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ARTICLE INFO ABSTRACT

Keywords: Antibiotic resistance in bacteria is a critical global health challenge, driven by molecular me-
Molecular mechanisms chanisms such as genetic mutations, efflux pumps, enzymatic degradation of antibiotics, target
Drug resistance site modifications, and biofilm formation. Horizontal gene transfer (HGT) further accelerates the
Bacteria spread of resistance genes across bacterial populations. These mechanisms contribute to the
CRISPR/Cas9

emergence of multidrug-resistant (MDR) strains, rendering conventional antibiotics ineffective.
Recent advancements in CRISPR/Cas9-based genome editing offer innovative solutions to combat
drug resistance. CRISPR/Cas9 enables precise targeting of resistance genes, facilitating their
deletion or inactivation, and provides a potential method to eliminate resistance-carrying plas-
mids. Furthermore, phage-delivered CRISPR systems show promise in selectively killing resistant
bacteria while leaving susceptible strains unaffected. Despite challenges such as efficient de-
livery, off-target effects, and potential bacterial resistance to CRISPR itself, ongoing research and
technological innovations hold promise for using CRISPR-based antimicrobials to reverse bac-
terial drug resistance and develop more effective therapies. These abstract highlights the mole-
cular mechanisms underlying bacterial drug resistance and explores how CRISPR/Cas9 tech-
nology could revolutionize treatment strategies against resistant pathogens.

Genome editing
Advancements

Introduction

Antibiotic resistance has emerged as one of the most significant threats to global public health in the 21st century. The rapid
spread of drug-resistant bacteria compromises the effectiveness of antibiotics, once considered the cornerstone of modern medicine.
Bacterial pathogens that were previously treatable are now showing resistance to multiple classes of antibiotics, leading to increased
mortality, prolonged hospital stays, and higher medical costs [1]. The World Health Organization (WHO) has labelled antibiotic
resistance as a "global crisis," warning of the potential for a post-antibiotic era in which common infections and minor injuries may
once again become fatal due to the lack of effective treatments. The molecular mechanisms by which bacteria acquire and dis-
seminate drug resistance are diverse and highly efficient [2]. These mechanisms include spontaneous genetic mutations that alter the
target sites of antibiotics, the activation of efflux pumps that expel antibiotics from bacterial cells, and the production of enzymes that
degrade or inactivate the drugs. Bacteria also adopt physical strategies like biofilm formation, which encases bacterial communities
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in protective matrices, making it difficult for antibiotics to penetrate and act effectively [3]. However, one of the most powerful
drivers of resistance is horizontal gene transfer (HGT), where bacteria exchange genetic material, including resistance genes, across
species and strains. HGT facilitates the rapid spread of resistance traits, leading to the rise of multidrug-resistant (MDR) and even pan-
resistant bacterial strains. In light of these challenges, traditional approaches to antimicrobial therapy are becoming increasingly
inadequate, pushing researchers to explore innovative solutions. One such breakthrough is the CRISPR/Cas9 (Clustered Regularly
Interspaced Short Palindromic Repeats/CRISPR-associated protein 9) genome editing system. Originally discovered as part of the
bacterial immune system, where it defends against viral infections, CRISPR/Cas9 has been repurposed as a revolutionary tool for
precise genome manipulation across various organisms, including bacteria [4]. The CRISPR/Cas9 system works by utilizing a cus-
tomizable RNA sequence called guide RNA (gRNA) to direct the Cas9 enzyme to a specific DNA sequence in the bacterial genome.
Upon binding, Cas9 cleaves the DNA at the target site, enabling the deletion, modification, or replacement of genes. This precision
has positioned CRISPR/Cas9 as a promising approach to addressing antibiotic resistance, specifically by targeting and eliminating
resistance-conferring genes. CRISPR-based strategies can also be employed to remove resistance-carrying plasmids, destroy virulence
factors, and even selectively kill resistant bacterial strains while sparing non-resistant ones. The application of CRISPR/Cas9 for
combating drug-resistant bacteria is still in its early stages, but research shows great promise. Phage-delivered CRISPR systems, for
example, are being developed to introduce CRISPR components into bacterial cells, specifically targeting resistance genes. In theory,
this approach could reverse resistance and restore bacterial sensitivity to antibiotics [5]. Other strategies include targeting genes
responsible for biofilm formation or bacterial virulence, which can help weaken the pathogens and improve the efficacy of existing
antibiotic treatments. Despite these exciting developments, several challenges remain, including the efficient delivery of CRISPR/
Cas9 components to bacterial populations in real-world environments, potential off-target effects, and the risk that bacteria may
evolve resistance to CRISPR-based interventions. Nonetheless, CRISPR/Cas9 represents a powerful tool in the ongoing battle against
antibiotic resistance and offers a new avenue for the development of next-generation antimicrobial therapies. This paper explores the
molecular mechanisms that contribute to bacterial drug resistance and highlights the advances in CRISPR/Cas9-based genome editing
solutions [6]. The integration of CRISPR technology into antimicrobial strategies could revolutionize the treatment of resistant
infections, providing hope for overcoming one of the most pressing medical challenges of our time.

Molecular mechanisms of drug resistance in bacteria

The molecular mechanisms of drug resistance in bacteria are diverse and complex. They can be classified into several categories,
each involving different strategies that bacteria use to survive in the presence of antibiotics. Drug resistance in bacteria is a major
global health issue, with mechanisms that can include: 1). Efflux pumps: These proteins actively expel antibiotics from bacterial cells,
reducing drug concentration to sub-lethal levels [7]. 2). Enzymatic degradation or modification: Bacteria produce enzymes like beta-
lactamases, which can deactivate antibiotics [8]. Mutations alter the bacterial components targeted by the antibiotic, rendering it less
effective [9]. Biofilm formation: Bacteria in biofilms are more resistant to antibiotics due to reduced penetration and slower growth
rates [10]. Genes responsible for resistance can be transferred between bacteria through plasmids, transposons, or bacteriophages
[11].

The Fig. 1 represents various mechanisms through which bacteria develop resistance to antibiotics. Bacteria have specialized
proteins in their membranes (shown as blue pumps) that actively expel antibiotics from the cell. This prevents the antibiotic from
reaching its target concentration inside the bacterial cell, making the treatment less effective known as the Efflux pumps. The
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Fig. 1. Molecular mechanism of Antibiotic-resistance in Bacteria.
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bacterial membrane acts as a barrier that limits the entry of antibiotics. Some antibiotics are unable to penetrate the bacterial cell
wall or membrane due to modifications in the bacterial outer structure, leading to reduced antibiotic uptake these are commonly
known for its permeability. Bacteria produce enzymes (represented by the green structure) that degrade or break down antibiotics. A
common example is the production of beta-lactamases, enzymes that degrade beta-lactam antibiotics like penicillin. Bacteria can
modify the molecular targets that antibiotics typically bind to, rendering the antibiotic ineffective. For example, the bacterial ri-
bosome, where protein synthesis occurs, can undergo changes that prevent antibiotics like tetracycline from binding to it, thus halting
their action. Bacteria may chemically modify antibiotics through specific enzymes, thereby inactivating the drug. In this scenario, the
antibiotic's structure is altered by the bacteria, preventing it from functioning as intended. These resistance mechanisms highlight the
challenges posed by antibiotic resistance, where bacteria evolve to evade the effects of antibiotics, making infections harder to treat.
Understanding these processes is crucial for developing strategies to combat drug-resistant bacteria [12].

Efflux pumps vs drug resistance bacteria

Efflux pumps are transport proteins (membrane-bound proteins) located in the bacterial cell membrane that actively expel toxic
substances, including antibiotics, out of the cell. They use energy, typically in the form of ATP hydrolysis or the proton motive force,
to pump out harmful substances. These pumps are not limited to antibiotics; they also expel toxic compounds, metabolic by-products,
and other chemicals [13]. By reducing the intracellular concentration of the antibiotic, these pumps prevent the drug from reaching
its target site within the bacterium. The AcrAB-TolC efflux pump in Escherichia coli is known to pump out a wide range of antibiotics,
including tetracycline and chloramphenicol [14]. Efflux pumps can confer multi-drug resistance (MDR) as they often transport
different classes of antibiotics. Efflux pumps play a significant role in the ability of bacteria to resist antibiotic treatments. They are
one of the most common and versatile mechanisms of drug resistance. Efflux pumps are a major contributor to bacterial drug
resistance due to their ability to: Decrease Intracellular Antibiotic Concentration: By actively removing antibiotics from the cell,
efflux pumps lower the drug's concentration inside the bacterium to sub-lethal levels, preventing it from reaching its target. Many
efflux pumps are capable of expelling a wide range of structurally unrelated antibiotics, leading to multi-drug resistance. This means
that a single efflux pump can provide resistance against multiple classes of antibiotics [15]. Some efflux pumps have broad substrate
specificity, which allows them to recognize and export different antibiotics, toxic compounds, and even dyes [16]. Bacteria with
efflux pumps may develop cross-resistance, where resistance to one antibiotic leads to resistance to other drugs that are also sub-
strates of the same pump [17].

Types of efflux pumps in bacteria

Bacterial efflux pumps are categorized into various types depending on their protein sequence similarity, energy source, and
general structure. The major facilitator superfamily (MFS) represents one of the most extensively distributed types of efflux pumps
within microbial genomes, showcasing a wide range of substrate specificities. These pumps can function as single-component
transporters or be components of tripartite complexes. In Gram-negative bacteria, the resistance-nodulation-division (RND) super-
family of efflux pumps has a crucial clinical importance. For example, in Pseudomonas aeruginosa, four extensively studied multidrug
efflux pump systems have been recognized: MexA-MexB-OprM, MexC-MexD-OprJ, MexE-MexF-OprN, and MexX-MexY-OprM. These
pumps exhibit different substrate specificities and can be produced in excess due to various factors. Interestingly, although efflux
pumps are frequently linked to antibiotic resistance, they have several physiological roles in addition to drug expulsion. These
encompass bacterial adjustments to harsh conditions, the expulsion of toxins and metabolites, the creation of biofilms, and quorum
sensing. This multifunctionality implies that efflux pumps have deep-rooted origins and are not exclusively developed for antibiotic
resistance. In summary, bacterial efflux pumps are varied and intricate mechanisms that are essential for antibiotic resistance and
numerous physiological functions. Grasping the varieties and functions of these pumps is crucial for creating methods to tackle
multidrug resistance and for obtaining knowledge about bacterial behaviour in various environments. Efflux pumps can be cate-
gorized into several families based on their structure and energy source: which include, These use ATP as the energy source to
transport substances. MsbA in Escherichia coli. These pumps use the proton gradient (proton motive force) to drive the export of
drugs. EmrD in Escherichia coli. Commonly found in Gram-negative bacteria, these pumps are responsible for expelling a wide range
of antibiotics. AcrAB-TolC system in Escherichia coli. These pumps also use the proton motive force and are involved in exporting
small, hydrophobic molecules. These pumps use either sodium ions or a proton gradient for energy and are involved in expelling
drugs and other toxic compounds [18].

Efflux pumps in gram-positive vs. gram-negative bacteria

Efflux pumps are essential in antibiotic resistance for both Gram-positive and Gram-negative bacteria, although their functions
and effects vary greatly between these two bacterial groups. In Gram-negative bacteria, efflux pumps are more intricate and play a
significant role in intrinsic resistance to various antibiotics, detergents, dyes, and organic solvents. These pumps are made up of three
parts: an inner membrane transporter, an outer membrane channel, and a periplasmic lipoprotein, enabling them to directly dis-
charge substrates into the external medium through both membranes. Notably, although efflux pumps have been extensively re-
searched in Gram-negative bacteria, knowledge about solvent tolerance mechanisms in Gram-positive bacteria is still limited. Certain
common mechanisms found in both Gram-positive and Gram-negative bacteria include energy-driven active efflux pumps, alterations
in membrane fatty acids and phospholipids, and the creation of vesicles filled with harmful substances. Nonetheless, Gram-positive
bacteria might exhibit unique physiological reactions to organic solvents that are not seen in Gram-negative bacteria. Efflux pumps in
Gram-negative bacteria, especially from the resistance-nodulation-division (RND) family, play a major role in multidrug resistance
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and have been researched more thoroughly than those found in Gram-positive bacteria. The intricate architecture of Gram-negative
bacterial cell walls, along with the existence of advanced efflux systems, renders them naturally more resilient to numerous anti-
biotics than Gram-positive bacteria. This distinction emphasizes the necessity for focused methods in creating efflux pump inhibitors
and alternative strategies to address antibiotic resistance in both bacterial types. Efflux pumps in these bacteria are generally more
effective because of their complex cell wall structure, which includes an outer membrane that acts as a barrier to antibiotics. The RND
family pumps, in particular, form tripartite complexes that span the inner membrane, periplasmic space, and outer membrane,
providing a highly efficient means to expel antibiotics directly out of the cell [19]. Although Gram-positive bacteria lack an outer
membrane, they still possess potent efflux pumps (mainly from the MFS family) that help in antibiotic resistance by reducing the drug
concentration within the cytoplasm [20].

Clinical implications

Efflux pumps significantly contribute to treatment failure in infections caused by multi-drug-resistant bacteria. Common pa-
thogens like Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, and Mycobacterium tuberculosis often use efflux
pumps to resist antibiotics [21]. Efflux pumps are a major obstacle in drug development because they can quickly render new
antibiotics ineffective. Overcoming the action of efflux pumps is one of the key goals in designing new therapeutic agents [22].

Strategies to inhibit efflux pumps

Inhibiting efflux pumps has become a potential approach to address antimicrobial resistance and hinder biofilm development in
bacteria. Various strategies have been investigated to block efflux pumps, encompassing the creation of small molecule inhibitors,
natural substances, and synthetic materials. These efflux pump inhibitors (EPIs) may be able to reinstate the effectiveness of anti-
biotics by stopping the expulsion of drugs from bacterial cells. Notably, certain polymeric pharmaceutical excipients such as
Tweens® and Pluronics® have shown the ability to inhibit efflux pumps, prompting research into other polymers like poly-
saccharides, polyethylene glycols, and dendrimers for their possible efflux pump inhibitory properties. Furthermore, new approaches
such as gene silencing and inhibitory antibodies are being investigated to disrupt the expression and function of efflux pumps. In
summary, the creation of efflux pump inhibitors provides a diverse strategy for addressing antimicrobial resistance. By focusing on
efflux pumps, researchers seek to improve antibiotic effectiveness while also possibly decreasing bacterial virulence and hindering
biofilm development. The strategic design of EPIs, enhanced by better comprehension of pump structures and regulation, along with
novel strategies such as host-directed therapy and antimicrobial peptides, offers a hopeful pathway to combat efflux-mediated re-
sistance in pathogenic bacteria.

Researchers are exploring several strategies to inhibit efflux pumps and overcome bacterial resistance: which includes the
compounds designed to block the activity of efflux pumps, thereby increasing the intracellular concentration of antibiotics. Examples
include reserpine and verapamil. Using antibiotics in combination with EPIs or other agents that can reduce the expression or activity
of efflux pumps. Designing antibiotics that are poor substrates for efflux pumps, making it difficult for the bacteria to expel them [23].
Efflux pumps are a powerful defence mechanism that bacteria use to survive in the presence of antibiotics. Their ability to handle a
broad range of substances, including multiple classes of antibiotics, makes them a significant factor in multi-drug resistance. Un-
derstanding efflux pump mechanisms and developing effective inhibitors is essential for combating antibiotic resistance and im-
proving the efficacy of antimicrobial therapies [24].

Enzymatic degradation or modification vs drug resistance bacteria

Enzymatic degradation or modification is another crucial mechanism by which bacteria develop resistance to antibiotics. It
involves the use of bacterial enzymes that either destroy or chemically alter the antibiotic molecules, rendering them ineffective [25].

Enzymatic degradation: mechanism and examples

Enzymatic degradation involves the breakdown of antibiotic molecules by bacterial enzymes, preventing the drugs from reaching
their target or interfering with their action. Key Mechanism: These enzymes catalyze chemical reactions that destroy the structure of
the antibiotic, making it inactive [26]. Beta-lactamases: Beta-lactamases are enzymes that specifically target beta-lactam antibiotics,
such as penicillins, cephalosporins, and carbapenems. They hydrolyze the beta-lactam ring, a critical structural component required
for the antibiotic's activity [27]. Staphylococcus aureus and Escherichia coli produce beta-lactamase enzymes that confer resistance
to a wide range of beta-lactam antibiotics. Extended- These enzymes have evolved to break down even broader classes of beta-lactam
antibiotics, including third-generation cephalosporins and aztreonam, which were once thought to be resistant to degradation.
Carbapenemases are specialized beta-lactamases that can hydrolyze carbapenems, which are considered last-resort antibiotics used to
treat severe bacterial infections. Bacteria like Klebsiella pneumoniae produce carbapenemases, making infections extremely difficult to
treat [28].

Engymatic modification: mechanism and examples

Enzymatic modification refers to the chemical alteration of antibiotic molecules by bacterial enzymes, which reduces the anti-
biotic's ability to bind to its target. Key Mechanism: These modifications usually involve adding chemical groups to the antibiotic,
such as acetyl, phosphate, or adenyl groups, thereby neutralizing its activity [29]. AMEs chemically modify aminoglycoside anti-
biotics (e.g., gentamicin, tobramycin, and kanamycin) by adding acetyl, phosphate, or adenyl groups to the drug molecule. These
modifications prevent the antibiotic from binding to the bacterial ribosome, thus inhibiting its ability to interfere with protein
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Table 1
Comparison of Enzymatic Degradation and Modification in Drug Resistance.

Feature Enzymatic Degradation Enzymatic Modification

Mechanism Breakdown of the antibiotic structure Chemical alteration of the antibiotic molecule[33]

Action Destroys the active component of the drug Reduces drug binding to its binding target[34]

Examples of enzymes Beta-lactamases, Carbapenemases Aminoglycoside-modifying enzymes, Chloramphenicol

acetyltransferase[35]

Commonly Affected Antibiotics Beta-lactams (penicillins, cephalosporins), Aminoglycoside (gentamicin), Chloramphenicol[36]
Carbapenams

Clinical Impact Major role in resistance to penicillin and Contributes to multi-drug resistance (MDR) bacteria[37]
cephalosporin

synthesis. Bacteria like Pseudomonas aeruginosa and Enterococcus species are known to use these enzymes to inactivate aminogly-
cosides [30]. This enzyme acetylates chloramphenicol, a broad-spectrum antibiotic, rendering it inactive [31]. The addition of an
acetyl group prevents chloramphenicol from binding to the bacterial ribosome, stopping its inhibitory effect on protein synthesis.
Escherichia coli and Salmonella species commonly produce CAT to resist the action of chloramphenicol [32].

Clinical implications of enzymatic degradation or modification

The enzymatic breakdown and alteration of biomaterials hold considerable clinical relevance, especially in drug delivery, tissue
engineering, and the creation of medical devices. The regulated breakdown of substances such as poly(lactic acid) (PLA) and poly
(epsilon-caprolactone) (PCL) can be leveraged for specific drug delivery and scaffold decomposition in tissue engineering uses.
Remarkably, the enzymatic breakdown process is affected by several elements like enzyme concentration, pH levels, temperature,
and ionic strength. For example, Proteinase K effectively breaks down PLA, with an ideal temperature close to 50 °C, which exceeds
the typical 37 °C found in academic sources. This information can be utilized to create materials with customized degradation
characteristics for particular clinical uses. Grasping the processes of enzymatic degradation is essential for creating biodegradable
materials that exhibit consistent in vivo behaviour. The capacity to regulate degradation rates via elements such as material makeup,
enzyme variety, and environmental factors presents possibilities for developing sophisticated drug delivery systems and scaffolds for
tissue engineering. Moreover, the enzymatic breakdown of synthetic polymers such as polyethylene presents opportunities for
tackling environmental issues associated with plastic waste. Enzymatic degradation or modification leads to resistance against some
of the most widely used classes of antibiotics, limiting treatment options for bacterial infections. Bacteria capable of producing these
enzymes often exhibit resistance to multiple antibiotics, resulting in multi-drug-resistant strains that are more challenging to treat
[38]. Genes encoding these enzymes are frequently located on plasmids, which can easily be transferred between bacteria through
processes like conjugation, transformation, and transduction. This contributes to the rapid spread of resistance in bacterial popu-
lations [39].

Strategies to combat enzymatic degradation or modification

Methods to counteract the enzymatic breakdown or alteration of antibiotics and other therapeutic substances are essential in
tackling the increasing problem of drug resistance. Various methods have been created to improve the effectiveness and stability of
these substances. One approach includes utilizing inhibitors to oppose the enzymatic alteration of antibiotics. For example, certain
inhibitors have been discovered that can block the enzymatic alteration of isoniazid and rifampin, affecting the treatment of multi-
drug-resistant mycobacteria. In a similar manner, analogues of anhydrotetracycline have been developed and assessed as small
molecule blockers of tetracycline-inactivating enzymes, demonstrating potential in restoring tetracycline efficacy against resistant
bacteria. An alternative method emphasizes enhancing the metabolic stability and half-life of peptides, which are crucial in several
domains such as drug discovery. Structural alterations and innovative delivery strategies have been created to improve peptides'
durability against enzymatic breakdown. Cell-penetrating peptides and stapled modified peptides have shown greater stability than
their parent peptides. Interestingly, certain strategies integrate various methods. For instance, inhibitors of wall teichoic acid (WTA)
biosynthesis have been explored as combination therapies to enhance [-lactam effectiveness against methicillin-resistant
Staphylococcus aureus (MRSA). These inhibitors focus on the WTA transporter protein TarG and have demonstrated potential

Table 2
Comparison of Target Modification with Other Mechanisms.

Feature Target Modification Other Mechanisms (Efflux Pumps, Enzymatic Degradation)

Mechanism Alteration of antibiotic target sites Removal (efflux pumps) or inactivation (enzymatic degradation)
of antibiotics[48]

Specificity Usually specific to certain antibiotics Efflux pumps may be broad-spectrum, and degrading enzymes
can target specific classes[49]

Commonly Affected Beta-lactams, macrolides, fluoroquinolones, Multiple classes including beta-lactams, aminoglycosides,

antibiotics glycopeptides Chloramphenicol[50]
Impact on Cross-Resistance Often leads to cross-resistance within a class Efflux pumps and enzymes can cause broader multi-drug

resistance[51]
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Table 3
Comparison of Reduced Permeability with Other Mechanisms.

Feature Reduced Permeability Other Mechanisms (Efflux Pumps, Enzymatic Degradation,
Target Modification)

Mechanism Decreased uptake of antibiotics due to Removal (efflux pumps), inactivation (enzymatic degradation),
altered membrane points or altered target sites[58]

Specificity Mainly affects hydrophilic antibiotics Efflux pumps may act broadly; enzymatic degradation and target

modification are often drug-specific[59]

Commonly Affected Antibiotics Beta-lactams, carbapenams, Multiple classes, including aminoglycosides, chloramphenicol,
fluoroquinolones macrolides[60]

Synergy with other Often works together with efflux pumps and Other mechanisms can also be combined but with different

Mechanisms other mechanisms resistance strategies[61]

efficacy as anti-MRSA B-lactam combination agents in both in vitro and animal research. Addressing enzymatic degradation or
alteration of therapeutic agents necessitates a comprehensive strategy. Approaches like creating resistance mechanism inhibitors,
enhancing compound stability via structural changes, and employing combination therapies present potential solutions to this issue.
Ongoing research in this area is crucial to remain ahead of developing resistance mechanisms and ensure the effectiveness of both
current and upcoming therapeutic agents. Compounds like clavulanic acid, sulbactam, and tazobactam are used in combination with
beta-lactam antibiotics to inhibit beta-lactamase enzymes and restore the effectiveness of the drug [40]. Designing antibiotics that are
not susceptible to enzymatic degradation or modification, such as beta-lactams with novel side chains that prevent beta-lactamase
action. Using multiple antibiotics together to reduce the likelihood of bacteria developing resistance through enzymatic means [41].
Enzymatic degradation and modification are highly effective mechanisms that bacteria use to inactivate antibiotics. These strategies
not only neutralize the drugs but also contribute significantly to multi-drug resistance (MDR), making treatment of bacterial in-
fections more challenging. Understanding these processes is crucial for developing new approaches to inhibit bacterial enzymes and
enhance the efficacy of existing antibiotics [42].

Target modification vs drug resistance bacteria

Target modification is another critical mechanism by which bacteria develop resistance to antibiotics. This strategy involves
alterations to the bacterial components that antibiotics are designed to target, making the drugs less effective or even completely
ineffective.

Role of target modification in drug resistance

Target modification refers to the structural or chemical changes in bacterial molecules that antibiotics bind to, such as enzymes,
ribosomes, or cell wall components. Mechanism: When the target site of an antibiotic undergoes modification, the antibiotic can no
longer effectively interact with its target, thereby losing its ability to inhibit bacterial growth or kill the bacteria. Target modification
is a major contributor to resistance against several classes of antibiotics, including beta-lactams, fluoroquinolones, macrolides, and
glycopeptides. It works by: Altered target sites decrease the binding affinity of the antibiotic, making it difficult for the drug to exert
its effects. Some bacteria evolve their target molecules in such a way that they maintain their normal function while becoming less
susceptible to the action of the antibiotic. Changes in target sites can lead to cross-resistance, where bacteria become resistant to
multiple antibiotics that act on similar targets [43].

Common examples of target modification in drug resistance

Beta-lactam antibiotics, like penicillins and cephalosporins, work by binding to and inhibiting PBPs, which are enzymes involved
in bacterial cell wall synthesis. Some bacteria acquire mutations or new versions of PBPs with reduced affinity for beta-lactam
antibiotics. Methicillin-resistant Staphylococcus aureus (MRSA) produces a modified PBP called PBP2a, which has a low affinity for
beta-lactams, allowing the bacteria to continue cell wall synthesis even in the presence of these drugs [44]. This modification renders
the bacteria resistant to a broad spectrum of beta-lactam antibiotics, including penicillins, cephalosporins, and even some carba-
penems.

Ribosomal modifications in macrolide and aminoglycoside resistance

Antibiotics like macrolides (e.g., erythromycin) and aminoglycosides (e.g., gentamicin) target bacterial ribosomes to inhibit
protein synthesis. Bacteria can develop mutations in ribosomal RNA (rRNA) or ribosomal proteins that prevent these antibiotics from
binding effectively. Resistance to macrolides in Streptococcus pneumoniae is often due to methylation of the 23S rRNA subunit,
which reduces the binding affinity of the drug to the ribosome [45]. Ribosomal modifications can lead to high-level resistance against
protein synthesis inhibitors, making them ineffective against these bacterial strains.

DNA gyrase and topoisomerase iv modifications in fluoroquinolone resistance

Fluoroquinolones (e.g., ciprofloxacin) target DNA gyrase and topoisomerase IV, enzymes crucial for bacterial DNA replication.
Mutations in the genes encoding these enzymes reduce the binding of fluoroquinolones. In Escherichia coli and Pseudomonas aer-
uginosa, mutations in the gyrA and parC genes alter the structure of DNA gyrase and topoisomerase IV, leading to decreased
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fluoroquinolone binding. Such modifications can lead to resistance against multiple fluoroquinolones, posing a challenge in treating
infections caused by these bacteria [46].

D-Ala-D-lac substitution in vancomycin resistance

Vancomycin inhibits cell wall synthesis in Gram-positive bacteria by binding to the D-Ala-D-Ala terminus of peptidoglycan
precursors. Some bacteria, like vancomycin-resistant Enterococcus (VRE), modify this target to D-Ala-D-Lac, which greatly reduces
vancomycin binding. VRE uses this modification to prevent vancomycin from interfering with cell wall synthesis, making the anti-
biotic ineffective. This modification is a significant cause of resistance in serious hospital-associated infections where vancomycin is
often used as a last-resort antibiotic [47].

Clinical implications of target modification in drug resistance

Target modification is a significant challenge in clinical settings because it directly affects the antibiotic's site of action, rendering
some of the most commonly used drugs ineffective. Bacteria that undergo target modifications often exhibit resistance to multiple
drugs in the same class, complicating treatment protocols and requiring the use of alternative or combination therapies. Target
modification can arise from spontaneous mutations or acquisition of resistance genes through horizontal gene transfer, contributing
to the rapid evolution of resistant strains [52]. Target modification is a powerful mechanism that bacteria use to evade the effects of
antibiotics. By altering the very sites that antibiotics are designed to target, bacteria can survive and multiply even in the presence of
drugs. This mechanism plays a critical role in multi-drug resistance and presents a significant challenge in treating bacterial infec-
tions. Understanding and addressing target modification is essential for developing more effective antimicrobial therapies and
combating the growing threat of antibiotic resistance [53].

Reduced permeability vs drug resistance bacteria

Reduced permeability is a mechanism by which bacteria develop resistance to antibiotics by decreasing the drug's ability to
penetrate the bacterial cell. This mechanism primarily involves changes in the bacterial cell membrane or cell wall that limit the entry
of antibiotics into the cell, thereby reducing their intracellular concentration [54].

Role of reduced permeability in drug resistance

Reduced permeability refers to the alteration of bacterial cell membranes or cell walls that impedes the influx of antibiotics into
the bacterial cell. This decrease in permeability is mainly achieved by modifying or reducing the number of porin channels, which are
proteins that form pores in the outer membrane of Gram-negative bacteria, allowing the passage of small molecules, including
antibiotics [55]. Reduced permeability is particularly important in resistance to hydrophilic antibiotics that rely on porin channels to
enter the bacterial cell, such as beta-lactams, tetracyclines, and some fluoroquinolones. The main ways it contributes to resistance
include. When fewer or modified porins are present, the antibiotic cannot efficiently enter the bacterial cell, leading to sub-ther-
apeutic concentrations of the drug within the cell. Reduced permeability often works in conjunction with other resistance me-
chanisms like efflux pumps or enzymatic degradation, enhancing the bacterium's overall ability to survive in the presence of anti-
biotics. This mechanism helps bacteria survive in hostile environments where antibiotics are present, contributing to their persistence
and the spread of resistance [56].

Common examples of reduced permeability in drug resistance

Gram-negative bacteria have an outer membrane that acts as a barrier to antibiotics. Porins are channels in this membrane that
allow the passive diffusion of molecules into the cell. By altering the expression or structure of these porins, bacteria can significantly
decrease the uptake of antibiotics. Pseudomonas aeruginosa and Escherichia coli commonly reduce the expression of the OprD porin,
which normally facilitates the entry of carbapenems (e.g., imipenem). This modification is a key factor in their resistance to these
drugs. The reduction or loss of porins like OprD leads to a marked decrease in antibiotic susceptibility, often resulting in resistance to
a broad range of beta-lactam antibiotics [57]. Mycobacteria, such as Mycobacterium tuberculosis, have a unique, thick, and waxy cell
wall rich in mycolic acids that acts as a strong permeability barrier. This cell wall structure limits the entry of many antibiotics,
contributing to their intrinsic resistance. The reduced permeability of the cell wall in mycobacteria is one of the reasons why
tuberculosis treatment requires long durations and combinations of multiple antibiotics.

Reduced permeability in gram-positive vs. gram-negative bacteria

Reduced permeability is more prominent in Gram-negative bacteria due to their outer membrane, which acts as an additional
barrier to antibiotic entry. The outer membrane is equipped with porins, and any changes in these porins can drastically reduce
antibiotic uptake. Although Gram-positive bacteria do not have an outer membrane, they can still develop resistance through
modifications in their thick peptidoglycan layer or by producing molecules that interact with the cell membrane to hinder drug entry.

Clinical implications of reduced permeability in drug resistance

Reduced permeability plays a significant role in multi-drug-resistant bacteria, particularly when combined with other mechanisms
like efflux pumps and enzymatic degradation. Bacteria that employ reduced permeability are often resistant to several classes of
antibiotics, making them difficult to treat and control, especially in healthcare-associated infections. Reduced drug uptake can lead to
persistent infections that are harder to eradicate, increasing the risk of relapse after treatment.
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Reduced permeability is a crucial mechanism that bacteria use to evade the effects of antibiotics by limiting the drug's entry into
the cell. This mechanism is especially important in Gram-negative bacteria, which have an outer membrane that can be modified to
reduce antibiotic penetration. When combined with other resistance strategies, reduced permeability significantly contributes to
multi-drug resistance and the challenge of treating bacterial infections. Understanding this mechanism is essential for developing new
antibiotics and strategies to enhance drug uptake in resistant bacterial strains.

Biofilm formation & drug resistance bacteria: the connection

Reduced Antibiotic Penetration: Biofilms form a protective barrier that prevents antibiotics from reaching all bacterial cells within
the biofilm. This physical obstruction makes it difficult for drugs to fully eradicate the bacteria. Slow Growth Rates: Bacteria within
biofilms often enter a slow-growing or dormant state. Many antibiotics target actively dividing cells, so this slow growth can make the
bacteria less susceptible to treatment. Quorum Sensing: Biofilm bacteria communicate using quorum sensing, which can regulate the
expression of resistance genes [62]. This can lead to coordinated responses to stress, including antibiotic pressure. Genetic Exchange:
The close proximity of bacteria within biofilms facilitates the transfer of genetic material, including antibiotic resistance genes,
through horizontal gene transfer. This means resistant bacteria within the biofilm can share resistance traits with neighbouring cells.
Persistent Cells: Biofilms often harbour “persister” cells, which are a small subpopulation of bacteria that can survive antibiotic
treatment due to their dormant state. After antibiotic treatment is over, these cells can repopulate the biofilm, leading to chronic or
recurrent infections [63].

Clinical relevance

Chronic Infections: Biofilms are implicated in many chronic infections, such as those associated with cystic fibrosis, urinary tract
infections, endocarditis, and infections involving medical devices (e.g., catheters, prosthetic joints) [64]. These infections are no-
toriously difficult to treat due to the combination of biofilm formation and drug resistance. Increased Antibiotic Usage: The presence
of biofilms often requires higher doses or longer courses of antibiotics, which can further drive the selection for resistant bacteria.[65]
Key Takeaways: Biofilm formation and drug resistance are both strategies that increase bacterial survival under hostile conditions,
especially during antibiotic treatment. Biofilm-embedded bacteria are more resistant to antibiotics than their planktonic counter-
parts, primarily due to the protective nature of the biofilm matrix, reduced growth rates, and genetic exchange [66]. Addressing
infections involving biofilms often requires a combination of strategies, including high-dose or combination antibiotic therapy,
biofilm-disrupting agents, and in some cases, mechanical removal (e.g., surgical debridement) [67].

Horizontal gene transfer (HGT) vs. drug resistance in bacteria

The spread of antibiotic resistance in bacteria, particularly in healthcare settings, is largely dependent on horizontal gene transfer
(HGT). Multidrug-resistant (MDR) pathogens may arise as a result of HGT's ability to quickly acquire new DNA sequences, such as
antimicrobial resistance genes (ARGs). This problem is especially concerning when it comes to hospital-acquired infections because
resistant Acinetobacter baumannii can cause death rates to rise to 19-54 %. It's interesting to note that while HGT promotes the spread
of resistance, some bacterial defense mechanisms might be able to slow this process down. For instance, bacteria's CRISPR loci may
act as a modifiable barrier to HGT, preventing the in vivo development of virulence. However, bacterial pathogens may lose CRISPR
due to strong selection for virulence or antibiotic resistance. Additionally, it has been shown that Acinetobacter baylyi-induced
bacterial predation greatly increases cross-species HGT by several magnitudes, further complicating the dynamics of resistance
transmission. HGT works is crucial to combating the spread of bacterial drug resistance. Numerous mechanisms for HGT, including
conjugation, transformation, transduction, and membrane vesicles, have been discovered recently. Horizontal gene transfer (HGT)
and drug resistance are closely linked phenomena in bacterial evolution. While HGT is a process by which bacteria acquire genetic
material from other organisms (rather than inheriting it from parent cells), drug resistance in bacteria refers to their ability to survive
exposure to antibiotics [68]. These two processes are often interconnected, as HGT facilitates the spread of antibiotic resistance genes
among bacterial populations. Horizontal gene transfer is the movement of genetic material between organisms other than through
direct inheritance from parent to offspring. In bacteria, this is one of the primary mechanisms for acquiring new traits, including
antibiotic resistance [69].

Mechanisms of horizontal gene transfer (HGT)

Bacteria take up free DNA from their environment (often from lysed cells) and integrate it into their own genome. This process can
allow bacteria to acquire resistance genes from dead or dying bacteria [70]. Bacteriophages (viruses that infect bacteria) transfer
DNA between bacterial cells. During viral infection, bacterial DNA, including antibiotic resistance genes, can be packaged into phage
particles and transferred to other bacteria. Direct transfer of DNA between bacteria through a physical connection, usually via a pilus
(a bridge-like structure). Plasmids (small, circular DNA molecules) are often transferred in this manner. Many plasmids carry multiple
antibiotic resistance genes, which can spread rapidly within and across bacterial species [71].

Significance of HGT

HGT allows bacteria to acquire new traits without waiting for mutations to occur in their own genomes [72]. Bacteria can quickly
adapt to new environments, including the presence of antibiotics, by acquiring resistance genes from other species or strains. HGT
plays a key role in the spread of multidrug resistance (MDR), where bacteria carry resistance to several antibiotics [73].
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HGT and drug resistance: the connection

Spread of Resistance Genes: HGT is the primary driver of the spread of antibiotic resistance in bacterial populations. Resistance
genes can spread between bacteria of the same species or even between different species [74]. This is especially problematic in
environments like hospitals, where different bacterial species coexist and are exposed to antibiotics. Resistance Plasmids: R-Plasmids
(Resistance Plasmids): Many antibiotic resistance genes are carried on plasmids, which are easily transferred between bacteria via
conjugation [75]. These plasmids often carry genes for resistance to multiple antibiotics, making bacteria highly resistant to a broad
range of treatments. Antibiotic Pressure: The use of antibiotics creates selective pressure, favouring bacteria that have acquired
resistance genes. Under these conditions, bacteria that receive resistance genes through HGT have a survival advantage, allowing
them to proliferate and spread these traits [76].

Multidrug-Resistant Bacteria: Superbugs: Many multidrug-resistant bacteria, such as Methicillin-resistant Staphylococcus aureus
(MRSA) or Extended-Spectrum Beta-Lactamase (ESBL)-producing bacteria, owe their resistance to the acquisition of multiple re-
sistance genes via HGT. These organisms are challenging to treat due to their resistance to multiple antibiotic classes [77]. Gene
Cassettes and Integrons: Integrons are genetic elements that can capture and carry multiple resistance genes in the form of gene
cassettes [78]. These cassettes can be transferred between bacteria through HGT, further facilitating the spread of resistance.

Clinical relevance

Hospitals and healthcare settings are hotspots for the spread of drug-resistant bacteria due to the frequent use of antibiotics and
the close proximity of different bacterial species. HGT accelerates the emergence and spread of multidrug-resistant infections in these
environments [79]. The rapid dissemination of antibiotic resistance through HGT has led to the global spread of resistant pathogens,
such as carbapenem-resistant Enterobacteriaceae (CRE) and vancomycin-resistant Enterococci (VRE), which are difficult to treat with
existing antibiotics [80].

CRISPR/Cas9-based genome editing solutions for drug-resistant bacteria

The CRISPR/Cas9 system, originally discovered as part of the bacterial immune system, has become a powerful tool for precise
genome editing. Recently, it has been explored to combat antibiotic resistance in bacteria [81]. CRISPR (Clustered Regularly In-
terspaced Short Palindromic Repeats) are DNA sequences in bacteria and archaea that defend against foreign DNA, while Cas9 is an
enzyme that cuts DNA at specific locations, guided by a customizable RNA sequence (gRNA) targeting specific bacterial genome
sequences [82]. CRISPR/Cas9 can target and modify genes, providing a solution for antibiotic resistance. By cutting resistance genes
in drug-resistant bacteria, CRISPR could make the bacteria sensitive to antibiotics again [83]. For example, targeting (3-lactamase
enzymes, which confer resistance to penicillin, could restore bacterial sensitivity. Many resistance genes are carried on plasmids small
DNA circles separate from the bacterial chromosome [84]. CRISPR/Cas9 can be programmed to destroy these plasmids, preventing
the spread of resistance genes between bacteria, such as those carrying carbapenem or ESBL resistance traits shown in Fig. 2 [85].
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CRISPR/Cas9 can also be applied in a "gene drive" system, spreading throughout a bacterial population to selectively kill drug-
resistant bacteria while sparing susceptible ones. It can disable virulence genes, such as those responsible for biofilm formation,
reducing infection and enhancing antibiotic efficacy [86]. Another approach involves phage-delivered CRISPR, where bacteriophages
(viruses that infect bacteria) introduce CRISPR components to remove resistance genes in specific bacteria like Escherichia coli and
Pseudomonas aeruginosa [87]. CRISPR/Cas9 offers precision, targeting resistance genes without harming other bacterial genome
parts, and can restore bacterial sensitivity to antibiotics by removing resistance genes [88]. It reduces selective pressure compared to
broad-spectrum antibiotics, potentially slowing the emergence of new resistance mechanisms [89]. However, delivering CRISPR/
Cas9 to bacterial cells in real-world environments poses a challenge. Phage-based delivery systems and nanoparticles are being
explored but require further development [90]. Other concerns include off-target effects, resistance to CRISPR (where bacteria evolve
to avoid being targeted), and immune responses against CRISPR or its delivery systems. Regulatory and ethical concerns regarding
the long-term ecological impact of altering bacterial populations also need addressing. Several preclinical studies have shown success
in targeting and removing resistance genes in vitro. Phage-delivered CRISPR systems have eliminated resistance genes in bacteria like
Escherichia coli and Staphylococcus aureus in lab settings. Startups are exploring the commercialization of CRISPR-based anti-
microbials targeting resistant bacteria [91]. CRISPR/Cas9 holds great promise for combating antibiotic resistance by targeting re-
sistance genes, removing plasmids, and reducing bacterial virulence. However, challenges such as delivery, off-target effects, and
resistance must be addressed before widespread clinical use. Combining CRISPR-based genome editing with other antimicrobial
strategies could significantly address drug-resistant bacterial infections.

CRISPR: approaches to combat multidrug-resistant bacteria

One of the most potent tools in biotechnology today is the CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)
system, which was first identified as an adaptive immunological mechanism in bacteria. Its capacity to accurately alter genetic
material has created ground-breaking opportunities for the fight against microorganisms that are resistant to multiple drugs (MDR)
[92]. CRISPR is a promising tool to combat antimicrobial resistance (AMR) because researchers are using its gene-editing capabilities
to target and eradicate antibiotic resistance genes in novel ways.

CRISPR-cas systems: a new paradigm for antimicrobial therapy

In order to target and cut particular DNA regions, CRISPR systems depend on the Cas (CRISPR-associated) proteins, like Cas9.
Researchers can employ Cas proteins to target and cleave antibiotic resistance genes in bacteria by creating CRISPR sequences that
match bacterial DNA. The success rate of CRISPR systems in reversing antibiotic resistance is illustrated in Fig. 3. This will make the
infections susceptible to drugs once more. In contrast to conventional antibiotics, the most widely utilized method, CRISPR-Cas9,
offers a novel mode of action by precisely targeting genomic regions that encode resistance mechanisms [93].

The Fig. 4 shows the comparison of CRISPR delivery methods.

Targeting antibiotic resistance genes

Genes that encode -lactamases, efflux pumps, or modified target proteins are examples of antibiotic resistance genes that can be
specifically targeted by CRISPR engineering. CRISPR re-sensitizes the bacteria to antibiotics by deleting these resistance genes and
interfering with their function. Disruption of -lactamase Genes: B-lactamase genes, which provide resistance to B-lactam antibiotics,
have been targeted by CRISPR-Cas systems. The CRISPR system can stop the synthesis of (3-lactamase enzymes by targeting cleaving
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Fig. 3. Success rates of CRISPR systems in reversing antibiotic resistance.
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Fig. 4. Comparison of CRISPR delivery methods.

these genes, which will make (-lactam medications like cephalosporins and penicillins more effective [94]. The comparison of
CRISPR efficacy against resistance mechanisms are tabulated in Table 4. Targeting Efflux Pump Genes: To lower intracellular drug
concentrations, many bacteria employ efflux pumps to remove antibiotics from the cell. The genes encoding these efflux pumps can
be deleted using CRISPR, increasing the susceptibility of bacteria to certain antibiotics [95].

CRISPR-based bacteriophage therapy

To specifically target and eliminate MDR bacteria, a revolutionary strategy combines CRISPR systems with bacteriophages, which
are viruses that infect bacteria. Through the direct delivery of CRISPR machinery into bacterial cells by bacteriophages, resistance
genes and other vital genes necessary for bacterial life can be snipped. MDR bacteria with phages modified to deliver CRISPR
components, CRISPR-Cas systems that specifically target resistance genes are introduced. Targeting drug-resistant Klebsiella pneu-
moniae and Escherichia coli has proven to be effective in experimental settings. This method can eradicate resistant bacteria while
sparing commensal (non-pathogenic) bacteria by delivering CRISPR machinery straight to the infection site. CRISPR-based phages,
which can be engineered to both kill and duplicate bacteria, the treatment can spread throughout bacterial populations. This self-
amplifying nature makes CRISPR-phages an effective tool in treating localized infections caused by resistant bacteria [96].

Gene drives for controlling resistant bacterial populations

Gene drives, a process in which certain genetic components are engineered to spread themselves throughout bacterial popula-
tions, could be produced by CRISPR. Antibiotic resistance features can be reversed and bacteria made more antibiotic-susceptible by
using gene drives to disseminate susceptibility genes. Spreading antibiotic specificity means introducing a susceptibility gene through
a CRISPR-based gene drive, resistance genes could be prevented from spreading throughout a bacterial community. This strategy
might be especially helpful in settings where resistance genes are common or for infections acquired in hospitals. Population
Suppression generally is defined as interfering with genes necessary for bacterial growth or pathogenicity, CRISPR can be used to
create gene drives that suppress bacterial populations in addition to those that propagate susceptibility [97]. The Table 5. shows the
advantages and limitations of CRSPR — based gene drives.

Table 4
Comparison of CRISPR Efficacy against resistance mechanisms.

Resistance Mechanism CRISPR Target species Effectiveness (in vitro) Role of the CRISPR gene
B-Lactamase Genes *TEM —1 in E.coli > 90 % Restores Susceptibility to ampicillin
Efflux Pump Genes $AcrAB-TolC in E.coli 80 —95% Increases the intracellular drug levels
Target Site Modifications DNA gyrase in E.coli 85% Resinststes fluoroquinolone activity

$ AcrAB-TolC, one of the efflux pumps, constitutively expressed in Escherichia coli, is composed of the outer membrane protein TolC, the inner membrane transporter
AcrB, and the periplasmic adaptor protein

* TEM-1- a class A enzyme and is the most common plasmid-encoded B-lactamase in Gram- negative bacteria
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Fig. 5. Success rates of CRISPR-Cas Systems targeting antibiotic resistance genes.
Table 5

Advantages and limitations of CRSPR - baserd gene drives.

S. No Advantage Limitation

1 Reverse resistance in populations Ecological impact of gene spread

2 Potential to suppress pathogens Risk of unintended off target effects
3 Efficient dissemination of traits Regulatory and ethical considerations

CRISPRI: transcriptional silencing of resistance genes

In a variety of organisms, CRISPR interference (CRISPRi) has become a potent tool for transcriptionally silencing resistance genes.
The MAB_0055c gene in Mycobacterium abscesses was silenced using CRISPRi, increasing the bacteria's vulnerability to the antibiotic
rifamycin [98]. This illustrates how CRISPRIi can be used to research drug resistance mechanisms and find novel targets for treatment.
Additionally, CRISPRi has been modified for use in vivo. Mice's Pcsk9 gene was silenced using a Staphylococcus aureus Cas9-based
repressor (dSaCas9KRAB), which led to a sustained decrease in serum Pcsk9 and cholesterol levels [99]. By eliminating the cas3 gene,
the endogenous Type I-E CRISPR-Cas system in Escherichia coli was modified for programmable transcriptional repression [100].
Many endogenous Type I systems can be easily transformed into transcriptional regulators using this method. It's interesting to note
that CRISPRi has been used to silence genes linked to antibiotic resistance in environmental contexts. Cas9/sgRNAs were delivered
via nitrogen-doped carbon (NCDs) to target several "high-risk" antibiotic resistance genes in E. coli, attaining long-term target gene
removal and soil resensitisation of antibiotic-resistant bacteria [101]. This demonstrates how CRISPRi may be used to reduce anti-
biotic resistance in farming systems. To sum up, CRISPRi has shown itself to be a useful and efficient tool. Antibiotic resistance can be
studied and addressed in clinical and environmental contexts with its potential to target multiple genes at once and achieve long-term
silencing. A catalytically inactive Cas protein (dCas9) is used in CRISPR interference (CRISPRi), a variant of CRISPR technology, to
attach to DNA without cleaving it. CRISPRi can silence antibiotic resistance genes without changing the genome by preventing the
transcription of target genes. For reversible inhibition of resistance characteristics, this makes CRISPRi a desirable alternative. Si-
lencing pB-lactamase Genes: Genes that encode (-lactamases and other antibiotic-resistant genes can be silenced using CRISPRi.
CRISPRI decreases the synthesis of enzymes that break down antibiotics by blocking the transcription of these genes, leaving the
bacteria susceptible to therapy. The role of targeting efflux pump and regulatory genes shows that CRISPRi can be used to silence
regulatory genes that govern the expression of resistance mechanisms, in addition to direct resistance genes. Transcriptional reg-
ulators are the target CRISPRi can downregulate multiple resistance pathways simultaneously [102]. The comparison of the various
CRISPR Cas 9 and Cas13 are tabulated in Table 6.

Table 6
Comparison of CRISPRi, Cas9 and Cas13.

Feature CRISPRi (dCas9) CRISPR (Cas9) CRISPR (Cas13)
Target molecule DNA (Transcriptional block) DNA (Cleavage) RNA (Cleavage)
Reversibility Reversible Permanent Reversible

Risk of Off target effects Low Medium Low
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CRISPR-Cas13: targeting bacterial RNA

The CRISPR-Cas13 system targets RNA, providing an alternative strategy to fight MDR bacteria, whereas CRISPR-Cas9 and related
systems mostly target DNA. By cleaving bacterial RNA, Casl3 can post-transcriptionally interfere with the expression of resistance
genes. Without changing the bacterial DNA, this can be a very efficient way to eliminate resistance characteristics [103]. Post-
Transcriptional Gene Silencing: Antibiotic resistance genes' mRNA transcripts can be targeted by CRISPR-Cas13 to stop them from
being translated into useful proteins. This method offers a versatile means of temporarily blocking resistance processes, enabling the
use of antibiotics in combination treatments. Two Systems of CRISPR-Cas9/Cas13: Some methods guarantee thorough destruction of
resistance genes at the DNA This dual approach could improve the effectiveness of therapies targeting resistant pathogens [104].

Challenges and considerations

Although CRISPR has revolutionary potential, a number of issues need to be resolved before it can be widely used as a treatment
for MDR bacteria is the delivery systems which is found to be one of the biggest challenges is getting CRISPR components to the
infection site efficiently. Although bacteriophages, liposomes, and nanoparticles are now used to distribute CRISPR systems, research
is still crucial to optimize delivery for systemic infections. The next prime challenge is the mechanisms of bacterial evasion in which
bacteria may develop defenses against CRISPR-based therapies, such as anti-CRISPR protein acquisition or mutations in the CRISPR
target regions. By employing phages that evolve alongside bacteria or by targeting many resistance genes at once, researchers are
looking into ways to reduce these dangers. The major considerations lie in the regulatory and ethical Issues where the application of
gene-editing technologies, especially gene drives, presents moral questions about potential ecological consequences, off-target effects,
and horizontal gene transfer. Careful consideration of these factors is required before CRISPR can be deployed widely.

Future prospects of CRISPR

With its revolutionary impact on genome editing, CRISPR technology has opened up previously unheard-of avenues for research
and therapeutic applications in a wide range of fields. With continuous advancements aimed at resolving present constraints and
broadening its possible applications, CRISPR has a bright future. CRISPR has enormous potential for crop improvement in agriculture,
especially for creating transgenic-free edited plants that don't contain foreign DNA. Numerous nations have already granted reg-
ulatory approval for this strategy, opening the door for a broader adoption of CRISPR-based crop breeding innovations. Through
increased yield, improved resistance to biotic and abiotic stresses, and plant adaptation to changing climate conditions, the tech-
nology is anticipated to be instrumental in tackling the challenges of global food security. Although CRISPR has been extensively used
in many different organisms, it has not been widely used in some crops, such as wheat, because of issues like the complexity of the
hexaploidy genome and tissue culture resistance. On the other hand, new developments—like the publication of high-quality re-
ference genomes—should hasten the use of CRISPR in these crops. In virology, CRISPR/Cas9 holds promise for identifying gene
function, comprehending the pathophysiology of viruses, and creating vaccines, especially against large DNA viruses. The worldwide
health epidemic caused by MDR bacteria can be addressed in a revolutionary way with CRISPR technologies. CRISPR-based treat-
ments may prove to be crucial weapons in the fight against AMR if delivery methods, safety, and specificity continue to improve.
CRISPR libraries that target every known gene linked to antibiotic resistance, a universal tool for battling resistance in a variety of
bacterial species may be developed. Combining CRISPR editing systems with bacteriophage therapy may result in highly specific, self-
replicating therapies that can overcome resistance without harming the microbiome. Precision medicine could be achieved in the
future by using CRISPR to create customized antimicrobial treatments based on the particular resistance genes found in a patient's
bacterial infection. Through gene editing, transcriptional silencing, and phage-mediated delivery systems, CRISPR technology pre-
sents an unparalleled opportunity to tackle bacteria that are resistant to drugs. CRISPR is a new and extremely specific method for
restoring antibiotic efficacy and offering substitutes for traditional antimicrobials by precisely identifying and inhibiting antibiotic
resistance processes. CRISPR is positioned to be a key component of antimicrobial therapy in the future because to continuous
research into broad-spectrum applications, safety precautions, and delivery methods.

Conclusion

Antibiotic resistance in bacteria represents an urgent global health crisis, driven by complex molecular mechanisms such as
genetic mutations, efflux pumps, enzymatic degradation, target site modifications, biofilm formation, and horizontal gene transfer
(HGT). These mechanisms enable bacteria to rapidly evolve and acquire multidrug resistance, rendering conventional antibiotics
ineffective. As the prevalence of drug-resistant bacteria continues to rise, traditional therapeutic approaches are becoming in-
creasingly inadequate. The advent of CRISPR/Cas9-based genome editing offers a novel and highly promising solution to combat
drug resistance in bacteria. CRISPR/Cas9 provides unprecedented precision in targeting and modifying specific genes, including those
responsible for antibiotic resistance. Through targeted deletion, disruption, or modification of resistance genes, this technology has
the potential to reverse resistance and restore bacterial sensitivity to antibiotics. Additionally, CRISPR/Cas9 can eliminate plasmids
that carry resistance genes, target bacterial virulence factors, and selectively kill resistant bacteria while sparing non-resistant strains.
The combination of CRISPR/Cas9 with phage-based delivery systems further enhances its potential as a targeted antimicrobial
therapy.

Despite the challenges of delivering CRISPR/Cas9 in clinical settings, mitigating off-target effects, and the possibility of bacterial
resistance to CRISPR itself, ongoing research is advancing these strategies closer to real-world applications. CRISPR-based anti-
microbials represent a powerful addition to the arsenal against drug-resistant pathogens, offering a targeted and precise approach to
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overcome resistance and improve patient outcomes. In conclusion, the integration of CRISPR/Cas9 technology into antimicrobial
strategies holds immense promise for addressing the global challenge of antibiotic resistance. With continued advancements,
CRISPR/Cas9 could revolutionize the treatment of drug-resistant bacterial infections, offering a new hope for curbing the rise of
superbugs and restoring the efficacy of antibiotics in modern medicine.
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