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ABSTRACT

Treatment failure and recurrent infections are linked to increased risk of antimicrobial resistance (AMR) and
persistence. As a result, they play a significant role in the rising rates of morbidity and mortality that raise
healthcare expenses. Standard microbiological assays may easily identify antibiotic resistance, and the threat
that antibiotic resistance poses has long been understood. There are measures in place to stop the emergence of
resistance and the dissemination of resistant bacteria. Antibiotic persistence, the phenomenon where bacteria
survive antibiotic exposure even when they are completely susceptible, is still largely unrecognized. Antibiotic
persistence, as opposed to antibiotic resistance, is more difficult to quantify and so frequently overlooked, which
may result in treatment failures. In this review, we address the consequences of these bacterial pathways for
antibiotic resistance and human health. We address recent research that connects bacterial tolerance and
persistence to the evolution of antibiotic resistance, and we explain the relationship between bacterial
heterogeneity and antibiotic persistence. Lastly, we go into persister detection techniques, cutting-edge
approaches to getting rid of bacterial persisters and the most recent developments in the creation of new
antibiotics.
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INTRODUCTION

Author for Correspondence: The current state of medicine has been made
possible by antibiotics. By the end of the previous
Tarun Kumar, century, infectious diseases were thought to have
Buddha Institute of Pharmacy, been eliminated and the mid-20" century was even
Gida, Gorakhpur, Uttar Pradesh, India. dubbed the "antibiotic era." Antibiotics have also
been essential for many other medical specialties as
Email: deepak708411681@gmail.com well as effective invasive and high-end procedures
such as organ transplantation and

immunomodulatory treatments in rheumatology and
oncology®. The availability of antibiotic medication
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has raised life expectancy overall by drastically
lowering child mortality®. However, a growing
number of bacteria are developing resistance to
several of the antibiotics that are currently in use,
leading to the emergence of multidrug resistant
(MDR) bacteria®. Sir Alexander Fleming, who
received the 1945 Nobel Prize in Medicine for
discovering penicillin, cautioned against the
possible consequences of overusing and abusing
medicines, which could lead to the emergence of
antibiotic resistance®®. Antibiotic-resistant bacteria
have emerged as a serious challenge to
contemporary health care due to the lack of novel
antimicrobial medications and the rising incidence
of MDR bacteria that are leading to treatment
failures®. In a race against time, numerous
governments, the World Health Organization
(WHO), and the United Nations (UN) have
combined forces to lessen and prevent the
development of resistance. One of the biggest
challenges to human health, the "rapid and massive
spread of infectious diseases,” is highlighted in the
most recent report from the World Economic
Forum 2019 in Davos, Switzerland, as the reason
why action must be taken (World Economic Forum,
2019). Antibiotic-resistant bacterial infections are
estimated to be the cause of approximately 10
million fatalities annually by 2050, accounting for
about 700,000 deaths globally each year’®. The
prevalence of infections and the dissemination of
MDR bacteria are still on the rise, despite the fact
that AMR is now widely recognized as a critical
concern.

Moreover, an increased incidence of biofilm-related
infections is caused by the growing number of
implanted medical devices, including vascular
endoprostheses, pacemakers, prosthetic heart
valves, and joint prostheses. Antibiotic resistance is
a prominent problem that results from this®*.
Antibiotic resistance enables microorganisms to
resist antibiotic attacks even while they are fully
susceptible in traditional microbiological tests™.
Using in vitro research and mathematical modeling,
Balaban and colleagues have recently shown that
tolerance can evolve more quickly than resistance
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and that tolerance mutations can accelerate the
evolution of antibiotic resistance'®. Fighting
antimicrobial resistance (AMR) requires an
understanding of both antibiotic resistance and

tolerance.

ANTIBIOTIC RESISTANCE MECHANISMS

When needed antibiotics are delayed due to
antibiotic resistance, morbidity and death rates
often rise. AMR refers to microorganisms that have
a genetic predisposition to thriving at high
antibiotic dosages™. The minimum inhibitory
concentration (MIC) of an antibiotic is commonly
used to measure it. This is the concentration at
which resistant bacteria can multiply and flourish to
a degree that is fatal to other strains of the same
species. There are different types of antibiotic
resistance. The presence or lack of particular
structures can result in natural intrinsic resistance,
which is one factor that makes antibiotics
ineffective.  Nevertheless, chromosomal gene
alterations or horizontal gene transfer from
plasmids or chromosomes can also cause bacteria to
become resistant to antibiotics. Antimicrobial
substances like triclosan, which inhibit fatty acid
synthesis by targeting the enoyl-ACP reductase, are
ineffective  against Pseudomonas aeruginosa
because the bacteria carries an insensitive
homologue of fabl (enoyl-ACP reductase), fabV,
which encodes an enzyme that is not inhibited by
triclosan*. In general, Gram-negative bacteria are
less permeable than Gram-positive bacteria and
have an inherent resistance to several antibacterial
agents, such as the cell wall-active glycopeptide
vancomycin®™. Since these large molecules are
unable to pass through Gram-negative bacteria's
outer bacterial barrier, they are unable to attack the
cell wall. The pathogen that is Gram-positive
Conversely, Staphylococcus aureus is recognized
for its ability to quickly acquire resistance to
antibiotics by acquiring specific genetic alterations
(mutations or horizontal gene transfer), which
results in infections that propagate in waves of
epidemics®®. This pathobiont, on the other hand, is
naturally vulnerable to nearly all known antibiotics.
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Reduced permeability of the bacterial cell
membrane, such as by modifying or decreasing
porins that would let antibiotic entrance into the
cell, can be used to maintain low intracellular
concentrations of antibiotics. Numerous Gram-
negative bacteria, including Escherichia coli,
Klebsiella pneumoniae and carbapenem-resistant
Enterobacter species, have been well-documented
to exhibit decreased porin expression or altered
porins without expressing a carbapenemase®’™.
Increasing the efflux of chemotherapeutics by the
use of substrate-specific or multidrug resistance
efflux pumps is another strategy for reducing
intracellular antibiotic concentrations. Despite the
fact that many bacteria have several MDR efflux
pump genes on their chromosomes, some of these
genes have been deployed onto plasmids. That
microorganisms can exchange?®. The antibiotic-
targeting enzyme New Delhi metallo-blactamase 1
(NDM-1) was found to be carried on a plasmid
coupled with genes encoding for a novel tripartite
resistance nodulation division (RND) pump®2.
The fact that several resistance mechanisms can
coexist on a single plasmid and be transmitted
between  bacteria makes this particularly
concerning. It also emphasizes the significance of
MDR efflux pumps as a key resistance mechanism.
Patients with systemic infections have vyielded
several clinical isolates, such as P. aeruginosa and
S. aureus that overexpress drug efflux pumps?22,

An antibiotic target molecule’'s spontaneous
mutations or post-translational alterations may
cause conformational changes that impair target
binding and reduce antibiotic activity S. aureus can
develop ciprofloxacin resistance due to single
amino acid alterations that occur in close proximity
to the active site tyrosine of the bacterial type II
topoisomerase enzymes, DNA gyrase GyrA or
DNA topoisomerase IV ParC**®. As a result, the
quinolone resistance determining region (QRDR)
has been assigned to this domain®®. Rifampicin is
effective against the majority of clinical methicillin-
resistant S. aureus (MRSA) isolates?’, but when
rifampicin is administered as monotherapy,
resistance develops quickly. Reduced affinity for
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rifampicin is the result of point mutations in the
gene encoding the b-subunit of the DNA-dependent
RNA polymerase (RpoB), which rapidly confers
resistance®®. Finally, directly altering antibiotics can
result in the acquisition of resistance.

Antibiotics can be immediately destroyed by
hydrolysis or rendered inactive by the transfer of
chemical groups to places that are susceptible,
preventing the target from attaching and
functioning. Antibiotic resistance may arise from
the inactivation of antibiotics by the addition of a
chemical group, such as an acyl, nucleotidyl,
phosphate, or ribitoyl group, which results in steric
hindrance. Such an inactivation process is
particularly vulnerable to the big molecules of
aminoglycosides with numerous exposed hydroxyl
and amide groups. A genomic island that confers
resistance  to aminoglycosides, including
gentamicin, was discovered in Campylobacter coli
isolated from chickens in China. This island
contains genes for six aminoglycoside-modifying
enzymes”. A wide variety of enzymes that may
break down various antibiotics within the same
class have evolved as a result of the creation of
novel derivatives of previously identified antibiotic
classes. For instance, extended-spectrum b-
lactamases (ESBLs), which can hydrolyze
extended-spectrum oxyimino cephalosporins like
cefuroxime, cefotaxime, cefmenoxime, and
ceftriaxone, succeeded the early b-lactamases,
which were active against first-generation b-
lactams®.

In the past 20 years, the usage of carbapenems has
expanded along with the number of bacteria bearing
ESBL genes, which has resulted in the creation of
strains that produce carbapenemase®. Many
carbapenemase-genes are currently carried on
plasmids and have been discovered in
Enterobacteriaceae, K. pneumoniae, P. aeruginosa,
and Acinetobacter baumannii** (Figure No.1A).
Carbapenemases can degrade a variety of b-

lactams, including extended-spectrum
cephalosporins.
October — December 86



Tarun Kumar. et al. /Asian Journal of Research in Pharmaceutical Sciences and Biotechnology. 11(4), 2023, 84-100.

GENETIC BASIS OF ANTIMICROBIAL
RESISTANCE

Because of their exceptional genetic flexibility,
bacteria are able to adapt to a variety of
environmental stressors, such as the presence of
antibiotic compounds that could endanger their life.
Because they have evolved ancient ways to survive
the detrimental effects of antibiotics, bacteria that
share the same ecological niche as organisms that
produce antimicrobials are able to thrive in the
presence of antibiotics due to their intrinsic
resistance. From an evolutionary standpoint,
bacteria employ two main genetic coping
mechanisms in response to the antibiotic "attack™:
Mutations in gene(s) frequently linked to the
compound's mechanism of action and

Acquisition of foreign DNA through horizontal
gene transfer (HGT) coding for resistance
determinants.

MUTATIONAL RESISTANCE

In this case, a portion of bacteria taken from a
vulnerable group experiences gene alterations that
impact the drug's efficacy, preserving cell life in the
presence of the antimicrobial chemical. The
antibiotic destroys the susceptible population as
soon as a resistant mutation appears, leaving the
resistant germs in the majority. Resistance-causing
mutations frequently have a negative impact on cell
homeostasis, or reduced fitness, and are only
preserved when the antibiotic is present. Generally
speaking, the following pathways are used by
mutations that lead to antimicrobial resistance to
change the way antibiotics work:

Altering the antimicrobial target (reducing the
drug's affinity; see below),

Reducing drug absorption,

Turning on efflux mechanisms to push out the toxic
chemical, or

Causing widespread alterations in significant
metabolic processes via modifying regulatory
networks.

As a result, resistance resulting from acquired
mutational alterations is varied in intricacy and
variety.
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We shall provide numerous instances of antibiotic
resistance resulting from mutational alterations in
this chapter (see below).

HGT

One of the main forces behind bacterial evolution is
the acquisition of foreign DNA material by
horizontal gene transfer (HGT), which is frequently
the cause of the emergence of antibiotic resistance.
The majority of antimicrobial drugs that are
employed in clinical settings are either naturally
occurring or derived from environmental sources,
primarily  soil. Intrinsic  genetic  resistance
determinants are present in bacteria that coexist
with these chemicals and a wealth of evidence
indicates that these "environmental resistomes™ are
a major source of antibiotic resistance genes that are
acquired by clinically relevant bacteria. Moreover,
the spread of resistance to numerous commonly
used antibiotics has been linked to this genetic
exchange. Traditionally, there are three primary
ways that bacteria take up foreign genetic material:
(i) transformation (incorporating bare DNA), (ii)
phage-mediated transduction and (iii) conjugation
(bacterial "sex"). Only a few therapeutically
relevant bacterial species are able to naturally
integrate naked DNA to evolve resistance, making
transformation possibly the most straightforward
type of HGT.

Conjugation is a highly effective gene-transfer
mechanism that occurs through cell-to-cell contact
and is frequently linked to the emergence of
resistance in hospital settings. It is also believed to
occur frequently in the gastrointestinal tract of
patients receiving antibiotic therapy. Mobile genetic
elements (MGEs) are generally used during
conjugation to transfer important genetic
information between chromosomes, while direct
chromosome-to-chromosome transfer has also been
thoroughly studied®®*. The two most significant
MGEs are transposons and plasmids, which are
both essential for the emergence and spread of
antibiotic resistance in organisms that are clinically
relevant. Integrons, site-specific recombination
systems that can recruit open reading frames in the
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form of mobile gene cassettes, are finally one of the
most effective methods for collecting antimicrobial
resistance genes. One of the key forces behind
bacterial evolution, integrons offer a reliable and
relatively straightforward method for introducing
new genes into bacterial chromosomes together
with the required apparatus to guarantee their
expression. The reader is referred to a recent state-
of-the-art review® for more information on the
mechanisms of HGT.

ESKAPE PATHOGENS

Nosocomial pathogenic microorganisms  with
increasing degrees of virulence and multidrug
resistance are referred to by the abbreviation
ESKAPE. They have a major negative impact on
patient health, healthcare systems and financial
stability. ESKAPE is an acronym representing the
Gram-negative  bacteria K. pneumoniae, A.
baumannii, P. aeruginosa and Enterobacter species,
as well as the Gram-positive bacteria Enterococcus
faecium and S. aureus. They are all characterized
by high levels of antibiotic resistance and
frequently cause hospital-acquired infections that
could be fatal for patients who are critically ill or
have impaired immune systems®. The WHO
identified twelve bacterial species against which
new chemotherapy drugs are sorely needed,
including all ESKAPE infections®®.

E. FAECIUM

Despite having a low virulence, the Gram-positive
commensal E. faecium is challenging to remove
from hospital environments. It is therefore much
feared in the hospital system due to its propensity to
produce nosocomial infections and outbreaks®’.
Drug-resistant enterococcal infections have been
more common over the past few decades, with
vancomycin-resistant enterococci (VRE)
accounting for the majority of these infections with
rates as high as 14.9% in the European Union
(EU)*® (Figure No.1B) and 30% in the United
States of America (USA)*. Because of the
resistance, treating these nosocomial VRE
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infections is  extremely
occasionally unfeasible.

challenging  and

S. AUREUS

Particularly in the nose, the Gram-positive
bacterium S. aureus is a component of the typical
skin microbiota. Around 50% of the population is
either permanently or sporadically colonized,
indicating significant carriage rates**. However, S.
aureus is a major contributor to bacteremia,
osteomyelitis, infective endocarditis, and infections
of the skin and soft tissues. Prior to the
development of antibiotics, S. aureus bacteraemia
had fatality rates that exceeded 80%™*'. The 1940s
saw the discovery of penicillin, which quickly
improved patient outcomes. The first line of
treatment for S. aureus infections was penicillin,
but strains that produced b-lactamases (blaZ)
swiftly evolved as a result of widespread use.
Penicillin G resistance was present in over 80% of
clinical isolates as early as 1948%*,

The b-lactam ring is hydrolyzed by the mostly
extracellular enzyme B-lactamase, which makes the
b-lactam inactive®. MRSA strains were identified
about a year after semisynthetic penicillins were
first introduced in 1961 and there is even proof that
S. aureus acquired methicillin resistance prior to the
medication's  clinical  application*®**’.  Before
methicillin was developed, first-generation b-lactam
antibiotics like penicillin were widely used, which
led to the selection of strains with the mecA
determinant, which  confers resistance to
methicillin®®. These days, MRSA prevalence in
Europe varies from less than 1 to over 40%.
Invasive MRSA isolates are found at very low
levels in Scandinavian nations like Iceland (0.0%)
and Norway (0.9%), as well as at low levels in the
Netherlands (1.2%), Switzerland (4.4%), Germany
(7.6%), and France (12.1%), as well as at high
levels of up to 34% in Italy, 38% in Portugal and
43% in Romania*®. (Figure No.1C). Methicillin
resistance is mediated by the gene mecA, which is
transferred horizontally by the staphylococcal
cassette chromosome mec (SCCmec) mobile
genetic element®’. The penicillin binding protein
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(PBP2a), which the mecA gene encodes, is in
charge of cross-linking peptidoglycans during the
production of cell walls. PBP2a's poor affinity for
b-lactams®® causes resistance by making the
antibiotics ineffective. The multilocus sequence
type (MLST) MRSA-IV USA300 is a well-known
pandemic and hypervirulent clonal lineage of
community-acquired (CA)-MRSA that began
spreading in the USA 20 years ago and is a major
health danger and economic factor today®. MRSA
colonization raises the chance of contracting an
MRSA infection because, according to whole
genome sequencing and other molecular typing
techniques, 50-80% of isolated invasive strains are
descended from colonizing bacteria®*™. It is a
dynamic process in which certain strains evolve or
are replaced by other strains within the same host,
while others remain for extended periods of time®®.

Furthermore, S. aureus is frequently spread through
hospital jackets, cell phones, and tablets-all of
which are frequently used in clinics®"*.
Glycopeptide antibiotics, like teicoplanin and
vancomycin, are now utilized in clinics as the first
line of treatment for MRSA infections. European
MRSA strains with  decreased teicoplanin
sensitivity first surfaced shortly after vancomycin
therapy was introduced in the 1980s°®. The first
vancomycin-resistant S. aureus (VRSA) was found
in the USA in 2002°° and in Europe eleven years
later®®. Vancomycin can be effectively substituted
with  linezolid,  tigecycline,  trimethoprim-—
sulfamethoxazole (TMP-SMX), daptomycin, a
lipopeptide bactericidal antibiotic, or a 5th-
generation b-lactam, such as ceftaroline or
ceftobiprole. Similarly, a combined or single use of
the  streptogramin  antibiotics  quinupristin-
dalfopristin, TMP-SMX, linezolid, or telavancin is
advised if a decreased daptomycin susceptibility is
seen in conjunction with a reduced vancomycin
susceptibility®:.

K. PNEUMONIA

The rod-shaped, gram-negative pathogen K.
pneumoniae is frequently linked to nosocomial
infections. Many strains of K. pneumoniae have
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developed resistance to penicillin, cephalosporins
and carbapenems through the use of diverse b-
lactamases. Gram-negative bacterial infections are
commonly treated with carbapenems; however, the
emergence of K. pneumoniae strains that produce
KPC and carry blaKPC makes treating these
infections increasingly  challenging®®  (Figure
No.1D). Furthermore, NDM-1, the metallo-b-
lactamase, is expressed by certain K. pneumoniae
strains and is encoded by blaNDM-1%. The
prevalence of carbapenem-resistant K. pneumoniae
strains has grown due to the presence of NDM-1,
necessitating the use of other antibiotics like
aminoglycosides and  fluoroquinolones  more
frequently. But using these antibiotics more often
might also lead to an increase in drug resistance,
which would make treating these infections much
harder®.

A. BAUMANNII

The opportunistic pathogen A. baumannii, which is
Gram-negative, is linked to nosocomial infections
in hospital stays longer than ninety days, mostly in
patients with weakened immune systems®.
Numerous illnesses, such as urinary tract and
respiratory infections, are brought on by A.
baumannii. A. baumannii presents a serious risk to
patients, particularly in critical care units, because
of the high prevalence of antibiotic resistances
(Figure No.1E). Furthermore, isolates of A.
baumannii resistant to carbapenem that possess
blaIMP  (imipenem metallo-b-lactamases) and
blaOXA (oxacillinase serine b-lactamases) have
been discovered. They are able to avoid the
antimicrobial effects of the majority of conventional
antibiotics due to the combination of resistance
genes®®®. The World Health Organization (WHO)
identified A. baumannii as crucial (in priority group
1) for the development of novel antimicrobial drugs
due to the rising occurrence of multidrug-resistant
strains of the bacteria worldwide®®,

P. AERUGINOSA
The Gram-negative bacterium P. aeruginosa has a
strong inclination to become resistant to
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antimicrobial medications and a low susceptibility
to many of them. It is also included in the WHO
priority group 1 of infections that urgently require
novel treatment options. P. aeruginosa exhibits
greater resistance to carbapenem as a result of
reduced porin permeability and overproduction of
AmpC®. Furthermore, P. aeruginosa has the ability
to express imipenem metallo-b-lactamases, KPCs
and ESBLs, which causes significant levels of
carbapenem resistance (Figure No.1F). Successful
treatments are becoming more difficult to treat due
to the rising prevalence of multidrug-resistant
isolates. While colistin, a last-resort antibiotic, is
still effective in most cases, its widespread use in
pig and poultry farming in the past has already led
to the reporting of resistance due to genes like
ESBLs and carbapenamases. AmpC b-lactamase,
which is capable of hydrolyzing cephalosporins and
broadspectrum penicillins, is hyperproduced in
Enterobacter ~ species®®’*.  B-lactams  and
carbapenems cause this overproduction, which is
linked to higher death rates and the development of
resistance during the course of treatment’". Many
strains of Enterobacter spp. are only sensitive to a
few last-resort antibiotics, as tigecycline and
colistin, because of their propensity to quickly build
resistances’. The urgent need for new antimicrobial
drugs has been highlighted by the recent reports of
even resistance to tigecycline and colistin, either via
plasmid-mediated mobilized colistin resistance
(mcr) genes or due to chromosomal mutations in
genes of two-component systems (TCS) such as
pmrA/B and phoP/Q and their regulators mgrB and
pmrD75'77.

In addition to the ESKAPE infections, another
newly discovered human pathogen that is becoming
more resistant to metronidazole is the spore-
forming, Gram-positive bacterium Clostridioides
difficile (formerly known as Clostridium difficile
until 2016)"®. Since beginning to track C. difficile
infections (CDIs) in 2016, the European Centre for
Disease Prevention and Control (ECDC) has
identified metronidazole resistance in 26/569
(4.6%) of the cases’. Since a novel plasmid (pCD-
METRO) granting metronidazole resistance has

Available online: www.uptodateresearchpublication.com

been discovered and is present in both animal and
human isolates of C. difficile, the advent of
metronidazole resistance is especially concerning®.
Drug-resistant C. difficile should become less
common and spread more slowly if broad-spectrum
antibiotics are not used blindly and CDIs are closely
monitored globally. Antibiotic resistance has
already been the subject of numerous outstanding
evaluations®*®. We want to continue concentrating
on hard-to-treat infections, phenotypic variability,
antibiotic persistence, and tolerance. We'll talk
about how they can make treatment more difficult
and potential preventative measures against
bacterial infections in the future.

ANTIBIOTIC  RESISTANCE IN THE
ENVIRONMENT

Long before people began mass-producing
antibiotics to cure and prevent infectious diseases,
many bacterial species had the capacity to
withstand the®*®!. The pre-antibiotic era's dominant
resistance mechanisms can be understood by
examining isolated caves™, permafrost cores® and
other settings and specimens that have been
preserved from anthropogenic bacterial
contamination®®®.  The constant competition
between microorganisms for resources, including
the natural production of secondary metabolites that
are similar to many of the antibiotics used as
pharmaceuticals today, is probably a major factor in
the ancient and ongoing evolution of resistance
mechanisms®. The relatively recent introduction
of antibiotics as therapeutic agents drastically
altered the conditions for the evolution and
dissemination of resistance by posing previously
unheard-of selection pressures, particularly on
domestic animal and human microbiota members
and in antibiotic-polluted environments. A wide
variety of antibiotic resistance genes (ARGs) have
been mobilized and horizontally transferred to
numerous bacterial species, especially disease-
causing ones, as a result of this selection pressure®’.
The ultimate, well-known result of these cumulative
evolutionary processes is a progressive increase in
the challenges associated with treating and
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preventing bacterial illnesses. The linkages between
the human, animal and environmental microbiota
(the One Health Concept) must be understood and
acknowledged since bacteria and genes frequently

transcend habitats and species borders® to
address this worldwide health concern'®%2,
In this Review, we outline our current

understanding of how the environment contributes
to the evolution of resistance and serves as a
conduit for the spread of germs that are already
common in human populations. We describe in
detail how environmental resistance research could
serve as a proxy for the local clinical resistance
context, enhancing the role of traditional
surveillance. In addition, we offer a critical analysis
of the approaches taken in the investigation of
environmental antibiotic resistance, especially as
they relate to the evaluation of selection forces.
Lastly, we pinpoint a few guiding principles for
risk-reduction tactics, paying special attention to
issues facing low- and middle-income nations and

emissions resulting from the production of
antibiotics.
RESISTANCE EVOLUTION IN THE

ENVIRONMENT

Both the incorporation of foreign DNA by a
bacteria and changes in its pre-existing genome can
result in antibiotic resistance. When a patient or
animal receives antibiotic treatment, mutations are
easily caused and eventually repaired. It is
uncommon elsewhere for viruses to face such a
high selection pressure. Furthermore, the process
operates independently of other species' genetic
reservoirs. Therefore, for the majority of infections,
external factors are generally less likely to play a
significant role in the mutation-based development
of resistance. Water, soil, and other habitats with
highly varying ecological niches offer an unequaled
gene pool with a variety that considerably surpasses
that of the human and domestic animal microbiota
with regard to the uptake of novel resistance
factors’**'**, The ambient microbiome's greatest
remarkable characteristic is, in fact, its extreme
variety, which offers a multitude of genes that
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pathogens may acquire and utilize to potentially
offset the effects of antibiotics™>™*°. At least some
of the pathogens targeted by all licensed antibiotic
classes to date-whether they are synthetic, semi-
synthetic, or natural compounds-have developed
resistance to them. This implies that, unless we start
having drastically new ideas about how antibiotics
are made, external surroundings currently include
resistance elements for any antibiotics that will ever
be developed. Most ARGs have most likely
progressively developed from genes with different
functions throughout ages*?***!. Their widespread
appearance in pathogens can be attributed to more
recent evolutionary processes, primarily to transfer
events from ancestral species that changed the
general functionality of the genes. A virus usually
evolves sequentially toward acquired resistance
from an initial chromosomal, stationary ARG
(Figure No.2). Typically, the initial phase involves
an ARG's capacity to migrate across the genome,
which can be achieved by several means such as
joining forces with insertion sequences'??** or
creating gene cassettes and integrating them into
integrons™*+12°,

The gene must be moved to an autonomously
moving element between cells, either a plasmid or
an integrative conjugative element, in the second
stage. Because of the presence of faecal bacteria,
which are known to frequently carry these genetic
elements, or because of conditions that may
encourage frequent gene exchanges due to recurring
stress, certain environments are probably more
likely than others to provide the various genetic
elements typically involved in mobilization and
transfer of ARGs™**?’. The horizontal transmission
of a mobilized resistance gene to a pathogen, either
directly or through a number of intermediate
bacterial hosts, is the third stage. The physical
transfer of the ARG-carrying bacterium to the
human or domestic animal microbiota is the fourth
phase, which can happen at any point in the
process. This ability is referred to as "ecological
connectivity"?®. Large-scale cell-to-cell contact (as
in biofilms) and high metabolic activity are most
likely speeding up most processes. Antibiotics may
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facilitate all of these processes, such as mobilization
through integrons or insertion sequences****,
increases in donor cell abundance and consequent
transfer chances, and the rate of horizontal gene
transfer (HGT)"¥.  Crucially, however, the
majority of steps-if not all of them-also take place,
albeit at varying rates, in the absence of
antibiotics™**3,  Therefore, it is critical to
comprehend the locations of the bottlenecks in
viruses' evolutionary transition towards resistance.
The selection of uncommon genotypes with
acquired resistance resulting from mobilization
and/or HGT-genotypes that would otherwise
become extinct-is probably going to be a crucial
bottleneck'®. Compensatory mutations may arise at
any point in the bacterium's genome that carries the
ARG, minimizing possible fitness costs by either
enhancing competitiveness or decreasing niche
overlap™®. Only when all the events line up in terms
of time and space may new ARGs appear in the
clinic*®. All, some, or none of the evolutionary
stages might, in theory, take place in the outside
world. 21 of the 22 ARGs with compelling
evidence for their recent origin, down to the species
level, originated from species that are occasionally
linked to illnesses in domestic animals and/or

humans'.

This significant overrepresentation is consistent
with the theory that, in the face of antibiotic
selection pressure, domestic animals and/or humans
provide the most significant settings for the
development of resistance. Nevertheless, the vast
majority of ARGs have an unknown recent origin,
most likely due to their ancestry in as-yet-
unsequenced  environmental  species.  This
alternative theory supports the external world
playing a considerably larger influence. Changes in
the genetic background around ARGs that impact
resistance level, co-selection chances,
pathogenicity, or transmission potential can
compound the resistance challenge, even while the
introduction of novel ARGs to pathogens is
concerning. The outcomes of transmission events of
genotypes that are already extensively circulating
are very different from those of evolutionary events
that result in the establishment of pathogens with
novel, effective resistance genotypes through any of
these pathways (as explained below). A new
genotype that is more difficult to treat can
propagate globally irreversibly*®® even from single
incidents. Critical evolutionary events are harder to
forecast than transmission since they are more
uncommon and sometimes unique in nature.
However, there can be significant advantages to
being able to postpone or stop their onset.
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Figure No.1: A- The emergence of resistance to invasive bacterial isolates in the European Union (EU)
and European Economic Area (EEA) throughout time
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Chromosomal,
immobile ARG

. ISs or integrons
Environment

ARG mobilization within
the genome by, for example,

Horizontal transfer of such a
mobile element, either directly
to a pathogen or via one or
several intermediary hosts

Relocation to an element
that can move autonomously
between cells

Human or animal microbiota

mmsm The source for the immobile ARG is a common member of the human
or domestic animal microbiota. Mobilization and transfer to
pathogens occur entirely within humans or animals

The source for the immaobile ARG is a bacterium thriving in the
external environment that sometimes enters the human or domestic
animal microbiota. Mobilization and transfer to pathogens occur
entirely within humans or animals

wssm The source for the immaobile ARG is a bacterium thriving in the
external environment. The ARG is mobilized in the environment (to
variable degrees), but its final transfer to pathogens occurs within
humans or domestic animals

mmmm The source for the immobile ARG is a bacterium thriving in the

external environment. Mobilization and transfer to pathogens occur
entirely within the environment

Figure No.2: The part that environmental factors play in the development of novel resistance genes in
viruses

CONCLUSION

Antibiotics have enabled the condition of medicine
as it is today. It was believed that infectious
diseases had been eradicated by the end of the
previous century and the middle of the 20™ century
was even referred to as the and quot; antibiotic era
and quot; In addition, effective invasive and
expensive operations like organ transplantation and
immunomodulatory treatments in rheumatology and
oncology have depended heavily on antibiotics.
Antibiotics have also proven crucial for many other
medical disciplines. The availability of antibiotics
has significantly reduced child mortality, increasing
life expectancy overall. Nevertheless, a growing
number of bacteria are becoming resistant to a
number of the currently available antibiotics, which
is causing  multidrug  resistant  (MDR)
microorganisms to arise. Due to a shortage of new
antimicrobial drugs and an increase in MDR
bacteria that are causing treatment failures,
antibiotic-resistant  bacteria have become a
significant threat to modern health care.

Available online: www.uptodateresearchpublication.com

ACKNOWLEDGEMENT

The authors wish to express their sincere gratitude
to Buddha Institute of Pharmacy, Gida, Gorakhpur,
Uttar Pradesh, India for providing necessary
facilities to carry out this review work.

CONFLICT OF INTEREST
We declare that we have no conflict of interest.

BIBLIOGRAPHY

1. Ventola C L. The antibiotic resistance crisis:
Part 1: Causes and threats, PT, 40(4), 2015,
277-283.

2. Adedeji W A. The treasure called antibiotics,
Ann 1b Postgrad Med, 14(2), 2016, 56-57.

3. Tanwar J, Das S, Fatima Z, Hameed S.
Multidrug resistance: an emerging Crisis,
Interdiscip  Perspect Infect Dis, 2014,
541340.

4. Fleming A. On antibacterial action of culture
of Penicillium, with special reference to their
use in isolation of B, influenza, Br J Exp
Pathol, 10(3), 1929, 226-236.

October — December 93



10.

11.

12.

13.

14.

Tarun Kumar. et al. /Asian Journal of Research in Pharmaceutical Sciences and Biotechnology. 11(4), 2023, 84-100.

Aminov R I. A brief history of the antibiotic
era: Lessons learned and challenges for the
future, Front Microbiol, 1, 2010, 134.
Spellberg B, Bartlett J G, Gilbert D N. The
future of antibiotics and resistance, N Engl J
Med, 368(4), 2013, 299-302.

O’Neill J. Antimicrobial resistance: tackling a
crisis for the health and wealth of nations,
The Review on Antimicrobial Resistance
Chaired by Jim O’Neil, 2014, 1-4.

Aslam B, Wang W, Arshad M |, Khurshid M,
Muzammil S, Rasool M H, Nisar M A, Alvi
R F, Aslam M A, Qamar M U et al.
Antibiotic resistance: a rundown of a global
crisis, Infect Drug Resist, 11, 2018, 1645-
1658.

Davidson D J, Spratt D, Liddle A D. Implant
materials and prosthetic joint infection: The
battle with the biofilm, EFORT Open Reyv,
4(11), 2019, 633-639.

Gollan B, Grabe G, Michaux C, Helaine S.
Bacterial persisters and infection: Past,
present and progressing, Annu Rev Microbiol,
73, 2019, 359-385.

Brauner A, Fridman O, Gefen O, Balaban N
Q. Distinguishing  between  resistance,
tolerance and persistence to antibiotic
treatment, Nat Rev Microbiol, 14(5), 2016,
320-330.

Levin-Reisman 1, Ronin I, Gefen O, Braniss
I, Shoresh N, Balaban N Q. Antibiotic
tolerance facilitates the evolution of
resistance, Science, 355(6327), 2017, 826-
830.

Windels E M, Michiels J E, Fauvart M,
Wenseleers T, Van Den Bergh B, Michiels J.
Bacterial persistence promotes the evolution
of antibiotic resistance by increasing survival
and mutation rates, ISME J, 13(5), 2019,
1239-1251.

Zhu L, Lin J, Wang H. Triclosan resistance of
Pseudomonas aeruginosa PAOL1 is due to
FabV, a triclosan-resistant enoylacyl carrier
protein  reductase, Antimicrob  Agents
Chemother, 54(2), 2010, 689-698.

Available online: www.uptodateresearchpublication.com

15.

16.

17.

18.

19.

20.

21.

Zgurskaya H I, Lopez C A, Gnanakaran S.
Permeability barrier of gramnegative cell
envelopes and approaches to bypass it, ACS
Infect Dis, 1(11), 2015, 512-522.

Chambers H F. Waves of resistance:
Staphylococcus aureus in the antibiotic era,
Nat Rev Microbiol, 7(9), 2009, 629-641.
Wozniak A, Villagra N A, Undabarrena A,
Gallardo N, Mora G C, Garcia P. Porin
alterations present in noncarbapenemase-
producing Enterobacteriaceae with high and
intermediate levels of carbapenem resistance
in Chile, J Med Microbiol, 61(Pt 9), 2012,
1270- 1279.

Baroud M, Dandache I, Araj G F, Wakim R,
Kanj S, Kanafani Z, Khairallah M, Sabra A,
Shehab M, Dbaibo G et al. Underlying
mechanisms of carbapenem resistance in
extended-spectrum beta-lactamase-producing
Klebsiella pneumoniae and Escherichia coli
isolates at a tertiary care centre in Lebanon:
Role of OXA-48 and NDM-1
carbapenemases, Int J Antimicrob Agents,
41(1), 2013, 75-79.

Kong H K, Pan Q, Lo W U, Liu X, Law C O
K,ChanTF, HoP L, Lau T C K. Fine-tuning
carbapenem resistance by reducing porin
permeability of bacteria activated in the
selection process of conjugation, Sci Rep, 8,
2018, 15248.

Lv L, Wan M, Wang C, Gao X, Yang Q,
Partridge S R, Wang Y, Zong Z, Doi Y, Shen
J et al. Emergence of a plasmid-encoded
resistancenodulation- division efflux pump
conferring resistance to multiple drugs,
including  tigecycline, in Klebsiella
pneumonia, MBio, 11(2), 2020, e02930-19.
Dolejska M, Poirel L, Nordmann P, Carattoli
A. Complete sequencing of an IncHI1
plasmid encoding the carbapenemase NDM-
1, the ArmA 16S RNA methylase and a
resistance-nodulation-cell division/multidrug
efflux pump, J Antimicrob Chemother, 68(1),
2013, 34-39.

October — December 94



22.

23.

24.

25.

26.

27.

28.

29.

30.

Tarun Kumar. et al. /Asian Journal of Research in Pharmaceutical Sciences and Biotechnology. 11(4), 2023, 84-100.

Pumbwe L. Two efflux systems expressed
simultaneously in multidrug-resistant
Pseudomonas aeruginosa, Antimicrob Agents
Chemother, 44(10), 2000, 2861-2864.
Kosmidis C, Schindler B D, Jacinto P L, Patel
D, Bains K, Seo S M, Kaatz G W. Expression
of multidrug resistance efflux pump genes in
clinical and environmental isolates of
Staphylococcus aureus, Int J Antimicrob
Agents, 40(3), 2012, 204-209.

Sreedharan S, Oram M, Jensen B, Peterson L
R, Fisher L M. DNA gyrase gyrA mutations
in  ciprofloxacin-resistant  strains  of
Staphylococcus aureus: Close similarity with
quinolone resistance mutations in Escherichia
coli, J Bacteriol, 172(12), 1990, 7260-7262.
Hooper D C, Jacoby G A. Mechanisms of
drug resistance: Quinolone resistance, Ann N
Y Acad Sci, 1354(1), 2015, 12-31.

Yoshida H, Bogaki M, Nakamura M,
Nakamura  S. Quinolone resistance
determining region in the DNA gyrase gyrA
gene of Escherichia coli, Antimicrob Agents
Chemother, 35(8), 1990, 1271-1272.

Moran G J, Krishnadasan A, Gorwitz R J,
Fosheim G E, Carey R B, Talan D A.
Methicillin-resistant S. aureus infections
among patients in the emergency department,
N Engl J Med, 355(7), 2006, 666-674.
Maranan M C, Moreira B, Boyle-Vavra S,
Daum R S. Antimicrobial resistance in
staphylococci.  Epidemiology,  molecular
mechanisms and clinical relevance, Infect Dis
Clin North Am, 11(4), 1997, 813-849.

Qin S, Wang Y, Deng F, Wu C, Shen J.
Identification of a novel genomic island
conferring resistance to multiple
aminoglycoside antibiotics in Campylobacter
coli, Antimicrob Agents Chemother, 56(10),
2012, 5332-5339.

Johnson A P, Woodford N. Global spread of
antibiotic resistance: The example of New
Delhi metallo-beta-lactamase (NDM)-
mediated carbapenem resistance, J Med
Microbiol, 62(Pt4), 2013, 499-513.

Available online: www.uptodateresearchpublication.com

31.

32.

33.

34.

35.

36.

37.

38.

30.

40.

41.

Queenan A M, Bush K. Carbapenemases: The
versatile beta-lactamases, Clin Microbiol Rev,
20(3), 2007, 440-458.

Tzouvelekis L S, Daikos G L.
Carbapenemases in Klebsiella pneumoniae
and other Enterobacteriaceae: an evolving
crisis of global dimensions, Clin Microbiol
Rev, 25(4), 2012, 682-707.

Manson J M, Hancock L E, Gilmore M S.
Mechanism of chromosomal transfer of
Enterococcus faecalis pathogenicity island,
capsule, antimicrobial resistance and other
traits, Proc Natl Acad Sci USA, 107(27),
2010, 12269-12274.

Thomas C M. Mechanisms of, and barriers to,
horizontal gene transfer between bacteria, Nat
Rev Microbiol, 3(9), 2005, 711-721.

Rice L B. Progress and challenges in
implementing the research on ESKAPE
pathogens, Infect Control Hosp Epidemiol,
31(1), 2010, S7-1.

Tacconelli E, Carrara E, Savoldi A, Harbarth
S, Mendelson M, Monnet D L, Pulcini C,
Kahlmeter G, Kluytmans J, Carmeli Y et al.
Discovery, research, and development of new
antibiotics: The WHO priority list of
antibiotic-resistant bacteria and tuberculosis,
Lancet Infect Dis, 18(3), 2018, 318-327.
Elsner H A, Wirth R. Virulence factors of
Enterococcus faecalis and Enterococcus
faecium blood culture isolates, Eur J Clin
Microbiol Infect Dis, 19(1), 2000, 39-42.
ECDC. Surveillance of antimicrobial
resistance in Europe, 2018b, 2017.
CDC. Antibiotic resistance threats
United States, 2019,
G.U.S.D.o.H.a.H.S. (Ed.). CDC, 20109.
Lowy F D. Staphylococcus aureus infections,
N Engl J Med, 339(8), 1998, 520-532.
Skinner D. Significance of bacteremia caused
by Staphylococcus aureus: A study of one
hundred and twenty-two cases and a review
of the literature concerned with experimental
infection in animals, Arch Intern Med, 68(5),
1941, 851-875.

in the
Atlanta

October — December 95



42.

43.

44,

45.

46.

47.

48.

49.

50.

Available online: www.uptodateresearchpublication.com

Tarun Kumar. et al. /Asian Journal of Research in Pharmaceutical Sciences and Biotechnology. 11(4), 2023, 84-100.

Appelbaum P C. Microbiology of antibiotic
resistance in Staphylococcus aureus, Clin
Infect Dis, 45(3), 2007, S165-170.

Brown P D, Ngeno C. Antimicrobial
resistance  in  clinical isolates  of
Staphylococcus aureus from hospital and
community sources in southern Jamaica, Int J
Infect Dis, 11(3), 2007, 220-225.

Wu D, Wang Q, Yang Y, Shen X
Epidemiology and molecular characteristics
of community-associated methicillin-resistant
and methicillin-susceptible Staphylococcus
aureus from skin/soft tissue infections in a
children’s hospital in Beijing, China, Diagn
Microbiol Infect Dis, 67(1), 2010, 1-8.

Lacey R W. Mechanisms of resistance to
beta-lactam antibiotics in Staphylococcus
aureus, Scand J Infect Dis, 42, 1984, 64-71.
Harkins C P, Pichon B, Doumith M, Parkhill
J, Westh H, Tomasz A, De Lencastre H,
Bentley S D, Kearns A M, Holden M T G.
Methicillin resistant Staphylococcus aureus
emerged long before the introduction of
methicillin into clinical practice, Genome
Biol, 18(1), 2017, 130.

Turner N A, Sharma-Kuinkel B K,
Maskarinec S A, Eichenberger E M, Shah P
P, Carugati M, Holland T L, Fowler Jr V G.
Methicillin-resistant Staphylococcus aureus:
An overview of basic and clinical research,
Nat Rev Microbiol, 17(4), 2019, 203-218.
Hassoun A, Linden P K, Friedman B.
Incidence, prevalence, and management of
MRSA bacteremia across patient populations-
A review of recent developments in MRSA
management and treatment, Crit Care, 21(1),
2017, 211.

FOPH. Swiss Antibiotic Resistance Report
2018, Usage of Antibiotics and Occurrence of
Antibiotic Resistance in Bacteria from
Humans and Animals in Switzerland.

ECDC. Surveillance of antimicrobial
resistance in Europe 2018, Stockholm:
European Centre for Disease Prevention and
Control.

51.

52.

53.

54.

55.

56.

57.

58.

Katayama Y, Ito T, Hiramatsu K. A new class
of genetic element, staphylococcus cassette
chromosome mec, encodes methicillin
resistance  in  Staphylococcus  aureus,
Antimicrob Agents Chemother, 44(6), 2000,
1549-1555.

Hartman B J, Tomasz A. Low-affinity
penicillin-binding protein associated with
beta-lactam resistance in Staphylococcus
aureus, J Bacteriol, 158(2), 1984, 513-516.
Tenover F C, Goering R V. Methicillin-
resistant ~ Staphylococcus aureus  strain
USA300: Origin and epidemiology, J
Antimicrob Chemother, 64(3), 2009, 441-446.
Benoit J B, Frank D N, Bessesen M T.
Genomic evolution of Staphylococcus aureus
isolates colonizing the nares and progressing
to bacteremia, PLoS One, 13(5), 2018,
€0195860.

Thomsen | P, Kadari P, Soper N R, Riddell S,
Kiska D, Creech C B, Shaw J. Molecular
epidemiology of invasive Staphylococcus
aureus infections and concordance with
colonization isolates, J Pediatr, 210, 2019,
173-177.

Azarian T, Daum R S, Petty L A, Steinbeck J
L, Yin Z, Nolan D, Boyle-Vavra S, Hanage

W P, Salemi M, David M Z. Intrahost
evolution of methicillin resistant
Staphylococcus aureus USA300 among

individuals with reoccurring skin and soft-
tissue infections, J Infect Dis, 214(6), 2016,
895- 905.

Frey P M, Marti G R, Droz S, Derochevonarx
M, Suter-Riniker F, Aujesky D, Brugger S D.
Bacterial colonization of handheld devices in
a tertiary care setting: A hygiene intervention
study, Antimicrobial Resist Infect Control, 8,
2019, 97.

Kaatz G W, Seo S M, Dorman N J, Lerner S
A. Emergence of teicoplanin resistance
during therapy of Staphylococcus aureus
endocarditis, J Infect Dis, 162(1), 1990, 103-
108.

October — December 96



59.

60.

61.

62.

63.

64.

65.

66.

Tarun Kumar. et al. /Asian Journal of Research in Pharmaceutical Sciences and Biotechnology. 11(4), 2023, 84-100.

Chang S, Sievert D M, Hageman J C, Boulton
M L, Tenover F C, Downes F P, Shah S,
Rudrik J T, Pupp G R, Brown W J et al.
Infection  with  vancomycin  resistant
Staphylococcus aureus containing the vanA
resistance gene, N Engl J Med, 348(14),
2003, 1342-1347.

Melo-Cristino J, Resina C, Manuel V, Lito L,
Ramirez M. First case of infection with
vancomycin-resistant Staphylococcus aureus
in Europe, Lancet, 382(9888), 2013, 205.

Liu C, Bayer A, Cosgrove S E, Daum R S,
Fridkin S K, Murray B E et al. Clinical
practice guidelines by the infectious diseases
society of america for the treatment of
methicillin-resistant Staphylococcus aureus
infections in adults and children, Clin Infect
Dis, 52(3), 2011, e18-55.

Reyes J, Aguilar A C, Caicedo A.
Carbapenem-resistant klebsiella pneumoniae:
Microbiology key points for clinical practice,
Int J Gen Med, 12, 2019, 437-446.

Yong D, Toleman M A, Giske C G, Cho H S,
Sundman K, Walsh T R. Characterization of a
new metallo-beta-lactamase gene, bla (NDM-
1) and a novel erythromycin esterase gene
carried on a unique genetic structure in
Klebsiella pneumoniae sequence type 14
from India, Antimicrob Agents Chemother,
53(12), 2009, 5046-5054.

Kumarasamy K K, Irfan S. Emergence of a
new antibiotic resistance mechanism in India,
Pakistan, and the UK: A molecular, biological
and epidemiological study, Lancet Infect Dis,
10(9), 2010, 597-602.

Montefour K, Frieden J, Hurst S, Helmich C,
Headley D, Martin M, Boyle D A.
Acinetobacter baumannii:  An emerging
multidrug-resistant pathogen in critical care,
Crit Care Nurse, 28(1), 2008, 15-25.

Vila J, Marti S, Sanchez-Cespedes J. Porins,
efflux pumps and multidrug resistance in
Acinetobacter baumannii, J Antimicrob
Chemother, 59(6), 2009, 1210-1215.

Available online: www.uptodateresearchpublication.com

67.

68.

69.

70.

71.

72.

73.

Boucher H W, Talbot G H, Bradley J S,
Edwards J E, Gilbert D, Rice L B, Scheld M,
Spellberg B, Bartlett J. An update from the
Infectious Diseases Society of America, Clin
Infect Dis, 48(7), 2009, 1-12.

WHO. Prioritization of pathogens to guide
discovery, research and development of new
antibiotics  for  drug-resistant  bacterial
infections, including tuberculosis, World
Health Organization, 2017.

Fukuoka T, Ohya S, Narita T, Katsuta M,
lijima M, Masuda N, Yasuda H, Trias J,
Nikaido H. Activity of the carbapenem
panipenem and role of the OprD (D2) protein
in its diffusion through the Pseudomonas
aeruginosa outer membrane, Antimicrob
Agents Chemother, 37(2), 1993, 322-327.
Pedersen M G, Olesen H V, Jensen-Fangel S,
Norskov-Lauritsen N, Wang M. Colistin
resistance in Pseudomonas aeruginosa and
Achromobacter spp. cultured from Danish
cystic fibrosis patients is not related to
plasmid-mediated expression of mcr-1, J Cyst
Fibros, 17(2), 2018, e22-e23.

Hameed F, Khan M A, Muhammad H,
Sarwar T, Bilal H, Rehman T U. Plasmid-
mediated mcr-1 gene in Acinetobacter
baumannii and Pseudomonas aeruginosa:
First report from Pakistan, Rev Soc Bras Med
Trop, 52, 2019, e20190237.

Schwaber M J, Graham C S, Sands B E, Gold
H S, Carmeli Y. Treatment with a broad-
spectrum cephalosporin versus piperacillin-
tazobactam and the risk for isolation of
broad-spectrum cephalosporin-resistant
Enterobacter species, Antimicrob Agents
Chemother, 47(6), 2003, 1882-1886.

Huh K, Kang CI, Kim J, Cho S Y, Ha Y E,
Joo E J, Chung D R, Lee N Y, Peck K R,
Song J H. Risk factors and treatment
outcomes of bloodstream infection caused by
extended-spectrum  cephalosporin-resistant
Enterobacter species in adults with cancer,
Diagn Microbiol Infect Dis, 78(2), 2014, 172-
177.

October — December 97



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Available online: www.uptodateresearchpublication.com

Tarun Kumar. et al. /Asian Journal of Research in Pharmaceutical Sciences and Biotechnology. 11(4), 2023, 84-100.

Pendleton J N, Gilmore B F. Clinical
relevance of the ESKAPE pathogens, Expert
Rev Anti Infect Ther, 11(3), 2013, 297-308.
Pournaras S, Tsakris A. Current perspectives
on tigecycline resistance in
Enterobacteriaceae:  Susceptibility testing
issues and mechanisms of resistance, Int J
Antimicrob Agents, 48(1), 2016, 11-18.

Hong Y K, Lee J Y. Colistin resistance in
Enterobacter spp. isolates in Korea, Journal
of Microbiology, 56(6), 2018, 435-440.
Berglund B. Acquired resistance to colistin
via chromosomal and plasmid-mediated
mechanisms in Klebsiella pneumonia, Infect
Microb Dis, 1(1), 2019, 10-19.

Dingsdag S A, Hunter N. Metronidazole: An
update on metabolism, structure-cytotoxicity
and resistance mechanisms, J Antimicrob
Chemother, 73(2), 2018, 265-279.

ECDC. Healthcare-associated infections:
Clostridium  difficile infections, ECDC,
Annual Epidemiological Report for 2016,
Stockholm: ECDC, 2018a.

Boekhoud | M, Terveer E M, Bolea R, Corver
J, Kuijper E J, Smits W K. Plasmidmediated
metronidazole resistance in Clostridioides
difficile, Nat Communl, 11(1), 2020, 598.
Turnidge J, Christiansen K. Antibiotic use
and resistance-proving the obvious, Lancet,
365(9459), 2005, 548-549.

Spellberg B, Bartlett J G, Gilbert D N. The
future of antibiotics and resistance, N Engl J
Med, 368(4), 2013, 299-302.

Blair J M, Webber M A, Baylay A J, Ogbolu
D O, Piddock L J. Molecular mechanisms of
antibiotic resistance, Nat Rev Microbiol,
13(1), 2015, 42-51.

Foster T J. Antibiotic resistance in
Staphylococcus aureus, Current status and
future prospects, FEMS Microbiol Rev, 41(3),
2017, 430-449.

Rather | A, Kim B C, Bajpai V K, Park Y H.
Self-medication and antibiotic resistance:
Crisis, current challenges and prevention,
Saudi J Biol Sci, 24(4), 2017, 808-812.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Zaman S B, Hussain M A, Nye R, Mehta V,
Mamun K T, Hossain N. A review on
antibiotic resistance: Alarm bells are ringing,
Cureus, 9(6), 2017, e1403.

Aslam B, Wang W, Alvi R F, Aslam M A,
Qamar M U et al. Antibiotic resistance: A
rundown of a global crisis, Infect Drug Resist,
2018(11), 2018, 1645-1658.

Jorge P, Magalhaes A P, Grainha T, Alves D,
Sousa A M, Lopes S P, Pereira M O.
Antimicrobial  resistance  three  ways:
Healthcare crisis, major concepts and the
relevance of biofilms, FEMS Microbiol Ecol,
95(8), 2019, 115.

Lopez-Jacome E, Licona-Limon P et al. The
race  between drug introduction and
appearance of microbial resistance, Current
balance and alternative approaches, Curr
Opin Pharmacol, 48, 2019, 48-56.

D’Costa V M et al. Antibiotic resistance is
ancient, Nature, 477(7365), 2011, 457-461.
Bhullar K, et al. Antibiotic resistance is
prevalent in an isolated cave microbiome,
PLoS One, 7(4), 2012, e34953.

Lugli G A, et al. Ancient bacteria of the
Otzi’s microbiome: A genomic tale from the
Copper Age, Microbiome, 5, 2017, 2-18.
Perry J, Wright G. The prehistory of
antibiotic resistance, Cold Spring Harb,
Perspect. Med, 6(6), 2016, a025197.

Davies J, Davies D. Origins and evolution of
antibiotic resistance, Microbiol. Mol. Biol.
Rev, 74(3), 2010, 417-433.

Allen H K, et al. Call of the wild: Antibiotic
resistance genes in natural environments, Nat.
Rev. Microbiol, 8(4), 2010, 251-259.
Martinez J L. The role of natural
environments in the evolution of resistance
traits in pathogenic bacteria, Proc. R. Soc. B
Biol. Sci, 276(1667), 2009, 2521-2530.
Alcock B P, et al. CARD 2020: Antibiotic
resistome surveillance with the
comprehensive antibiotic resistance database,
Nucleic Acids Res, 48(D1), 2019, D517-
D525.

October — December 98



Tarun Kumar. et al. /Asian Journal of Research in Pharmaceutical Sciences and Biotechnology. 11(4), 2023, 84-100.

98. Mackenzie J S, Jeggo M. The one health
approach - why is it so important? Trop. Med.
Infect. Dis, 4(2), 2019, 88.

99. Buschhardt T, et al. A one health glossary to
support communication and information
exchange between the human health, animal
health and food safety sectors, One Health,
13, 2021, 100263.

100. Berendonk T U, et al. Tackling antibiotic
resistance: The environmental framework,
Nat. Rev. Microbiol, 13(5), 2015, 310-317.

101. Wellington E M. The role of the natural
environment in the emergence of antibiotic
resistance in gram-negative bacteria, Lancet
Infect. Dis, 13(2), 2013, 155-165.

102. Bengtsson-Palme J, Kristiansson E, Larsson
D G J. Environmental factors influencing the
development and spread of antibiotic
resistance, FEMS Microbiol, 42(1), 2017,
fux053.

103. Chow L K M, Ghaly T M, Gillings M R. A
survey of sub-inhibitory concentrations of
antibiotics in the environment, J. Environ.
Sci, 99, 2021, 21-27.

104. Andersson D I, et al. Antibiotic resistance:
Turning evolutionary principles into clinical
reality, FEMS Microbiol. Rev, 44(2), 2020,
171-188.

105. Singer A C, Hart A. Review of
antimicrobial resistance in the environment
and its relevance to environmental regulators,
Front. Microbiol, 2016.

106. United Nations Environment Programme.
Frontiers 2017: Emerging issues of
environmental concern, 2017.

107. Access to Medicines Foundation. 2020
antimicrobial resistance benchmark, 2020.
108. Review on Antimicrobial Resistance.
Antimicrobials in agriculture and the
environment: Reducing unnecessary waste,

2015.

109. European Parliament. Strategic approach to
pharmaceuticals in the environment, 2020.
110. Technical brief on water, sanitation, hygiene

(WASH) and wastewater management to

Available online: www.uptodateresearchpublication.com

prevent infections and reduce the spread of
antimicrobial resistance (AMR), WHO, 2020,
32.

111. Graham D W, et al. Complexities in
understanding antimicrobial resistance across
domesticated animal, human and
environmental systems, Ann. N. Y. Acad. Sci,
1441(1), 2019, 17-30.

112. Smalla K, Cook K, Klumper U, Gillings M.
Environmental dimensions of antibiotic
resistance: Assessment of basic science gaps,
FEMS Microbiol, Ecol, 94(12), 2018, 1-6.

113. Rinke C, et al. Insights into the phylogeny
and coding potential of microbial dark matter,
Nature, 499(7459), 2013, 431-437.

114. Schulz F, et al. Towards a balanced view of
the bacterial tree of life, Microbiome, 5(1),
2017, 140.

115. Forsberg K J, et al. The shared antibiotic
resistome of soil bacteria and human
pathogens, Science, 337(6078), 2012, 1107-
1111.

116. Berglund F, et al. Identification of 76 novel
B1 metallo-beta-lactamases through large-
scale screening of genomic and metagenomic
data, Microbiome, 5(1), 2017, 134.

117. Dantas G, Oluwasegun R D, Church G M.
Bacteria subsisting on antibiotics, Science,
320(5872), 2008, 100-103.

118. Berglund F, et al. Comprehensive screening
of genomic and metagenomic data reveals a
large diversity of tetracycline resistance
genes, Microb. Genomics, 6(11), 2020,
mgen000455.

119. Pawlowski A C, et al. A diverse intrinsic
antibiotic resistome from a cave bacterium,
Nat. Commun, 7, 2016, 13803.

120. Morar M, Wright G D. The genomic
enzymology of antibiotic resistance, Annu.
Rev. Genet, 44, 2010, 25-51.

121. Andersson D I, Nasvall J. Evolution of new
functions de novo and from preexisting
genes, Cold Spring Harb. Perspect. Biol,
7(6), 2015, a017996.

October — December 99



Tarun Kumar. et al. /Asian Journal of Research in Pharmaceutical Sciences and Biotechnology. 11(4), 2023, 84-100.

122. Razavi M, Kristiansson E, Flach C F,
Larsson D G J. The association between
insertion sequences and antibiotic resistance
genes, MSphere, 5(5), 2020, e00418-20.

123. Partridge S R, Kwong S M, Firth N, Jensen
S O. Mobile genetic elements associated with
antimicrobial resistance, Clin. Microbiol. Rev,
31(4), 2018, e00088-17.

124. Gillings M, et al. The evolution of class 1
integrons and the rise of antibiotic resistance,
J. Bacteriol, 190(14), 2008, 5095-5100.

125. Razavi M, et al. Discovery of the fourth
mobile  sulfonamide  resistance  gene,
Microbiome, 5(1), 2017, 160.

126. Flach C F, et al. Does antifouling paint
select for antibiotic resistance? Sci. Total
Environ, 590591, 2017, 461-468.

127. Shintani M, et al. Plant species-dependent
increased abundance and diversity of IncP-1
plasmids in the rhizosphere: New insights
into their role and ecology, Front. Microbiol,
11, 2020, 590776.

128. Baquero F, Coque T M, Martinez J L,
Aracil-Gisbert S, Lanza V F. Gene
transmission in the one health microbiosphere
and the channels of antimicrobial resistance,
Front. Microbiol, 10, 2019, 2892.

129. Vandecraen J, Chandler M, Aertsen A, Van
Houdt R. The impact of insertion sequences
on bacterial genome plasticity and
adaptability, Crit. Rev. Microbiol, 43(6),
2017, 709-730.

130. Depardieu F, Collatz E, Courvalin P. Modes
and modulations of antibiotic resistance gene
expression, Clin. Microbiol. Rev, 20(1), 2007,
79-114.

131. Jutkina J, Marathe N P, Flach C F, Larsson
D G J. Antibiotics and common antibacterial
biocides stimulate horizontal transfer of
resistance at low concentrations, Sci. Total
Environ, 616-617, 2018, 172-178.

132. Scornec H, Bellanger X, Guilloteau H,
Groshenry G, Merlin C. Inducibility of Tn916
conjugative transfer in Enterococcus faecalis
by subinhibitory concentrations of ribosome-
targeting  antibiotics, J.  Antimicrob.
Chemother, 72(10), 2017, 2722-2728.

133. Aminov R |. Horizontal gene exchange in
environmental microbiota, Front. Microbiol,
2,2011, 158.

134. Knoppel A, Nasvall J, Andersson D 1.
Evolution of antibiotic resistance without
antibiotic  exposure, Antimicrob. Agents
Chemother, 61(11), 2017, e01495-17.

135. Kimura M, Ohta T. The average number of
generations until fixation of a mutant gene in
a finite population, Genetics, 61(3), 1969,
763-771.

136. Letten A D, Hall A R, Levine J M. Using
ecological coexistence theory to understand
antibiotic resistance and microbial
competition, Nat. Ecol. Evol, 5(4), 2021, 431-
441.

137. Waglechner N, Wright G D. Antibiotic
resistance: It’s bad, but why isn’t it worse?
BMC Biol, 15(1), 2017, 84.

138. Ebmeyer S, Erik K, Larsson D G J. A
framework for identifying the recent origins
of mobile antibiotic resistance genes,
Commun. Biol, 4(1), 2021, 8.

139. Andersson D 1, Hughes D. Persistence of
antibiotic resistance in bacterial populations,
FEMS Microbiol. Rev, 35(5), 2011, 901-911.

Please cite this article in press as: Tarun Kumar et al. A review on antibiotic resistance, Asian Journal of Research
in Pharmaceutical Sciences and Biotechnology, 11(4), 2023, 84-100.

Available online: www.uptodateresearchpublication.com October — December 100




