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Abstract

Antimicrobial resistance (AMR) poses a growing threat to global public health, progressively compromising the efficacy
of available antimicrobials. Technologies based on Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)
have emerged as promising tools for controlling resistant pathogens, offering high specificity and versatility. However, a
comprehensive and systematic synthesis of CRISPR strategies applied to AMR remains limited. From February 12, 2025,
we conducted a systematic review of the PubMed, Embase, and Scopus databases, using the following search strategy:
Population (resistant bacteria or plasmid-mediated resistance), Intervention (CRISPR, including variants such as CRISPR-
Cas9, Cas3, Casl2, Casl3, and CRISPR interference [CRISPRi]), and Outcomes (bacterial resensitization or plasmid
curing). The CRISPR-Cas9 system was the most frequently employed (75.7%), with conjugation identified as the primary
delivery method. We identified the advantages and limitations of each system, highlighting CRISPRi and CRISPR-Cas13a
as alternatives to overcome the constraints of direct genome editing. Delivery efficiency remains a central challenge,
although nanocarrier- and bacteriophage-based methodologies show promising potential. We also propose a decision map
that guides the selection of the most appropriate CRISPR-Cas system and delivery strategy, considering factors such
as therapeutic objective, gene location, methodology efficiency, application environment, and clinical feasibility. This
review provides an updated and structured synthesis of CRISPR strategies applied to AMR, emphasizing their potential
translational and clinical applications. The findings can inform the development of CRISPR-based therapeutics, guide the
design of preclinical studies, and support future strategies for combating multidrug-resistant infections in clinical settings.
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Introduction

Antimicrobial resistance (AMR) is one of the most serious
public health challenges of the twenty-first century (World
Health Organization 2022). The advancement of this prob-
lem has been increasingly accentuated by the indiscriminate
and inappropriate use of antimicrobials in several sectors,
including agriculture, veterinary medicine, and human
health (Ferri et al. 2017; Vidovi¢ et al. 2022; Almansour
et al. 2023). Furthermore, in some countries, the popula-
tion uses antibiotics without a medical prescription, often
unaware of the associated risks, contributing significantly to
the selection pressure of resistant microorganisms (Musoke
et al. 2021). It is estimated that, in 2021, AMR was directly
responsible for approximately 1.14 million deaths and con-
tributed to 4.71 million deaths worldwide, imposing a grow-
ing burden on health systems (Naghavi et al. 2024). From
2000 to 2023, a 65% increase in resistant infections was
observed, with resistance rates 3 to 4 times higher in low-
and middle-income countries compared to high-income
countries (Alomari et al. 2024). If effective measures are
not implemented, it is estimated that, by 2050, AMR could
cause up to 10 million deaths annually worldwide and lead
to a cumulative global economic impact of up to 100 trillion
dollars (O’Neill 2016).

Beyond its established applications, the CRISPR-Cas-
based technology has emerged as a promising approach to
combat AMR (Okesanya et al. 2025; Souza et al. 2025).
Originally described as adaptive immune mechanisms in
bacteria and archaea, the CRISPR-Cas system enables the
recognition and cleavage of foreign genetic elements such
as phages and plasmids (Horvath and Barrangou 2010).
This intrinsic capability has been explored not only for
genome editing but also, more recently, for the specific
elimination of resistance genes and the plasmids that carry
them, representing an innovative and targeted strategy in
the field of precision antimicrobial therapies (Pursey et al.
2018). In 2015, CRISPR systems were classified into five
types and 16 subtypes, distributed across two classes (1
and 2), based on the genes encoding the effector modules
involved in the crRNA processing and interference steps
(Makarova et al. 2015).

Class 1 includes types I, III, and IV systems, charac-
terized by effector modules composed of multiple sub-
units (Makarova et al. 2015). These proteins can act in a
coordinated manner in the formation of complexes with
crRNA, mediating both the processing of pre-crRNA and
interference with the target genetic material (Huo et al.
2014). Type I CRISPR-Cas systems are characterized by
the presence of the signature gene cas3, which encodes a
bifunctional protein containing a helicase from superfam-
ily 2 and a nuclease domain (Sinkunas et al. 2011). The
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helicase can unwind double-stranded DNA (dsDNA) and
enable subsequent DNA strand cleavage by the nuclease
(Gong et al. 2014). Yosef et al. (2015) demonstrated the
effectiveness of a large type I-E CRISPR-Cas system that
included five Cascade genes, and cas3 nuclease. This sys-
tem was able to eradicate AMR plasmids carrying genes
such as NDM-1 and CTXM-15, demonstrating its poten-
tial as a therapeutic tool against resistant bacteria (Yosef
etal. 2015).

On the other hand, Class 2 systems, which comprise types
I1, V, and VI, are structurally more compact and function-
ally simpler because they use only a single multi-domain
effector protein, such as Cas9, Cas12, and Cas13, responsi-
ble for both crRNA binding and interference activity, with-
out the need for additional auxiliary nucleases (Makarova
et al. 2015). Studies conducted by Bikard et al. (2014),
Kim et al. (2016), and Wang et al. (2019a, b) demonstrate
the broad therapeutic potential of this system in eliminat-
ing resistance genes in pathogenic bacteria. In addition
to these systems, an important modification derived from
the CRISPR-Cas type II system is CRISPR interference
(CRISPRi), a transcriptional modulation approach that
utilizes a catalytically inactive form of the Cas9 protein,
known as dCas9 (Dominguez et al. 2016). Although unable
to promote DNA double-strand breaks, dCas9 retains the
ability to bind to crRNA-guided target sequences (Qi et al.
2013). By positioning itself over promoter regions or cod-
ing genes, it physically inhibits transcription initiation or
elongation, resulting in the temporary and precise repres-
sion of gene expression (Qi et al. 2013). This approach has
been increasingly explored in the fight against AMR, as it
allows the selective inhibition of resistance-related genes
without causing permanent damage to the bacterial genome
(Frusteri Chiacchiera et al. 2025).

With the advancement of technologies based on
CRISPR-Cas systems and the growing number of studies
exploring this emerging approach, the scientific literature
on the topic has expanded considerably. However, there is
still no comprehensive review that critically synthesizes
the data on the use of CRISPR-Cas technology in the re-
sensitization of antimicrobial-resistant bacteria, providing
an overall and concise view of the different CRISPR-Cas
systems used, their intrinsic mechanisms of action, advan-
tages, and limitations. Therefore, it is necessary to consoli-
date this knowledge to provide a concrete understanding
that guides future research and contributes to the devel-
opment of alternative strategies for AMR control. Unlike
Pursey (2018), which presents only the state of the art with-
out a critical comparative analysis, and McCarty (2020),
which focuses on sgRNA multiplexing for gene editing,
this systematic review compiles a structured synthesis that
guides the choice of the most suitable CRISPR system for
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practical and therapeutic applications against AMR. To our
knowledge, this is the first systematic review to compara-
tively analyze the different CRISPR-Cas systems applied
to AMR from both mechanistic and translational perspec-
tives, highlighting their potential for bacterial re-sensitiza-
tion and therapeutic innovation.

Methodology
Systematic review criteria

This systematic review followed the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines (Page et al. 2021). An electronic data-
base search was performed in PubMed, Embase, and Scopus
on February 12th, 2025, covering all studies available from
database inception to the search date. The search strategy
was developed to cover all relevant terms associated with the
PICO framework: Population (resistant bacteria OR drug-
resistant bacteria OR plasmid-mediated resistance) AND
Intervention (CRISPR OR CRISPR-Cas OR CRISPR-Cas9
OR CRISPR-Cas3 OR CRISPR-Cas12 OR CRISPR-Cas13
OR CRISPRi) AND Outcomes (bacterial re-sensitization
OR plasmid curing). Two independent reviewers screened
titles and abstracts, and any disagreements were discussed
with a third reviewer, ensuring meticulous study selection
and minimizing potential selection biases.

Focus questions

Research questions were developed to guide this systematic
review, focusing specifically on using several CRISPR-Cas
systems to combat AMR: (i) What CRISPR-Cas approaches
have been used to combat AMR? (ii) What is the efficiency
of different CRISPR-Cas systems in reversing AMR? (iii)
What are the advantages and limitations of each CRISPR-
Cas system when applied to combating AMR? (iv) Is there
an ideal CRISPR-Cas system for combating AMR? (v) What
challenges still hinder the clinical application of CRISPR-
Cas systems in reversing AMR?

Selection criteria
Eligibility criteria

The inclusion criteria for this systematic review were
designed to select studies that focus on the use of the
CRISPR-Cas system in combating AMR. Only original
experimental studies published in English were considered,
including in vitro and in vivo approaches where CRISPR-
Cas was applied as a gene-editing or gene-silencing strategy.

Exclusion criteria

Literature reviews, books, and incomplete articles were
excluded from the study, as these do not provide original
research data. Monographs and academic theses were also
excluded because they might not have undergone rigorous
peer review processes typical of journal publications. Addi-
tionally, studies published in languages other than English
were not considered to ensure uniformity in analysis and
interpretation.

Assessment of risk of bias

Several potential sources were identified and considered
in assessing the risk of bias in this systematic review.
These include the criteria for including and excluding
studies, which might limit the breadth of data analyzed
and potentially exclude relevant findings. The decision
to restrict the review to studies published in English
could also introduce language bias, potentially over-
looking significant research published in other lan-
guages. Beyond methodological limitations inherent to
experimental designs, other potential sources of bias
were considered in this review, including publication
bias, lack of standardization in defining editing success
and antimicrobial re-sensitization, and the predomi-
nance of positive findings involving well-established
CRISPR-Cas systems. Furthermore, studies employing
non-randomized bacterial strains, variable delivery plat-
forms, or lacking off-target assessment were flagged as
having increased risk of bias. Table 1 summarizes the
main domains, the type of bias, and the potential impact
of each on the review:

Results
Systematic literature search

Initially, we identified a total of 932 articles from three
databases: PubMed (n=414), Embase (n=412), and
Scopus (n=106). A preliminary assessment focused
on reviewing titles and authors was conducted to iden-
tify duplicates, excluding 350 studies. Subsequently, the
remaining 582 articles underwent a detailed analysis of
titles and abstracts. Of these, 557 were excluded based
on pre-established selection criteria or because they did
not match the scope of this review. Finally, we selected
25 studies, and after including eight additional relevant
articles, we reached a total of 33 articles used to develop
this systematic review, as illustrated in the PRISMA flow-
chart (Fig. 1).
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Table 1 Risk of bias domains and categories considered in the systematic review

Domain Bias category

Description

Selection bias
Language bias
Inclusion/Exclusion bias

Search strategy
Search strategy
Study eligibility

The use of a limited set of databases and search terms may exclude relevant studies
Restricting to English-language studies may omit important regional findings
When applied, overly restrictive criteria may omit relevant data, while unclear

criteria may introduce inconsistency

Data extraction Reporting bias
in detail

Risk of bias assessment Measurement bias

Many in vitro studies do not report replication, controls, or quantification methods

Differences in laboratory methods (e.g., CFU, MIC, qPCR) may affect comparabil-

ity across studies

Risk of bias assessment Performance bias

Risk of bias assessment Detection bias

Synthesis Publication bias

The absence of adequate controls or replication may overestimate the efficacy of
CRISPR-Cas9

Lack of assessor blinding or failure to verify off-farget effects may introduce bias
Excluding gray literature may favor studies with positive results

CFU, Colony Forming Units; MIC, Minimum Inhibitory Concentration; gPCR, Quantitative Polymerase Chain Reaction

Application of different CRISPR-Cas systems in
combating AMR

Of the 33 studies analyzed in this systematic review, sev-
eral CRISPR-Cas systems were employed to resensitize

PRISMA flow diagram

Identification via databases

Records identified from:
PubMed (n=414)

Identification

Duplicate records removed electronically

antimicrobial-resistant bacteria. The CRISPR-Cas9 system
was the most predominant, utilized in 25 studies (75.7%),
followed by the CRISPRi system in four studies (12.1%),
CRISPR-Cas3 in three studies (9.0%), and CRISPR-Cas13a
in one study (3.0%).

Manual identification

Records identified from:
citation searching (n=10)

l

Titles and Abstracts screened
(n=10)

l

Full-text articles assessed for

Embase (12412) — before screening, between PubMed,
Scopus (n=106) Embase and Scopus databases (n=350)
Title and Abstracts excluded:
Titles and Abstracts i lc_’;fig;sfgfg 4()n =478)
=Y screened (n=562) - chapter book (n=9)
E - conference paper (n=1)
[}
3 }
Full-text articles assessed Reports excluded (n=4)

for eligibility (n=29)

l

eligibility (n=8)

!

Studies included (n=25)

Inclusion

_.[

Total number of studies included
for systematic review (n=33)

]4— Studies included (n=8)

Fig. 1 PRISMA flow diagram displaying systematic search results
during the identification phase, we retrieved 932 articles from elec-
tronic databases (PubMed, Embase, and Scopus), of which 350 were
removed due to duplication. After screening 582 titles and abstracts,
553 studies were excluded for being out of scope, reviews, book chap-
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ters, or conference papers. Of the 29 articles evaluated in full, 25 were
included. Additionally, 10 records were identified through manual
searching, of which 8 were included after evaluation. A total of 33
studies were considered eligible and included in the systematic review
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Mechanisms of action of CRISPR-Cas systems

The effectiveness of several CRISPR-Cas systems in com-
bating antimicrobial-resistant bacteria is attributed to their
different mechanisms of action (Fig. 2). Understanding
the operational mechanisms of each CRISPR-Cas system
allows us to differentiate how these genetic technologies
are adapted and applied in different intervention contexts to
address specific challenges related to AMR.

CRISPR-Cas9

The CRISPR-Cas9 system, frequently employed in the
studies reviewed here, has well-explored mechanisms of
action in combating AMR. It was observed that CRISPR-
Cas9 is primarily used for two purposes: (i) the clearance
of resistance plasmids, aiming to eliminate genetic elements

that confer resistance to antimicrobials, and (ii) the elimina-
tion of resistant bacteria by targeting specific chromosomal
genes.

Among the 25 studies that applied the CRISPR-Cas9
technology, 24 (95.45%) targeted curing plasmids contain-
ing different resistance genes (Table 2). Meanwhile, only
three papers aimed to eliminate resistant bacteria through
double-strand breaks in chromosomal genes (Table 2).

CRISPRi

Four studies applied CRISPR interference (CRISPRi) to
reverse AMR, each using distinct approaches that illus-
trate the system's versatility. Overall, CRISPRi effec-
tively increased bacterial susceptibility by targeting key
genes involved in resistance mechanisms, such as efflux
pumps, peptidoglycan biosynthesis, and specific resistance

CRISPR-Cas9 CRISPRi
DNA DNA

Resistance gene

l

Resistance gene

l

CRISPR-Cas3 CRISPR-Cas13a
DNA RNA
o LTI

Resistance gene

l Cascade-

Resistance gene messenger RNA

l

_f gl

Cas9-sgRNA .
/ ribonucle%)protein Ry dCas9 re cognizes
e, larget sequence via
AR T
5 -

Targeting resistance gene RNA

o$ X »»,,,,_%W
- RNA (1 Y A
polymerase B

e

Cleavage of resistance gene

l

Site-specific double-strand break (DSB)

polymerase

dCas9

Transcriptional blocking by dCas9

Fig. 2 Schematic representation of the mechanisms of action of the
main CRISPR-Cas systems. CRISPR-Cas9: The ribonucleoprotein
complex formed by the Cas9 endonuclease and guide RNA (sgRNA)
recognizes and binds to the target sequence in the resistance gene.
Cas9 promotes a specific double-strand break (DSB) in the DNA, lead-
ing to gene cleavage. CRISPR interference (CRISPRi): Uses a catalyt-
ically inactive version of Cas9 (dCas9), which, guided by the sgRNA,
binds to the target sequence in the DNA without inducing cleavage.
dCas9 physically blocks RNA polymerase, inhibiting transcription

crRNA complex
4 3
Target DNA 5 3
recognition ‘y(
mmﬂm Target RNA Casl3a - crRNA
5' 3 recognition
Resistance gene
3 K 5
l Degraded RNA
————— .
g g
o Cas3 recruitment
ks by Cascade

l
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. S 3

Cas3-mediated DNA degradation

of the resistance gene (transcriptional silencing). CRISPR-Cas3: The
Cascade-crRNA complex recognizes the target sequence in the DNA
of the resistance gene. After recognition, the Cas3 nuclease-helicase
is recruited by Cascade, promoting extensive degradation of the tar-
get DNA (DNA degradation). CRISPR-Cas13a: The Casl3a-crRNA
complex specifically recognizes the messenger RNA (mRNA) of the
resistance gene. Once bound, Casl3a cleaves the target RNA, leading
to degradation of the molecule and inhibition of gene expression
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Table 2 Efficiency of CRISPR-Cas systems in targeting antimicrobial resistance

CRISPR-Cas type Target Target (Gene/Plasmid/Other) Reported Efficiency MIC reduction (if applicable) Reference
bacteria

CRISPR-Cas9 E. coli blaypps 98.11% The MIC of meropenem (Lietal
E. coli 99.88% decreased from 16 pg/mL to 2022)

E. coli 87.00% 0.06 pg/mL after the deletion of
E. coli 95.83% the blaypy.s gene
E. coli 99.00%
CRISPR-Cas9 E. coli mruby2 Loss of viability of~4.5 N/A (Djer-
log moun et
S. Spacer 7 loci Loss of viability of~4 al. 2023)
Typhimurium log
K. Spacer 2 loci Loss of viability of ~2
pneumoniae log
Vibrio Six target loci Loss of viability of ~3
cholerae log
P. aeruginosa  Spacer one locus Loss of viability of~4
log
E. coli blaypw.i 100% N/A (Wong-
payak et
al. 2021)
CRISPR-Cas9 E. coli blagpc., 98.80% The MIC of imipenem decreased  (Tao et al.
from 5.55 pg/mL to 0.42 pg/ 2023a)
mL after the elimination of the
blagpc_, gene

CRISPR-Cas9 Enterococcus  vanA 80.00% The MIC of vancomycin (Tao et al.

faecium decreased from>256 mg/L to 2023b)
64 mg/L after the elimination of
the vanA gene

CRISPR-Cas9 E. coli IncX4 gene 98.50% N/A (He et al.
E. coli mcr-1 100% 2021b)
E. coli mer-1 99.30%

CRISPR-Cas9 E. coli mer-1 The fragment, indicat-  The colistin MIC of the knockout (Wan et
ing the presence of the  strain was 0.25 mg/L, represent-  al. 2020)
mcr-1 gene, was not ing a sixfold reduction compared
amplified in 18 out of  to the wild-type strain (2 mg/L)

24 colonies transformed
with pCas9-m1

E. coli mer-1 >80%

E. coli mcr-1 >80%

CRISPR-Cas9 Klebsiella sp. tmexCD-toprJ (Plasmids) The pCas9Kill effi- In K. pneumoniae, E. cloacae, and (Xu et al.
Enterobacter ciently removed the Shewanella chilikensis strains, 2025)
cloacae tmexCD-topr] gene the deletion of the tmexCD-toprJ

from plasmids gene reduced the tigecycline MIC
K. variicola ~ tmexCD-toprJ (Chromosome) ~ 99.60% from up to 32 pg/mL to<2 pg/mL
Shewanella
chilikensis

CRISPR-Cas9 E. coli fosA3 The sgRNA named N/A (Walflor
gRNA_195 demon- etal.
strated 100% efficiency 2022)
in restoring fosfomycin
sensitivity

CRISPR-Cas9 E. coli IncX3 99.3£1.2 However, curing carbapenemase  (Hao et
E. coli blaxpas 97.2+4.8 genes or plasmids, including the  al. 2020)
K IncL repA 100+0 truncation of blagy, 45 in 49210,
pneumoniae successfully restored its suscep-

tibility to carbapenems, with
K. . Dlaoxass 99-3+1.2 a> eigyhtfold reé)uction in MIC
pneumomae values across all tested isolates
K. IncL repA and blagxa_4g.jike 100+0
pneumoniae
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Table 2 (continued)

CRISPR-Cas type Target Target (Gene/Plasmid/Other) Reported Efficiency MIC reduction (if applicable) Reference
bacteria
CRISPR-Cas9 E. coli blary, and blagyy 99.90% N/A (Kim et
al. 2016)
CRISPR-Cas9 E. coli tet(X4) Over 90% resensiti- N/A (Zhang et
E. coli mer-1 zation in vitro and a al. 2024)
reduction of resistant
bacteria to 1% in vivo
CRISPR-Cas9 Myco- recA (DNA repair) and ilvH and A 100-fold reduction N/A (Sodani
bacterium argF (auxotrophic) in cell viability when et al.
smegmatis The GFP gene in plasmids con-  targeting essential genes 2023)
fers resistance to hygromycin and efficient curing of
plasmids in 90% of the
transformed cells
CRISPR-Cas9 E. coli Plasmid replication genes Removal The removal of IncF, IncX3,and (Yen et
efficiency>90% ColRNAI plasmids in K. pneu- al. 2024)
K. Resistance genes (plasmids) Efficient curing of moniae resulted in a reduction of
pneumoniae plasmids MICs for: Amikacin (2 64 mg/L
Enterobacter  Plasmid replication genes Confirmation of plasmid to=2 mg/L); Tobramycin
hormaechei removal by PCR and (=16 mg/L to<1 mg/L); Cefotax-
pulsed-field gel electro-  iMe (=8 mg/L to<1 mg/L); Cef-
phoresis (PFGE) triaxone (>16 mg/L to<1 mg/L);
Citrobacter Plasmid loss after and Aztreonam (264 mg/L
freundii CRISPR-Cas9 action to<1 mg/L)
P. aeruginosa  Unspecific genes Reduction of plasmid
load
CRISPR-Cas9 E. coli Antibiotic resistance genes (tet, CRISPR-Cas editing N/A (Chen et
cat, aph(3')-1a) achieved 46.0% (tet), al. 2024a)
27.1% (cat), and 36.2%
(aph(3')-1a). Simultane-
ous editing improved
efficiency (8.7-13.3%).
In sterile soil, efficien-
cies reached 51.7%
(tet/cat) and 45.7%
(aph(3')-Ia); in non-
sterile soil, 49.6% and
39.4%
CRISPR-Cas9 E. coli aacCl (gentamicin) 100% elimination of the N/A (Siinder-
target plasmid hauf et al.
Pseudomonas A 4-log reduction in 2023)
putida plasmid acquisition
Kluyvera sp Significant, but not
total, reduction
Environmen- Variable efficiency
tal isolates of between the samples,
coliforms but a reduction was
observed
Swine isolates Partial removal of AMR
(coliforms) plasmids
Pseudomonas Effective prevention of
spp- new plasmid acquisition
CRISPR-Cas9 E. coli blacrx.m.1s Dose-dependent reduc- N/A (Nittaya-
blacryx s tion in the viability of sut et al.
blacrsaia cefotaxi'me-resistant 2024)
bla cells, with up to a 4
CTX-M-27 log10 decrease in viable
blacrx m6s cell count at a multiplic-
blacrx.ago ity of infection (MOI)
of 100
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Table 2 (continued)

CRISPR-Cas type Target Target (Gene/Plasmid/Other) Reported Efficiency MIC reduction (if applicable) Reference
bacteria
CRISPR-Cas9 E. coli nikA 88.5%+4.3% N/A (Wang et
hicB 64.6%%=16.5% al. 20192)
SOpA 15.9%+6.6%
hicB and sopA 7.8%+1.3%
mer-1 Only one colony lost
mer-1 both plasmids. The
other 11 colonies
lost p14EC033b, but
contained a variant of
pl4ECO033a in which
the mer-1 region was
truncated
CRISPR-Cas9 E. coli repFIA and repFIB Successful elimination  After plasmid removal, the (Chen et
(ExPEC) of IncF plasmids in all  strains became susceptible to al. 2024b)
treated strains ampicillin, cefazolin, gentamicin,
tobramycin, tetracycline, and
trimethoprim-sulfamethoxazole
CRISPR-Cas9 E. coli 001 Replication gene of IncX4 100+0 mcr-1: Reduction of colistin MIC (He et al.
plasmid from>4 mg/L to 1 mg/L 2021a)
E. coli 001 mcer-1 blagpc., and blaypy.s: Reduc-
E. coli 002 Replication gene of Incl2 tion of meropenem MIC from
plasmid 16 mg/L t0<0.25 mg/L
E. coli 003 Replication gene of IncHI2
plasmid
E. coli 004 mer-1
E. coli 005 mer-1
E. coli 006 blagpc.n
E. coli 007 blaypas
CRISPR-Cas9 E. coli blapeu. In E. coli, deleting There was no substantial reduc-  (Taglia-
E. coli 180A the blapgy.; plasmid tion in MIC in E. hormaechei or  ferri et al.
E. hormaechei restored B-lactam sen- K. variicola due to the presence ~ 2020)
Klebsiclla sitivity. No §1gniﬁcant of remaining resistance genes
variicola MIC reduction occurred
in E. hormaechei or K.
variicola due to other
resistance genes
CRISPR-Cas9 E. coli bla The traditional CRISPR It was not directly reported, but  (Valder-
system reduced E. coli  there was efficient elimination of rama et
colony-forming units ampicillin resistance al. 2019)
(CFU) by~ 100-fold.
Pro-AG reduced CFU
by~100,000-fold
CRISPR-Cas9 E. coli blayppy.j, mer-1 >99.99% plasmid N/A (Liu et al.
clearance in 8 h;>6-log 2020)
CFU reduction in
vitro;>5-log in vivo
CRISPR-Cas9 E. coli blaypn. 1> blagpy. s 2-3-logl0 reduction in ~ N/A (Citorik
viable cells et al.
2014)
CRISPR-Cas9 S. aureus Plasmid pG0400 Efficient plasmid cure;  N/A (Bikard et
RN4220 0% resistant cells after al. 2014)
treatment
S. aureus mecA ~1074 reduction in
USA300 viable cells
CRISPR-Cas3 E.coliK-12 ndm-1 Lysogenization by A N/A (Yosef et
CtXpprs phage resulted in the al. 2015)

elimination of resistance
plasmids in E. coli
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Table 2 (continued)

CRISPR-Cas type Target Target (Gene/Plasmid/Other) Reported Efficiency MIC reduction (if applicable) Reference
bacteria
CRISPR-Cas3 E. coli mer-1 The conjugation fre- N/A (Fang et
blayp.i quencies of pHG101- al. 2024)
tet(X) mer-1, pHG101
blaypy.;, and pHG101-
tet(X) were reduced by
92.29%, 72.20%, and
74.62%, respectively
CRISPR-Cas3 K. Various spacers corresponding ~ 90-95% N/A (Zhou et
pneumoniae  to the IncFII plasmid al. 2023)
CRISPRi Myco- mmpL3 mmpL3 suppression MICs decreased at one- to two- (Yuliani
bacterium reduced bacterial fold dilutions in the presence of et al.
smegmatis viability with sub-MIC 0.5 ng/mL ATc, possibly due to 2024)
rifampin, rifabutin, a growth defect from mmpL3
ceftriaxone, or isoniazid repression
(p<0.05) but not with
clarithromycin or
amikacin
CRISPRi Myco- pbpB e cwIM Suppressing pbpB N/A (Kurepina
bacterium (28%) and cwIM (36%) et al.
abscessus reduced CFU by 3 logio 2022)
with imipenem
CRISPRi E. coli AcrAB-TolC efflux system Targeting acrB and MIC reduction: rifampicin (Wan et
genes confer resistance to mul-  tolC together led to the (6 — 3.5 mg/L, 2x), erythromycin al. 2022)
tiple antibiotics highest gene suppres- (32— 2 mg/L, 16x), tetracycline
sion: acrA (78.3%), (1.5—0.2 mg/L, 8x)
acrB (90.0%), and tolC
(65.4%)
CRISPRi E. coli tetA Reduction>10 times MIC reduction> 10 times, indicat- (Frusteri
ing high efficiency Chiacchi-
blaypwm.i Reduced from>500to  Reduction of MIC by up to 4 era etal.
200 pg/mL times 2025)
mcr-1 Reduced from 8 to 4 ng/ Reduction of MIC by up to 4
mL times
blaten.i16 Inhibition of blatgy;_;;¢  Growth is still possible at high
by a gRNA targeting the antibiotic concentrations
bla promoter led to a
MIC of 5000 pg/ml and
a 67 h growth delay for
AMP between 10 and
1000 pg/ml
blayp.s (isolated ST167) MIC reduced by >4 MIC reduced by >4 times
times
mer-1 (isolated ST617) MIC reduced by 2 times MIC reduced by 2 times
blacrx.wm.14 (blood) MIC reduced>2 times =~ MIC reduced>2 times
blacrx.m.is (urinary) There is no significant ~ There is no substantial decrease
reduction in MIC but in MIC but with a growth delay
with a growth delay of ofupto7h
upto7h
CRISPR-Casl13a  E. coli blayyp. 1, blagxa.ag blay.o, Reduction of N/A (Kiga et
blayppi> blagpc.p, mer-1 and blayp.,-bearing E. al. 2020)
mer-2 coli by 2-3 orders of
magnitude
S. aureus Reduction of mecA-car-

rying S. aureus MRSA

Data on the efficiency of the different CRISPR systems, including MIC reduction data, when available. N/4, Not analyzed; MIC, Minimum

Inhibitory Concentration
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determinants (Table 2). For example, in E. coli, suppres-
sion of the AcrAB-TolC efflux pump enhanced suscepti-
bility to multiple antimicrobials, while in Mycobacterium
spp., inhibition of pbpB, cwIM, and mmpL3 genes led to
re-sensitization to f-lactams and other antibiotics. Addition-
ally, CRISPRi-mediated transcriptional blockade of multi-
ple resistance genes demonstrated its potential in combined
strategies to combat multifactorial resistance.

CRISPR-Cas3 and CRISPR-Cas13a

The CRISPR-Cas3 system was applied in three studies to
tackle AMR, demonstrating its ability to efficiently elimi-
nate resistance determinants. Applications included the
targeted destruction of antibiotic resistance genes in E.
coli, the curing of IncFII plasmids in K. pneumoniae with
90-95% efficiency, and innovative phage-mediated deliv-
ery strategies for plasmid elimination (Table 2). Similarly,
the CRISPR-Casl3a system was employed to degrade
RNA from multiple resistance genes in E. coli and K. pneu-
moniae, effectively inducing bactericidal effects through
specific gene targeting (Table 2). These findings underscore
the versatility of both CRISPR-Cas3 and Cas13a in address-
ing AMR via different molecular mechanisms.

Efficiency of CRISPR-Cas systems in targeting AMR

The efficiency of CRISPR-Cas system applications depends
on several variables, including the characteristics of the
target bacterial species, the chosen delivery strategy, and
the specific gene or region targeted. However, understand-
ing how these efficiency rates vary among different types
of CRISPR-Cas systems is essential for optimizing their
application (Table 2). Reported efficiency rates among the
studies included in this review varied substantially depend-
ing on the CRISPR-Cas system employed, the bacterial spe-
cies, and the experimental context. CRISPR-Cas9-based
strategies consistently demonstrated high genome-editing
efficiency, with reported success rates often exceeding 90%
in plasmid clearance or gene disruption assays. CRISPRi
systems have demonstrated moderate to high efficiency,
particularly in targeting chromosomal genes, although vari-
ability in performance has been observed, often due to chal-
lenges in delivering the dCas9 and guide RNA components.
CRISPR-Casl13a, targeting RNA molecules, achieved nota-
ble bactericidal effects, with some studies reporting com-
plete elimination of target gene expression and significant
reduction in bacterial viability. In contrast, systems such as
CRISPR-Cas3, although mechanistically promising due to
their processive DNA degradation, were underrepresented
and exhibited more variable outcomes. These findings
underscore the need to tailor CRISPR system selection to
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specific genetic targets, delivery vectors, and host bacterial
features in order to maximize functional efficiency.

Vectors used for delivery of CRISPR-Cas systems

In general, the delivery of CRISPR-Cas systems in the 33
studies on bacterial resistance has been primarily based
on plasmids (n=26), followed by phages (n=6), and, to a
lesser extent, emerging vectors such as nitrogen-doped car-
bon dots (NCDs) (n =1). The choice of vector for CRISPR-
Cas system delivery is influenced by factors such as the type
of system used and the specific characteristics of the target
bacterium.

Among the 25 studies that employed CRISPR-Cas9-
based technology, 80% (r =20) used plasmids as vectors for
delivery. Additionally, 16% (n=4) explored phages as vec-
tors, while 4% (n=1) investigated the application of nitro-
gen-doped carbon dots (NCDs) for this purpose. In the four
studies utilizing the CRISPRI, all authors selected plasmids
as delivery vectors to target resistant bacteria. Regarding
the three studies that employed the CRISPR-Cas3 system,
66.7% (n=2) used plasmids, while 33.3% (n=1) opted
for temperate phages. The only study that employed the
CRISPR-Cas13a system for this purpose chose phages as
the delivery method.

Delivery methodologies of different CRISPR-Cas
systems

The efficient delivery of the CRISPR-Cas system is crucial
for successfully applying this technology to resistant bac-
teria. Therefore, we compiled and analyzed data from all
studies included in this systematic review to identify poten-
tial trends in the delivery methodologies chosen for different
CRISPR-Cas systems.

In general, conjugation is the commonly used delivery
strategy among the analyzed studies, employed in 14 out
of 33 studies (42.4%). Electroporation ranks second, used
in 8 out of 33 studies (24.2%), followed by transformation,
which appears in 7 out of 33 studies (21.2%). Phage-medi-
ated delivery was used in 6 out of 33 studies (18.2%), while
nanoparticle-based delivery was adopted in only 1 study
(3.0%).

Among the studies that employed the CRISPR-Cas9 sys-
tem, conjugation was the most used delivery methodology,
applied in 12 out of 25 analyzed studies. Electroporation
was the second most adopted approach, appearing in six
studies (24%), followed by chemical transformation, used
in five studies (20%). Temperate phage-mediated delivery
was employed in four studies (16%), while the nanoparticle-
based approach was reported by only one author (4%). In the
studies that employed the CRISPRi system, electroporation
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was the most commonly used delivery methodology applied
in two of the four analyzed studies (50%) (Kurepina et al.
2022; Yuliani et al. 2024). Additionally, one study (Frusteri
Chiacchiera et al. 2025) adopted conjugation as a deliv-
ery strategy, while another used transformation (Wan et al.
2022). Regarding the CRISPR-Cas3 system, its delivery
was quite diverse, with each of the three analyzed stud-
ies adopting a different strategy: phage-mediated delivery
(Yosef et al. 2015), chemical transformation (Fang et al.
2024), and conjugation (Zhou et al. 2023). In the study with
the CRISPR-Cas13a system, delivery was carried out using
phages (Kiga et al. 2020).

Advantages and limitations of CRISPR-Cas systems
in combating AMR

CRISPR-Cas systems have been explored as promising
tools for combating AMR, offering targeted gene editing to
eliminate resistance determinants and/or resistant bacteria.
However, understanding the strengths and inherent limi-
tations of each CRISPR-Cas system is essential. Figures
3 and 4 summarize the main strengths and challenges of the
different CRISPR-Cas systems, respectively (Supplemen-
tary Table 1).

Advantages of different CRISPR-Cas systems

The data analysis enabled the synthesis of several advan-
tages associated with CRISPR-Cas systems (Fig. 3). The
CRISPR-Cas9 system was the most widely reported in
the literature within the scope of this review. Among its
main strengths is its high efficiency, with multiple studies
demonstrating high rates of resistant plasmid elimination,
reaching up to 100% (Table 1). Additionally, it exhibits high
specificity, being capable of targeting and acting on specific
sequences. Another relevant point is its ability to promote
bacterial re-sensitization, restoring the susceptibility of pre-
viously resistant strains to antimicrobials. CRISPR-Cas9
also has broad applicability, proving effective in various
bacterial species and functional against different AMR pro-
files. Finally, several studies highlight its potential to pre-
vent the horizontal transfer of resistance genes, blocking the
spread of plasmids among bacteria.

Regarding the strengths of the CRISPRi system, several
aspects stand out. Firstly, the technology enables precise
modulation of gene expression in mycobacteria, making it a
valuable tool for functional studies and the investigation of
metabolic pathways (Kurepina et al. 2022). Another impor-
tant point is the increased susceptibility to antimicrobials,
as demonstrated in studies that used CRISPRIi to inhibit
essential genes such as mmpL3, resulting in greater bacterial
sensitivity to different classes of antimicrobials and opening

novel therapeutic possibilities (Yuliani et al. 2024). The sys-
tem has also been employed to experimentally confirm the
essentiality of genes such as pbpB and cwlM, which are crit-
ical for bacterial viability, further reinforcing its relevance
in functional research (Kurepina et al. 2022). Additionally,
CRISPRI has proven effective in inhibiting resistance efflux
systems, such as the AcrAB-TolC system, outperforming
previous approaches based on small RNAs (sRNAs) (Wan
et al. 2022). Despite the still limited number of studies uti-
lizing the CRISPR-Cas3 system, the results obtained so far
indicate promising potential in various experimental con-
texts. Among its main strengths is the efficient elimination
of plasmids carrying AMR genes, as demonstrated by sev-
eral studies (Yosef et al. 2015; Zhou et al. 2023; Fang et al.
2024). Additionally, its application is associated with lower
cellular toxicity than the CRISPR-Cas9 system due to its
ability to promote progressive DNA degradation, which
helps reduce the risk of unwanted mutations and resistance
escape. Another aspect is the lower potential for inducing
adversarial immune responses, especially when the endog-
enous CRISPR-Cas3 system is used, thus minimizing the
activation of the host immune system.

Regarding the CRISPR-Cas13a system, which remains
relatively little explored in the literature, several advanta-
geous points stand out regarding its potential application.
One of its main advantages is its high specificity for resis-
tance genes, allowing the precise manipulation of these
genes' messenger RNA (mRNA). This approach signifi-
cantly reduces unwanted effects and contributes to the pres-
ervation of beneficial microbiota. In addition, studies have
already been conducted regarding the use of bacteriophages
as vectors for the efficient delivery of the CRISPR-Cas13a
system (Kiga et al. 2020). This approach allows the targeted
introduction of the system into specific bacteria, promoting
a highly effective and selective strategy to combat resistant
microorganisms.

Limitations of different CRISPR-Cas systems

CRISPR-Cas systems have limitations that can influence
the choice of the most suitable system, depending on the
research target. Among the 33 studies, we identified the lim-
itations associated with each CRISPR-Cas system (Fig. 4).

The CRISPR-Cas9 system presents several limitations
in its application to combat antimicrobial-resistant bacteria.
First, the conjugation efficiency was considered low in some
studies, showing the need for improvements in administra-
tion methods. Furthermore, the impact of biofilm structure
on the transfer of the system remains poorly explored, rep-
resenting a gap in current knowledge. Another challenge
is the variability in efficiency between different bacterial
species, particularly among those phylogenetically distant.
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Strengths of different CRISPR-Cas systems

CRISPR-Cas9 CRISPRi CRISPR-Cas3 CRISPR-Cas13a
High specificity Increased antimicrobial | Lower toxicity and higher | | Efficient delivery method

susceptibility

Resensitization of

. of the essentiality of
bacteria y

target genes

Broad applicability Application against

Application in clinical and = Prevention of resistance
environmental settings development

Prevention of horizontal
transfer

Fig. 3 Strengths of different CRISPR-Cas systems. Comparison of the
main advantages of different CRISPR-Cas systems (Cas9, CRISPRi,
Cas3, and Casl3a). Each system presents individual characteristics

Most studies are limited to E. coli, without evaluations in
complex microbiomes or other clinically relevant species.
Finally, the emergence of escape mutants, often resulting
from deletions in the CRISPR-Cas9 system, compromises
the efficacy of the tool and requires complementary strate-
gies to overcome this problem.

The CRISPRI system has some limitations. Studies have
been restricted to laboratory models such as Mycobacterium
smegmatis and E. coli HB101, demonstrating the need for
experiments using clinically relevant strains such as Myco-
bacterium tuberculosis and complex resistant isolates from
clinical infections, as suggested by Yuliani et al. (2014). The
efficacy of the system has been tested against a limited range
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Experimental confirmation

resistance efflux systems

specificity via phages

Lower risk of adverse
immune response

Potential for advanced
therapeutic applications

that favor specific applications, such as high specificity, delivery effi-
ciency, or low immunological risk, making them suitable for diverse
purposes

of antimicrobials, and there is a need to expand these analyses
to include a broader spectrum of antimicrobials, especially
those most used in clinical settings. Another important prob-
lem is the scarcity of in vivo tests; no experiments have yet
been conducted in animal models or more complex micro-
biomes. Furthermore, there is significant variability in the
resensitization of resistant bacteria, with some highly resis-
tant isolates showing no significant reduction in the mini-
mum inhibitory concentration (MIC), indicating the presence
of additional resistance mechanisms. Finally, the impact of
resensitization on the microbiota remains unknown.

The limitations of the CRISPR-Cas3 system are mainly
related to its host specificity. This is particularly evident
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Limitations of different CRISPR-Cas systems

CRISPR-Cas9
Conjugation o Variability

A efficiency Biofilm impact between bacteria] Escape mutants

L species
T ey

CRISPRi
Tested only in . ];valutlon Lack of in vivo Variable efficiency in
laboratory limited to a few . . .
o testing reducing resistance
models antibiotics
CRISPR-Cas3
\ Restricted host Irgltflbslgg ggége Challenges in Possibility of

¥ specificity system conjugative transfer bacterial escape

CRISPR-Cas13a

Need for optimization
of delivery and system

Evaluation in complex
microbiomes still
stability needed

Fig. 4 Comparison of the main limitations of different CRISPR-Cas
systems (Cas9, CRISPRi, Cas3, and Cas13a) used in the fight against
AMR. Each variant of the CRISPR-Cas system—including CRISPR-

because one of the few studies that used this system was
either delivered via bacteriophages or protectively restricted
the range of host bacteria. Furthermore, the instability of the
system has been observed depending on the bacterial con-
text. Finally, bacterial escape is possible, and some strains
may develop mechanisms that allow them to escape the sys-
tem, reducing its effectiveness.

Currently, one of the main challenges in using the
CRISPR-Casl3a system is the efficient and stable delivery
of the system into bacterial cells. Furthermore, although the
results in controlled laboratory environments are promising,
their efficacy in more complex microbiomes and in vivo
models still needs to be evaluated.

Decision-making map for selecting CRISPR-Cas
systems to combat AMR

A simple synthesis of information alone rarely effectively
guides the rational choice of the most appropriate system for
combating AMR. To address this complexity, we propose
a decision-making framework that synthesizes available

Cas9, CRISPRi, CRISPR-Cas3, and CRISPR-Cas13a—presents spe-
cific challenges that limit its effectiveness and applicability

evidence and supports the optimal selection and deployment
of CRISPR platforms for AMR control (Fig. 5).

Discussion
Efficiency and limitations of CRISPR systems

The technology based on CRISPR-Cas systems has
emerged as an alternative therapy to conventional antibiot-
ics, whose effectiveness has been progressively compro-
mised by the alarming rise in bacterial resistance (Gomaa
et al. 2014). This advancement marks a milestone in tran-
sitioning to the era of precision antimicrobials (Okesanya
et al. 2025). The CRISPR-Cas platform stands out for its
specific targeting potential, enabling the selective elimi-
nation of pathogenic bacteria without affecting the com-
mensal microbiota (Citorik et al. 2014). This specificity
reinforces the technology as an innovative solution to
tackling antimicrobial resistance. Through this Systematic
Review, we critically assessed the functional outcomes,
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I. Choosing the Ideal CRISPR-
Cas System

~

What is your main goal in using
CRISPR-Cas technology to
combat AMR?
For Plasmid or Temporary Is it to be applied
Gene Elimination/ silencing of the to functional
Cure? resistance gene? studies?

|

|

Where is the
gene located?

L

[ Use CRISPRi ’

A

f
[ )

genes or native
plasmids?

Use CRISPR-Cas9

II. Choosing the delivery
methodology

|

Does the system need to
be delivered efficient?

Is extensive degradation
(e.g. mosaic plasmids)
desired?

Use CRISPR-Cas3

For Direct
Chromosome Bacterial Killing
A (Cell Killing)

Use CRISPR-Cas9
or CRISPR-Cas3 Is disruptive mRNA
degradation desired?

T

Use CRISPR-
Cas13a

. !

} N\

Is the target bacterium
conjugative or <
» compatible with
conjugative plasmids?

Is the test only laboratory-
based, with no prospect
of immediate clinical
translation?

Protection of the
CRISPR-Cas system?

High bacterial
target specificity?

Need for high efficiency l
in dense populations or

l

biofilms?
Electroporation or
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plasmids

_< Delivery in complex

Bacteriophages s
phag environments?

Nanoparticles

—> Live delivery?
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L— | the acquisition of new | €¢—~
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Fig. 5 Decision map for selecting the CRISPR-Cas system and deliv-
ery methodology for application in combating antimicrobial resis-
tance (AMR). Section I guides the selection of the most appropriate
CRISPR-Cas system based on the primary objective (e.g., plasmid
elimination, temporary silencing, gene degradation, or functional
application) and the target gene location (plasmid or chromosomal).
Different variants are recommended: CRISPR-Cas9, CRISPR-Cas3,

delivery challenges, and comparative strengths of distinct
CRISPR-Cas platforms applied to AMR. In the follow-
ing sections, we review the efficiency, limitations, and
potential applications of the main CRISPR-Cas systems
explored for combating AMR.
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Need a non-viral

alternative with
potential targeting?

CRISPRi, or CRISPR-Cas13a, depending on the application purpose.
Section II guides the selection of the most appropriate delivery strat-
egy, depending on factors such as delivery efficiency, application envi-
ronment (biofilms, complex microbiota), bacterial target, and clinical
viability. Among the methodologies analyzed are conjugative plas-
mids, electroporation, chemical transformation of bacteriophages, and
nanoparticles

CRISPR-Cas9

Among the various systems explored, CRISPR-Cas9 pre-
dominates due to its well-established use and high efficiency
in inducing double-strand breaks (DSBs), leading to gene
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inactivation and bacterial resensitization. Two main factors
may justify the predominance of studies using the CRISPR-
Cas9: (i) the first factor is related to the high efficiency of
the Cas9 nuclease, whose ability to induce DNA double-
strand breaks (DSBs) confers precision to the CRISPR-
Cas9 system (Garneau et al. 2010; Doench et al. 2014). This
action can lead to the inactivation of resistance genes and,
consequently, bacterial resensitization to antimicrobials
(Citorik et al. 2014). In many studies, Cas9 demonstrated
success rates above 95%, with specific applications achiev-
ing 100% efficiency in eliminating resistance genes such as
blaypw.1» blagpc.,, and mer-1 (Kim et al. 2016; Wongpayak
et al. 2021; He et al. 2021a; Li et al. 2022; Walflor et al.
2022; Djermoun et al. 2023; Yen et al. 2024; Xu et al. 2025);
(i1) Its widespread adoption is also historically grounded,
as Cas9 was the first CRISPR-based system widely imple-
mented in gene editing (Jinek et al. 2012).

However, despite its high effectiveness, it is essential to
acknowledge the inherent limitations of the Cas9 system,
such as (i) the activation of DNA repair pathways that may
lead to unintended mutations, a critical limitation, particu-
larly when considering genomic editing in clinical settings
(Hamilton et al. 2019; Reuter et al. 2021); (ii) the potential
emergence of escape mutants (Tagliaferri et al. 2020; Djer-
moun et al. 2023; Sodani et al. 2023; Frusteri Chiacchiera et
al. 2025); (iii) the induction of the SOS response (Mayorga-
Ramos et al. 2024); and (iv) low delivery efficiency, espe-
cially in environments with biofilm presence or complex
microbiome samples (Mayorga-Ramos et al. 2024), which
are significant concerns.

Nonetheless, other CRISPR systems, such as CRISPRi,
CRISPR-Cas3, and CRISPR-Casl3a, have potential fea-
tures that remain underexplored in the context of AMR.

CRISPRI

CRISPRi-based technology is derived from the CRISPR-
Cas9 system and differs from the native system by using the
dCas9 protein, a catalytically inactive variant that cannot
cleave DNA (Razavi et al. 2024). Instead, it acts as a physi-
cal transcriptional blocker by specifically binding to the tar-
get region of the genome, thereby promoting transcriptional
modulation (Karlson et al. 2021). Using dCas9 represents
an alternative to overcome the limitations associated with
native Cas9, particularly the risk of inducing mutations in
the target sequence resulting from DNA strand (Razavi et
al. 2024). Furthermore, since it does not cause DNA breaks,
dCas9 does not activate cellular repair pathways such as
non-homologous end joining (NHEJ) and homologous
recombination (HR), drastically reducing the emergence of
gene variants of resistance genes (Karlson et al. 2021). Its
utility in silencing resistance genes and efflux pumps has

been demonstrated in E. coli and mycobacteria, though its
application remains limited by the small number of experi-
mental models (Wan et al. 2022; Frusteri Chiacchiera et al.
2025).

CRISPR-Cas3

Cas3, a helicase-nuclease, enables the degradation of long
stretches of DNA after being recruited by a multiprotein
complex known as Cascade (Morisaka et al. 2019). This
characteristic enables the progressive removal of large DNA
segments, allowing for the deletion of entire genes or even
multiple adjacent genes (Yosef et al. 2015). Unlike Cas9,
which acts like molecular scissors by making precise cuts
and sometimes allowing functional religation of the target
gene, the continuous and progressive action of Cas3 signifi-
cantly reduces the chance of the gene becoming functional
again (Loeff et al. 2018). The CRISPR-Cas3 system has effi-
ciently eliminated resistance genes such as mcr-1, blaypyy. i,
and tet(X) in the E. coli strain (Fang et al. 2024), and has
also demonstrated the ability to cure multidrug-resistant
plasmids (Zhou et al. 2023; Fang et al. 2024). Additionally,
another study reported efficiency rates between 90 and 95%
for eliminating IncFII family plasmids in K. pneumoniae
strains (Zhou et al. 2023). This latter finding represents
progress in combating AMR, considering that IncF family
plasmids are widely disseminated among several bacterial
genera and are heavily involved in spreading resistance
determinants (Carattoli 2009). The ability of these plasmids
to promote cointegration and form mosaic structures further
facilitates the acquisition of resistance determinants (Villa
et al. 2010). However, as observed with interference-based
CRISPR systems (CRISPRi), the scarcity of studies involv-
ing Cas3 restricts its use in more diverse contexts.

CRISPR-Cas13a

Although limited information is available about the CRISPR-
Casl3a system, it has demonstrated unique advantages in
targeting messenger RNA (mRNA), resulting in the specific
degradation of resistance gene transcripts. This RNA-based
approach gives Casl3a a distinct mechanism of action
compared to Cas9, which acts directly on DNA, reducing
the likelihood of unwanted genetic mutations (Fang et al.
2024). Target recognition via the CRISPR-Cas13a system
triggers non-specific cleavage activity against bacterial
RNAs, often inhibiting bacterial growth (Kiga et al. 2020).
Interestingly, Casl3a demonstrated bactericidal activity
regardless of the target gene’s location, whether plasmid-
borne or chromosomal. This was exemplified in the inac-
tivation of the carbapenem resistance gene blapp_; using
LshCas13a, which resulted in a two-to-three-log reduction
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in bacterial cell count in isolates carrying blayp.; either
chromosomally or on plasmids (Kiga et al. 2020). The abil-
ity to efficiently interfere with the expression of resistance
genes grants CRISPR-Casl3a a significant advantage for
developing broad-spectrum antimicrobial therapies inde-
pendent of their genomic location, including those targeting
chromosomal resistance mechanisms.

Delivery strategies and challenges

Despite the therapeutic potential of CRISPR-Cas systems
in combating resistant bacteria, their practical application
still faces challenges, particularly regarding the efficiency
of delivery methods. According to our data, bacterial
conjugation is the main strategy used (42.4%), followed
by electroporation (24.2%) and chemical transformation
(21.2%). Although conjugation enables horizontal gene
transfer even in complex communities, its low trans-
fer efficiency (<107!) limits its impact at the population
level (Hao et al. 2020; Li et al. 2022; Chen et al. 2024Db).
Although optimization strategies, such as increasing the
donor-to-recipient ratio, can elevate conjugation rates to
near 100%, such adaptations may compromise the sys-
tem's specificity, potentially leading to off-target effects in
beneficial bacteria (Zhang et al. 2024).

In addition to the intrinsic challenges of conventional
delivery methods, several factors can influence the efficient
delivery of CRISPR systems into target bacteria. Aspects
such as bacterial cell morphology and external conditions
like biofilms can hinder system internalization (Wongpayak
et al. 2021). One alternative to overcome this limitation is
using bacteriophages as delivery vectors (Yosef et al. 2015).
Unlike traditional methods, phages are naturally adapted to
recognize, bind to, and inject their genetic material directly
into specific bacterial populations (Yosef et al. 2017). More-
over, phages can penetrate physical barriers that typically
prevent the entry of plasmids or nanoparticles, making them
effective in hard-to-reach environments (Mayorga-Ramos
et al. 2024). On the other hand, the narrow host range of
phages remains one of the main limitations in their therapeu-
tic application (Jia et al. 2023; Kim et al. 2024). To address
these limitations, Yosef et al. (2017) developed an innovative
approach to create hybrid particles with different tail fiber
proteins. This approach enables an expanded host range and
allows genetic material transfer to a broader spectrum of bac-
teria. Nonetheless, the strict dependence of transduction on
the compatibility between host cell surface proteins and the
phage-encoded tail fiber proteins remains a limiting factor
(Kim et al. 2024). This specificity allows for the emergence
of bacterial resistance to phages through modifications in
surface proteins, which hinders phage recognition and infec-
tion (Le et al. 2013; Azam and Tanji 2019).
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Nanotechnology-based delivery strategies represent
potential alternatives to improve the delivery of CRISPR
systems (Duan et al. 2021; Chen et al. 2024a). The use of
nanomaterials as non-viral carriers has attracted significant
interest from the scientific community due to their potential
to ensure stable system delivery (Lee et al. 2017; Tang et al.
2021, p. 2022; Hu and Chen 2022). Several nanoscale deliv-
ery systems have been explored, including gold nanopar-
ticles, nitrogen-based particles, graphene oxide, and lipid
nanoparticles (Lee et al. 2017; Shahbazi et al. 2019; Wei et
al. 2020; Chen et al. 2024a). In this review, the only study
that used nanotechnology for the delivery of the CRISPR-
Cas9/sgRNAs system mediated by nitrogen-doped carbon
dots (NCDs) in E. coli proved to be effective, achieving
about 50% efficiency even in complex environments such
as soil (Chen et al. 2024a). Despite the promising advances
observed in initial studies, using nanomaterials integrated
with CRISPR-Cas systems still represents a frontier of sci-
entific knowledge, with multiple technical challenges yet to
be overcome.

Target-specific CRISPR applications

Considering the advances and limitations of current delivery
strategies, the choice of the most appropriate CRISPR-Cas
system should be guided by multiple factors. These include
the specific therapeutic goal of each study, the location of
the resistance gene (plasmid-borne or chromosomal), the
target bacterium's characteristics, and the intervention envi-
ronment's complexity (Walflor et al. 2022).

For example, when seeking to eliminate plasmids carry-
ing resistance genes, the CRISPR-Cas9 and CRISPR-Cas3
systems stand out as viable alternatives, although they pres-
ent significant functional differences (Zhou et al. 2023; Fang
et al. 2024). In contrast, when resistance genes are located at
the chromosomal level, as is often the case with vancomy-
cin resistance (vand) (Handwerger and Skoble 1995; Haas
et al. 2023), methicillin resistance (mecA) (Noto et al. 2008;
MacFadyen and Paterson 2024), or carbapenem resistance
(blapp) (Yano et al. 2024), the CRISPR-Cas13a and CRIS-
PRi systems stand out as up-and-coming tools (Kiga et al.
2020; Yuliani et al. 2024; Frusteri Chiacchiera et al. 2025).
Unlike Cas9, which depends on plasmid localization for
efficient elimination, the CRISPR-Cas13a system acts with
high specificity on messenger RNA, promoting selective
degradation without directly affecting the genome (Zhang et
al. 2024). CRISPRIi effectively silences resistance genes and
is also valuable for functional genomic studies (Zhang et al.
2021). Its mechanism of operation allows for reversible and
less disruptive control of gene expression (Qi et al. 2013).
This characteristic makes CRISPRi particularly advanta-
geous when the goal is transiently modulating resistance,
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enabling antimicrobials to regain effectiveness without
causing permanent changes to bacterial genetic material
(Wang et al. 2019b). Moreover, genomic analyses of sur-
viving (“escaper”) bacteria treated with CRISPRi confirmed
the absence of mutations in the target sequence, demonstrat-
ing CRISPRi’s non-mutagenic role in the selection of new
resistance traits (Frusteri Chiacchiera et al. 2025).

Strategic and translational perspectives of CRISPR
antimicrobials

The development of CRISPR-based antimicrobials has
opened new frontiers in combating multidrug resistance
(MDR). Strategies that integrate distinct CRISPR platforms
have shown particular promise (Duan et al. 2021). For
example, the combination of Casl3a with Cas9 allows the
simultaneous targeting of RNA and DNA. Cas13a acts at the
transcriptional level, enabling the degradation or modulation
of specific transcripts, while Cas9 acts at the genomic level,
inducing permanent DNA modifications. This complementary
activity broadens the therapeutic spectrum of CRISPR tech-
nologies. Furthermore, multiplexed gRNA strategies allow the
concomitant silencing or deletion of multiple resistance genes,
thus addressing the multifactorial nature of AMR (McCarty
et al. 2020). Such multiplexing is achieved through arrays of
sgRNAs transcribed from unique promoters, incorporation
of self-cleaving ribozymes, or other RNA-processing tools,
including tRNA-based strategies (McCarty et al. 2020).

In addition to its therapeutic potential in reversing AMR,
the CRISPR system also stands out as a highly sensitive
and specific diagnostic tool for detecting resistant bacterial
strains (Abavisani et al. 2023). Among the tools discussed in
this review, the CRISPR-Cas13 system enables the targeted
identification of pathogens or genetic determinants of resis-
tance by binding to a specific target RNA (Huang et al. 2022).
Its collateral cleavage activity degrades nearby reporter mol-
ecules, which can be fluorescent or colorimetric (Yan et al.
2018; Huang et al. 2022). This enables the generation of a
highly sensitive signal based on the presence of the target
RNA. The SHERLOCK (for specific high-sensitivity enzy-
matic reporter unlocking) platform exemplifies this approach
(Kaminski et al. 2021). It integrates CRISPR-Cas13a-based
detection with isothermal amplification methodologies such
as RPA or RT-RPA, enabling portable, rapid, and accurate
diagnostics, with significant potential for clinical and epide-
miological surveillance of AMR (Kaminski et al. 2021).

Complementary RNA-targeted strategies are also gain-
ing traction as alternatives to conventional antimicrobials
(Abavisani et al. 2025). Antisense oligonucleotides (ASOs)
can be rationally designed to recognize and bind to resis-
tance-associated transcripts, blocking their translation or
promoting degradation (Roberts et al. 2020; Hammond et al.

2021). Similarly, riboswitches, natural regulatory elements
located primarily in mRNA, can modulate gene expression
in response to specific ligands, altering transcription, trans-
lation, or RNA stability, offering precise control over target
genes, including AMR determinants (Ellinger et al. 2023).
These RNA-based approaches offer complementary mecha-
nisms to CRISPR, acting primarily at the transcriptional or
post-transcriptional level, and can be integrated with CRISPR
strategies to enhance the inhibition of resistant pathogens.

Despite the impressive precision and effectiveness exhib-
ited by CRISPR antimicrobials in various in vitro and in
vivo models, substantial translational and regulatory chal-
lenges still exist. A primary concern is the potential for off-
target effects, especially in larger genomes that often harbor
multiple regions that are identical or highly homologous
to the intended target (Kalter et al. 2025). To mitigate this
limitation, several strategies have been proposed, includ-
ing refined guide RNA design (Nacem et al. 2020) and the
development of high-fidelity Cas9 variants (Zuo et al. 2022).
Given these challenges, transcriptional regulatory platforms
such as CRISPRi and CRISPR-Cas13a may offer a relative
advantage, as they minimize the risk of permanent genomic
alterations and thus facilitate regulatory acceptance and
clinical implementation.

Conclusion

Currently, different CRISPR systems, such as CRISPR-
Cas9, Cas3, Casl3a, and CRISPRi, are available, offer-
ing distinct mechanisms of action, enabling personalized
interventions based on genetic location, bacterial species,
and therapeutic targets. The successful application of this
technology is closely linked to the rational selection of the
appropriate CRISPR system, which must consider multi-
ple factors, including administration efficiency, the risk of
adverse effects, and the preservation of beneficial micro-
biota. Therefore, this study not only synthesizes current
knowledge on the use of CRISPR-Cas technologies in com-
bating AMR, but also introduces a novel perspective: that
the effectiveness of these tools depends on the rational and
strategic selection of each system based on genetic targets,
bacterial context, and therapeutic targets.
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