Tao et al. BMC Microbiology ~ (2023) 23:380 BMC M icrobio|ogy
https://doi.org/10.1186/512866-023-03136-w

. . . ] ®
Targeted elimination of Vancomycin resistance
gene vanA by CRISPR-Cas9 system

Shuan Tao"*", Chunwei Hu*", Yewei Fang', He Zhang*, Yao Xu®, Lin Zheng', Luyan Chen® and Wei Liang”

Abstract

Objective The purpose of this study is to reduce the spread of the vanA gene by curing the vanA-harboring plasmid
of vancomycin-resistant using the CRISPR-Cas9 system.

Methods Two specific spacer sequence (sgRNAs) specific was designed to target the vanA gene and cloned into
plasmid CRISPR-Cas9. The role of the CRISPR-Cas system in the plasmid elimination of drug-resistance genes was
verified by chemically transformation and conjugation delivery methods. Moreover, the elimination efficiency in
strains was evaluated by plate counting, PCR, and quantitative real-time PCR (gPCR). Susceptibility testing was
performed by broth microdilution assay and by Etest strips (bioMérieux, France) to detect changes in bacterial drug
resistance phenotype after drug resistance plasmid clearance.

Results In the study, we constructed a specific prokaryotic CRISPR-Cas9 system plasmid targeting cleavage of

the vanA gene. PCR and gPCR results indicated that recombinant pCas9-sgRNA plasmid can efficiently clear vanA-
harboring plasmids. There was no significant correlation between sgRNA lengths and curing efficiency. In addition,
the drug susceptibility test results showed that the bacterial resistance to vancomycin was significantly reduced
after the vanA-containing drug-resistant plasmid was specifically cleaved by the CRISPR-Cas system. The CRISPR-Cas9
system can block the horizontal transfer of the conjugated plasmid pUCT19-vanA.

Conclusion In conclusion, our study demonstrated that CRISPR-Cas9 achieved plasmid clearance and reduced
antimicrobial resistance. The CRISPR-Cas9 system could block the horizontal transfer of plasmid carrying vanA. This
strategy provided a great potential to counteract the ever-worsening spread of the vanA gene among bacterial
pathogens and laid the foundation for subsequent research using the CRISPR-Cas9 system as adjuvant antibiotic
therapy.
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Introduction

The overuse and misuse of antibiotics have drastically
accelerated the development and spread of antibiotic-
resistance genes (ARGs) and multidrug-resistant patho-
gens [1, 2]. The acquisition and spread of antimicrobial
resistance-associated genes have been largely attributed
to the role of mobile genetic elements (MGE) such as
plasmids, integrons, insertion sequence (ISs), transpo-
sons (Tns), and integrated junction elements (ICE) [3].
The horizontal gene transfer (HGT) of ARGs mediated
by MGEs aggravates the infection and increases difficul-
ties in clinical treatment [4]. Therefore, non-antibiotic
prevention and control bacterial resistance technology
has become a research hotspot in the biomedical field in
various countries.

Enterococcus is an opportunistic pathogen that is one
of the main pathogens of nosocomial infections with high
morbidity and fatality rates [5]. Enterococci are often
naturally resistant to a variety of antibiotics. In addition,
enterococci can acquire drug resistance by horizontal
gene transfer [6, 7]. In recent years, the isolation of resis-
tant enterococci has increased, which hampers access to
efficient treatments [8]. It has been found that the wide
spread of mobile gene elements such as transposon is a
key factor in the rapid spread of vancomycin-resistant
enterococci (VRE) [9, 10]. The intensity of treatment,
multiple drug resistance, and nosocomial transmission
of VRE strains pose challenges to clinical treatment [11].
Therefore, it is necessary to discover and develop novel
antimicrobial strategies to combat the wide dissemina-
tion of vancomycin resistance genes vanA and limit the
spread of plasmid-borne resistance.

Table 1 Bacterial strains and plasmids used in this study

Bacterial strains Refer-
and plasmids ence or
source
Bacterial strains F-,980dlacZAM15, A(lacZYA-argF) This
E. coli DH5a U169, deoR, recAl, endAT, hsdR17(rk-, study
mk+), phoA, supE44, \-, thi-1, gyrA96,
relA1
E.coliBL21 F-, ompT, hsdSB (rB-mB-) gal,dcm This
araB:T7RNAP-tetA study

VR-E. faecium?24 Enterococcus clinical strains contain-  This

ing vanA study
Plasmids Cmr, tracRNA, gRNA, and cas9 expres-  Labora-
pCas9 sion plasmid; tory stock
(Addgene 42,876) [15]
pCas9-sgRNA Cmr, pCas9 cloned with sgRNA target-  This

ing vanA; study
puUC19 AMPr, expression vector Labora-
(Invitrogen, Carls- tory stock
bad, CA, USA)
pUCT9-vanA AMPr, recombinant vector derivative  This

with vanA gene study
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Clustered regularly interspaced short palindromic
repeat (CRISPR)-associated (CRISPR-Cas) systems
are adaptive defense systems that protect bacteria and
archaea from invading genetic elements. [12] CRISPR-
Cas systems are considered as barriers to horizontal
gene transfer (HGT) [13]. CRISPR-Cas is reported to re-
sensitize bacterial resistance to antibiotics by specifically
targeting and eliminating the plasmids carrying antibiotic
resistance genes [14, 15]. Type II CRISPR-Cas9-mediated
gene editing has potential applications in the prevention
and control of the spread of bacterial drug resistance,
which can be used to combat contagious infections and
develop novel antimicrobial drugs [16].

In the present study, we constructed a CRISPR-Cas9
system targeting vamA-carrying plasmids that medi-
ate bacterial resistance to vancomycin antibiotics, in an
attempt to re-sensitize drug-resistant bacteria by elimi-
nating drug-resistant plasmids. The results demonstrated
that the prokaryotic CRISPR-Cas9 system can elimi-
nate the vanA plasmid in drug-resistant model bacteria
and reduce the resistance to vancomycin by removing
the resistant plasmids, which offered a novel strategy to
combat the dissemination of antibiotic resistance genes
among bacterial pathogens at the molecular level and
maximize the advantages of CRISPR technology in the
field of anti-bacterial resistance.

Materials and methods

Bacterial strains, plasmids, and growth conditions
Bacterial strains and plasmids used or constructed in this
study are listed in Table 1. E. coli DH5 and E. coli BL21
were used to make chemically competent cells and strains
for plasmid transformation experiments and propaga-
tion. The vanA resistance genes were obtained from VRE
isolated and stocked in this laboratory. The pCas9 plas-
mid carrying the Cas9 endonuclease and sgRNA-binding
site and tracRNA (Addgene, plasmid number 42,876)
was obtained from Hunan Fenghui Biotechnology Co.,
Ltd [17]. E. coli has grown in Luria-Bertani (LB, 5 g yeast
extract, 5 g NaCl, and 10 g tryptone per liter) broth or on
LB agar (LB supplemented with 15 g agar per liter) plates
at 37 °C. For plasmid maintenance, Kanamycin(25 mg/
mL) and chloramphenicol (50 mg/L) were added when
necessary.

Plasmid construction

The plasmids were constructed using standard molecu-
lar biology techniques [18]. The vanA gene was specifi-
cally amplified from VRE-E. faecium24 with polymerase
chain reaction (PCR). DNA segment containing the
promoter and vanA gene was amplified from Enterococ-
cus clinical strains using primers Sacl-vanA-F/R (Sacl-F:
5-GAGCTCCTACTCTGATTGCACC-3° and Sacl-R:
5-GAGCTCAAAGTAAATCCTATTTCCA-3’) followed



Tao et al. BMC Microbiology (2023) 23:380

by digestion with Sacl and ligated into the correspond-
ing site in pUC19, yielding pUC19-vanA. The sgRNAs
targeting vanA genes were designed by the CHOPCHOP
web tool (https://chopchop.cbu.uib.no/). Then their
reverse complementary oligonucleotides were synthe-
sized. According to the spacer cloning site requirements
of pCas9, AAAC’ overhang at the 5-end, and a ‘G’ is
added at the 3’end of the forward oligos and a 5AAAAC
to the 5’end of the reverse complement oligo. (sgRNA-
F: 5-AAACTGTGAAAAAAGTCAATAGCG-3' and
sgRNA-R:5-AAAACGCTATTGACTTTTTTCACA-3).
Then the complementary oligonucleotides were annealed
and cloned into pCas9 digested with Bsal using T4 DNA
ligase (NEB, Ipswich, MA, USA) generating the pCas9-
sgRNA recombinant vector. Colony PCR and subsequent
sequencing were used to verify the constructed recom-
binant plasmids. Following the same strategy mentioned
above for pCas9-sgRNA(20 bp), we also constructed the
pCas9-sgRNA(30 bp).

Transformation experiments

The competent cells including E. coli DH5« containing
pET24-vanA were prepared and used for transforma-
tion assay following the protocol. The chemical transfor-
mation was performed by mixing 100puL of chemically
competent cells with 10uL of plasmid pCas9-sgRNA
incubated on ice for 30 min, followed by a heat shock for
the 90s at 42 °C and finally incubated on ice for 2 min.
Then transformed cells were grown in 1 ml LB media and
incubated at 37 °C, with vigorous shaking at 200 rpm for
1 h. The putative transformant strains were selected on
LB agar containing chloramphenicol (50 mg/L) and cul-
tured at 37 °C overnight. The empty plasmid pCas9 was
used as the negative control.

Evaluation of the CRISPR-Cas Elimination Efficiency

PCR detection of vanA plasmid clearance efficiency

After transformation, 20 single clones were ran-
domly selected to evaluate the elimination effi-
ciency. The CRISPR plasmid was detected by PCR
with primers pCas9-F/R(pCas9-F: CGGCGTTAT-
CACTGTATTGCACGG and pCas9-R: TGTGTACGC-
GATGGATACCG). At the same time, the colonies were
screened for target gene deletions by PCR with primers
vanA-F/R (vanA-F: CGAGCCGTTATACATTGGA and
vanA-R: CATATTGTCTTGCCGATTCA). The strain
carrying the vanA gene was used as a positive control.

E-test antimicrobial test strips detect bacterial resistance
phenotype

Antimicrobial sensitivity assays were performed using
Etest strips (bioMérieux, Sweden) according to standard
operating procedures on colonies with negative PCR
product bands and positive control colonies. MIC of
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vancomycin was obtained by E-test strips according to
the guidelines of the Institute for Clinical and Laboratory
Standards (2019).

Quantitative PCR (qPCR) detection of vanA copy number
changes

To further analyze the efficiency of eliminating the vanA
gene, the genomic DNA of experimental group pCas9-
sgRNA(20 and 30 bp) and control groups pCas9 were
extracted using TIANamp Bacteria DNA Kit (Tian-
gen, Beijing, China). The change of pUC19-vanA copy
numbers at 2,4,8,16, and 32 h after transformation
into the CRISPR-Cas9 system were calculated using
the SYBR Green fluorescent dye of fluorescent quan-
titative PCR (qPCR) with primers specific for vanA
gene (vanA-F: CAAGTCAGGTGAAGATGGAT and
vanA-R: CGCAACGATGTATGTCAAC) and using
the chromosomal 16 S ribosomal RNA (16 S rRNA)
gene(16 S-F: AGAGTTTGATCCTGGCTCAG and
16s-R:CTGCTGCCTCCCGTAGGAGT) as the internal
reference. Reactions were conducted in 20pL volume
reactions comprising: 2 uL. of DNA, 0.4ul of each above
corresponding primer, and 10 pL of SYBR Green PCR
master mix ((Biomed, Beijing, China). Non-template
controls were included in each analysis plate to monitor
possible reaction contamination [19]. RT-PCR amplifi-
cation was performed using three-steps method. Pre-
denaturation: 1 cycle (95 °C for 2 min); PCR reaction: 40
cycles (95 °C for 15 s, 60 °C for 30 s) and dissolution curve
(1 min at 95 °C, 1 min at 65 °C), and a gradual tempera-
ture increase from 65 to 95 °C at 2 °C/min. All reactions
were run in triplicate. Primer amplification efficiencies
were determined by the Ct slope method; efficiencies for
the above primer pairs were comparable (90%) and no
amplification was detected in the no template control.
Relative gene expression of vanA copy number in the
experimental group compared to the control group was
calculated by the 2724¢T CT method [20].

Conjugation assays

Conjugation experiments were performed with E.
coli C600+pUC19-vanA as the donor and E. coli
C600+pCas9-sgRNA or C600+pCas9 as the recipi-
ent strain [21]. Donor and recipient strains were grown
in suspension overnight, then diluted 1:100 in fresh LB
broth and incubated at 37 until OD 600 to 0.4. Then, the
donor/recipient ratio was 1:4 (vol/vol), mixed, and incu-
bated for 24 h. Serial dilutions of the mixture were placed
on LB agar plates supplemented with chloramphenicol
and kanamycin to select the transconjugates. After 24 h
of incubation, the number of colony forming units (CFU)
was determined.
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Statistical analysis

Statistical analysis was performed with GraphPad Prism
version 9.0 (GraphPad Software Inc., San Diego, CA,
USA). Normality was assessed using skewness and kur-
tosis statistics. P values were calculated using the Stu-
dent’s t-test and P<0.05 was considered as statistical
significance.

Results

Construction of the CRISPR-Cas9 plasmid and recombinant
plasmid targeting the vanA gene

According to the NGG PAM sequence (protospacer
adjacent motif sequence) principle [22], the sgRNAs
were designed for vanA in the promoter region or near
the ATG sequence in the targeted gene and were right
after an NGG sequence. Then the oligonucleotide with
20nt and 30nt was cloned into the pCas9 plasmid and
obtained pCas9-sgRNA specifically targeting vanA
(Fig. 1). In addition, we selected the high-copy plasmid
pUCI19 as the backbone to construct a recombinant plas-
mid pUC19- vanA containing the vanA gene.

Validation of the effect of CRISPR-Cas9 cutting vanA
plasmid

To assess the efficiency of the CRISPR-Cas9 system
in mediating plasmid elimination in E.coli, the con-
trol vector pCas9 and the engineered vector pCas9-
sgRNA(20 bp) were transformed into competent E.
coli BL21+pUC19-vanA. Then 20 single colonies were
selected from the plates of the experimental group and
the plates of the control group, respectively. The results
showed that all 20 colonies in the experimental group
were negative for vanA, indicating the absence of vanA
gene by PCR after specific cleavage by Cas9 nuclease.
The shear success rate was 100% in the selected 20 trans-
formants. In contrast, the Cas9 nuclease in the control
group lacked the guidance of sgRNA and showed no spe-
cific cleavage of vanA (Fig. 2). Similarly, the colony PCR
results indicated that the efficacy of pCas9-sgRNA(30 bp)
was not significantly different from that of pCas9-
sgRNA(20 bp). The PCR results indicate that the specific
CRISPR system could cut and destroy the vanA gene.

Changes in bacterial phenotypes

The results of Etest strips found the level of resistance to
vancomycin in the experimental group was significantly
reduced by about 4 times after vanA was specifically
cleaved by the CRISPR-Cas9 system. (MIC>256 mg/L vs.
64ug/ml).

Analysis of CRISPR System Editing Efficiency of vanA

In this study, Quantitative PCR (qPCR) analysis of the
efficiency of pCas9-sgRNA in clearing vanA was per-
formed to calculate the relative copy number of plasmids
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pCas9-sgRNA

Fig. 1 Plasmid map of pCas9-sgRNA targeted to vanA gene. The pCas9-
sgRNA was constructed by inserting spacer targeting the vanA gene for
CRISPR-Cas9 activity

A M1 2 3 ¢ 5 6 7 8 9 1011 12 13 14 15 16" 17 1519020

B M 1 2 3 45 6 7 8 91011 1213 141516 17 18 19 20 N

Fig.2 PCR amplification using primers vanA-F/R to identify pCas9-sgRNA
elimination of vanA gene in E. coli DH5a+pUC19-vanA. (A) The E.coli
DH5a+pUC19-vanA strain transformed with pCas9-sgRNA (B) and the
E.coli DH5a + pUC19-vanA strain transformed with pCas9. Markers with an
M value of 2,000 bp. P represents the E. coli DH5a+ pUC19-vanA strain in
which pCas9 is a positive control. N indicates a negative control. Markers
with an M value of 2,000 bp. P represents the E. coli DH5a+ pUC19-vanA
strain in which pCas9 is a positive control and N denotes negative control

at each time point in the pCas9-sgRNA(20 or 30 bp)
experimental group and the pCas9 control group after
transformation of the CRISPR-Cas9 system (Fig. 3). The
quantitative analysis found that there were significant
differences in plasmid copy number between the experi-
mental and control groups. The experimental group
cleared about 80% of the resistant plasmid at 4 h and the
clearance of the resistant plasmid continued until the
32nd hour.
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Fig. 3 Relative copy number of the plasmid pUC19-vanA (20 and 30 bp)
at each time point. pCas9-sgRNA (20 and 30 bp) and pCas9 were trans-
formed into competent E.coli C600+pUC19-vanA as the experimental
group and the control group, respectively. The sgRNA (20 and 30 bp) are
the lengths of the sgRNA targeting the vanA resistance gene
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Fig. 4 E coli C600 containing the pCas9-sgRNA(20 bp) eliminated the
vanA resistance genes. E. coliC600+ pUC19-vanA served as the donor, and
E. coli C600+ pCas9-sgRNA(20 bp) or E. coli C600+ pCas9 served as the re-
cipient strain. All bar graphs represent the mean of at least three biologi-
cal replicates. Errors bars represent standard errors from three biological
replicates. *p <0.05

The CRISPR-Cas9 system can block plasmid conjugation

E.coli C600 containing pCas9-sgRNA(20 bp) and pCas9
were used as recipient cells. E. coli C600 carrying the cou-
pled plasmid pUC19-vanA was used as the recipient cell.
The number of transconjugates in E. coli C600 containing

Page 5 of 7

the plasmid pCas9-sgRNA(20 bp) was reduced by 4-fold
compared with the control plasmid pCas9 (Fig. 4).

Discussion

The HGT-mediated acquisition of ARGs is largely
responsible for the spread of antimicrobial resistance
[4]. The emergence of vancomycin-resistant enterococcus
brings challenges to the clinical prevention and control of
infection caused by clinical pathogens [23]. The restora-
tion of the sensitivity to traditional antibiotics might be
more effective than searching for new antimicrobials.
Therefore, new strategies for the prevention and control
of the dissemination of VRE should be developed.

In this study, we investigated the potential of the
CRISPR-Cas9 system to counteract plasmid-borne vanA
gene high-copy numbers of plasmids (pUC19-vanA). The
results showed that the CRISPR-Cas9 system could effec-
tively eliminate the vanA gene. Although the vanA plas-
mid has the potential to restore its copy, this experiment
confirmed that no rebound in the copy amount of the
drug-resistant plasmid was observed during the process
of CRISPR clearing vanA. Moreover, the CRISPR-Cas9
system could effectively remove the vancomycin resis-
tance plasmid by targeting the vanA gene, and the rate
of vancomycin resistance decreased after the removal of
the plasmid. Compared with other similar studies [24],
the CRISPR-Cas9 system in this study achieved plasmid
clearance and reduced resistance to vancomycin rather
than simultaneously re-sensitizing to vancomycin, pos-
sibly due to the model bacteria — E.coli natural resistance
to glycopeptide. Some studies have pointed out that there
are differences in the efficiency of CRISPR-Cas9 system
editing in wild plasmids and model plasmids [24, 25]. It
may be because we speculate that the high-copy plas-
mid is an engineered plasmid with a clear plasmid back-
ground, while the wild-type plasmid has been clinically
isolated and has a more complex background. Bacterial
conjugation is critical to the spread of antimicrobial resis-
tance, and conjugation plasmids were explored to elimi-
nate antibiotic resistance plasmids in bacteria [26]. Our
study indicated that the vanA-harbouring plasmids in the
recipient can be eliminated via conjugative delivery of
the CRISPR-Cas9 system. Furthermore, the conjugative
delivery of CRISPR-Cas9 antimicrobials may be suitable
for the precise targeting of established multidrug-resis-
tant bacteria. Our current research mainly employs
CRISPR-Cas to counteract antibiotic resistance medi-
ated by the vanA gene harbored in the high-copy plasmid
pUC19. The follow-up research will focus on application
in wild plasmid and clinical isolates.

Studies related to CRISPR gene editing have reported
that good sgRNA design can optimize the shearing effi-
ciency of the CRISPR system [27, 28]. Especially in
eukaryotic systems, different target sites can lead to
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differences in CRISPR shear efficiency, as well as differ-
ent degrees of off-target effects [29, 30]. It has been indi-
cated that the sgRNA sequence of different lengths may
affect the curing efficiency of the plasmid. Zhang et al.
[31] showed that knockout sgRNA with the potency of
17nt or 20nt varied in different host stem cells and this
difference could be explained by the differential levels of
Cas9 expression in different cell types. However, it has
also been shown that the knockdown efficiency of 17nt
sgRNA in human cells is similar to that of 20nt sgRNA,
but its off-target mutagenic effect is greatly reduced. This
may indicate that the effect of sgRNA sequence length
varies from host to host [32].

However, the existence of extensive multidrug resis-
tance (MDR) may be unsatisfactory to eliminate using a
single non-essential target. Therefore, the efficiency of
the CRISPR-Cas system can be improved by designing a
CRISPR-Cas system to target the essential genes on the
resistance plasmid or using a CRISPR array to estab-
lish multiple cleavage sites simultaneously. Studies have
shown that two sgRNAs on a single structure can be used
to target and remove blaypy_; and blacry_y_15 genes
[33], which is important for reducing the spread of MDR.
Rodriguez et al [34] used the CRISPR-Cas9 system to tar-
get the tet(M) and erm(B) genes conferring resistance to
tetracycline and erythromycin, respectively and success-
fully reduced the drug resistance of Enterobacter faecalis
in vitro and in vivo. Hao et al [35]. developed the plas-
mid curing system pCasCure based on the CRISPR-Cas9
system to precisely cut and define carbapenemase genes
such as blayy,, blagpe blagy,_4s carbapenem-resistant
Enterobacteriaceae (CRE) and targeted Prevalence of
repA, repB, and parApKpQIL plasmids to remove plas-
mids carrying carbapenemase resistance genes and
re-sensitive CRE carbapenem antibiotics. The MIC
value was reduced by more than 8 times. Scientists are
attempting to develop a CRISPR-Cas9 system to restore
antibiotic susceptibility of extended-spectrum-lactamase
(ESBL)-producing E. coli by identifying a conserved tar-
get sequence among >1000 ESBL mutants [36]. There-
fore, combining experimental and analytical methods,
designing the best sgRNA can improve the activity and
specificity of sgRNA.

In addition, the efficacy of CRISPR-Cas9 mainly
depends on the delivery efficiency of the system [37]. And
since the transformation is a non-spontaneous mode, this
form may be limited in clinical application. Therefore,
other delivery methods such as plasmid conjugation, and
phage methods have been used in vitro or in vivo mod-
els [38, 39]. Previous studies have found that it can be
overcome by using nanomaterials as non-viral vectors to
deliver the CRISPR-Cas9 system [40]. A variety of inno-
vative polymers, lipids, and gold nanoparticles have been
developed [41]. However, the integration of materials
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with CRISPR systems is still in its early stages. The focus
of the subsequent research is on how to efficiently pres-
ent the CRISPR-Cas9 system to the bacterial cells so
that the system can autonomously spread, and eliminate
the drug resistance genes carried in the environmental
microbiota by spreading the CRISPR-Cas9 system to the
flora, and combat the spread of bacterial drug resistance,
to curb the spread of bacterial drug resistance in various
regions. The successful application of the CRISPR-Cas
system in the treatment of bacterial infections and the
control of the spread of drug-resistant bacteria requires
further research.

Conclusion

In conclusion, we demonstrated the prokaryotic CRISPR-
Cas9 system eliminates vanA genes and plasmids to
interrupt the HGT of ARGs. The strategy provides a ref-
erence for the active prevention and control of the dis-
semination of vanA resistance.
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