmed animals [120]. India is the world’s fourth-largest user of
antibiotics for use in animals, behind the US, China, and Brazil
[116].

Antibiotic residues have been reported from food
animal products in India, including milk and chicken flesh
[108,121]. Future research examining the same is desperately
needed, as there is no data available to characterize the
domestic picture. The International Food Safety and Quality
Network Standards have set strict restrictions regarding the use
of antibiotics in food animals (IFSQNS) [110,122].

Biocides’ contribution to AMR

The fact that biocides and AMA share resistance
pathways, which facilitates their co-selection, is another crucial
factor. The co-location of both resistance genes on the plasmid49
results in an eight-fold increased tolerance to oxacillin for S.

aureus when it is resistant to the biocide benzalkonium chloride.
The biocide market experienced a 40% expansion on a global
scale between 1992 and 2007 [110]. While data on biocide
usage in India is scarce, it is believed to be substantial [123].

Pharmaceutical wastewater as a source of AMR

Ciprofloxacin levels were reported to be 28 and 31
mg/l in the wastewater of one of the Indian pharmaceutical
firms [124].

Municipal wastewater

Water bodies in the vicinity are exposed to this
potentially “AMR-rich” municipal wastewater (20%—30%).
The Mutha River in Pune, India, has genes that are resistant
to even the most powerful antibiotics. These genes are found
in the sediments close to the city, and they are thought to
have originated from home and municipal sewage waste. The
concentration of these genes is thirty times higher than normal
[125].

9.6 Hospital waste

Antimicrobial waste gets generated in substantial
amounts by healthcare facilities and other healthcare facilities,
either directly from residual or unused pharmaceuticals or
indirectly from patient discharges. It has been reported to
what extent hospital pollutants in India contained traces of
tinidazole, sulfonamide, and fluoroquinolone [126]. Given that
healthcare facilities are the locations with the highest levels
of antibiotic practice, it is expected that these waterways will
have the highest concentration of tolerant bacteria and their
genetic material. Antimicrobial concentrations from hospital
wastewater plants in India were high enough to affect bacterial
strains and cause genotoxic alterations [127]. 80%—-85% of
antibiotic residues can be successfully removed from hospital
wastewater by processing it appropriately before final disposal,
according to research [128].

Additional AMR sources

Livestock waste [ 129], agricultural manure and sludge
[130], heavy metals [123], and aquaculture waste products
[131].

ACTIONS TAKEN TO REDUCE THE AMR

International efforts

To plan and adopt strategies to address AMR in the
region, the Southeast Asian Regional Office (SEARO) held
multiple conferences. One such historic gathering took place
in 2011 in India, Jaipur, where the health ministers of all the
participating nations—including India—vowed to embrace
the Jaipur Declaration and implement stringent AMR policies
using the WHO’s 2014 Report [100]. India and the WHO
worked collaboratively following the publication of this report.
A Global Action Plan was launched after the 68th World Health
Assembly resolved to incorporate the idea of One Health into
the battle against AMR. All Member countries, including India,
agreed to frame their NAPs for AMR by 2017. Notwithstanding
the fact that the WHO identified AMR as the Flagship Attention
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Figure 8. AMR drivers in India and steps taken to curb AMR.

area for SEARO [100], the Indian Medical Association in 2015
initiated an awareness drive [132] with the aim of educating
physicians and raising public awareness [100].

Nationwide initiatives

An NAP for the nation was prepared by the Core
Working Group on AMR, which was established by the Indian
government. The NAP has identified six strategic priorities, all
of which have considered the possibility of AMR occurring in
the environment either straight or implicitly [133,134]. A plan
for 5 years also outlines how each strategic priority’s assigned
interventions, activities, and results are expected to be fulfilled.
A list of the acceptable amounts of antimicrobial waste in foods
made from fish, poultry, and animals was published by the Food
Safety and Standards Authority of India (FSSAI) in June 2017
[135].

The Indian Council of Medical Research and the National
Center for Disease Control, respectively, introduced the AMR
monitoring platforms of Indian health agencies in 2013 and 2014
to determine the approximate scope of AMR [101]. According to
the National Health Policy 2017, “pharmacovigilance including
prescription audits inclusive of antibiotic usage - in the hospital
and community” and “a rapid standardization of guidelines
regarding antibiotic use, limiting the use of antibiotics as OTC
medications, banning or restricting the use of antibiotics as
growth promoters in animal livestock” are among the demands
made [134]. In India, creative solutions and mass media are
required to address such sociocultural concerns. We suggest the
following possible ways for the prevention of AMR and future
directions for India is shown in Figure 7.

CURRENT RESEARCH AND FUTURE PERSPECTIVES
OF NATURAL ANTIMICROBIALS

In current scenarios of research and development,
screening for antimicrobials with broad-spectrum activity often
leadstotoxicandre-isolationissues,and the “Waksman platform”
of traditional phenotypic screening is depicted in Figure 3.
Hence, screening needs prolonged cultivations (for isolating
the axenic cultures) and re-sources-consumption activity
guidance isolation of antimicrobials which cannot be possible
by fast high-throughput screening techniques. Even though
random investigation occasionally provides some interesting
results a discovery of a new class of lipoglycopeptide antibiotic
Gausemycin A/B against gram+ bacteria. Gausemycins A and
B are cyclic peptides with a unique peptide core and several
remarkable structural features, including unusual positions
of D-amino acids, lack of the Ca®* binding Asp-X-Asp-Gly
(DXDG) motif, tyrosine glycosylation with arabinose, presence
of 2-amino-4-hydroxy-4-phenylbutyric acid (Ahpb) and
chlorinated kynurenine (CIKyn), N-acylation of the ornithine
side chain. These major components of the peptide antibiotic
family have pronounced activity against Grampositive bacteria
[136]. The structure is shown in Figure 9. Nacubactam is
an experimental drug that is part of the diazabicyclooctane
(DBO) class and is intended to treat infections brought on by
Enterobacteriaceae that are resistant to carbapenem (CRE).
It works in two ways: it directly targets penicillin-binding
protein 2 (PBP2) in Enterobacteriaceae and inhibits serine
B-lactamases (classes A, C, and some D enzymes). This dual
action has direct antibacterial effects in addition to shielding
companion B-lactam drugs from degradation. Clinical trials are
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being conducted on nacubactam in conjunction with antibiotics
such as meropenem, cefepime, and aztreonam to treat severe
bacterial infections brought on by MDR organisms, including
complicated UTIs.

In this research, we emphasize the key developments
that get around the restrictions of phenotype screening both
methods and outcomes of recent investigations. The new
research approach evolves into multidisciplinary research,
schematically with three main divisions such as microbiology,
chemistry, and molecular biology as shown in Figure 4.

Isolating the natural antimicrobials by traditional
methods will help in selecting only a small number of existing
diversities [137]. The new cultivation approach for novel
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antimicrobials is shown in Figures 1-3. Exploring novel
habitats, and new cultivation techniques (co-cultivation [ 138—
141]. In-situ cultivation [142—147], microtechnology [148—
150], and a new approach for narrow-spectrum antimicrobials
[151,152], compounds with more selective effect are drawing
increasing attention since they enable access to a portion of
this mysterious microbiome, changing the paradigm [153].
The iChip technology with diffusion chambers of stainless
steel and 0.03um pore size to isolate the new antibiotic non-
ribosomal peptide “teixobactin” from beta-proteobacterium-
Eleftheria terrae that binds to lipid II and lipid III, essential
precursors in cell wall biosynthesis. Teixobactin has notably
prevented the development of observable resistance in
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Figure 9. Structure of Gausemycins.
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Figure 10. Structure of Teixobactin.
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infections, which represents a major breakthrough in the
discovery of antibiotics. Teixobactin-analogue in complex with
Lipid II in lipid membranes. The structure provides a wealth
of information on the pharmacophore and demonstrates that
teixobactins balance specific and fuzzy binding to recognize
a maximal number of targets and minimize the likelihood of
resistance development. Furthermore, our structure explains
the critical sequence of D- and L-amino acids that enables a
clear-cut separation of hydrophilic and hydrophobic sidechains
and thereby also provides a molecular rationale why certain
positions do not tolerate substitutions of hydrophobic residues
by hydrophilic residues and vice versa [143] (Fig. 10). The
potential of phage therapy in combating AMR was highlighted
when researchers discovered a bacteriophage from Merri
Creek, Melbourne, that was able to eradicate the superbug
Klebsiella pneumoniae.

Microtechnology (microarrays, microencapsulation,
micromechanical, and microfluids) can also be applied to
develop new antimicrobials by reducing time and resources
[149,150]. The broad-spectrum antimicrobials have several
disadvantages such as stability and bacterial resistance.
Hence, new approaches to finding new narrow-spectrum
activity antibiotics will avoid these limitations. In the year
2016, the key concept of finding the narrow-spectrum
activity was projected by Brown and Wright [153] which is
inspired by the example of Fidaxomicin and Hygromycin-A
(Fig. 11). These new approaches direct the study of stain-
specific and bacteriocins antimicrobials as next-generation
products with narrow-spectrum activity (Fig. 12). Thus, the
narrow-spectrum antimicrobials reduce the AMR and side
effects [154].

New genomic engineering (genome mining/
metagenesis) and molecular biological approaches help
in developing new antimicrobials [36—-161]. The modern
development in antimicrobial discovery is depicted in
Figures 4 and 5. The clinically approved novel lipopeptide
antibiotics, daptomycin discovered by a metagenomic study
(Fig. 13). The metabolomics-guided identification represents
apromising frontier in antimicrobial discovery. By leveraging
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comprehensive metabolite profiling and utilizing extensive
databases like METLIN and ECMDB, researchers can
uncover novel bioactive compounds. Addressing challenges
related to data complexity and standardization will further
enhance the efficacy of this approach in combating AMR.

Recent research has revealed that proteins in Sydney
rock oyster blood can kill bacterial infections and improve
the efficacy of some medicines, so derived AMA is for
antibacterial medicines derived from marine life, this finding
creates fresh opportunities. Researchers are going back over
past remedies like Lemnian Earth (LE), an old Greek medical
clay. Modern research indicates that LE’s mix of particular
clays and fungus could help gut bacteria, thereby providing
a possible basis for modern gut health treatments. Molecular
“De-Extinction”: Synthetic biology and artificial intelligence
have made it possible to rebuild antibacterial compounds from
extinct organisms. Scientists have created compounds from
woolly mammoths and Neanderthals, for example, which
have demonstrated encouraging antibacterial effects and offer
fresh models for the development of drugs. The production
of nanostructured surfaces influenced by natural antibacterial
mechanisms has been made easier by the use of nanostructured
bactericidal surfaces in bioengineering. Black silicon surfaces
have bactericidal activity, as evidenced by research headed
by Elena P. Ivanova, which mechanically ruptures bacterial
cells upon contact. These biomimetic nanostructures provide
a new class of mechanoresponsive antibacterial materials by
mimicking the physical antibacterial characteristics found in
insect wings. These surfaces could be used in implants and
medical equipment to lower the risk of infections linked to
biofilms.

The new “transcription-translation in One” (TTP) was
described recently [162] and reporter-guided mutation selection
was created for the novel metabolites [163,164] is shown in
(Fig. 14). However, the establishment of receptor stains and
mechanism-guided isolation is the advanced research for
the elucidation of antimicrobials based on the mechanism of
action (MoA) [165-167] The schematic representation of this
screening strategy is shown in Figure 15.

Fidaxomicin

OH OH
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OH Oa N N o
cl <° “OH” 0
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Figure 11. Structure of Fidaxomicin and Hygromycin-A.
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Al-Powered Screening for Antimicrobial Research

Predictive Modeling: By examining
structures and biological data, machine learning algorithms
can forecast the antibacterial activity of natural substances,
expediting the drug discovery process.

Virtual Screening: Al makes it possible to virtually
screen enormous collections of NPs, effectively locating
substances that may be effective against particular infections.

Finding novel Antibiotics: By wusing artificial
intelligence (Al) to sift genomic data, researchers have found
novel antibiotics from uncharted microbial sources.

chemical

LIMITATIONS AND CHALLENGES

Resistance development

Though new drugs like teixobactin show promise,
there is still reason for worry about resistance development.
Reducing this risk depends on constant observation and sensible
use.

Regulatory and ethical considerations
Treatments like bacteriophage therapy are subject to

ethical and regulatory issues, especially when it comes to their
application in Western medicine. To overcome these obstacles,
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thorough clinical studies and standardized procedures must be
established.

Translational barriers

Although ancient medicines and proteins derived from
marine sources exhibit promise in vitro, obstacles including
toxicity, bioavailability, and large-scale production must be
addressed before these discoveries can be turned into clinically
useful treatments.

Data quality and integration

The availability of thorough, high-quality datasets is
a prerequisite for the use of Al in drug discovery. Strong data
curation and validation are essential since incomplete or biased
data can result in inaccurate predictions.

CONCLUSION

The development of antibiotic-resistant microorganisms
emphasises how vital it is to create novel antimicrobials. However,
the development of new drugs cannot proceed successfully or
efficiently until appropriate drug leads are identified. In this
assessment, we listed the main tactics for addressing the current
problems with the development of natural antibiotics. The
question, “How do we make antibiotics great again?”’ cannot be
satisfactorily answered by any of these approaches. Additionally,
the basic procedure remains unchanged and is essentially similar
to the traditional phenotypic screening (often referred to as the
“Waksman platform”). Every technique displayed enhances one
or more phases of the traditional discovery paradigm. Using
these developments could lead to a large increase in the rate of

new antibiotic discovery. Combining several datasets (such as
genomics and metabolomics) has been shown to produce new
and valuable information. Further data integration, however,
necessitates advanced instrumentation, processing power, and
technology. It may become feasible to use natural compounds
made from plants or their byproducts, algae, and mushrooms as
novel antimicrobials. Utilizing these items may potentially be a
more cost-effective way to make antimicrobials. Therefore, more
research is required to identify the most effective antibacterial
dosages that can be used without needlessly changing any
sensory qualities. Therefore, developing a more practical
and effective delivery strategy for these naturally occurring
antibacterial compounds remains essential. Before being used
in the healthcare industry, natural AMAs must also be evaluated
for safety and potential health hazards in order to maximize the
benefits for the patient.
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