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Abstract

Due to the increasing trend of antimicrobial resistance bacteria and the
increase of antimicrobial resistance genes, there is an urgent need to develop
alternatives to antibiotics. This review evaluates the advances and perceptions
of alternatives to antibiotics. The mode of action, application and perspective
of alternatives such as clay minerals, probiotics, prebiotics, inhibitors such as
quorum sensing inhibitors, biofilms inhibitors, bacterial virulence inhibitors,
antimicrobial peptides, phytogenic compounds like organic acids, essential oil
and herbs, bacteriophages, nanoparticles, vaccines, fecal microbiota
transplant, immunity modulating stimulants and bacteriocins are discussed in
this review. If used with proper strategies, these alternatives can replace
antibiotics in livestock. These alternatives not only better cope with
antimicrobial resistance but also can help in efficient animal growth,
production and disease control. However, till now, none of the alternatives has
been proven to efficiently replace antibiotics on a large scale, though, they
appeared to be a partial replacement to antibiotics. These natural alternatives
are promising to improve the overall health of the environment, animals and
humans. Lastly, the idea of one health was adopted in recognition of the fact
that animals and people share many infectious diseases and are connected in
addition to existing in the same environment. Using one health concept, the
World Health Organization (WHO), Food and Agriculture Organization
(FAO), and World Organization for Animal Health (OIE) developed several
action plans to tackle antibiotic resistance.

This work is licensed under the Creative Commons Attribution-Non-
Commercial 4.0 International License.
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Introduction

The complexity of the antimicrobial resistance
problem appeared when researchers were working on
the factors that will help reduce this problem [1]. The
use of antibiotics for more than 70 years leads to
antibiotic-resistant genes in human pathogens as well
as in related bacteria. The spreading of these genes
will occur in the environment by the water, air,
wildlife, and humans. Therefore, there is a need for
strategies for stopping the transfer of these resistant
bacteria or genes from the “hot spot” of potential
resistance area to the environment. Moreover, there
exists a horizontal transfer of the highly resistant
genes between the bacteria. The unnecessary use of
antibiotics can be the reason for highly resistant
genes; hence careful use of antibiotics can help in
stopping the resistance to the spread of these genes
[1]. Some novel genes can emerge due to selective
pressure on the environmental and commensal
bacteria. When comparing these genes to those that
are resistant to environmental selection, we find that
the former does not occur on mobile genetic elements
(MGESs) and instead select onto MGEs through the
use of integrons, transposons, and plasmids. After
that, these genes become visible in human pathogens,
such as the plasmid-borne CTX-M-5 extended-
spectrum beta-lactamases that are found in Kluyvera
ascorbata [2].

To support the health of food-producing animals,
antibiotics have been used for a long time, but this
practice is blocked by the United Nations. Multiple
alternatives can be adopted including phage therapy,
probiotics, prebiotics, bacteriocins, competitive
exclusion of pathogens, phytogenic compounds, and
organic acids. Phage therapy is considered one of the
most valuable alternatives, as phages infect bacteria,
so is used for the treatment of bacterial diseases. In
Eastern Europe, many phage therapeutic products
were sold, but in the United States, these products
were made unavailable due to variable efficiency [3].
If we talk about the benefit of phage therapy,
specificity (bacterium) and efficiency (topical or
mucosal infection) are most important. Among the
drawbacks is the emergence of resistance. Antibiotics
are undoubtedly used to treat a variety of illnesses,
but they are also frequently used to prevent illnesses.
Almost half of the antibiotics used to treat pigs are
done so to avoid disease [4]. The present
understanding of animal husbandry's nutrition and
sanitation practices has led to a decrease in the use of
antibiotics to prevent infections in both people and
animals. Furthermore, advancements in molecular

science have been crucial in reducing both primary
and secondary bacterial infections, including
vaccinations.

There is another important alternative, the use of
therapeutics in animal agriculture, which are
molecules that will boost the immune system of the
animals and will help in the prevention of diseases.
One of the well-known immune-therapeutics used in
animal agriculture is pegbovigrastim [5], a bovine G-
CSF (granulocyte colony-stimulating factor), given to
cattle to enhance the immune system by maintaining
the number of neutrophils in the blood, as well as to
minimize the cases of mastitis (Fig. 1). The benefits
are enhancing the immune system, which will help in
the prevention of disease, but there is a drawback
also, about the delivery that should be precise, hence
has become a challenging task when applied on-farm.
The other effective alternative is the use of probiotics
and prebiotics that will work by controlling the gut
microbial community, involved in maintaining health
[6]. If we talk about probiotics, these are living
organisms, typically named good bacteria, introduced
to improve the gut microbiota. If we see, prebiotics
are molecular precursors that play a role in improving
the existing gut microbiota, improving the health of
the host.

Talking about other alternatives phytogenic
chemicals are one of the safest and most effective
antimicrobial agents that have the potential to replace
antibiotics and thus help in coping with AMR.
Phytogenic chemicals include plant-based derivatives
like essential oils, organic acids, herbs and botanic.
These compounds prove to be fruitful against
pathogenic bacteria and provide health benefits to
animals. Moreover, antimicrobial peptides,
bacteriophages, and fecal microbiota transplant are all
strategies that can be used combined with Antibiotic
therapy to help overcome resistance and for the
betterment of one health. When antibiotics are used
in animal husbandry, they cause antibiotic resistance
in food animals. When humans consume these food
animals, will create antibiotic resistance in them.
According to different research, ARGs present in
food animals have reached the resistome of pathogens
present in humans. One Health is associated with the
integrative management approach that takes into
account the environment, animal welfare, and human
health in addition to the implementation of efficient
public health laws. One health concern about public
health aims to prevent and control infectious diseases.
An international public health concern is
antimicrobial resistance. Since several pathogenic
bacteria and their resistance genes have
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Fig. 1 Alternatives for combating antibiotic resistance.

environmental origins, there is a general hope that the
growth of comprehensive ecological studies will help
in investigating the issue, followed by the
understanding of the primarily connected
consequences.

Alternative to antibiotics

Clay minerals

Silicon, aluminum, and oxygen molecules make up
the stratified tetrahedral and octahedral layers that
make up the composition of clay minerals [7]. Natural
extracted clays (bentonites, zeolite, kaolin) are
composed of a blend of different clays. The best clays
are regarded as being clinoptilolite, montmorillonite,
smectite, illite, kaolinite, and biotic [7]. Clay works
by immobilizing harmful substances such as
aflatoxins, plant metabolites, heavy metals, and
poisons in the animal's digestive tract, which reduces
their biological availability and toxicity [7]. It has
been observed that clay has a significant impact on
weaned pig diarrhea cases [7-9]. Since it binds to
poisonous compounds, it is added to swine feed to
protect the animals from the harmful effects of
mycotoxins when fed to them. Although most studies
have not accepted it as a practical substitute for
antibiotics, it has shown promise in promoting the
growth of younger pigs [8, 10-13].

Probiotics
Probiotics have been defined by the World Health
Organization as “microorganisms which,

administered live and in adequate amounts, confer a
benefit to the health of the host” (Fig. 2). Animal
poisoning, allergies and diarrhea cases were reported
after introducing probiotics into the feed fed by

animals time to time. Lactobacilli and bifidobacteria
were approved as safe for the probiotics [14]. The
drawback is for the immunodeficient animals, as
probiotics were seen as harmful to them [15]. It is
seen that normal gut flora is disturbed by the use of
probiotics, which can lead to urinary tract infections
and other diseases, for example, dietary cider yeast,
Lactobacillus and Bacillus. These abnormalities can
be related to the given diet that will affect the
endogenous microbiota [16]. The following
challenges were faced when probiotics are practiced
in animal feed:

1. The species that are considered safe as probiotics
are less in number.

2. There exists deactivation of microbial
preparations during the processing of feed,
transport and storage procedures.

3. Low pH in the gastrointestinal tract and bile acids
can deactivate probiotics.

4. High colonization of viable cells in the intestine
cannot be achieved properly.

Prebiotics

Prebiotics are known as food ingredients that cannot
be digested by the host and produce useful effects by
working in the intestinal tract through their selective
metabolism [17]. We can use polysaccharides,
oligosaccharides, natural plant extracts, polyols, etc.
as prebiotics. We can see the way of working on
prebiotics in the following flowchart (Fig. 3). The
most commonly used prebiotics that showed
encouraging results are oligosaccharides and
acidifiers. If we talk about the benefits of prebiotics,
these are stable compounds that leave no residue,
there are no chances of induced resistance and there
is a wide variety of sources. Unfortunately, many
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prebiotic products have been banned as feed additives
under the Commission Regulation (EC) 1831/2003.
There are a few disadvantages to using these
products. These are unable to inhibit or kill pathogens
so cannot be used for the treatment of bacterial
infections. Many cases of bloating, diarrhea and other
adverse reactions were seen, because of the
fermentation in the gastrointestinal tract, when
animals used an excess of prebiotics [18]. A study on
mannose's prebiotic functions showed that its
oligosaccharide structure was connected to mannose's
prebiotic function [19]. Upon observation, B-
galactomannan and MOS (mannan-oligosaccharides)
were found to be involved in reducing the amount of
IL6 and CXCL8 secreted by Salmonella-infected
cells. However, the same outcomes were observed
when cells were treated with a monosaccharide D-
mannose. Although there is currently no solid
evidence linking the structure and physiological
function of prebiotics, research has shown that their
effectiveness was correlated with various animal
species, ages and physical conditions. Because
prebiotics are expensive, their use in animal
husbandry is restricted.

Anti-virulence inhibitors

Quorum sensing is involved in the regulation and
control of the pathogenicity of bacteria. If we focus
on the components of the QS system, these are made
up of self-induced signaling molecules (autoinducers,
Als), receptors and downstream regulatory proteins.
Quorum-sensing inhibitors work by blocking the
functions of the QS system. QS Inhibitors act as anti-
virulence as they are involved in preventing bacterial
virulence produced due to the QS system. So, by
quorum sensing inhibitors (Table 1), we can prevent

bacterial virulence. Biofilms are thin layers of
polymer matrix attached to a solid surface where the
community of bacteria is embedded in it. The matrix
is composed of polysaccharides, proteins and DNA.
The bacteria that form biofilms are highly resistant to
antibiotics and disinfectants. They also have tolerance
to resting phagocytes as well as other factors of the
body’s immune system. By using the biofilms
forming inhibitors (Table 2), we can target the
bacteria virulence by making them sensitive to
antibiotics. We can also target bacterial virulence by
blocking their virulence factors. Using the
compounds that are involved in blocking the function
and transmission of bacterial toxins can be proven
very effective anti-infective strategy. There are
several anthrax toxins, composed of lethal factor
(LF), edema factor (EF), PA and other components.
If we use anti-virulence inhibitors, that can block
these factors, we can target bacterial virulence.
Inhibiting bacterial virulence factors can also be
proved successful alternative to combating
antimicrobial resistance in the host. The development
of compounds inhibiting the function and
transmission of bacterial toxins is a novel anti-
infective strategy.

Bacteriocin

Bacteriocins are an additional class of antimicrobial
peptides (AMPs). They are thought to be proteins or
peptides that bacteria make and that have antibacterial
properties (Table 3). Unlike antibiotics, which are
byproducts of secondary metabolism, they are created
in the late log growth phase and at the start of the
stationary phase [36]. According to Schulze et al.
[37], bacteria produce bacteriocins, which are tiny
peptides with bactericidal or bacteriostatic properties



Table 1 Quorum sensing inhibitors.

Names Examples References
1. Non-peptide small molecule- AHLs ACP homologs, L/D-S-adenosylhomocysteine and butyryl-S- [20]
analogs adenosyl-L-methionine
2. Peptide- AIPs homologs AIP-IT [21]
3. Proteins- QS quenching enzymes and AHL-acylase, lactonase, oxidoreductases from Rhodocococus [22]
QS quenching antibodies paraoxonase, paraoxonases 1, apolipoprotein B (ApoB) [23]
Table 2 Biofilm forming inhibitors.
Names Mechanisms References
L Methane-thlosu.l fonate. and‘mercurlal P" Their target is inhibiting the bacteria adhesion by acting on sortases. [24]
hydroxymercuribenzoic acid
2. Polysaccharide hydrolases Destroy the biofilm matrix. [25]

3. DNases, proteases, and alginate lyases]

Enhancing the effect of antibiotics on biofilm by making it more

. [26] [27]
susceptible.
4. Urokinase or lumbrokinase Stopping the formation of P. aeruginosa biofilms and making the (28] [29]
biofilm more permeable for the entry of antibiotics.
Table 3 Bacterial virulence inhibitors.
Name Mechanisms References
1. Hydroxamate Blocking the LF activation by binding with it, thus involved in stopping the anthrax [30]
(LFT) infection.
2. Cisplatin Blocking the assembly of PA heptamer, thus stopping the toxicity of LF and EF. [31]
3. Cholestyramine = Weakening the toxicity caused by clostridial toxin
4. Pyridone Preventing the adhesion of bacteria by blocking the blood clot formation and biofilm (32]
formation.
5. Virstatin Inhibiting the colonization of V. cholera in the gut. [33]
6. Acyl Prevent the infection caused by Yersinia pseudotuberculosis by blocking the translocation [341[35]
salicylaldehyde  of effector molecules and the invasion of Salmonella in the intestinal epithelium.

that regulate bacterial ecosystems. They release
bacterial strains that help stop infections from
growing. In the food and medicine sectors,
bacteriocins are useful antibiotics and preservatives
Bacteriocins, according to Murugaiyan et al. [38], are
less poisonous and stable to heat. They could
therefore be used in place of or as a substitute for
antibiotics. Bacteriocins are superior to antibiotics
because they kill pathogenic bacteria specifically
while sparing the surrounding microorganisms, hence
changing the microbiota. The lack of consistency in
the study, however, prevents us from fully
understanding the role, potential, and thorough
understanding of Dbacteriocins as an antibiotic
replacement in animal production.

Use of antimicrobial peptides

In recent years, antimicrobial peptides have gained
much popularity because of their wide action against
bacteria, fungi, viruses, and parasites. Antimicrobial
peptides are a class of small peptides that synthesize
naturally (as a natural defense of the immune system)
and synthetically and have a great impact on
pathogens [40] Because of the emergence of resistant
bacteria, alternative strategies to combat bacterial

infections are a major concern. Antimicrobial
peptides as one of the effective candidates against
broad spectrum resistant bacterium therefore, detailed
studies are being done on AMPs. AMPs or
heterogeneous cationic amphiphilic peptides are
mostly produced when the protease enzyme cleaves
proteins. To date, 5000 Amps have been discovered
that have different ranges of actions and that is
because of their nature; against Gram-negative and
Gram-positive bacteria, fungi and viruses. Some
AMPs target cell walls, some have actions on the
plasma membrane and others affect DNA. Amps are
considered bactericidal, so resistance against them is
not a major concern [41]. Although AMPs are a better
alternative to antibiotics, still studies are needed to
overcome their limitations which are their hydrolysis,
oxidation and photolysis. It may trigger chronic
inflammation or may show cytotoxicity, in addition,
a long R&D cycle and low investment return also
hinder the use of AMPs [42] but for one-health
betterment and animal improvement, AMPs could be
a better alternative.

Use of bacteriophages

Antibiotic resistance is a significant risk to humans.
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The scientific community is particularly concerned
about finding alternatives because the rate at which
new antibiotics are being discovered has decreased.
Another substitute for antibiotics is Bacteriophages.
Bacteriophages are viruses that infect bacteria with
high specificity, kill bacteria without causing harm
to animals and give relief from the disease. Despite
being identified in the early 1900s, the growing
problem of antibiotic resistance has recently sparked
interest in bacteriophages again. They are especially
helpful in animals because of their specificity and
capacity for multiplication, which enable them to
fight off numerous illnesses brought on by bacterial
resistance. Antibiotics and phage therapy can be
used in collaboration to promote phage production
and bacterial cell elongation, which lowers the
dosage and concentration of antibiotics required.
Phage therapy serves as a proven alternative to
antibiotics in animals, effectively combating health
issues in animals, the environment and humans [44].
Replacing prophylactic antibiotics with this
alternative can enhance overall health and help
control the emergence of new diseases caused by
resistant bacteria.

Use of nanoparticles

Another advanced and effective method that can be
used as an alternative to antibiotics is nanoparticles.
Nanoparticles are biomaterials with sizes ranging
from 1 and 100 nm [45]. Nanoparticles are
advantageous as active antibacterial agents due to
their larger surface area, therefore, despite the small
dose, these particles exhibit greater activity and are

used as viable alternatives against many bacterial
infections [46]. If we take a look at the target of
antibiotics then we have cell wall, DNA and
essential protein synthesis as targets like in the case
of beta-lactams, aminoglycosides and quinolones,
etc. Bacteria survive the action of antibiotics by
mutation and developing resisting mechanisms
against these targets. But nanoparticles directly act
on the cell wall, and penetrate cell membranes, and
unlike target-specific antibiotics, they disrupt
important molecular mechanisms, the release of free
ions, and oxidative stress. Their actions vary
according to NPs type [47]. Nanoparticles in
synergy with antibiotic therapy have also been
proven to prevent bacterial resistance. With the
advancement, various NPs like copper, silver,
selenium, nickel, gold and iron oxide have been
studied for their antibacterial properties [46].

Use of phytogenic compounds

Phytogenic compounds are bioactive compounds
derived from plants and also referred to as plant
secondary metabolites that include a variety of
organic acids, essential oils, botanic, herbs and
spices that have antimicrobial, antioxidant and anti-
inflammatory properties [48]. With growing AMR
such natural compounds gain popularity as they can
be used as growth promoters and therapeutics (Table
4). Organic acids with general formula R-COOH,
are carboxylic acids and are classified based on
chain length. Short-chain fatty acids (SCFA),
medium-chain fatty acids (MCFA) and long-chain
fatty acids (LCFA) make up the organic acids (OA).



Table 4 List of organic acids effective against microbes.

Organic acid Effective against Reference
Propionic acid Staphylococcus — aureus, Bacillus ~ subtilis, bacterium Escherichia coli and fungal [52]
strains, Candida albicans and Aspergillus niger
Formic acid Salmonella spp. [53]
Pelargonic acid Salmonella spp. [54]
Rosmarinic acid Staphylococcus aureus, E. coli, B. subtilis and Salmonella [55]
Table 5 List of plant extracts against a panel of microorganisms.

Plant name Part Effective against Reference
Taraxacum officinale Root Staphylococcus aureus, methicillin-resistant S. aureus and Bacillus cereus [59]
Momordica charantia L. Leaves Aeromonas hydrophila, MRSA [60, 61]
Ocimum sanctum Leaves  Staphylococcus aureus, Klebsiella pneumonia [62]
Mentha piperita L. Leaves  Staphylococcus epidermis [63

Melissa officinalis Leaves

Pseudomonas oryzihabitans

]
[63]

The chemical makeup, shape, molecular weight, pKa
value and targeted pathogen or microbe control all
play a significant role in the OA's effectiveness [50].
These OAs are considered safe and used as feed
additives in poultry for years to prevent microbial
and fungal infections [50]. When OAs reach the gut,
they alter the pH, increase the activity of gastric
enzymes, decrease pathogenic bacteria and modulate
gastrointestinal microbiota [51]. Organic acids cause
the death of bacteria by entering the plasma
membrane and by changing the pH to acidic which
leads to alteration in the functioning of differing
proteins. By disrupting metabolism, they effectively
retard bacterial growth and cause the death of
bacteria. Many resistant bacteria like Clostridium
perfringens [50] become resistant to added
antibiotics in feed so organic acid against C.
perfringens has proven to be an alternative to this
disease. The other phytogenic compounds that
gained popularity for being effective against bacteria
and can be used as a better substitute for antibiotics
are  essential oils (EO). The European
Pharmacopoeia defines EO as an “Odorant product,
generally of a complex composition, obtained from a
botanically defined plant raw material, either by
driving by the stream of water, either by dry
distillation or by a suitable mechanical method
without heating”. They have been shown to possess
the antibacterial, anti-parasitic, antiviral and
regulatory properties of numerous metabolic
processes [56]. Now AMR is one of the ten global
health threats and essential oils are being studied
extensively for their antibacterial properties [64].
Essential oils are extremely concentrated as they are
formed by the steam distillation process and are
highly volatile. The components comprised of two
biosynthetically related groups namely terpenes and
aromatic compounds [57]. The antimicrobial

property of essential oil depends upon the type of
compound it has, for example, clove has
antimicrobial properties due to eugenol and a
phenolic compound a-caryophyllene, which is
present in trace amounts [57]. Both these compounds
possess denatured proteins and react with cell
membrane phospholipids and change their
permeability resulting in the death of the bacterium
[58]. Other EOs have different compounds that have
different target sites and have been used for years as
potent chemicals against different bacteria.

Fecal microbial transplant as an alternative
antimicrobial

Colonization of drug-resistant microorganisms in the
gut is a major concern in livestock and humans. The
scientific community is in search of an alternative to
overcome resistant microbes. One of the advanced
methods is fecal microbiota transplantation (FMT)
which can reduce multiple drug-resistant
microorganism colonization, but its mechanism is
poorly understood [65]. Gut microbiota gives natural
protection against resistant microbes by inhibiting
their colonization. However, the use of excessive
antibiotics affects the natural microflora of the gut
leading to its destruction and subsequent
colonization and dominance of AROs [66]. Different
studies have been done in which patients subjected to
fecal microbial transplants led to a decrease in ARO
colonization and improved gut health.

Use of vaccines

AMR is a major threat to animal agriculture. As an
alternative, vaccines are the better source that not
only combat the resistant microbes but also help
lessen the use of antibiotics [67]. Antibiotics are now
becoming a must as growth promoters and their



prophylactic use results in increasing AMR. Vaccines
have proven to be a promising source for decreasing
the burden of disease caused by AROs and also
prevent and control infections [68]. A variety of
studies have been done to check the efficacy of
vaccines against many bacterial and viral infections
and reduce antibiotic usage in such populations.
Many bacterial infections that become hard to treat
with antibiotics are now being treated with vaccines.
A popular example of vaccine use against bacterial
infections is Lawsonia intracellularis, the causative
agent of ileitis, in Danish pig herds that can reduce
oxytetracycline consumption [68]. The infectious
coryza vaccine is used to protect against infectious
coryza (caused by Haemophilus
paragallinarum or Avibacterium paragallinarum), a
bacterial respiratory disease that affects poultry [69].
The use of vaccines is also beneficial because it
reduces the cost of farming. Vaccines boost the
natural immune system of animals and give longer
protection against a disease. Although there are
several vaccines available in the market for veterinary
use but still a lot of work needs to be done to help
build new and effective vaccines against new
potential pathogens.

Immune-stimulants

Immune stimulants comprise a group of biological
and synthetic compounds that enhance the non-
specific cellular and humoral defense mechanism in
animals [70]. With emerging AMR and AROs, the
reliance on the immune-stimulants is under study.
There are dozens of immune stimulants like
nucleotides, thymosin, oregano oil, probiotics, herbs
and their extracts used as immune stimulants and
studied for their effectiveness against microbes [41]
It has been proven that adding immune stimulants to
feed animals can improve innate immunity and
provide defense against microbes. Also, immune-
stimulant effects are different in different animal
species. With the positive impact on the immune
system, they could be detrimental as they can inhibit
the positive aspects of the immune system [41]. There
are also no uniform standards for evaluating their
efficacy and safety. But overall immune-stimulants
could be used as an alternative antimicrobial to cope
with AMR.

One-Health perspective

AMR is one of the growing global public health
issues that is a threat to treating the infection caused
by these invisible creatures. Many infections that

were once treatable are now resistant to multiple
drug classes. This resistance is continuously
growing because of the unbothered use of antibiotics
that persuades microorganisms to opt for strategies
for resistance and survival. So, instead of inhibiting
the antibiotic, bacteria grow their numbers by using
that antibiotic or survive in the presence of that
particular antibiotic. The environment is the major
reservoir of these bacteria. Resistant genes and
bacteria can move easily between human, veterinary
and environmental pathogens reflecting microbial
adaption across sectors. So, AMR is the concern of
every sector as it is transferable from one sector to
another. Strategies need to be opted to solve this
growing concern to improve overall biome health.
WHO Global Action Plan emphasizes the One-
Health approach and includes five main objectives:
(1) Awareness about AMR through effective
communication, education and training; (2)
strengthening knowledge by research and
surveillance; (3) effective sanitation, hygiene and
infection prevention measures to reduce the
incidence of infection; (4) optimized use of
antimicrobial medicine in human and animal; and
(5) increase investment in new medicine, diagnostic
tools, vaccines and other intervention to stop the
growing resistance.

Conclusions

Antimicrobial resistance has become a global
problem. To control this problem, we should move
toward some alternatives. The use of prebiotics and
probiotics has proved significant, but overuse can
produce harmful effects on animals. Phage therapy
is considered a successful strategy with fewer side
effects.  Antimicrobial peptides, phytogenic
compounds like organic acids, essential oils and
herbs, nanoparticles, vaccines, and fecal microbiota
transplants all are strategies that if used with proper
strategies can replace antibiotics in livestock. These
alternatives not only better cope with AMR but also
can help in efficient animal growth, production and
disease control. But none of the alternatives has
proven to be an efficient replacement for antibiotics
on a large scale, they just to an extent can replace
antibiotics. But these natural alternatives are
promising to improve the overall health of the
environment, animals and humans.

Conflict of interest

The listed author(s) declares no conflicting interests.

91



Acknowledgment

The listed author(s) gratefully acknowledge the
access to literature that their representative
organizations have made possible.

References

[1] Stokes HW, Gillings MR. Gene flow, mobile genetic
elements and the recruitment of antibiotic resistance
genes into gram-negative pathogens. FEMS Microbiol
Rev 2011; 35(5):790-819.

[2] Humeniuk C, Arlet G, Gautier V, Grimont P, Labia,
Philippon A. B-lactamases of Kluyvera ascorbata,
probable progenitors of some plasmidencoded CTX-M
types. Antimicrob Agents Chemother 2002; 46(9):3045-
3049.

[3] Abedon ST, Kuhl SJ, Blasdel BG, Kutter EM. Phage
treatment of human infections. Bacteriophage 1(2):66-8.

[4] Apley MD, Bush EJ, Morrison RB, Singer RS, Snelson
H. Use estimates of in-feed antimicrobials in swine
production in the United States. Foodborne Pathog Dis
2012; 9(3):272-27.

[5] Molineux. The design and development of pegfilgrastim
(PEG-rmetHuG-CSF, Neulasta®). Curr Pharm Des 2004;
10(11):1235-1244.

[6] Gaggia F, Mattarelli P, Biavati B. 2010. Probiotics and
prebiotics in animal feeding for safe food production. Int
J Food Microbiol 2010; 141:S15-S28.

[7] Vondruskova H, Slamova R, Trckova M, Zraly Z, Pavli
I. Alternatives to antibiotic growth promotors in
prevention of diarrhea in weaned piglets. Vet Med 2010;
55:199-224.

[8] Trckova M, Vondruskova H, Zraly Z, Alexa P, Kummer
V, Maskova J, et al. The effect of kaolin feeding on
efficiency, health status and course of diarrheoal
infections caused by enterotoxigenic Esherichia coli
strains in weaned piglets. Vet Med 2009; 54:47—63.

[9] Song M, Liu Y, Soares JA, Che TM, Osuna O, Maddox
CW, et al. Dietary clays alleviate diarrhea of weaned pigs.
J Anim Sci 2012; 90:345-360.

[10] Thacker PA. Performance of growing-finishing pigs fed
diets containing graded levels of Biotite, and
alumninosilicate clay. Asian-Aust J Anim Sci 2003;
16:1666-1672.

[11] Chen YJ, Kwon OS, Min BJ, Son KS, Cho JH, Hong JW,
et al. The effects of dietary Biotite V supplementation as
an alternative substance to antibiotics in growing pigs.
Asian-Aust J Anim Sci 2005; 18:1642—-1645.

[12] Prvulovic D, Jovanovic-Galovic A, Stanic B, Popovic M,
Grubor-Lajsic G. Effects of a clinoptilolite supplement in
pig diets on performance and serum parameters. Czech J
Anim Sci 2007; 52:159-164.

[13] Yan L, Hong SM, Kim IH. Effect of bacteriophage
supplementation on the growth performance, nutrient
digestibility, blood characteristics, and fecal microbial
shedding in growing pigs. Asian-Aust J Anim Sci 2012;
25:1451-1456.

[14] Borriello SP, Hammes WP, Holzapfel W, Marteau P,
Schrezenmeir J, Vaara M., et al. Safety of probiotics that
contain lactobacilli or bifidobacteria. Clin Infect Dis
2003; 36:775-780.

[15] Balish E, Wagner RD. Probiotic bacteria for prophylaxis
and therapy of candidiasis. Rev Iberoam Micol 1998;
15:261-264.

[16] Upadrasta A, O’Sullivan L, O’Sullivan O, Sexton N,
Lawlor PG, Hill C., et al. The effect of dietary
supplementation with spent cider yeast on the swine distal
gut microbiome. PLoS ONE 2013; 8:¢75714.

[17] Gibson, GR, Probert HM, Loo JV, Rastall RA,
Roberfroid MB. Dietary modulation of the human colonic
microbiota: updating the concept of prebiotics. Nutr Res
Rev 2004; 17:259-275.

[18] de Vrese M, Schrezenmeir J. Probiotics, prebiotics, and
synbiotics. Adv Biochem Eng Biotechnol 2008; 111:1—
66.

[19] Badia R, Lizardo R, Martinez P, Brufau J.
Oligosaccharide structure determines prebiotic role of
beta-galactomannan against Salmonella enterica ser.
Typhimurium in vitro. Gut Microbes 2013; 4:72-75.

[20] Parsek MR, Val DL, Hanzelka BL, Cronan JEJ,
Greenberg EP. Acyl homoserine-lactone quorum-sensing
signal generation. Proc Natl Acad Sci USA 1999;
96:4360—4365.

[21] Mayville P, Ji G, Beavis R, Yang H, Goger M, Novick
RP., et al. Structure—activity analysis of synthetic
autoinducing thiolactone peptides from Staphylococcus
aureus responsible for virulence. Proc Natl Acad Sci US
A 1999; 96:1218-1223.

[22] Peterson MM, Mack JL, Hall PR, Alsup AA, Alexander
SM, Sully EK., et al. Apolipoprotein B is an innate barrier
against invasive Staphylococcus aureus infection. Cell
Host Microbe 2008; 4: 555-566.

[23] Amara N, Krom BP, Kaufmann GF, Meijler MM.
Macromolecular inhibition of quorum sensing: enzymes,
antibodies, and beyond. Chem Rev 2011; 111:195-208.

[24] Chen L, Wen YM. The role of bacterial biofilm in
persistent infections and control strategies. Int J Oral Sci
2011; 3:66-73.

[25] Kaplan JB, Ragunath C, Velliyagounder K, Fine DH,
Ramasubbu N. Enzymatic detachment of Staphylococcus
epidermidis biofilms. Antimicrob Agents Chemother
2004; 48: 2633-2636.

[26] Izano EA, Amarante MA, Kher WB, Kaplan JB.
Differential roles of poly-N-acetylglucosamine surface
polysaccharide and extracellular DNA in Staphylococcus
aureus and Staphylococcus epidermidis biofilms. Appl
Environ Microbiol 2008; 74: 470-476.

[27] Marti M, Trotonda MP, Tormo-Mas MA, Vergara-
Irigaray M, Cheung AL, Lasa 1., et al. Extracellular
proteases inhibit protein-dependent biofilm formation in
Staphylococcus aureus. Microbes Infect 2010; 12:55-64

[28] Mai GT, McCormack JG, Seow WK, Pier GB, Jackson
LA, Thong YH. Inhibition of adherence of mucoid
Pseudomonas  aeruginosa by alginase, specific
monoclonal antibodies, and antibiotics. Infect Immun
1993; 61: 4338-4343.

[29] Hatch RA, Schiller NL. Alginate lyase promotes
diffusion of aminoglycosides through the extracellular
polysaccharide of mucoid Pseudomonas aeruginosa.
Antimicrob Agents Chemother 1998; 42:974-977.

[30] Shoop WL, Xiong Y, Wiltsie J, Woods A, Guo J,
Pivnichny JV, et al. Anthrax lethal factor inhibition. Proc
Natl Acad Sci USA 2005; 102:7958-7963.

92



[31] Moayeri M, Wiggins JF, Lindeman RE, Leppla SH.
Cisplatin inhibition of anthrax lethal toxin. Antimicrob
Agents Chemother 2006; 50: 2658—2665.

[32] Pinkner JS, Remaut H, Buelens F, Miller E, Aberg V,
Pemberton N., et al. Rationally designed small
compounds inhibit pilus biogenesis in uropathogenic
bacteria. Proc Natl Acad Sci USA 2006; 103:17897—
17902.

[33] Hung DT, Shakhnovich EA, Pierson E, Mekalanos JJ.
Small molecule inhibitor of Vibrio cholerae virulence and
intestinal colonization. Science 310:670-674.

[34] Hudson DL, Layton AN, Field TR, Bowen AJ, Wolf-
Watz, H, Elofsson M., et al. Inhibition of type III
secretion in Salmonella enterica serovar Typhimurium by
small-molecule  inhibitors. =~ Antimicrob  Agents
Chemother 2007; 51(7):2631-5.

[35] Nordfelth R, Kauppi AM, Norberg HA, Wolf-Watz H,
Elofsson M. Small-molecule inhibitors specifically
targeting type I1I secretion. Infect Immun 2005; 73:3104—
3114.

[36] Schulze M, Nitsche-Melkus E, Hensel B, Jung M, Jakop
U. Antibiotics and their alternatives in artificial breeding
in livestock. Anim Reprod Sci 2020; 220:106284.

[37] Murugaiyan J, Anand Kumar P, Rao GS, Iskandar K,
Hawser S, Hays JP, et al. Progress in alternative strategies
to combat antimicrobial resistance: Focus on antibiotics.
Antibiotics (Basel) 2022; 11(2):200-203.

[38] Ng ZJ, Zarin MA, Lee CK, Tan JS. Application of
bacteriocins in food preservation and infectious disease
treatment for humans and livestock. RSC Adv 2020;
10(64):38937-38964.

[39] Hung DT, Shakhnovich EA, Pierson E, and Mekalanos
JJ. Small molecule inhibitor of Vibrio cholerae virulence
and intestinal colonization. Science 2005;
310(5748):670-674.

[40] Huan Y, Kong Q, Mou H, Yi H. Antimicrobial Peptides:
Classification, Design, Application and Research
Progress in Multiple Fields. Front Microbiol 2020;
11:582779.

[41] Xuan J, Feng W, Wang J, Wang R, Zhang B, Bo L, Chen
7S, Yang H, Sun L. Antimicrobial peptides for
combating drug-resistant bacterial infections. Drug Resist
Update 2023; 68:100954.

[42] Low CX, Tan LHT, Syakima N, Ab Mutalib, Pusparajah
P, Goh BH, et al. Unveiling the impact of antibiotics and
alternative methods for animal husbandry: a review.
Antibiotics (Basel) 2021; 10(5):578.

[43] Ifeanyi E, Nweze EI. Nanoparticles as therapeutic options
for treating multidrug-resistant bacteria: research
progress, challenges, and prospects. World J Microbiol
Biotechnol 2021; 37(6):108.

[44] Beyth N, Houri-Haddad Y, Domb A, Khan W, Hazan R.
Alternative antimicrobial approach: Nano-antimicrobial
materials. Evid Based Complement Alternat Med 2015;
2015:246012.

[45] Ozdal M, Gurkok S. Recent advances in nanoparticles as
antibacterial agent. ADMET DMPK 2022; 10(2):115-
129.

[46] Yang C, Chowdhury MAK, Hou Y, Gong Y. Phytogenic
Compounds as Alternatives to In-Feed Antibiotics:
Potentials and Challenges in Application. Pathogens
2015; 4(1):137-56.

[47] Kumar A, Toghyani M, Kheravii SK, Pineda L, Han Y,
Swick RA, et al. Organic acid blends improve intestinal
integrity, modulate short-chain fatty acids profiles and
alter microbiota of broilers under necrotic enteritis
challenge. Anim Nutr 2022; 8(1):82-90.

[48] Dai D, Qiu K, Zhang HJ, Wu SG, Han YM, Wu YY, et
al. Organic acids as alternatives for antibiotic growth
promoters alter the intestinal structure and microbiota and
improve the growth performance in broilers. Front
Microbiol 2021; 11:618144.

[49] Ricke SC, Dittoe DK, and Richardson KE. Formic acid
as an antimicrobial for poultry production: a review.
Front Vet Sci 2020; 7:563.

[50] Thompson JL, Hinton M. Antibacterial activity of formic
and propionic acids in the diet of hens on Salmonellas in
the crop. Br Poult Sci 1997; 38(1):59-65.

[51] Kumar GD, Solval KM, Mishra A, Macarisin D.
Antimicrobial Efficacy of pelargonic acid micelles
against Salmonella varies by surfactant, serotype and
stress response. Sci Rep 2020; 10(1):10287.

[52] Kernou ON, Azzouz Z, Madani K, Rijo P. Application of
rosmarinic acid with its derivatives in the treatment of
microbial pathogens. Molecules 2023; 28(10):4243.

[53] Lupia C, Castagna F, BavA R, Naturale MD, Zicarelli L,
Marrelli M, et al. Use of essential oils to counteract the
phenomena of antimicrobial resistance in livestock
species. Antibiotics (Basel) 2024; 13(2):163.

[54] Yap PS, Yiap BC, Ping HC, Lim SH. Essential oils, a new
horizon in combating bacterial antibiotic resistance. Open
Microbiol J 2014; 8:6-14.

[55] Nufiez L, Aquino MD. Microbicide activity of clove
essential oil (Eugenia caryophyllata). Braz J Microbiol
2012; 43(4):1255-1260.

[56] Kenny O, Brunton NP, Walsh D, Hewage CM,
McLoughlin P, Smyth TJ. Characterization of
antimicrobial extracts from dandelion root (7araxacum
officinale) using LC-SPE-NMR. Phytother Res 2015;
29(4):526-532.

[57] Masithoh DA, Kusdarwati R, Handijatno D. Antibacterial
activity of bitter gourd (Momordica charantia 1.) leaf
extract against Aeromonas hydrophila. IOP Conf. Ser.:
Earth Environ Sci 2019; 236:012096

[58] Coutinho HD, Costa JG, Lima EO, Falcdo-Silva VS,
Siqueira-Junior JP. Enhancement of the antibiotic activity
against a multiresistant Escherichia coli by Mentha
arvensis L. and chlorpromazine. Chemotherapy 2008;
5(4):328-30.

[59] Mittal R, Kumar R, Chahal H. Antimicrobial activity of
Ocimum sanctum leaves extracts and oil. J Drug Deliv
Ther 2018; 8(6):201-204.

[60] Kluga A, Terentjeva M, Kantor A, Kluz M, Puchalski C
Kacaniova M. Antibacterial activity of Melissa officinalis
L., Mentha piperita L., Origanum vulgare L. and Malva
mauritiana against bacterial microflora isolated from
fish. Adv Res Life Sci 2017; 1(1):75-80.

[61] Iseppi R, Mariani M, Condo C, Sabia C, Messi P.
Essential Oils: A natural weapon against antibiotic-
resistant bacteria responsible for nosocomial infections.
Antibiotics (Basel) 2021; 10(4):417.

[62] Woodworth MH, Conra RE, Haldopoulos M, Pouch SM,
Babiker A, Mehta AK, et al. Fecal microbiota
transplantation promotes reduction of antimicrobial

93


https://pubmed.ncbi.nlm.nih.gov/?term=Thompson+JL&cauthor_id=9088614
https://pubmed.ncbi.nlm.nih.gov/?term=Hinton+M&cauthor_id=9088614

resistance by strain replacement. Sci Transl Med 2023;
15(720):eabo2750

[63] Woodworth MH, Hayden MK, Young VB, Kwon JH.
The role of fecal microbiota transplantation in reducing
intestinal ~ colonization  with  antibiotic-resistant
organisms: the current landscape and future directions.
Open Forum Infect Dis 2019; 6(7):0{z288.

[64] Mullins LP, Mason E, Winter K, Sadarangani M.
Vaccination is an integral strategy to combat
antimicrobial resistance. PLoS Pathog 2023; 19(6):
e1011379.

[65] Hoelzer K, Bielke L, Blake DP, Cox E, Cutting SM,
Devriendt B, et al. Vaccines as alternatives to antibiotics
for food producing animals. Part 1: challenges and needs.
Vet Res 2018; 49(1): 64.

[66] Islam SM, Rahman TM. A comprehensive review on
bacterial vaccines combating antimicrobial resistance in
poultry. Vaccines (Basel) 2023; 11(3): 616.

[67] Magsood S, Singh P, Samoon MH, Adebayo AP.
Immunostimulants: The best alternative to vaccination
and antibiotics in aquaculture. Nig J Fisher 2009; 5(2):
10.4314/njf.v5i2.46858.

94


https://doi.org/10.4314/njf.v5i2.46858

