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Abstract

CRISPR (clustered regularly interspaced short palindromic repeats)-Cas (CRISPR-associated proteins) systems are con-
sidered as acquired immune mechanisms in Gram-positive and Gram-negative bacteria and also in archaea. They provide
resistance/immunity to attacking bacteriophages or mobile genetic elements as integrative conjugative elements (ICE) as
well as plasmid transformation. As an opportunistic pathogen, Pseudomonas aeruginosa has been held responsible for seri-
ous infections especially in hospitalized and immunocompromised patients. Three subtypes of type I CRISPR system (I-C,
I-E, & I-F1) have been detected in P. aeruginosa genomes. In this work, P. aeruginosa isolates were collected from different
clinical sources, and the three CRISPR/Cas subtypes (I-C, I-E, & I-F1) were detected via singleplex and multiplex PCR
techniques using novel universal primers that were designed specifically in this study. CRISPR subtypes I-C, I-E, and I-F1
were detected in 10, 9, and 13 isolates, respectively. Furthermore, antimicrobial susceptibility of CRISPR/Cas-positive and
negative isolates to different antibiotics and the capacity of biofilm formation were detected using disc diffusion method
and tissue culture plate method, respectively. There was a significant correlation between the presence/absence of CRISPR/
Cas system and both antimicrobial susceptibility to some antibiotics and biofilm-forming capacity among P. aeruginosa
clinical isolates.

Key points

o A novel multiplex—PCR for detection of CRISPR/Cas-positive strains of P. aeruginosa.

o Understand the correlation between CRISPR/Cas systems and other characters of P. aeruginosa.
e Correlation between antimicrobial susceptibility and CRISPR systems in P. aeruginosa.

Keywords Pseudomonas aeruginosa - CRISPR/Cas system - Multiplex—PCR - Antibiotic resistance - Biofilm formation

Introduction

CRISPR (clustered regularly interspaced short palindro-
mic repeats)/Cas (CRISPR-associated proteins) systems
are currently the highlight of biology research. In 1987,
a notable repetitive DNA sequence was identified in E.
coli genome while searching for the genes implicated in
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phosphate metabolism (Ishino et al. 1987). Soon after, it
was named CRISPR. Later on, similar sequences were
reported in archaea and a wide variety of bacteria (Ishino
et al. 2018). CRISPR/Cas system comprised a CRISPR
array that includes short repeats interspaced by distinct
DNA sequences called spacers. Such spacers are located
among a group of short Cas genes that are responsible for the
CRISPR immunity function (England et al. 2018). There-
fore, CRISPR/Cas system is considered an acquired immu-
nity mechanism that stores the memory of foreign DNA of
invaders, in distinctive spacer sequences of the CRISPR
arrays (Koonin and Makarova 2019).

The defense mechanism against foreign DNA via the
CRISPR/Cas system includes three distinctive steps: immu-
nization (spacer acquisition), CRISPR RNAs (crRNAs) bio-
genesis (expression), and target interference step (Barrangou
2013). The first stage includes the insertion of protospacers,
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which are pieces of foreign DNA from invading bacterio-
phages or plasmids into the CRISPR array. Protospacers
act as a stored memory in the bacterial cell for the defense
against the same plasmid or virus when it attacks the cell
again. During the second stage, these spacers that are inter-
rupted by repeats are expressed as small guide crRNAs.
Lastly, in the interference stage, Cas proteins help crRNAs
to quarry and damage invading bacteriophages or plasmids
(England et al. 2018; Van der Oost et al. 2009).

CRISPR/Cas systems are categorized into two groups
(Class I & Class II) according to variation in Cas protein
structure and sequence divergence among the effector mod-
ules (Makarova et al. 2020). Both classes comprise 6 types.
Class I includes 3 types (I, III, & IV) and utilizes a multi-
subunit crRNA-effector complex that carries on the mecha-
nistic function of CRISPR immunity (adaptation, expres-
sion, and target interference). On the other hand, Class II
includes the types II, V, and VI that has a single subunit
crRNA-effector module (Makarova et al. 2015). Three types
(I, I, and V) target/damage foreign DNA only; type VI mod-
ulates RNA only; whereas type III targets both RNA and
DNA (Wang et al. 2019).

CRISPR systems are less common in bacteria than
archaea as they were detected in approximately 50% and
87% of bacterial and archaeal genomes, respectively
(Makarova et al. 2013). Type I CRISPR system is equally
distributed in both archaea and bacteria with complete single
unit loci, whereas type IV and type V CRISPR systems are
less common in both of them (Makarova et al. 2015). Type
IIT CRISPR system is more profuse in archaea than bacte-
ria, which possess type II systems chiefly (Makarova et al.
2015). CRISPR/Cas systems are present in Gram-positive
and Gram-negative bacteria (Louwen et al. 2014). Fur-
ther classification of these systems into subtypes has been
adopted in bacteria harboring such systems. For example, in
S. pyogenes, two CRISPR subtypes: type I-C (Class I) and
II-A (Class II) were detected (Nozawa et al. 2011).

In bacteria, CRISPR/Cas system plays a substantial role
by providing resistance against plasmid transformation and
invading viruses like bacteriophages (Barrangou et al. 2007,
Marraffini and Sontheimer 2008). CRISPR/Cas cassettes
harbor various loci that can uptake spacers from invading
bacteriophages and hence provide immunity against recur-
rent infection by the same virus. It also can obtain spacers
from self-replicating plasmids carrying antibiotic resist-
ance determinants, leading to cleavage of plasmids (Gar-
neau et al. 2010). CRISPR/Cas systems were correlated
with the expression of some virulence genes in bacteria. In
Pseudomonas aeruginosa, for example, it was proven to be
important in swarming motility used. Zone of inhibition and
biofilm formation that are significant features of P. aerugi-
nosa pathogenicity (Palmer and Whiteley 2011).
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P. aeruginosa is an opportunistic microbe and a domi-
nant cause of serious infections particularly in hospitalized
and immunocompromised patients (Eladawy et al. 2021). It
has been held responsible for several infections in the lungs
(pneumonia), implants, and wounds, in addition to hospital-
acquired infections (Lima et al. 2017). Three subtypes of
type I CRISPR/Cas system were identified in the genomes
of P. aeruginosa strains (Fig. S1): I-C, I-F1, and I-E (Cady
et al. 2011; van Belkum et al. 2015). It was documented
that the subtype I-F1 has the main function as an immune
system, providing immunity against numerous viruses
including bacteriophages (Cady et al. 2012). The stand-
ard P. aeruginosa strain PAO1 does not have a CRISPR/
Cas system but the PA14 strain has a type I-F1 CRISPR
system (Jeukens et al. 2014). Interestingly, the genomes of
P. aeruginosa, which contain CRISPR/Cas systems, were
relatively smaller than those missing CRISPR/Cas systems
(van Belkum et al. 2015).

According to our knowledge, there is no established PCR-
based method for detection and differentiation between the
known subtypes of type I CRISPR/Cas system in P. aerugi-
nosa. Therefore, our current study aims to establish a novel
detection method for different subtypes of the CRISPR/Cas
system in P. aeruginosa. Moreover, the correlation between
the existence of CRISPR systems in the bacterial isolates
and both the antimicrobial susceptibility to different antimi-
crobial agents and biofilm-forming capacity was assessed.

Materials and methods
Collection of clinical P. aeruginosa isolates

All clinical samples were collected under the approval of
Research Ethics Committee (Faculty of Pharmacy, Man-
soura University, Egypt) with the ethical code 2020-80.
Participants in this work have signed informed consents. The
collection of clinical isolates, from Mansoura hospitals, took
place for 7 months (June-December 2020).

Bacterial isolates were identified as P. aeruginosa
employing adequate microbiological laboratory techniques
(Collee et al. 1996; Mackie 2006) by streaking on cetrim-
ide agar media and the resulting colonies were examined
after Gram staining under a microscope. Other confirmatory
identification tests included testing for their ability to grow
at 42 °C and oxidase and catalase production, in addition to
the detection of the characteristic sweetish odor and green
pigment after cultivation on cetrimide agar plates. For long-
term storage, purified isolates were cultured in Muller Hin-
ton Broth (MHB) medium and then preserved in the MHB
containing glycerol (20% v/v) at— 80 °C. In all experiments,
PAO1 was employed as a reference strain of P. aeruginosa.
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Design of specific primers for different subtypes
of CRISPR systems

Genes’ sequences (25 sequences for each gene, Table S1)
belonging to different CRISPR-Cas cassettes of reported
subtypes of P. aeruginosa were recovered from GenBank
and subjected to alignment via the multisequence alignment
program (Clustal Omega) that is provided by EMBL-EBI
website (Goujon et al. 2010; McWilliam et al. 2013; Sievers
et al. 2011). For further analysis of aligned sequences and
detection of conserved regions, the Jalview program was

used (Waterhouse et al. 2009).

Different primers were designed at different conserved
regions of different genes after fulfilling the criteria of
optimum GC% (40-60%) and minimal probabilities of
hairpin and primer dimer formation. Later on, primers
fulfilling the previous criteria were further subjected to
bioinformatic analysis via blast against the whole genomes
of P. aeruginosa species using the free blast tool provided
by the National Center for Biotechnology Information.
Only primers showing specific binding with P. aerugi-
nosa genomes were selected for further PCR experiments.
Accordingly, primer pairs were selected for the following
genes in each subtype’s CRISPR/Cas cassette: cas5, cas7,

Table 1 Primers used for detection of CRISPR/Cas subtypes in P. aeruginosa clinical isolates

CRISPR- Gene Primer name_  Sequence (5'-3") Binding position Annealing tem- ~ Amplicon Primer design
Cas (size in bp)  forward (f) or in the gene perature size (bp)
subtype reverse (r) °C)
I-C cas7 (870)  C-Cas7_f GCTGAATAACCAGCA 222-244 53 318 This study
CAAACAGG
C-Cas7_r GCCGTAAGGCACGAT 520-540 53
GTGCTT
cas8 (1794) C-Cas8-f TCAACCATTTGTTGCGTC  737-758 53 274 This study
GCGA
C-Cas8-r ATTGGGCGCCAGCCC 990-1011 53
TAACACA
cas5 (675)  C-Cas5_f TGAATCTGGTCGAGG 281-302 53 283 This study
AGGATCG
C-Cas5_r CATCCAGCCCAGATCACG  544-564 53
CTC
I-E cas5 (662)  E-Cas5-f CCGTTTTGACGAGCG 57-77 53 582 This study
CGACAC
E-Cas5-r ATCCGCGACTCCCGA 620-639 53
GCGTA
cas7 (1142) E-Cas7_f ATACCGGAGCGCCCA 65-85 54 1073 This study
AGGATG
E-Cas7_r CTCCCAGACGGCTGG 1118-1138 54
AAACCT
casll (531) E-Casll_f GAACATCCTTTCATCGGC 13-34 53 518 This study
CATC
E-Casll_r TCAATCCTTGTGAAGGGA 510-531 53
GGTG
I-F1 cas7 (1029) F-Cas7_f ACACCCTCAAGGTCCGCT  266-287 55 763 This study
TCAC
F-Cas7_r TTACTTCTCTTCGGCTTC  1007-1029 55
ACCGA
cas5 (984)  F-Cas5_f CGCCTGTCCATCCAGAAC  40-61 55 829 This study
GCCA
F-Cas5_r AGCCATTCGCCCAGA 911-932 55
CCGAAGA
cas8 (1305) F-Cas8_f CTGTCCGATAACGCCGAA 433454 55 842 This study
CAGG
F-Cas8_r GAACATCGTCAGTTCCTT 1254-1275 55
GCTC
bp: base pair
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and cas8 genes for subtypes I-C and I-F1 in addition to
cas3, cas7, and casl1 genes for subtype I-E (Table 1). The
alignment of the conserved regions for primer design of
the previously mentioned target genes is shown in Fig. 1.
Full alignments of the whole sequences of these genes are
demonstrated in Fig. S2.

Singleplex and multiplex PCR detection of CRISPR/
Cas subtypes in P. aeruginosa

The whole genome extracts of different isolates of P. aerugi-
nosa were extracted by colony PCR as described previously
(Eladawy et al. 2021; Englen and Kelley 2000). Briefly,

isolates were cultured in MHB overnight and then streaked
on cetrimide agar plates. A single separate colony from each
isolate was suspended in nuclease-free water (50 pl) and
boiled for 10 min. The suspension of the heat-lysed cells was
centrifuged, and the supernatant (containing DNA extract)
was kept at — 80 °C till further investigation.

Each of the three selected genes of each CRISPR/
Cas subtype in P. aeruginosa was detected by conven-
tional singleplex PCR in the collected isolates using the
designed primer pairs (Table 1). Each PCR reaction mix-
ture included the following: 10 pl of 2 X Dream Taq™
Green PCR Master Mix (Thermo Scientific, USA), 0.8 pl
of forward/reverse primers each (10 pM), DNA extract
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(volume containing 50 ng), and finally the mixture vol-
ume was adjusted to 20 pl. A negative control tube was
incorporated in all PCR experiments using DNA extract of
PAOL1 strain. PCR conditions comprised an initial step of
denaturation (95 °C/5 min), then 35 cycles of denaturation
(95 °C/30 s), annealing (specific temperature for pairs of
primers as demonstrated in Table 1/30 s), and extension
(72 °C/60 s). At last, the reaction was concluded by a final
extension (72 °C/5 min). Successful amplification of target
PCR products, according to the amplicons’ size in Table 1,
was assured by agarose gel electrophoresis employing
1.5% gels containing ethidium bromide followed by visu-
alization using a gel documentation system (Acculab).

Multiplex PCR technique was implemented for the
detection of the CRISPR/Cas subtypes of P. aeruginosa
in a single reaction tube. For such purpose, 3 strategies
were followed in our study.

The 1% strategy: included the use of a mixture of primer
pairs (Mix1) that are designed for amplification of cas5
gene in the three different subtypes; I-C (amplicon size:
283 bp), I-E (amplicon size: 582 bp), and I-F1 (ampli-
con size: 829 bp).

The 2™ strategy: a mixture of primer pairs (Mix2) that are
used for amplification of cas7 gene in the different three
subtypes; I-C (amplicon size: 318 bp), I-E (amplicon size:
1073 bp), and I-F1 (amplicon size: 763 bp) were used.
The 3" strategy: primer pairs’ mixture (Mix3) for the
amplification of cas8 gene (subtypes I-C and I-F1) and
casll (subtype I-E) with expected amplicon sizes of
274, 842, and 518 bp for cas8 (subtype I-C), cas8 (sub-
type I-F1), and casi1 (subtype I-E), respectively.

The efficiency of the three strategies was evaluated in
randomly selected CRISPR/Cas-positive isolates (3 posi-
tive isolates from each subtype).

Sequencing

A representative isolate from each CRISPR/Cas subtype
was selected for sequencing of the three target genes of each
subtype in this study. For such step, targeted genes were
amplified employing Phusion High-Fidelity DNA Poly-
merase (Thermo Scientific, Scientific Inc.) and utilizing the
specified primers in Table 1. PCR reactions were prepared
based on the manufacturer’s recommendations. Purification
of the target amplicons was performed via a gel extraction
kit (Qiagen, Hilden, Germany). After purification, amplicons
were shipped to Sigma Scientific Service Technical Support
(Cairo, Egypt) for sequencing using Applied Biosystems
3500 XL Genetic Analyzer employing the reverse primers
designed for each target gene. The chromatograms of the

partial DNA sequences of the target genes were visualized
and analyzed using the FinchTV program.

Antimicrobial sensitivity of bacterial isolates

Antimicrobial susceptibility pattern of the 32 CRISPR/Cas-
positive P. aeruginosa isolates and 32 randomly selected
CRISPR/Cas-negative isolates from the same sources was
conducted using the Kirby-Bauer disc diffusion technique
(Bauer 1966). Susceptibility to various groups of antimi-
crobial agents was examined; therefore, antibiotic discs
(Bioanalyse®, Turkey): piperacillin (100 pg), piperacillin-
tazobactam (100/10 pg), ceftazidime (30 pg), cefepime
(30 pg), amikacin (30 pg), imipenem (10 pg), meropenem
(10 pg), ciprofloxacin (5 pg), and levofloxacin (5 pg) were
used. Zone of inhibition diameter was determined and eluci-
dated in accordance with Clinical and Laboratory Standards
Institute guidelines (CLSI 2021).

Biofilm detection by tissue culture plate method

The capacity of biofilm formation among the 32 CRISPR/
Cas-positive P. aeruginosa isolates and the randomly selected
32 CRISPR/Cas-negative isolates was examined in vitro
using the tissue culture plate method under static conditions
as previously described (Stepanovi¢ et al. 2000). In brief,
isolates were cultured in tryptic soy broth complemented
with 1% anhydrous glucose (TSBG) and incubated at 37 °C
overnight. Using the TSBG medium, bacterial cultures were
adjusted at 600 nm to 0.2. Then, the adjusted cultures were
transferred to a 96-well microtitre plate (100 pl/well, 4 wells/
isolate). Following overnight incubation at 37 °C, bacterial
cultures (from every well) were gently withdrawn and the
microtitre plate was rinsed 3 times with phosphate-buffered
saline (PBS, 200 pl/well) to discard non-adherent cells. The
plate was dried in air, followed by adding 150 pl absolute
methanol for fixation of the adherent cells. After the aspira-
tion of methanol, the adhered biofilm was stained using 1%
crystal violet (150 pl/well) for 20 min. To remove excess
dye, the plates were washed gently three times using dis-
tilled water then the plates were kept inverted in the air until
dry. Approximately 150 pl of glacial acetic acid (33% V/V)
was transferred to each well for solubilization of the stained
biofilm. Then, OD (at 540 nm) was assessed by means of
ELx808™ Absorbance Microplate Reader (BioTek Instru-
ments Inc., Winooski, VT). Negative control of medium only
was included in each experiment (Di Domenico et al. 2016;
Eladawy et al. 2020; Perez et al. 2011).

To evaluate the biofilm-forming capacity of P. aerugi-
nosa isolates, the mean optical density (ODi) of the bac-
terial isolate was determined. A cutoff value (ODC) was
estimated as three standard deviations over the negative
control’s mean OD. Isolates were considered non-biofilm
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producers (ODi <ODC), weak producers (ODC <ODi<2
ODC), moderate producers (2 ODC <ODi <4 ODC), and
strong producers when (4 ODC < ODi) (Lima et al. 2017;
Stepanovié et al. 2000).

Statistical analysis

Comparison of frequencies of distribution of CRISPR/Cas
system and its subtypes, antimicrobial susceptibility, and
biofilm formation capacity among P. aeuginosa isolates were
evaluated via chi-square test or Fisher’s exact test (P <0.05).
Data was assessed via SPSS software (version 20.0; SPSS,
Chicago, IL, USA).

Results

Isolation and identification of P. aeruginosa

In our work, 122 isolates of P. aeruginosa were collected

from Mansoura hospitals for 7 months (June-December
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Fig.2 Detection of cas genes of different subtypes of CRISPR/
Cas systems in P. aeruginosa clinical isolates. Lane M: DNA lad-
der (100 bp ladder plus SM0321). Lane C: negative control (PAO1
strain). Lanes 5, 7, 8, 11: refer to the detection of cas5, cas7, cas8,
and casl 1 respectively. A Detection of cas5 (283 bp), cas7 (318 bp),
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2020). P. aeruginosa isolates were recovered from diverse
clinical resources including: urinary tract infections (60
isolates), respiratory tract infections (13 isolates), wound
exudate (24 isolates), blood (15 isolates), and other sources
(10 isolates) like contact lenses, burns, and vaginal swabs
samples (Table S2).

Singleplex and multiplex PCR detection of CRISPR/
Cas subtypes in P. aeruginosa

Conventional singleplex PCR indicated that 32 isolates
harbored CRISPR/Cas systems. CRISPR/Cas-positive
isolates were named using a capital letter referring to the
detected subtype (C, E, or F1) followed by “c” (for clini-
cal isolate) and lastly the number of the isolate, whereas
CRISPR/Cas-negative isolates were given the name Nc
tracked with the number of the isolate as mentioned in
Table S2. CRISPR/Cas subtype I-C was detected in 10
isolates (Fig. 2A), while 9 isolates contained the subtype
I-E (Fig. 2B) and 13 isolates harbored the subtype I-F1

c) Fcl Fc2 Fc3 Fc4 Fc5
7 8 5 7 8 5 7 8 5 7 8

5 7 8
bp
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Fcll Fcl2 Fcl3
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and cas8 (274 bp) genes in 10 clinical isolates of subtype I-C. B
Detection of cas5 (582 bp), cas7 (1073 bp), and casi1 (518 bp) genes
in 9 clinical isolates of subtype I-E. C Detection of cas5 (829 bp),
cas7 (763 bp), and cas8 (842 bp) genes in 13 clinical isolates of sub-
type I-F1
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Fig.3 Agarose gel electrophoresis for cas5, cas7, and cas8/casll
genes of 9 randomly selected CRISPR/Cas-positive clinical iso-
lates (3 positive isolates from each subtype). Lane M: DNA ladder
(100 bp ladder plus). Lane C: negative control (PAO1 strain) with no
CRISPR-Cas subtype), bp: base pair. For Mix1 primers: amplicons’
size of cas5 genes in subtypes I-C, I-E, and I-F1 are 283, 582, and
829 bp, respectively. For Mix2 primers: amplicons’ size of cas7 genes
in subtypes I-C, I-F1, and I-E are 318, 763, and 1073 bp, respectively.
For Mix3 primers: amplicons’ size of cas§ genes in subtypes I-C and
I-F1 are 274 and 842 bp respectively and that of cas/] gene in sub-
type I-E is 518 bp

(Fig. 2C). Each of the three selected genes (cas5, cas7, and
cas8) of CRISPR/Cas subtypes I-C and I-F1 was detected
in a separate PCR reaction for each isolate as shown in
Fig. 2A and 2C. The cas5, cas7, and Casll genes were
detected in each isolate harboring the CRISPR/Cas sub-
type I-E as demonstrated in Fig. 2B.

Multiplex PCR was evaluated for its efficiency to detect
the CRISPR/Cas subtype of P. aeruginosa in a single reac-
tion. This was performed for all CRISPR/Cas-positive iso-
lates using the primer mixtures: Mix1, Mix2, and Mix3. All
primer mixtures specifically detected the CRISPR/Cas sub-
type, as determined in singleplex PCR, and representative
samples are shown in Fig. 3. In multiplex PCR, CRISPR/
Cas-negative strain (PAO1) was also included in the mul-
tiplex PCR experiments and did not show any interference
with any of the adopted primer mixtures (Fig. 3).

Sequencing

The obtained partial sequences of the amplified genes in
the CRISPR/Cas subtypes I-C, I-E, and I-F1 were success-
fully identified as the corresponding expected genes (100%
identity) using the BLASTN search, on the NCBI website,
against P. aeruginosa genome. Accordingly, the obtained
sequences were uploaded to DDBJ/EMBL/GenBank data-
base. The partial sequences of cas5, cas7, and cas8 genes in
the isolates Cc5, Cc9, and Cc4 (subtype I-C) were given the
accession numbers LC685202, LC685203, and LC685204,
respectively, while those of cas5, cas7, and cas8 genes in
the isolates Fc4, Fc2, and Fc5 (subtype I-F1) got the acces-
sion numbers LC685205, LC685206, and LC685207, recep-
tively. Finally, the partial sequences of cas5, cas7, and casl I
genes in the isolates Ec5, Ec8, and Ec2 (subtype I-E) were
given the accession numbers LC685208, LC685209, and
LC685210, respectively.

Antimicrobial sensitivity of bacterial isolates

The highest percentage of antibiotic resistance among
CRISPR/Cas-positive isolates was observed for ceftazi-
dime (100%) followed by cefepime (96.9%). While, the
lowest percentage of resistance was detected against amika-
cin (18.7%), ciprofloxacin, and levofloxacin (21.9% each).
Furthermore, the highest percentage of antibiotic resistance
among CRISPR/Cas-negative isolates was noticed with cef-
tazidime (84.4%) followed by piperacillin (78.1%). While
the lowest percent was observed with piperacillin-tazobac-
tam (18.7%) and amikacin (21.9%) as shown in Table 2 and
Table S2.

Statistical analysis indicated a significant correlation
(P <0.05) between the susceptibility of clinical isolates to
piperacillin and the presence/lack of the CRISPR/Cas system
(Table 2). Higher sensitivity to piperacillin was observed
among CRISPR/Cas-positive isolates (75%) in comparison
with CRISPR/Cas-negative ones (21.9%). Moreover, the use
of tazobactam in combination with piperacillin did not affect
the sensitivity among CRISPR/Cas-positive strains while it
increased the sensitivity among CRISPR/Cas-negative iso-
lates (81.3%). There is no significant correlation between
CRISPR/Cas subtypes and susceptibility to different anti-
microbials tested (Table 2).

Biofilm detection by TCP method

CRISPR/Cas-positive P. aeruginosa clinical isolates were
categorized according to biofilm formation capacity into
strong producers (18.8%), moderate producers (40.6%), and
weak producers (25%). A low percent of these isolates did
not produce biofilm (15.6%). In contrast among CRISPR/
Cas-negative isolates, the highest percent were weak and
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Table 2 Correlation between antimicrobial susceptibility of P. aeruginosa clinical isolates and the presence of CRISPR/Cas system (A) and its

subtypes (B)

A)
Clinical Pi illin /
] . tmica Piperacillin 'peractiin Ceftazidime Cefepime Imipenem Meropenem Amikacin Ciprofloxacin | Levofloxacin
< isolates Tazobactam
3 s R s R s R s R s R s R s R s R s R
< 3
° ¥ cas+ 32 24 8 24 8 0 32 31 24 8 24 8 26 6 25 7 25 7
2 (75) (25) (75) (25) 0) (100) @3 (96.9) (75) (25) (75) (25) 813) | (187 | (78.1) | (21.9) | (78.1) | (21.9)
E CAS- (32) 7 25 26 6 5 27 21 11 23 9 24 8 25 7 23 9 22 10
4 (21.9) (78.1) | (81.3) | (18.7) | (15.6) | (84.4) | (65.6) | (34.4) | (71.9) | (28.1) (75) (25) (78.1) | (1.9 | (71.9) | @8.1) | (68.7) | (31.3)
Statistical Fisher exact test | Fisher exact Fisher exact Fisher exact Fisher exact Fisher exact Fisher exact Fisher exact Fisher exact
analysis statistic value is test statistic test statistic test statistic test statistic test statistic test statistic test statistic test statistic
Y <10, value is 0.8. value is 0.1. value is <1075, value is 1. value is 1. value is 1. value is 0.8. value is 0.6.
B)
) - Piperacillin / . . . o . . .
CRISPR-Cas subtypes | Piperacillin Tazobactam Ceftazidime Cefepime Imipenem Meropenem Amikacin Ciprofloxacin | Levofloxacin
Z
(Number of isolates) S R S R S R S R S R S R S R S R S R
Subtype I-C (10) 7 3 7 3 0 10 1 9 7 3 7 3 7 3 8 2 8 2
Subtype I-E (9) 7 2 7 2 0 9 0 9 7 2 7 2 7 2 7 2 7 2
Subtype I-F1 (13) 10 3 10 3 0 13 0 13 10 3 10 3 12 1 10 3 10 3
Chi-square Chi-square Chi-square Chi-square Chi-square Chi-square Chi-square Chi-square Chi-square
Statistical Iysi statistic is 0.2. | statistic is 0.2. | statistic is 0. statistic is 2.3. | statistic is 0.2. | statistic is 0.2. | statistic is 1.9. | statistic is 0.1. | statistic is 0.1.
alistical analysis The p-value is | The p-value is | The p-valueis | The p-valueis | The p-valueis | The p-valueis | The p-value is | The p-value is | The p-value is
0.9. 0.9. 1. 0.3. 0.9. 0.9. 0.4. 0.9. 0.9.

R: resistant, S: sensitive

non-biofilm producers (37.5% each), the lowest percent of
isolates were strong producers about 9.4%, and 15.6% of the
isolates were moderate producers (Table 3 and Table S2).
Statistical analysis indicated a significant correlation
(P <0.05) between biofilm-forming capacity and the exist-
ence of CRISPR systems in clinical isolates of P. aeruginosa
(Table 3). Most of the CRISPR/Cas-positive strains were
strong/moderate biofilm producers in contrast with CRISPR/
Cas-negative isolates that were weak or non-biofilm pro-
ducers. CRISPR/Cas subtypes did not have a significant

correlation with biofilm formation. Biofilm-forming capac-
ity was nearly the same in the three subtypes (Table 3).

Discussion

Studies that detected CRISPR/Cas systems in isolates of
P. aeruginosa utilized computational approaches such as
CRISPRCasFinder to detect CRISPR subtypes in sequenced
genomes via [llumina sequencing (Silveira et al. 2020; van

Table 3 Correlation between biofilm formation capacity of P. aeruginosa clinical isolates and the presence of CRISPR/Cas system (A) and its

subtypes (B)

A)
Clinical
is;;;ltcjs Non Weak Moderate Strong Non Weak Moderate/Strong
CAS+(32) 5 (15.6%) 8 (25%) 13 (40.6%) | 6 (18.8%) 5 (15.6%) 8 (25%) 19 (59.4%)
CAS- (32) 12 (37.5%) | 12(37.5%) | 5(15.6%) 3(9.4%) 12 (37.5%) | 12 (37.5%) 8 (25%)
Statistical Chi-square statistic is 8.2. Chi-square statistic is 8.1.
analysis The p-value is 0.04. The p-value is 0.02.
(B)
CRISPR-C b
s SI.I types Non Weak | Moderate | Strong Non Weak Moderate/Strong
(Number of isolates)
Subtype I-C (10) 2 3 3
Subtype I-E (9) 0 2 4
Subtype I-F1 (13) 3 3 6
L. . The chi-square statistic is 4.4. The chi-square statistic is 2.9.
Statistical analysis A .
The p-value is 0.6. The p-value is 0.6.
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Belkum et al. 2015; Wheatley and MacLean 2021). CRIS-
PRCasFinder is a software program that can be used for the
prediction of CRISPR arrays and their associated proteins
(Couvin et al. 2018). To our knowledge, there are no specific
primers that can exclusively detect CRISPR/Cas systems and
their subtypes in P. aeruginosa via PCR. Therefore, we were
interested in designing specific primers for the detection of
known CRISPR systems in P. aeruginosa via traditional
PCR rather than expensive techniques of complete genome
sequencing.

Not all strains of P. aeruginosa species harbor CRISPR
systems (van Belkum et al. 2015). Type I system, to which
the three common subtypes in P. aeruginosa belong, can be
distinguished from other types by its signature gene: cas3
(Makarova et al. 2015). However, the selection of cas3 gene
as a target for PCR detection of CRISPR/Cas-positive strains
of P. aeruginosa will be hindered by its high similarity to
other genes, which are not related to CRISPR/Cas system as
helicases (Makarova et al. 2015, 2020).

In P. aeruginosa, subtypes I-C, I-E, and I-F1 include 7,
8, and 7 cas genes respectively (Fig. S1) (Makarova et al.
2020). Type I belongs to class I, whose subtypes can be clas-
sified according to sequence similarity clustering of effector
proteins (Fig. S1) (Makarova et al. 2015). Interestingly, there
is a tremendous difference in those proteins even within each
subtype (Makarova et al. 2015). Therefore, genes in the
effector complex of each subtype were selected as a target
for PCR detection and were investigated for the presence
of conserved regions after the alignment of 25 sequences
for each gene. Moreover, the selected primers in the con-
served regions were blasted against P. aeruginosa genomes
to exclude those showing no specific binding elsewhere in
the genome. Finally, we adopted in this work primers in the
conserved regions of the following genes: cas5, cas7, and
cas8 genes in the subtypes I-C and I-F1, in addition to casJ,
cas7, and casl I genes in the subtype I-E.

It should be mentioned that we could not design a primer
pair that can work for the same effector protein in the three

Fig.4 Number (n) and percent
of PCR-detected CRISPR/
Cas-positive isolates and their
subtypes

CRISPR—Cas
positive isolates:

— Subtype I-C:

—{ Subtype I-E:

s n

— Subtype I-F1:

\ J

known subtypes of CRISPR systems of P. aeruginosa.
The reason for this is that we could not find any conserved
regions for the selection of primers in the aligned sequences
of all the subtypes harboring cas5, cas7, and casS8.

After the successful detection of the selected gene of each
CRISPR/Cas subtype in the CRISPR/Cas-positive isolates
via conventional single PCR (Fig. 2), we were motivated to
identify CRISPR/Cas-positive strains and further detect its
subtype in a single reaction via multiplex PCR. For such
purpose, we kept in mind, initially when selecting final
primer pairs for singleplex PCR detection of genes of each
subtype, that the resulting amplicons would differ in size to
the extent that they can be resolved efficiently by agarose gel
electrophoresis when used in mixtures for multiplex PCR.
Therefore, it is clearly obvious that any of the primers’ mix-
ture (Mix1, Mix2, or Mix3) would precisely and specifically
detect CRISPR/Cas-positive isolates and also its subtype in
a single-step reaction and without interference from PAO!
strain (CRISPR/Cas-negative strain) (Fig. 3).

CRISPR systems were detected in 26.2% of the collected
clinical isolates. In positive CRISPR/Cas subtypes, the most
predominant subtype was I-F1 (40.6%), then I-C (31.3%),
and lastly I-E (28.1%). van Belkum et al. (2015) indicated
that the subtypes I-E and I-F1 are the most common sub-
types found in P. aeruginosa. However, in the last study, the
authors identified the subtype I-C for the first time; there-
fore, it is expected that its rate of detection would increase in
the proceeding studies. A summary of the detected subtypes
in this work is illustrated in the schematic diagram of Fig. 4

An elevated level of resistance to -lactam antibiot-
ics was detected among P. aeruginosa isolates clinically
recovered from diverse sources in Mansoura hospitals,
Egypt. Carbapenems, fluoroquinolones, or aminoglyco-
sides could be employed for the management of infec-
tions caused by p-lactam-resistant isolates. Our results
have indicated higher resistance to piperacillin among
CRISPR/Cas-negative strains compared to CRISPR/Cas-
positive ones (Table 2). Moreover, the use of tazobactam in

n=32 (26.2 % of total clinical isolates)

n=10 (31.3 % of CRISPR—Cas positive
isolates)

n=9 (28.1 % of CRISPR—Cas positive
isolates)

n=13 (40.6 % of CRISPR—Cas positive
isolates)
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combination with piperacillin did not affect the sensitivity
among CRISPR/Cas-positive strains while it increased the
sensitivity among CRISPR/Cas-negative isolates indicating
the production of serine -lactamases among CRISPR/Cas-
negative-resistant isolates that are capable of hydrolyzing
piperacillin that could be acquired through horizontal gene
transfer (HGT).

P. aeruginosa could develop resistance to various groups
of antimicrobial agents through HGT or modification/
mutation of the target site. HGT has an essential role in
microorganism evolution and spread of resistance genes
against different antimicrobial agents and is a main cause
of genome expansion. Mobile genetic elements in P. aerug-
inosa transmit a wealth of genes that have been implied in a
range of attributes including virulence formation (Louwen
et al. 2014), xenobiotics degeneration, and antimicrobial
resistance (van Belkum et al. 2015).

CRISPR systems were initially known for their role in
phage defense through inhibition of lysogenic conversion
that is a principal mechanism of HGT. Later on, CRISPR/
Cas systems were recognized for targeting other mobile
genetic elements including plasmids or transformed DNA
or integrative conjugative elements (Silveira et al. 2020;
van Belkum et al. 2015; Wheatley and MacLean 2021).
A previous study has indicated that strains of P. aerugi-
nosa harboring CRISPR systems have considerably smaller
genome sizes along with lowered mobile sulphonamide
resistance genes (Shehreen et al. 2019).

Recent studies have indicated that strains carrying
CRISPR/Cas systems are characterized by smaller genome
sizes and elevated GC content indicating that they hamper
the transfer/gain of mobile genetic elements. The majority
of strains harboring CRISPR systems have spacers target-
ing ICE and the conserved machinery for conjugative trans-
fer of ICE and plasmids. Moreover, genomes harboring
CRISPR/Cas systems have lowered the abundance of ICE
and prophages. Remarkably, spacers of CRISPR systems
delineate phages and ICE incorporated into the genome
of strains lacking these systems (Silveira et al. 2020; van
Belkum et al. 2015; Wheatley and MacLean 2021).

In summary, this study provides a novel/innova-
tive method for the detection of CRISPR/Cas-positive
strains of P. aeruginosa via PCR and in a single reaction
tube. We hope that this strategy would help to easily
identify CRISPR/Cas-positive strains of P. aeruginosa.
We believe that such convenience in identification will
contribute to a better understanding of the correlational
studies between the existence of CRISPR systems in P.
aeruginosa and other characters of such pathogens, e.g.,
virulence, antibiotic resistance, and adaptation to envi-
ronmental stress.

@ Springer

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00253-022-12144-1.

Author contribution RB, ME, and HSS designed the general protocols
of work. MS collected the bacteria and performed the practical experi-
ments. MS demonstrated the results in tables. ME and HSS performed
the bioinformatic and statistical analysis. The manuscript was written
by MS, ME, and HSS. Revision of the manuscript was carried out by
RB, ME, and HSS. All authors read and approved the manuscript.

Funding Open access funding provided by The Science, Technology &
Innovation Funding Authority (STDF) in cooperation with The Egyp-
tian Knowledge Bank (EKB).

Data availability All data generated and analyzed during this study are
included in this article and its supplementary information files.

Declarations

Ethics approval This work was approved by Research Ethics Com-
mittee (Pharmacy faculty, Mansoura University) with the ethical code
2020-80. All experiments in the study involving human participants
were in accordance with the 1964 Helsinki declaration and its later
amendments. Consents were obtained from all participants included
in the study.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Barrangou R (2013) CRISPR-Cas systems and RNA-guided interfer-
ence. Wiley Interdiscip Rev: RNA 4(3):267-278. https://doi.org/
10.1002/wrna.1159

Barrangou R, Fremaux C, Deveau H, Richards M, Boyaval P,
Moineau S, Romero DA, Horvath P (2007) CRISPR provides
acquired resistance against viruses in prokaryotes. Science
315(5819):1709-1712. https://doi.org/10.1126/science.11381
40

Bauer A (1966) Antibiotic susceptibility testing by a standardized sin-
gle disc method. Am J Clin Pathol 45:149-158

Cady K, White A, Hammond J, Abendroth M, Karthikeyan R, Lalitha
P, Zegans M, O’Toole G (2011) Prevalence, conservation and
functional analysis of Yersinia and Escherichia CRISPR regions in
clinical Pseudomonas aeruginosa isolates. Microbiology 157(Pt
2):430. https://doi.org/10.1099/mic.0.045732-0


https://doi.org/10.1007/s00253-022-12144-1
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/wrna.1159
https://doi.org/10.1002/wrna.1159
https://doi.org/10.1126/science.1138140
https://doi.org/10.1126/science.1138140
https://doi.org/10.1099/mic.0.045732-0

Applied Microbiology and Biotechnology (2022) 106:7223-7234

7233

Cady KC, Bondy-Denomy J, Heussler GE, Davidson AR, O’Toole
GA (2012) The CRISPR/Cas adaptive immune system of Pseu-
domonas aeruginosa mediates resistance to naturally occurring
and engineered phages. J Bacteriol 194(21):5728-5738. https://
doi.org/10.1128/JB.01184-12

CLSI (2021) Performance standards for antimicrobial susceptibility
testing, M100, 31st ed. CLSI, Wayne, PA.

Collee JG, Miles R, Watt B (1996) Tests for identification of bac-
teria. Mackie and McCartney Practical Medical Microbiology
14:131-149

Couvin D, Bernheim A, Toffano-Nioche C, Touchon M, Michalik J,
Néron B, Rocha EP, Vergnaud G, Gautheret D, Pourcel C (2018)
CRISPRCasFinder, an update of CRISRFinder, includes a port-
able version, enhanced performance and integrates search for Cas
proteins. Nucleic Acids Res 46(W1):W246-W251. https://doi.org/
10.1093/nar/gky425

Di Domenico EG, Toma L, Provot C, Ascenzioni F, Sperduti I, Prig-
nano G, Gallo MT, Pimpinelli F, Bordignon V, Bernardi T (2016)
Development of an in vitro assay, based on the biofilm ring test®,
for rapid profiling of biofilm-growing bacteria. Front Microbiol
7:1429. https://doi.org/10.3389/fmicb.2016.01429

Eladawy M, El-Mowafy M, El-Sokkary MMA, Barwa R (2020) Effects
of lysozyme, proteinase K, and cephalosporins on biofilm forma-
tion by clinical isolates of Pseudomonas aeruginosa. Interdiscip
Perspect Infect Dis 2020. https://doi.org/10.1155/2020/6156720

Eladawy M, El-Mowafy M, El-Sokkary MMA, Barwa R (2021) Anti-
microbial resistance and virulence characteristics in ERIC-PCR
typed biofilm forming isolates of P. aeruginosa. Microb Pathog
:105042. https://doi.org/10.1016/j.micpath.2021.105042

England WE, Kim T, Whitaker RJ (2018) Metapopulation structure
of CRISPR-Cas immunity in Pseudomonas aeruginosa and its
viruses. Msystems 3(5):¢00075-e118. https://doi.org/10.1128/
mSystems.00075-18

Englen M, Kelley L (2000) A rapid DNA isolation procedure for the
identification of Campylobacter jejuni by the polymerase chain
reaction. Lett Appl Microbiol 31(6):421-426. https://doi.org/10.
1046/j.1365-2672.2000.00841.x

Garneau JE, Dupuis M—E, Villion M, Romero DA, Barrangou R,
Boyaval P, Fremaux C, Horvath P, Magaddan AH, Moineau S
(2010) The CRISPR/Cas bacterial immune system cleaves bac-
teriophage and plasmid DNA. Nature 468(7320):67-71. https://
doi.org/10.1038/nature09523

Goujon M, McWilliam H, Li W, Valentin F, Squizzato S, Paern J,
Lopez R (2010) A new bioinformatics analysis tools framework
at EMBL-EBI. Nucleic Acids Res 38(suppl_2):W695-W699.
https://doi.org/10.1093/nar/gkq313

Ishino Y, Shinagawa H, Makino K, Amemura M, Nakata A (1987)
Nucleotide sequence of the iap gene, responsible for alkaline
phosphatase isozyme conversion in Escherichia coli, and iden-
tification of the gene product. J Bacteriol 169(12):5429-5433.
https://doi.org/10.1128/jb.169.12.5429-5433.1987

Ishino Y, Krupovic M, Forterre P (2018) History of CRISPR-Cas from
encounter with a mysterious repeated sequence to genome editing
technology. J Bacteriol 200(7):e00580-e617. https://doi.org/10.
1128/JB.00580-17

Jeukens J, Boyle B, Kukavica-Ibrulj I, Ouellet MM, Aaron SD,
Charette SJ, Fothergill JL, Tucker NP, Winstanley C, Levesque
RC (2014) Comparative genomics of isolates of a Pseudomonas
aeruginosa epidemic strain associated with chronic lung infec-
tions of cystic fibrosis patients. PLoS ONE 9(2):e87611. https://
doi.org/10.1371/journal.pone.0087611

Koonin EV, Makarova KS (2019) Origins and evolution of CRISPR-Cas
systems. Philos Trans R Soc Lond B Biol Sci 374(1772):20180087—
20180087. https://doi.org/10.1098/rstb.2018.0087

Lima JLdC, Alves LR, Paz JNPd, Rabelo MA, Maciel MAV, Morais
MMCd (2017) Analysis of biofilm production by clinical isolates
of Pseudomonas aeruginosa from patients with ventilator-associ-
ated pneumonia. Rev Bras Ter Intensiva 29:310-316. https://doi.
org/10.5935/0103-507X.20170039

Louwen R, Staals RH, Endtz HP, van Baarlen P, van der Oost J (2014)
The role of CRISPR-Cas systems in virulence of pathogenic bac-
teria. Microbiol Mol Biol Rev 78(1):74-88. https://doi.org/10.
1128/MMBR.00039-13

Mackie T (2006) Mackie & McCartney practical medical microbiology,
14th edn. Churchill Livingstone, New York

Makarova KS, Wolf YI, Koonin EV (2013) Comparative genomics
of defense systems in archaea and bacteria. Nucleic Acids Res
41(8):4360-4377. https://doi.org/10.1093/nar/gkt157

Makarova KS, Wolf YI, Alkhnbashi OS, Costa F, Shah SA, Saunders
SJ, Barrangou R, Brouns SJ, Charpentier E, Haft DH (2015) An
updated evolutionary classification of CRISPR—Cas systems. Nat
Rev Microbiol 13(11):722-736. https://doi.org/10.1038/nrmic
ro3569

Makarova KS, Wolf Y1, Iranzo J, Shmakov SA, Alkhnbashi OS, Brouns
SJ, Charpentier E, Cheng D, Haft DH, Horvath P (2020) Evolu-
tionary classification of CRISPR-Cas systems: a burst of class 2
and derived variants. Nat Rev Microbiol 18(2):67-83. https://doi.
org/10.1038/s41579-019-0299-x

Marraffini LA, Sontheimer EJ (2008) CRISPR interference limits hori-
zontal gene transfer in staphylococci by targeting DNA. Science
322(5909):1843-1845. https://doi.org/10.1126/science.1165771

McWilliam H, Li W, Uludag M, Squizzato S, Park YM, Buso N,
Cowley AP, Lopez R (2013) Analysis tool web services from the
EMBL-EBI. Nucleic Acids Res 41(W1):W597-W600. https://doi.
org/10.1093/nar/gkt376

Nozawa T, Furukawa N, Aikawa C, Watanabe T, Haobam B, Kurok-
awa K, Maruyama F, Nakagawa I (2011) CRISPR inhibition of
prophage acquisition in Streptococcus pyogenes. PLoS ONE
6(5):¢19543. https://doi.org/10.1371/journal.pone.0019543

Palmer KL, Whiteley M (2011) DMS3-42: the secret to CRISPR-
dependent biofilm inhibition in Pseudomonas aeruginosa.J Bac-
teriol 193(14):3431-3432. https://doi.org/10.1128/J1B.05066-11

Perez LRR, Costa M, Freitas ALPd, Barth AL (2011) Evaluation of
biofilm production by Pseudomonas aeruginosa isolates recov-
ered from cystic fibrosis and non-cystic fibrosis patients. Brazil-
ian J Bacteriol 42:476-479. https://doi.org/10.1590/S1517-83822
0110002000011

Shehreen S, Chyou T-y, Fineran PC, Brown CM (2019) Genome-wide
correlation analysis suggests different roles of CRISPR-Cas sys-
tems in the acquisition of antibiotic resistance genes in diverse
species. Philos Trans R Soc Lond B 374(1772):20180384. https://
doi.org/10.1098/rstb.2018.0384

Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, Lopez
R, McWilliam H, Remmert M, Soding J (2011) Fast, scalable
generation of high-quality protein multiple sequence alignments
using Clustal Omega. Mol Syst Biol 7(1):539. https://doi.org/10.
1038/msb.2011.75

Silveira MC, Rocha-de-Souza CM, Albano RM, de Oliveira Santos
IC, Carvalho-Assef APDA (2020) Exploring the success of Bra-
zilian endemic clone Pseudomonas aeruginosa ST277 and its
association with the CRISPR-Cas system type IC. BMC Genom
21(1):1-8. https://doi.org/10.1186/5s12864-020-6650-9

Stepanovi¢ S, Vukovié D, Daki¢ I, Savi¢ B, Svabié-Vlahovié M (2000)
A modified microtiter-plate test for quantification of staphylo-
coccal biofilm formation. J] Microbiol Methods 40(2):175-179.
https://doi.org/10.1016/S0167-7012(00)00122-6

van Belkum A, Soriaga LB, LaFave MC, Akella S, Veyrieras J-B,
Barbu EM, Shortridge D, Blanc B, Hannum G, Zambardi G (2015)

@ Springer


https://doi.org/10.1128/JB.01184-12
https://doi.org/10.1128/JB.01184-12
https://doi.org/10.1093/nar/gky425
https://doi.org/10.1093/nar/gky425
https://doi.org/10.3389/fmicb.2016.01429
https://doi.org/10.1155/2020/6156720
https://doi.org/10.1016/j.micpath.2021.105042
https://doi.org/10.1128/mSystems.00075-18
https://doi.org/10.1128/mSystems.00075-18
https://doi.org/10.1046/j.1365-2672.2000.00841.x
https://doi.org/10.1046/j.1365-2672.2000.00841.x
https://doi.org/10.1038/nature09523
https://doi.org/10.1038/nature09523
https://doi.org/10.1093/nar/gkq313
https://doi.org/10.1128/jb.169.12.5429-5433.1987
https://doi.org/10.1128/JB.00580-17
https://doi.org/10.1128/JB.00580-17
https://doi.org/10.1371/journal.pone.0087611
https://doi.org/10.1371/journal.pone.0087611
https://doi.org/10.1098/rstb.2018.0087
https://doi.org/10.5935/0103-507X.20170039
https://doi.org/10.5935/0103-507X.20170039
https://doi.org/10.1128/MMBR.00039-13
https://doi.org/10.1128/MMBR.00039-13
https://doi.org/10.1093/nar/gkt157
https://doi.org/10.1038/nrmicro3569
https://doi.org/10.1038/nrmicro3569
https://doi.org/10.1038/s41579-019-0299-x
https://doi.org/10.1038/s41579-019-0299-x
https://doi.org/10.1126/science.1165771
https://doi.org/10.1093/nar/gkt376
https://doi.org/10.1093/nar/gkt376
https://doi.org/10.1371/journal.pone.0019543
https://doi.org/10.1128/JB.05066-11
https://doi.org/10.1590/S1517-838220110002000011
https://doi.org/10.1590/S1517-838220110002000011
https://doi.org/10.1098/rstb.2018.0384
https://doi.org/10.1098/rstb.2018.0384
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1186/s12864-020-6650-9
https://doi.org/10.1016/S0167-7012(00)00122-6

7234

Applied Microbiology and Biotechnology (2022) 106:7223-7234

Phylogenetic distribution of CRISPR-Cas systems in antibiotic-
resistant Pseudomonas aeruginosa. Mbio 6(6):e01796-e1815.
https://doi.org/10.1128/mBi0.01796-15

Van der Oost J, Jore MM, Westra ER, Lundgren M, Brouns SJ (2009)
CRISPR-based adaptive and heritable immunity in prokaryotes.
Trends Biochem Sci 34(8):401-407. https://doi.org/10.1016/].tibs.
2009.05.002

Wang F, Wang L, Zou X, Duan S, Li Z, Deng Z, Luo J, Lee SY, Chen
S (2019) Advances in CRISPR-Cas systems for RNA targeting,
tracking and editing. Biotechnol Adv 37(5):708-729. https://doi.
org/10.1016/j.biotechadv.2019.03.016

@ Springer

Waterhouse AM, Procter JB, Martin DMA, Clamp M, Barton GJ
(2009) Jalview Version 2—a multiple sequence alignment editor
and analysis workbench. Bioinform 25(9):1189-1191. https://doi.
org/10.1093/bioinformatics/btp033

Wheatley RM, MacLean RC (2021) CRISPR-Cas systems restrict
horizontal gene transfer in Pseudomonas aeruginosa. ISME J
15(5):1420-1433. https://doi.org/10.1038/s41396-020-00860-3

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1128/mBio.01796-15
https://doi.org/10.1016/j.tibs.2009.05.002
https://doi.org/10.1016/j.tibs.2009.05.002
https://doi.org/10.1016/j.biotechadv.2019.03.016
https://doi.org/10.1016/j.biotechadv.2019.03.016
https://doi.org/10.1093/bioinformatics/btp033
https://doi.org/10.1093/bioinformatics/btp033
https://doi.org/10.1038/s41396-020-00860-3

	Novel PCR detection of CRISPRCas systems in Pseudomonas aeruginosa and its correlation with antibiotic resistance
	Abstract 
	Key points
	Introduction
	Materials and methods
	Collection of clinical P. aeruginosa isolates
	Design of specific primers for different subtypes of CRISPR systems
	Singleplex and multiplex PCR detection of CRISPRCas subtypes in P. aeruginosa
	Sequencing
	Antimicrobial sensitivity of bacterial isolates
	Biofilm detection by tissue culture plate method
	Statistical analysis

	Results
	Isolation and identification of P. aeruginosa
	Singleplex and multiplex PCR detection of CRISPRCas subtypes in P. aeruginosa
	Sequencing
	Antimicrobial sensitivity of bacterial isolates
	Biofilm detection by TCP method

	Discussion
	References


