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Antibiotic resistance is a massive problem rising constantly and spreading rapidly since the past decade. The major
underlying mechanism responsible for this problem is an overuse or severe misuse of antibiotics. Regardless of
this emerging global threat, antibiotics are still being widely used, not only for treatment of human infections,
but also to a great extent in agriculture, livestock and animal husbandry. If the current scenario persists, we
might enter into a post-antibiotic era where drugs might not be able to treat even the simplest of infections. This

review discusses the current status of antibiotic utilization and molecular basis of antibiotic resistance mechanisms
acquired by bacteria, along with the modes of transmittance of the resultant resistant genes into human pathogens
through their cycling among different ecosystems. The main focus of the article is to provide an insight into
the different molecular and other strategies currently being studied worldwide for their use as an alternate to
antibiotics with an overall aim to overcome or minimize the global problem of antibiotic resistance.

1. Introduction

Antibiotics are substances given in a controlled amount, meant to kill
or reduce the growth of microorganisms, particularly bacteria (Ghosh
et al., 2007). These are usually naturally occurring substances and are
mostly produced by microorganisms containing genes encoding resis-
tance to different antibiotics they produce (Salyers et al., 1997). Be-
sides their major applications in humans, these are used extensively in
agriculture to increase crop productivity, in animal husbandry and live-
stock to treat sick animals, for prophylactic/metaphylactic purposes to
prevent infections, and also as growth promoters in animal feed at con-
trolled concentrations. When we look at the global consumption of var-
ious antibiotics, it has been reportedly found that approximately half
of the antibiotics used in the entire animal husbandry are consumed in
China, followed by US, Brazil, India and Germany (Laxminarayan et al.,
2015). For livestock as well, it has been reported that in 2010, the largest
antimicrobial consumer was China which was estimated to use up to
30% of the overall antimicrobial production globally; and at the current
usage rate, India comes after China in the consumption of antimicro-
bials for livestock production and maintenance (Kleina et al., 2018). In
2015, among the developed countries, the leading consumers of antibi-
otics were USA, France, and Italy; and among the developing countries,
India, China, and Pakistan topped the list where a 65% increase in con-
sumption between 2000 and 2015 was reported globally (Ganguly et al.,
2011). A study has also projected a 67% rise in antibiotic consumption
by 2030 in various highly populated countries of the world including
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India (Van Boeckel et al., 2015). This extensive usage of antibiotics,
although has resulted in the realization of an ever increasing demand
of diverse agricultural and animal products; but their long-term appli-
cation even at sub-therapeutic concentrations, directly on the fields or
indirectly via animal manure, is adversely affecting the microbiota of
agricultural soils.

Because of this overuse of antibiotics, the present century has also
witnessed an extensive increase in the emergence of microbes which
have been observed to modify their genes more rapidly and effi-
ciently; helping them in developing resistance against different antibi-
otic groups, especially broad- spectrum antibiotics. Even the new gener-
ation antibiotics are reported to be inefficacious against such microbes,
making this a major challenge for researchers to handle, and hence gen-
erating the need to find new methods to conquer this ever-rising issue.
Development of new strategies to slowdown, or to provide an alternate
solution to this emerging problem of multiple drug resistance is thus the
need of the hour.

The present article is therefore aimed at shedding light on vari-
ous problems generated globally due to an overuse of different types
of antibiotics commonly used in agriculture and livestock; the rapid
development of resistance by several bacteria against most of these
commonly used antibiotics in agriculture; and some of the methods
which are being researched upon to provide an alternate to antibi-
otics to overcome this major global issue. There is a dire need for
the development of new alternatives to antibiotics, so that we are not
only able to cure the existing diseases, but also because we need to
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Table 1
Antibiotics used in agriculture and animal husbandry.
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Field/Area Antibiotic used

Agriculture
Swine Production

Oxytetracycline, streptomycin, penicillin, oxolinic acid, gentamycin
Benzylpenicillins and tetracycline (most commonly used), sulfadimidine, sulfathiazole and trimethoprim, bacitracin, lincosamides,

macrolides, floroquinolones, 3™ generation cephalosporins, colistin (Lekagul et al., 2018)

Chicken Production

Bacitracin, chlortetracycline, decoquinate, diclazuril, naracin, nicarbazin, monensin, penicillin, rebenedine hydrochloride, virginiamycin,

colistin, tylosin, doxycycline, tiamulin, roxithromycin, amikacin

Cattle Production
polypeptide, streptogramin, carbadox, bambermycin

Penicillin, tetracycline, ceftiofur, florfenicol, tilmicosin, enrofloxacin, and tulathromycin, phenicol, lincosamide, pleuromutilin, macrolide,

become competent to prevent the initiation of new infections in the
world.

2. Antibiotic consumption and development of antibiotic
resistance in agriculture

Antibiotics are widely used in agriculture, livestock, poultry, fish-
eries and animal husbandry. In agriculture, antibiotics are most com-
monly used to prevent and cure various diseases in crops; whereas,
in livestock and animal husbandry, these are most commonly used as
growth promoting agents, and in preventing/ curing infections. There
are at least 30 different antibiotics that are commonly used in agri-
culture and livestock, among which macrolides, penicillins and tetra-
cyclines are the major ones (Laxminarayan et al., 2015) (Table 1). In
animal husbandry alone, the average yearly consumption of antibiotics
has been estimated as 172 mg/kg in pigs, 148 mg/kg in chicken, and
45 mg/kg in cattle worldwide (Van Boeckel et al., 2015).

Looking at the historical perspective of antibiotics usage in agricul-
ture, streptomycin, an aminoglycoside, has been most commonly used
in plant agriculture to treat diseases such as fire blight since early
1940’s. Till late 1940’s, due to a lack of effective bactericide alterna-
tives for various plant diseases, there had been a decade-long depen-
dence on streptomycin, thus resulting into an emergence of resistant
strains against this antibiotic, and impeding the control of many diseases
(Magnet et al., 2005, Mingoet et al., 1999). Various bacterial strains
like Pseudomonas spp., and Xanthomonas campestris had been found to
develop resistance against this antibiotic (Mac Manus et al., 1997). As
a solution to this, amikacin, another aminoglycoside when introduced
in late 1940s, was started being given in combination with other an-
tibiotics. However, later on due to the resistance caused by aminogly-
coside modification enzymes, other forms of aminoglycosides had to
be proposed (Ramirez and Tomasky et al., 2017). Another class of an-
tibiotics which came to be commonly used in 1950’s was tetracyclines.
They were used for improvement in swine production and cattle pro-
duction against both Gram-positive and Gram-negative bacteria, and for
the control of other classes of micro-organisms such as eukaryotic pro-
tozoan parasites as well Roberts (2019). However, Shigella dysenteriae
which causes bacterial dysentery first showed tetracycline resistance in
the year 1953 Roberts (1996). Since then, mutations found in copious
amount in various bacteria such as E.coli, Enterococcus, Staphylococcus,
Streptococcus etc. were observed to cause resistance against tetracycline
(Roberts, 1996, Cadena et al., 2018, Roberts, 2019). Methicillin, a g-
lactam antibiotic acts by inhibiting penicillin-binding proteins (PBPs)
that are involved in the synthesis of peptidoglycan layer surrounding the
cell Stapleon and Taylor (2002). However, methicillin resistant Staphylo-
coccus aureus (MRSA) also emerged soon, these were first isolated in the
year 1961 in England and were initially found to be resistant against
only p-lactam antibiotics (Brown and Reynolds, 1980). But with, the
outbreak of MRSA, the prevalence of antibiotic resistance spread exten-
sively during the 1980s, resulting into vancomycin becoming a more
important drug as compared to penicillin, since it came into a wider use
for the treatment of Gram-positive bacterial infections. Vancomycin was
the antibiotic of choice until 2003 in treating MRSA infections, but since
resistance to this agent also has rapidly developed recently, it has now

become the drug of last resort for the treatment of MRSA (Swartz, 1994).
Studies have also been conducted in which sulfonamide (sul) resistance
in Psychrobacter, Enterococcus, and Bacillus sp. were reported for the
first time in the year 2009. More recently, resistance has also been ob-
served against fluoroquinolone, especially ciprofloxacin (CIP) which is
used as a common treatment for Campylobacter caused gastroenteritis
(Piddock, 1998). Further, a study proved the presence of erythromycin
and other macrolide traces in livestock products such as liver, muscle,
egg and milk (Petz et al., 1987).

The resistance was not only limited to animals and their products
but was soon observed in agricultural soils. In one such study, Popowska
et al. analyzed soils from agricultural fields and detected several genes
(erm(C), erm(V), erm(X), msr(A), ole(B) and vga) responsible for ery-
thromycin resistance in those soil samples (Popowska et al., 1987).
Diverse, potentially mobile and abundant Antibiotic Resistance Genes
(ARGsS) of sulfonamides discovered in farm samples recommended that
unchecked use of antibiotics was causing the emergence and release of
ARGs in to the environment (Byrne et al., 2009). As a further confirma-
tion of this fact, it has been observed that bacteria such as Citrobacter
species, Enterobacter species, K. pneumonia, K. oxytoca, S. aureus, Proteus
species and Y. enterocolitica have been found resistant to cephalosporins.
Although, cephalosporin use is very restricted in food animals as com-
pared to its use in humans, still resistance is being observed in vari-
ous bacteria; this can only be explained by hypothesizing that the re-
sistance is being transmitted from different environments to animals
and then to humans (Wonhee et al., 2014). However, fifth generation
cephalosporins are still in use.

In order to reduce the usage of antibiotics, and to generate a more
effective method for disease resistance in crops, one of the strate-
gies that humans have invented is the usage of genetically modified
crops/transgenic crops. Transgenic crops are the ones in which inser-
tion/deletion/silencing of the gene of interest is done in order to pro-
duce plants having desired qualities (Grifths et al. 2005). Insect resis-
tant transgenic crops have also been introduced to save plants from
insects and the pathogens that they carry on their body surface. Al-
though, this helps minimize the economic burden on farmers by pro-
ducing better crop yield, but recently, it has been observed that the
resistance breakdown is increasing in target bacterial or insecticide
population (Bawa and Anilakumar, 2013, Gilbert, 2013). Due to exces-
sive cultivation of transgenic crops, high selection pressure is imparted
on targeted insect population and weeds leading to evolution of new in-
sect biotypes and emergence of superweeds posessing resistance against
transgenic technology. Further, antibiotic resistance genes are also be-
ing transferred from the transgenic plants to the genome of non-target
organisms such as non-transgenic crops and insects, for eg. Monarch
butterfly feeding on milkweed leaves (Losey et al., 1999).

Thus, although transgenic crops were introduced as a means to re-
duce disease-resistance in crops, which in turn should have decreased
the use of antibiotics and hence the spread of antibiotic resistance; but,
on the contrary, the excessive cultivation of transgenic crops has to-
day resulted indirectly into an increase in the spread of antibiotic re-
sistance. Therefore, as demonstrated in all the above quoted studies, it
can be concluded that due to an overuse of antibiotics, the resistance
among various micro-organisms against the commonly used antibiotics
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Fig. 1. Mechanisms of antibiotic resistance
adopted by bacteria

(a) Modification of antimicrobial targets- some
bacterial membranes lack the target molecule for
a particular antibiotic, and thus become imperme-
able to the passage of such antibiotics across their
cell membranes; (b) decrease in drug uptake- a
few bacteria modify their cell membranes in order
to reduce or diminish the drug uptake; (c) activa-
tion of efflux mechanisms to extrude the harm-
ful molecules-these mechanisms increase the ef-
flux of antibiotics at a faster pace such that they
are not able to produce much effect on the cell;
(d) changes in important metabolic pathways-
effect of antibiotics can be produced through
many biochemical pathways, hence by incorpo-
rating changes in these pathways, bacteria rescue
themselves from the effect of antibiotics; (e) drug
inactivation- drugs are inactivated by processes
such as acetylation or methylation once they enter
in the cell, thus making them ineffective; (f) muta-
tions in genes encoding target sites-drugs have
targets such as DNA polymerase/ RNA/ DNA gy-
rase and topoisomerase etc., so the genes encoding

(c) Activation of efflux
mechanisms to
extrude the harmful
molecule

such target molecules are mutated/ suspended by some bacteria to protect them from the effect of antibiotics (Fig. 1).

(both in agriculture and in livestock) is increasing at a rapid pace; and
through nutrient cycling, the genes responsible for this resistance are
spreading rapidly among different environments.

3. Mechanisms of antibiotic resistance adopted by different
micro-organisms

The antibiotic resistance mechanisms adopted by different micro-
organisms can be broadly classified into: (i) mechanisms having a ge-
netic basis of microbial resistance, and (ii) mechanisms with a mecha-
nistic basis of antimicrobial resistance. The genetic resistance occurs due
to mutations which result into a modification of antimicrobial targets,
decrease in drug uptake, increase in efflux of molecules, and changes in
metabolic pathways; and due to horizontal gene transfer via transforma-
tion, transduction and conjugation. On the other hand, mechanistic re-
sistance occurs by modification of antimicrobial molecules, prevention
of compounds from reaching antimicrobial targets, bypassing of target
sites, and resistance due to global cell adaptive processes (Jose et al.,
2017) (Fig. 1).

Besides these major mechanisms, more recently, a phenomenon
called protein promiscuity has also been reported to be responsible
for antibiotic resistance. According to classical biochemistry, proteins
bind to their ligands/substrates in a specific manner via their pre-
formed binding sites. However, several types of variations from this
norm known as promiscuous behavior/protein promiscuity have been
observed in the recent years (Gupta et al., 2020). A study on a drug, al-
bicidin, has shown that even structural alteration in a drug may not help
in defeating drug resistance (Rostock at al., 2018). Albicidin is an effec-
tive agent against both Gram negative and Gram positive bacteria that
acts by inhibiting DNA gyrase (EC 5.99.1.3). However, in some cases,
the bacteria incorporates resistance due to expression of drug binding
proteins, as a result of which the compound is not available for binding
to the gyrase. Rostock et al. in 2018, presented that the drug-binding do-
main of the protein AlbA, in the case of Klebsiella oxytoca, showed signif-
icant promiscuous behaviour by binding to different kinds of derivatives
of albicidin (Rostock et al., 2018). These interactions make the antibi-
otics unavailable to their molecular target as they have dissociation con-
stants in nanomolar range which leads to drug resistance. Another sim-
ilar study represented the work on resistance development against the
broad-spectrum antibiotic fosfomycin (Brown et al., 2009). The proteins
FosA, FosB and FosX catalyze the reaction of the drug with glutathione,

cysteine and water, respectively. The study shows that a protein, FosXmt
may act as a progenitor of FosA and FosX, and this progenitor protein
was observed to exhibit catalytically promiscuous activity, and found to
have very low glutathione transferase and epoxide hydrolase activities.
Compared with the mutants, they presented that only 10% difference in
the sequence (from wild proteins) resulted in antibiotic resistance activ-
ity from its progenitor. On the other hand, in aminoglycosides (e.g. gen-
tamycin, amikacin), antibiotic resistance is caused by enzymatic adeny-
lation/phosphorylation/acetylation of the drugs. A kinase involved in
phosphorylation, was found to exhibit high-level of promiscuity since it
could bind to ten different aminoglycosides Fong and Berghuis (2002).

Thus, bacteria possessing many of the above listed antibiotic-
resistance mechanisms against almost all antibiotics currently available
in clinical practice have been reported to be present in several different
environmental niches, thus making it very difficult to deal with rapidly
spreading drug-resistant microbes.

4. Antibiotic and antibiotic resistance cycling through different
ecosystems

Since there is a strong connection between soil, plants and animals,
the spread of antibiotics and antibiotic-resistance in our environment
is not limited to any one ecosystem. Antibiotics travel among all these
routes (Karesh et al., 2012), and create a network where ARGs also travel
along with them (Fig. 2). Antibiotics are provided in animal feed, agri-
culture and aquaculture to improve growth, and in crop protection to
prevent and cure several diseases. In case of animals, however, com-
plete absorption of these antibiotics does not take place inside the gut,
and they are excreted out of the body in the form of faeces and urine,
which ultimately leads to the formation of manure. This manure which
is a rich source of organic matter and nutrients, although helps in im-
proving the fertility of soil, but additionally, it also becomes responsi-
ble for the transfer of traces of antibiotics from the animal kingdom to
the soil ecosystem and ultimately to the plants (Chambers et al., 2009).
Application of manure onto agricultural land results in proliferation of
antibiotic resistance among soil bacteria. It has been reported that fresh
and composted swine manure in agricultural soils leads to the develop-
ment of tetracycline resistance after long term application (Walson et al.,
2001). Use of manure near animal pens has also reported high level
of chlortetracycline resistance, and the bacterial isolates obtained from
such soils have been reported to encode genes for tetracycline resistance



A. Mann, K. Nehra, J.S. Rana et al.

Livestock or
Animal
husbandry

*To prevent infections in
herds or flocks or shoals

*As growth promoting agents
*To improve feed efficacy

Aquaculture

*To prevent and cure

Crop Protection . ' x
various diseases in crops

*Wind
*Watershed
*Human activities

Physical Forces

Current Research in Microbial Sciences 2 (2021) 100030

Unabsorbed
antibiotics
released in
faeces and urine
leach into
waterways and
ground water

Antibiotic l
sprayed Humans
on plants

can drift l
aerially

Water bodies

!

Buried in the layers

of earth

Fig. 2. Pathway of antibiotics and antibiotic resistant genes through agriculture and livestock.

(Ghosh et al., 2007). A few studies also support that the application of
manure incorporated with antibiotics to crops can also lead to the de-
velopment of antibiotic resistance among different crops. Kumar et al.
in 2005 reported development of tylosin resistance in corn, green onion
and cabbage. In aquaculture also, antibiotics diffuse into waterways and
pens surrounding the farm area. However, there are several other factors
also, which are responsible for the movement of antibiotic resistance
genes. These include physical forces like wind, watershed and human
activities, which have resulted in an increase in resistance among com-
mon pathogenic bacteria. Research studies have shown high frequency
of resistance in E.coli isolates associated with wild animals (Souza et al.,
1999). Animals which are present at highest proximity to humans are
more prone to incorporating antibiotic resistance in their gut bacteria
as antibiotics are administered consciously to animals for rapid growth
and high productivity to meet the daily requirements of the growing
population.

From all these studies, it can be concluded that excessive applica-
tion of animal manure leads to the persistence of antibiotic resistance
genes in the soil bacteria, which ultimately gets transferred to plants, an-
imals or humans through cycling. On the other hand, use of antibiotics
as growth promoters also exerts a selective pressure in food animals;
this appears to have created large reservoirs of exchangeable antibiotic
resistance in different ecosystems (Witte et al., 2000).

5. Current strategies adopted by different governments to
encounter the rising problem of antibiotic resistance

As discussed in previous sections, excessive and unrestricted use of
antibiotics in agriculture to increase crop productivity, and as growth
promoters in livestock rather than for controlling infections is increas-
ing the emergence and spread of antibiotic resistance genes to a great
extent. It has been predicted that by the year 2050, nearly 10 mil-
lion deaths worldwide will be attributed to antimicrobial resistance
(Aarestrup et al., 2010). At this time, when we understand the mag-
nitude of this major problem, several programs have been acknowl-
edged and initiated by the different Governments to reduce its abuse in
farm animals and to preserve the miracle of antibiotics (Aerestrup et al.,

2010). In America, this is monitored by US Department of Agriculture
(USDA) to ensure that the antibiotic residues do not exceed the tolerance
levels marked unsafe by FDA and USDA (Aarestrup et al., 2010). Vari-
ous other countries such as Sweden, Denmark, India and China have also
adopted regulatory measures to some extent (Culp et al., 2020, EMA and
EFSA, 2017, Ranjalkar and Chandy 2019, Qu, 2019). The recommended
options include, tracking down the antimicrobial use, setting up nation-
wide targets for reduction of antibiotic usage, use of good health prac-
tices, having a track on veterinarians and health professionals to pre-
scribe antimicrobials, increase in reliable diagnostics and better man-
agement practices to reduce disease risk O’Neil (2016).

The European Union has already applied a ban against antibiotics
in a country-specific manner, which has abolished their misuse in farm
animals (EMA and EFSA, 2017). Similarly, World Health Organization
(WHO) and Institute of Medicine in USA have also imposed some re-
strictions. There are several other organizations such as Food and Drug
Administration (FDA), Preservation of antibiotics for Medical Treat-
ment Act (PAMTA), and Delivering Antibiotic Transparency in Animals
(DATA) which are working on the same aspect by implying a ban on
specific antibiotics. In addition to the measures initiated by the govern-
ment, practicing genuine safety measures could also be a good method to
bring down the transfer of resistant genes from farm animals to humans.
To overcome this shift of resistant genes, strict withdrawal periods need
to be followed before animals are processed for food.

However, in-spite of these restrictions and preventive measures, the
current methods are not sufficient enough, as it has been observed that
the microorganisms are still continuing to develop resistance at a very
fast pace Spellberg and Gilbert (2014). Hence, due to this inability of the
Government initiatives to completely control the emergence of antibac-
terial resistance, there is a need to develop other scientific strategies,
which may be over and above the existing government initiatives.

6. Alternate scientific strategies to encounter antibiotic resistance

Molecular methods targeting DNA, RNA or proteins and other scien-
tific methods targeting cell wall, cell membrane, an intracellular target,
biosynthetic pathways, ribosomes etc. present several advantages in the
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Different scientific scientific strategies for overcoming antibiotic resistance.

S.No.

Scientific Strategy

Mode of action

References

Basic Scientific Strategies

i

iii

iv

Use of Peptide antibiotics/antimicrobial peptides

(AMPs)

Use of Carbohydrate modified compounds

Use of Non-antibacterials

Use of Combinations of antibiotics and
compounds

Target cell membrane directly or an
intracellular target. Can also trigger
immune response to combat diseases.
Target cell wall, biosynthetic pathway of
peptidoglycan layer, small or large subunit
of ribosome etc.

Enhance activity of conventional
antibiotics

Combinations of antibiotics are directed
towards multiple targets

Pasupuleti et al., 2012,
Egorov et al., 2018

Ramirez et al., 2010,
Jeong et al., 2017

Pires et al., 2017

Silver et al., 2007,
Deshayes et al., 2017

11

Advanced Molecular Strategies

i

ii

=

<

Phenotypic conversion of drug-resistant to

drug-sensitive bacteria

Application of DNA and mRNA vaccines

Bacteriophage therapy

Gene editing technology

CRISPR/Cas gene editing system

Specific sequence insertion in plasmid
DNA to produce specific proteins leading
to conversion of drug-resistant to
drug-sensitive bacteria

Specific sequence insertion in plasmid
DNA or directly in mRNA to produce a
humoral immune response

Bacteriophages attach themselves on
specific bacterial cells which result in
lysing/killing of the host pathogenic
bacteria, or phages insert their DNA into
the bacterial genome and it gets
replicated along with the host DNA
machinery

Insertion, deletion or point mutation of
specific genes

Gene silencing or gene editing is done to
inactivate gene causing resistance

Guerrier et al., 1997,

Toney et al., 1998,

Alfonso et al., 2007,

Jackson et al., 2016

Pizza et al., 2000,

Endmann et al., 2014,

Jansen et al., 2018,

Zhang et al,, 2019

Alisky et al., 1998, Malik et al.,
2019, Malik et al., 2020

Schouten et al., 2006,
Holme et al., 2012,

Waltz, 2015, Kumar et al.,
2020

Pak, 2014, Rodrigues et al.,
2019

field of medical biotechnology, including having a high potential to alle-
viate or reduce the phenomenon of antibiotic resistance. These methods
are continuously spreading both in terms of technological advances and
popularity. The present section therefore, focuses on evaluating the cur-
rent state of science and the future aspects of different methodologies
with respect to their possible application in the control of antibiotic re-
sistance.
Table 2

6.1. Basic scientific strategies to overcome antibiotic resistance

The, various strategies designed to exploit recent advances in the
field of biotechnology, including use of antimicrobial peptides, use of
carbohydrate modified compounds, use of non-antibacterials and combi-
nation therapies for developing new antibacterial agents that may have
the potential to overcome antibiotic resistance have been reviewed in
the subsequent section.

6.1.1. Use Peptide antibiotics / antimicrobial peptides (AMPs) as an
alternate to antibiotics

Peptide antibiotics/antimicrobial peptides, also known as host de-
fense peptides, are short and generally positively charged peptides found
in a wide variety of life forms like mammals, bacteria and fungi. The ep-
ithelial surfaces in mammals have a remarkable ability to provide physi-
ologic functions in the face of frequent microbial invasions. Studies have
shown that epithelial cells of the skin, respiratory, genitourinary and al-
imentary tract synthesize antimicrobial peptides. These molecules con-
tribute to intrinsic mucosal immunity and save from simple microbial
infections (Fig. 3). Their biological activity and level of expression can
be altered, which can persuade the organisms to encounter microbial in-
fections. On the other hand, by modifying cell targets or by single point

mutations in the sequences of enzymes, the efficiency of antimicrobial
drugs can be enhanced (Drlica et al., 2009, Nikolaidis et et al., 2014,
Aldred et al., 2014, Hoopers and Jacob, 2016, Egorov et al., 2018).

AMPs are produced in nature either by ribosomal translation of
mRNA (produced by all species of life) or by nonribosomal peptide
synthesis (mainly produced by bacteria) (Sidhu and Nehra, 2021,
Hancock and Chapple, 1999). Most AMPs commonly consist of 10-50
amino acids. They display an overall positive charge (ranging from +2 to
+11), and contain up to 50% of hydrophobic residues in their structure
(Yeaman and Yount, 2003, Hancock and Sahl, 2006, Pasupuleti et al.,
2012). Based on their secondary structure, AMPs are commonly
classified into a-helical, g-sheet, or peptides with extended/random-
coil structure (Yeaman and Yount, 2003, Takahashi et al., 2010,
Nguyen et al., 2011). AMPs act by targeting membrane directly or an in-
tracellular target which must be reached by the means of translocation
(Yeunget al., 2011, Nguyen et al., 2016, Malmsten, 2016). AMPs such as
Pexiganan (Lamb and Wiseman, 1998, Lipsky et al., 2008), Omiganan,
LTX-109 (Nilsson et al., 2015) have been developed for local applica-
tion. Whereas, hLF1-11, novexatin, CZEN-002 are developed for direct
administration against different types of fungal infections (Velden et al.,
2009, Fjell et al., 2012, Fox, 2013). Several AMPs like LL-37, PXLO1,
hLF1-11 are also under different phases of drug development.

Apart from the direct administration or application of AMPs, there
are several attempts going on to increase the production of AMPs in the
body to boost immune responses to help combat infections. For eg. Vi-
tamin D supplements are being evaluated for their applicability in treat-
ment of bacterial infections as it has shown to directly modulate expres-
sion of AMPs (Yamshchikov et al., 2009, Wang et al., 2004, Weber et al.,
2005).

This method is a wonderful approach towards reducing antibiotic
resistance. However, it limits us to various points, mainly because of



A. Mann, K. Nehra, J.S. Rana et al.

Current Research in Microbial Sciences 2 (2021) 100030

Antimicrobial
peptide
(AMP)
Direct killing Immune modulation
1. Internal targets Activation of immune
2. Cell membrane cells like monocytes,
disruption lymphocytes etc.
3. Binding to specific
receptors
* ]1311:;111:::; Otlioteins Increased Controlled
P pathogen Killing inflammation

Fig. 3. Schematic representation of various mechanisms of action of AMPs.

the fact that not a large number of peptide synthetases are currently
well characterized, and also because AMPs are metabolically unstable.
AMPs are also degraded by various factors and enzymes in the body.
To achieve success in this method, a profuse amount of knowledge is
required about structural activity and relationships of the secondary
metabolites, which is currently not well known. It remains a tedious
process to introduce an abundance of desired amino acid substitutions
into bioactive peptides. Moreover, it also seems unlikely that random
changes would lead to improved activities of these antibiotics. There-
fore, it is required that the pathway of the attack of various antibiotics
should be well known to achieve the discovery and synthesis of more
refined drugs.

6.1.2. Use of Carbohydrate-modified compounds as an alternate to
antibiotics

Carbohydrates play a crucial role in building the structural frame-
work of all cells. They provide energy for metabolism and are a part
of various intercellular processes (Ramirez et al., 2010). Various antibi-
otics today are carbohydrate-based, either they contain a glycan portion
in their structure, or they target an enzyme or a receptor that is as-
sociated with carbohydrate metabolism. Modified carbohydrates serve
as another kind of interesting molecules having the potential of reduc-
ing the problem of antibiotic-resistance (Thomas and Chi-Huey, 2001,
Ge et al., 1999). However, for this kind of drug development, various
targets such as biosynthesis pathway of bacterial cell wall, biosynthetic
pathway of peptidoglycan layer, small and large subunit of ribosome
and various other targets are necessary Thomas and Chi-Huey (2001).
Although this technique holds a great potential in the development of
carbohydrate-based therapeutics, it too comes with certain drawbacks.
These compounds consist of hydroxyl groups having similar reactivity
making their synthesis difficult. They bind to their target with relatively
low affinity. Apart from this, medicinal chemists consist this as a non-
interesting subject for development of newer drugs because carbohy-
drates are too complex for process development. Also, their bioavail-
ability is restricted as they are excessively hydrophilic and they are not
stable enough to allow oral administration. To overcome these prob-
lems, mimics of carbohydrates have been designed having improved
properties such as specificity, stability, synthetic availability, affinity
and hydrophobicity. These carbohydrate mimics target numerous nat-
ural processes in which glycans are involved, without any side effects

(Chapleur, 1998, Sears and Wong, 1999, Jeong et al., 2017). Hence, car-
bohydrate based molecules have high potential in solving the problem
of antibiotic resistance.

6.1.3. Use of non-antibacterials as an alternate to antibiotics

Non-antibacterials such as phenothiazines and other neuroleptics
which enhance the activity of conventional antibiotics can also be used
for the control of several infections (Pires et al., 2017). These sub-
stances induce changes in cell permeability and hence act as antimi-
crobials. They include compounds such as general anaesthetics, local
anaesthetics, antihypertensive beta-adrenergic receptor antagonists, di-
uretics, anti-inflammatory drugs, proton pump inhibitors, calcium an-
tagonists, psychotherapeutic compounds and antihistamines. This is a
major but new research area, and a detailed information is required to
work on various pathways involved in this field.

6.1.4. Combinations of existing antibiotics among themselves or with other
compounds to enhance their activity

Analyses of antibiotic discovery and their execution as drugs has re-
vealed that the agents which are directed against one particular protein
target are less successful than those directed against various molecu-
lar targets, or, in-opposition to multi-subunit macromolecular machines
or structures Silver (2007). Hence, as an advancement, the already dis-
covered antibiotics are being investigated for their use in combinations,
either among themselves, or with other biological molecules including
antimicrobial peptides. In this direction, a few studies have already been
conducted, whereas, others are under different stages of research. In one
such study, Deshayes et al. (2017) have designed membrane permeable
hybrid antibiotic peptide conjugates. According to their study, it is feasi-
ble to model and manufacture membrane active antibiotic peptide con-
jugates (MAAPCs) that combine multiple forms of antimicrobial activity,
thus resulting in an unusually strong activity against sustained bacterial
strains (Deshayes et al., 2017). Hence, antibiotics have been used in
combinations to increase efficacy, where the combined effect is greater
than the effect of a single antibiotic; to broaden the spectrum especially
where the organism is unknown; to reduce the risk of antibiotic resis-
tance and also to reduce host toxicity. A combination of antibiotics also
leads to a reduction in the growth of unwanted bacteria/infection caus-
ing agents and an increase in the production of useful bacteria (Li et al.,
2018). Acknowledging the fact that no antibiotic mixture is efficacious
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universally for every infection, one of the major drivers in amalgamat-
ing antibiotics was the need to produce better efficacy over discrete
compounds. For example, the combination of penicillin with strepto-
mycin was reported as early as 1950s (Jawetz et al., 1952), and sulfon-
amides with trimethoprim in 1968 (Bushby and Hichings, 1968); both
combinations enhanced effectiveness and the spectrum of antibacterial
activity. Similarly, using fixed dose combinations has proved vital for
treatment success as the treatment periods for several drugs are long
and this method improves compliance and reduces the development of
resistance.

However, the use of antibiotic combinations comes with its possi-
ble downsides which mainly include: (a) A risk for adverse reactions-
a combination of two or more drugs at times may lead to individual
risks while causing reactions by interaction of drugs leading to different
degrees of severity; (b) Antagonism- Antagonism is an unforeseen com-
bination effect that cancels a part or all of the major effects of the drugs;
(c) Unwanted rise in a whole lot of antibiotics used- instead of a proper
diagnosed specific antibiotic treatment, if a broad-spectrum cocktail is
used, it may result in a more severe impact on the patients microbiome
with increasing selection of resistant bacteria as well as an increased
risk of conditions such as diarrhoea.

Considering the above mentioned drawbacks, researchers are now
acknowledging the combinations of antibiotics with various compounds
that enhance the activity of existing antibiotics. Some of these known
adjuvants display synergy upon pairing with antibiotics. In a syner-
gistic combination of antibiotics, the antibiotics have different targets.
They can display either congruous (Moellering, 1983), syncretic com-
bination (Kalan and Wright, 2011, Worthington and Melander, 2013,
Wright, 2016, Gonzalez-Bello, 2017) or coalistic pairing (Tekin et al.,
2016, Beppler et al., 2017, Tekin et al., 2018, Tyers and Wright, 2019)
(Fig. 4).

This offers a very promising area for antibiotic discovery and devel-
opment, but, this process requires extensive research on specific targets
and a wide knowledge about the resistance pathways. Although yeast
model is the most studied one in case of genetic interaction but, still
there is no new development in targeting lethal gene functions in an-
tibiotic drug discovery efforts. Despite these challenges, a renewed in-
terest and effort is required in developing both congruous and syncretic
drug combinations to address the antibiotic resistance crisis. Although
the development of combination therapies is more complicated than for
single agents, i.e. monotherapy; but finding new single-agent antibiotics
has also proved near fruitless for over one-quarter of a century, and all
existing antibiotics at some point will have to be compromised by in-
creasing levels of resistance.

Efforts have been initiated in all the above mentioned directions by
several scientific groups throughout the world, who have been carrying
out research to devise different methodologies to encounter this promi-
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Fig. 4. Types of synergistic combinations
Congruous represents a combination in which two
antibiotics target different important molecular pro-
cesses, for eg. a combination of rifampin—isoniazid—
pyrazinamide for the treatment of tuberculosis and a
combination of penicillin with streptomycin to combat
enterococcal infections. In a syncretic combination,
one antibiotic targets an essential process, and another
targets a non- antibiotic adjuvant, overall acting as re-
sistance breakers. In a coalistic pair, the compounds
do not have any antibiotic activity and they target non-
essential but synthetically lethal gene functions.

Non-essential
target

nent issue with different perspectives. As the problem of antibiotic re-
sistance is the most threatening problem of the twenty-first century, the
strategies explained in the above section hold some potential in over-
coming this problem; but looking at the limitations of each of the above-
mentioned strategies, new molecular and alternate strategies still need
to be considered for effectively combating the issue of antibiotic resis-
tance.

6.2. Advanced molecular strategies to overcome antibiotic resistance

Molecular methods have a general advantage of providing direct ac-
cess to the total pool of DNA, RNA or protein in a sample, as it is esti-
mated that more than 99% of the environmental bacteria are not readily
cultured using standard methods (Allen et al., 2010). Using molecular
methods, the targets from test samples can be extracted directly or visu-
alized under the microscope. Another advantage is that the targets are
also relatively unambiguous, such as, the DNA, RNA or proteins upon be-
ing sequenced using molecular methods, can be compared against pub-
licly available databases, which proves to be a more specific method in
contrast with the often laborious and ill-defied phenotypic assessment
of pure cultures.

6.2.1. Phenotypic conversion of drug-resistant to drug-sensitive bacteria

A promising strategy for the development of antibiotics is through
antisense strategy involving RNase P-directed cleavage for inhibition of
drug resistant activity in bacteria. Special genes are inserted in plasmids
which code for small oligoribonucleotides (ORN) and are called External
Guide Sequences (EGSs). These plasmids are then inserted in a bacteria
like E.coli (Fig. 5). The property of these EGSs is to direct the RNase
P to cleave the mRNAs which are transcribed to form proteins respon-
sible for antibiotic resistance activity. Hence, they help in converting
drug-resistant bacteria to drug-sensitive bacteria (Guerrier et al., 1997,
Toney et al., 1998). EGS technology has been used to inhibit the ex-
pression of a broad range of genes, and this strategy has the potential
for the development of novel treatments for many diseases. However,
the major drawback of the use of EGS/ORN sequence is that these are
rapidly degraded by nucleases.

In this regard, Alfonso et al. (2007) conducted a study in which they
demonstrated the use of EGS to reduce resistance towards amikacin by
inhibition of expression of AAC(6)-Ib gene (gene which is responsible
for resistance towards amikacin) (Alfonso et al., 2007). Their results
proved that the use of external guide sequences is a viable strategy
to conserve the potency of amikacin. They were also able to develop
RNase P degrading ORN which were stable and viable in a nuclease en-
vironment known as locked nucleic acids (LNA) or (LNA)/DNA chimeric
oligomers.
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Fig. 5. Conversion of drug-resistant to drug-sensitive bacteria.

More recently, a new form of these sequences known as Bridge nu-
cleic acids (BNAs) have also been developed, the BNA’s have properties
similar to LNA except that these are modified ribonucleotides that con-
tain a bridge in their structures. For eg., a study was conducted on LNA
and BNANC (second generation BNA), to compare their efficiency us-
ing the amikacin resistance aac(60)-Ib mRNA as target (Jackson et al.,
2016). The researchers found that LNA/DNA gapmers were more effi-
cient EGSs, whereas all BNANC/DNA gapmers showed very poor activity.
Thus, although not much-researched, this strategy holds high potential
in encountering the expanding problem of antibiotic-resistance. Further-
more, newer and exclusive BNA blends will be launched in the near fu-
ture, providing great expectations from oligonucleotide-based fields of
research and applications (Bistué et al., 2019).

6.2.2. DNA and mRNA vaccines

An effective way to prevent animals from becoming infected is vacci-
nation. Better application of existing vaccines and development of new
vaccines are crucial to tackle antibiotic resistance in order to reduce pre-
ventable disease and death. Also, vaccines serve as a great approach to
limit the spread of antibiotic resistance, because it is due to the overuse
of antibiotics only that the resistance is developing even against simplest
of infections (Behr et al., 1999).

DNA vaccines serve as an important technology for vaccinating an-
imals. These constitute insertion of the gene of interest into the plas-
mid along with appropriate machinery for replication, transcription and
translation (Fig. 5). The plasmid is inserted into the host cell via suit-
able methods (direct injection, electroporation or gene gun etc.), where
it results in the production of an antigenic protein that can commence
cellular and humoral immune responses (Endmann et al., 2014). Both,
conventional and self-amplifying mRNA (SAM) vaccines have been de-
veloped. Conventional mRNA-based vaccines code for the antigen of
interest and contain 5’ and 3’ untranslated regions (UTRs), whereas in
SAMs, the RNA is engineered in order to produce the RNA containing
Ag of choice which enables RNA amplification and abundant protein
expression (Pardi et al., 2018). The mRNA machinery does not inter-
act with host DNA (Fig. 6). mRNA vaccines along with DNA vaccines
have proved to be an attractive alternative to whole pathogen immu-
nization. The mRNA vaccines were first tested in 1990’s, but not widely
used due to factors such as omnipresent ribonucleases and their less sta-
bility. However, now there is a need for development of such vaccines

which are specific and efficient (Zhang et al., 2019). These vaccines
have various advantages like being non-infectious, non-integrating and
egg-and-cell free; and also being capable of natural degradation, rapid
production, and induction of B and T cell immune response.

While it is doubtful that vaccines will be available for all kinds of
infections, but, newer vaccines to prevent major infections are under
development. Numerous comparable vaccines have already been devel-
oped, such as Bacille-Calmette-Guerin (BCG) vaccine to prevent tuber-
culosis (Pizza et al., 2000), haemophilus influenza type B (Hib) and
pneumococcal conjugate vaccines (PCV7, PCV10, PCV13). Some vac-
cines are in the later stages of development against C. difficile (CDI) and
Staphylococcus aureus infection (Jansen et al., 2018). The vaccine for
Streptococcus agalactiae, also known as Group B Streptococcus (GBS) is at
an early stage of development (Jansen et al., 2018). Many methods for
vaccine approaches to prevent M.tuberculosis infections have been eval-
uated, however not many have been successful till date (Jansen et al.,
2018). Hence, more research is mandatory with regard to the efficacy
and safety of RNA and DNA vaccines prior to their wide use in domestic
livestock and poultry.

Although, the immune systems have been developed to deal with in-
finite number of pathogens, there is no limit to how many vaccines can
be given to an individual, be it a human or an animal. The most impor-
tant consideration to stem the inappropriate use of antibiotics would
always be an emphasis on reduction of their usage in agriculture and
livestock. It is therefore vital to provide incentives and continuous in-
vestments to vaccine companies and for creating a market to develop
and sell vaccines that are in public interest and also commercially viable.
Considering the importance of vaccines for reducing AMR and global
health, not following these trends could become a matter of public con-
cern for many countries across the world.

6.2.3. Bacteriophage therapy as an alternative to antibiotics
Bacteriophages or phages are viruses that infect bacteria and were
discovered approximately a century ago. They have been used since then
for therapeutic purposes by exploiting their lytic and lysogenic cycles
(Fig. 7), by insertion of gene of interest to produce desired proteins. But,
this was only practiced in a limited number of countries including Russia
and adjoining regions. However, this mode of therapy had been highly
neglected in the Western world. But, looking at its immense advantages,
it is slowly picking up pace as a new mode of therapy to overcome antibi-
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Fig. 6. Schematic representation of workflow of DNA and mRNA vaccines.

otic resistance. Bacteriophage therapy has proved to be an excellent al-
ternative against many bacteria (Alisky et al., 1998). Studies have shown
that bacteriophages could be used as a good scheme to treat systemic,
mucosal and cutaneous infections, and they have also been suggested to
be effective against multi-drug resistant bacteria. Phage therapy can be
used against superbugs that are resistant to multiple antibiotics. Bacte-
riophages are very specific, therefore chances of developing secondary
infections are circumvented. They are available where they are needed,
as they replicate at the site of infection. One of the major advantages

is that the phage-resistant bacteria remain susceptible to other phages
having similar range of target organisms. The potential of phage ther-
apy has been successfully determined against MDR uropathogenic E.coli
(UPECQ) for managing urinary tract infections (UTI’s) as an alternative
to chemotherapy (Malik et al., 2019, Malik et al., 2020).

Phages can be exclusively used or can be used in combination with
other antibacterial agents to improve their efficacy for biofilm re-
lated infections as well. Phages are natural predators of bacteria and
have been considered favourable against bacterial biofilms. Lu and

Fig. 8. Gene editing techniques.
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Collins (2007) genetically engineered the T7 phage and expressed a
biofilm-degrading enzyme (dispersin B) which resulted in an improved
efficacy of biofilm removal as compared to the wild-type phage (Lu et al.,
2007, Esposito et al., 2017).

Various phage therapy studies have been conducted in animal mod-
els. Watanabe et al. (2007) researched a mouse model having gut de-
prived sepsis, and represented that phage delivery induced considerable
defense against Pseudomonas aeruginosa (Watanabe et al., 2007). Fukuda
et al. (2012) administered bacteriophage eye-drops using a model of
P. keratitis and demonstrated high efficacy in P. aeruginosa elimination
(Fukuda et al. 2012). Pabary et al. (2016) infected lungs of mice with P.
aeruginosa and later delivered phage into it. They discovered a signifi-

(B)

Fig. 7. (A) Lytic phage cycle and (B) Lysogenic phage cycle.
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cant reduction in the bacterial load as well as a reduction in the spread
of infection which was very well observed (Pabary et al., 2016).

However, bacteriophage therapy has a few shortcomings such as:
bacteria may become resistant towards phages, and phages are specific
and at times unstable at a low pH. But, studies are being conducted
to overcome these problems. Further research developments may allow
this field to pursue concerns regarding phage therapies and finally un-
lock their importance as antimicrobial agents.

6.2.4. Genetic modification technologies
Genetic modifications in the field of agriculture mainly involve the
production of transgenics. Transgenic crops, as discussed earlier have
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Cas 9 Fig. 9. Disruption caused by CRISPR-Cas9 system
(1) A single guide RNA (sgRNA), consists of crispr
RNA sequence (crRNA, complementary to target
PAM sequence DNA) + tracrRNA sequence (that binds to cas nucle-
ase), (2) This sgRNA binds to recombinant Cas9 protein

(5'-NGG-3")

having activity similar to DNA endonuclease. (3) This
complex then causes a target-specific ds-DNA cleavage.
(4)The cleavage site is repaired by DNA repair pathway

sequence

3. Target specific cleavage

Your favourite gene

4. Cellular error-prone repair "knocks-out” gene

(non-homologous end joining, NHEJ). This leads to a
process which is error-prone that may result in inser-
tions or deletions (INDELs), which may disrupt gene
function. Photospacer Adjacent Motif (PAM) is a short
region (2-6 bp) which is present downstream of the
DNA region which is being targeted for cleavage by
CRISPR-Cas system.

been used and developed by humans and possess various benefits such
as better quality, better yield, resistance to pests and insects, and other
desirable properties. But, they come with various disadvantages and are
less accepted by consumers; so, in order to overcome these problems,
alternate technologies such as cisgenesis, transgenesis, intragenesis and
genome editing have been discovered to obtain improved plants/crops
(Fig. 8).

6.2.4.1. Cisgenesis. In this technique, genetic modification is done by
introduction of a copy of complete natural gene sequence consisting in-
tron along with its own native promoter and terminator, in the sense
orientation (Fig. 8). The desired cisgene can be taken from the crop
species itself or from a sexually compatible plant species, just like con-
ventional breeding (Schouten et al., 2006). However, in conventional
plant breeding, undesired genes are also present along with the de-
sired genes, whereas, this is not the case in cisgenic crops (they only
contain desired genes). The deployment of cisgenes has been success-
fully carried out in plants to produce functions like resistance to scab
in apple (Vanblaere et al., 2011), resistance to late blight in potato
(Haverkort et. al., 2009), and increased phytase activity in barley
(Holme et al., 2012).

6.2.4.2. Intragenesis. In this technology, for genetic modification, the
desired gene is originated from the same crop species or sexually com-
patible plant species (in the sense or antisense orientation). However,
it is not mandatory that the regulatory elements (promoter and ter-
minator) are from the same gene (Fig. 8), thus giving novel genetic
combinations (Rommens et al., 2007). Presence of regulatory elements
from other genes might lead to a change in expression pattern of the
desired gene. Various experiments have shown successful intragenesis
such as, reduction of acrylamide (carcinogenic compounds) levels by
tuber-specifc silencing of asparagine synthase-1 (StAstl) gene in pota-
toes. According to field trial results, the reduction in acrylamide forming
potential of potatoes up to 70% was observed without affecting the tu-
ber shape and yield (Chawla et al., 2012). Intragenic potato have been
developed by J.R. Simplot Co., which exhibit multiple traits like re-
sistance to bruising and discoloration, and a low acrylamide content
(Waltz, 2015).

The potential risk associated with cisgenic plants is similar to tra-
ditionally bred plants, whereas, novel potential hazards are possible
in case of intragenic and transgenic plants (EFSA 2012). The cisgenic
and intragenic plants are considered as non-regulated (exempted from
Biotechnology/GM organism regulation) by US Department of Agricul-
ture (USDA), only if the introduced genetic elements are not derived
from “plant pests”.
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6.2.4.3. Genome editing. Genome editing technology is the latest one,
amongst all these genetic modification technologies. Genome editing
technologies are used to mutate, knock-out, or replace a specific gene
(Fig. 8). This technique makes the use of either a sequence-specific nu-
clease (SSN) to produce gene knock-out/knock-in, or synthetic oligonu-
cleotides to incorporate specific point mutations in the specific DNA re-
gion (Songstad et al. 2017). Synthetic oligonucleotides have also been
utilized recently for targeted editing in order to produce custom single
nucleotide polymorphisms (SNPs). There are various other methods of
genome editing discovered recently (Kumar et al., 2020). It is expected
that genome-edited crops may be granted quicker regulatory consent
which should lead to their worldwide acquisition in cultivation.

6.2.5. Use of the CRISPR/Cas gene editing system as an antimicrobial
agent to decrease antibiotic resistance

Use of conventional broad spectrum antibiotics leads to the elimi-
nation of beneficial commensal bacteria and an increase in antibiotic
resistance. CRISPR/Cas systems have been used to target specific viru-
lence factors and antibiotic resistance genes in bacteria. Thus, they con-
stitute as an appealing option for further development of configurable
and sequence specific antimicrobials Bikard and Barrangou (2017). This
technology has been considered as the most important discovery of this
century in the field of biotechnology, and has paved the pathway to
gene-editing for therapeutic purposes and establishment of engineered
microbials. CRISPR is unique because antimicrobials developed by the
use of this technology are able to kill bacteria based on genetic sequence
or gene specificity. Since it is always desirable to eliminate only a se-
lected group of bacteria within a species, this technology should prove
beneficial in such cases. Also, it can be used to re-sensitize the bacteria
to the antibiotics towards which it has developed resistance.

(Pak and SITN, 2014) In CRISPR/Cas technique, gene silencing (dele-
tion of a segment of DNA) or gene editing (insertion of a segment of
DNA) is done to inactivate the gene causing resistance (Pak, 2014).
Rodrigues et al. (2019) engineered a plasmid to eliminate an ARG
from Enterococcus faecalis, which is a part of benign intestinal flora
(Rodrigues et al., 2019). However, when antibiotics kill beneficial bac-
teria in the intestine, E. faecalis becomes pathogenic and may acquire
drug resistance. This has proved to be a major problem as resistant E.
faecalis causes infections among patients in hospitals. However, gene
editing has been successfully done using CRISPR-Cas9, and guide RNA to
overcome this issue of drug resistance in E. faecalis. The guide RNA (ho-
mologous to the sequence in resistant DNA) directs the cell machinery
to make cuts at specific places in the DNA for insertion of genes having
a new sequence (Fig. 9), thus reversing antibiotic resistance (Bikard and
Barangou, 2017, Gholizadeh et al., 2020).
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CRISPR-Cas approach may therefore unlock novel ways for the de-
velopment of modish antibiotics, which can wave-off MDR pathogens
and differentiate between pathogenic and beneficial microorganisms.
These systems can be utilized to selectively remove individual bacte-
rial isolates/strains based on the sequence-specific manner, generating
new opportunities for the treatment of MDR infections, the control of
industrial fermentations and the study of microbial consortia.

7. Conclusion

In the present century, microbial infections have become a major
clinical threat as there are rising concerns about the failure of treat-
ing diseases by using antibiotics due to resistance being developed by
several bacteria for the commonly used antibiotics. A lot of evidence
suggests that excessive utilization of antibiotics in agriculture and ani-
mal husbandry is contributing to the spread of this antibiotic resistance
in different environments. Due to the application of manure from farm
animals, spraying of antimicrobials in farmland, and practicing other
activities to combat infections, transmittance of higher levels of antibi-
otic resistance genes have been observed at various levels of different
ecosystems. In this review paper, we have described antibiotic resistance
mechanisms that the bacteria have achieved over the years and also the
most feasible techniques that are currently being used in this field to
reduce the resistance caused by antibiotics. To control this problem of
multi-drug resistance, a lot of strategies have been discovered and to
our understanding, molecular methods have also been designed and ap-
plied but successful completion of control over this problem has not yet
been achieved. Considering the fact that we can’t completely cease the
use of antibiotics because this is our primary, and in many cases the
only method for treating infectious diseases; a more detailed study of
environmental reservoirs and advanced remedial strategies to eradicate
resistance to the lowest limit are crucial for our future ability to fight
infections .
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