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Analysis of the gene structure of Pseudomonas aeruginosa CRISPR/Cas system and its relationship with
antibiotic resistance-related genes

LIU Xing-yu',BI Chun-xia®*, CHI Yuan-yuan®’, Han Lu's WANG Meng-yuan', LAN Lei', YAN Zhi-
yong4 " (1. Department of Clinical Laboratory sthe Affiliated Hospital of Qingdao University sQingdao 266000, Shan-
dong »China ;2. Qingdao Municipal Hospital ;3. Women and Children’s Hospital »Qingdao University ;4. Medical Col-
lege of Qingdao University) ™

Objective To explore the gene structure of CRISPR/Cas system in Pseudomonas aeruginosa and its rela-
tionship with drug resistance genes. Methods Collect the complete genome sequences of 95 P. aeruginosa strains from
NCBI and obtain the information of the CRISPR system through the CRISPRs web server. The comparison and analysis
of the repetitive sequence and the cas gene is completed by Clustal W in DN Astar, the phylogenetic tree of casl and cas3 is
completed by MEGA7,and the secondary structure of the repetitive RNA is predicted by RNAfold. Blast the spacer se-
quence with the help of GenBank database to find the homologous gene sequence,and analyze its homologous sequence.
Resistance-related genes is found by gene annotation. The relationship between CRISPR system and antibiotic resistance
genes is tested by chi-square test, P <C0. 05 indicates that the difference is statistically significant Results Among 95
strains of P. aeruginosa ,we found 130 identified CRISPR locus distributed in 58 strains. 43 strains are able to find the
cas gene,with a structurally complete CRISPR system,among these 30 are I-F type,and 7 are I-C type ,6 are I-E type,
others cannot be typed. I-F type can exist in the same strain with I-C type or I-E type at the same time. There are 18
types of repetitive sequences found in 130 CRISPR locus, which are conservative and can basically form a conservative
dumbbell-shaped RNA secondary structure. Different types of CRISPR systems have different cas proteins, but they all
have cas1 and cas3. The phylogenetic tree indicates that the branches of casl and cas3 in the three CRISPR systems are in-
dependent of each other. cas1 and cas3 are relatively conservative and can be used as a basis for typing. The length and

number of spacer sequences in different sites are different. Among the spacer sequencer,526 are homologous to the phage
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sequence and 32 are homologous to the plasmid sequence. The analysis of drug resistance genes showes that the OXA-10

carrier rate of strains with CRISPR system (13. 95%) was higher than that strains without this system (0%) (P =0.018

<C0.05). The Intl1 carrier rate of the strain with the CRISPR system was also higher than that strains without the sys-

tem (P =0.023<70.05).

Conclusion The CRISPR system in the genome of P. aeruginosa is mainly I-F type,and I-E

and I-F CRISPR systems have also been found;Cas1 and cas3 genes are highly conserved in the same type of CRISPR sys-

tem; Foreign genes homologous to the spacer sequence mainly phages,a few are plasmids; Resistance analysis found that

the CRISPR system is related to the carrying rate of certain antibiotic resistance-related genes.

QOGO B Pseudomonas aeruginosa s gene structure; CRISPR/Cas system;antibiotic resistance-related genes

il SR B M ( Pseudomonas aeruginosa s PA) J&
T2 PR AR R WA L R B B B DL Y AR R B TR
Z— Tz A A oK A SO g R NAR RS AR .
TR NN IR BE IR T A2 R 5 L R 7R T 00 B B b A
)77 3% ot H A B P TR AE H L A Ak I B
XFZFPUE R BA KA, & ) 1508 25 0 1)
VN HOAR AR VR 24 05 L © BN B B B A Y
MR EZ — IR TR EY

FILAE WA (8] B Y 0 0] SC &7 9] (clustered regu-
larly interspaced short palindromic repeat, CRISPR)
RAEEAZ A R R 1 MR R AL AR T
0 T R A TR L B A R B Y 1 T LG AE SR
I T A 56 A1 ok 3 TR O R 42 28 1 58 I R e R &
CRISPR/Cas & 4t i cas % [ #% Fl CRISPR [ 31] 4
Ji s S A OB [ i 5 A L TR 8 LS A
CRISPR/Cas #4t 43 111111 B 3 R AEHY, Ay by
A AR 32 SR AR N R IR A TR 3 R Br . Horb L 7R
i B B R GE A i Y Cas 25 PR AN BE PR B8 23 Fr B
1 A F) CRISPR B4 DT AR AT 1 A 87 1 [ B ) 51
11174 240 BT 11 YK 52 3 [m) B Ah ok AR I, 3% 18] B I 51 5 |
ZY R G I 5 Cas & AL 1A 95 BR AE Ok BT,
CRISPR % % J& 40 B 7K F & [ ¥ #% (Horizontal gene
transfer, HGT) [y 5t &, CRISPR % 4t HE 0% 412 {3t %)
PR AP E , I FLAT B Ik 2R 5% 1k Fndg g gk B Al
4 2% L B CRISPR AH G RNA Cer RNA)fE T4k
U 24 95 PR A 3R 3% L W R AER I T 24 B R 1Y I 2P
AHIE S AU I 7 B 4 2% 18P TR CRISPR/Cas & 48
8 73 A1 B B PR 540 IR S T 25 A G BRI YOG R

MR EFE

1 ##

95 Ak i 2 B B M T Y 4 K2 F A L NCBI
(https://www. ncbi. nlm. nih. gov/nucleotide/) ¥
v, Hoh 82 MR C B 5t #E CRISPRs web server
( http://crispr. fr/) CRISPR % #& /&
CRISPRdb #1,

2 A&
2.1 CRISPR AW &L cas KA W 5365 5 2 5 547

u-psud.

CRISPR %t [H Ji 5 % %€ i 14 CRISPRs web server
¢, B A6 L LKA %, dl id CRISPR-Cas
Finder 7EZ A5 % Cas LK 51", Fl | DNAStar #04
1 EditSeq #HX cas & F ¥ 51, Ui 57 511 % H MEGA7
BUMERZEEEW.

2.2 FH Ak CRISPR B & 5 1L
Xt #riE i ClustalW 58 1%, & | CRISPRmap 7F £k 3K
PEHEAT IR 43 . 3 RNAfold #il RNA ¢ 2%
15 K f /) B 1 E (Minimum free energy, MFE) ,

2.3 M A5 RRES S T GenBank i
X ] & 7 0 47 BLAST Fb X, A8 % 5 H: R J8 #9235 A
8 (— BORANE 358 >85 %) » I i H R R 471
2.4 CRISPR 245" AKX R G X 294 EHiTe
FE DR 20 30 v ) R R 3 R A 4R 95 R iR A (1 BR R TR Y
T 245 AH G L DR G5 B P I e il 5 A1 2 B 0 1 i g
SR AR E T B R R R A AR

2.5 %itF o4 R SPSS 13. 0 bt fr it 2%
J3HT. CRISPR R 485 Btk & 24 3k P 22 0] A9 O & oK
X2 K5, P<<0.05 MESASITFE X,

# R

1 A BRBEMEEREA CRISPR REHNHERSH

95 BRA L I CRISPR 2 40 1943 s L 78
MR 204 14> CRISPR L 3, 35 82. 1%, Hoh
58 BR(74.36%0) F &/ 1 A2 i CRISPR 3 [ &,
3 130 AN B FER FE 20 £k (25. 64 Y0) /L &5 ] 5E
FEH A, AEFE R CRISPR 3 K % H A, =
2 ANHY 43 KR 740 1% AN AR B CRISPR 3
JEHAS 22 13K 5 A (PA SCV20265), 95 Kk 4¢ i 5
L TR A R DR 2 P RE R B cas FEIN (BB BYH 43 kR A&
A2 i) CRISPR JE K , BRI AT 25 44 52 %% 1) CRISPR
REG, A7 A, KU IE B EX 58 A B
CRISPR 3 (X J3 1) B R 47 4347
2 SEFBEREEREZAS CRISPR R E R
5458

A7 AEHREN) CRISPR RGP, 43 M@ T 1A,
H130 NN F 81,7 A 1-C #LL,6 Ay TFE B, Hidl
BRI #R ) cas FER R AN RE 40 0, SR A& 8L 1T #UAI 11T



TR R R E M F R E o2l 17 5% 12
Journal of Pathogen Biology Dec. 2022, Vol.17.No. 12

+ 1401 -

RIZEH AL CRISPR &4t. Wtk PA VA-134 H[a] i) £7
76 I-F #f1 1-C % CRISPR & %, 4 # PA SCVFeb,
PA SCVJan F1 PA NHmuc # [f] if 7 76 I-F B fil I-E
% CRISPR 24 (K 1)

I-FR! : [: : [: [: : T elel

PAN17-1

PA M37351
P et G DD B

B> casl [ >cas3 [ csyl [ csy2 [[Dcsy3 [ casb/csyd
[ > cas8c [ cas5 [ cas7 [Dcasd [>cas2 [ csel
[ cse2 [ csed [ cascsdl [ csy4 n DR o spacer

B 1 $AGBEME CRISPR ZEEHREE
Fig. 1 The genetic structure of Pseudomonas aeruginosa
CRISPR system

3 cas BEEBFFI S

TEH SR B B, CRISPR/Cas 2G4 AE casl
il cas3 B K, 7E CRISPR R ¢ 4545 57 14 6] i X 75 2
Casl HEHZ 5, Casl HH A OHEM M Cas3 H 1
MR TR ARG L E A, WS SRR cas
B P ZREEROR SV X cas1 FER P8 64T T
FEXTorir I T REREM (& 2), R EIR,3
Fh2E A CRISPR R cas1 B3 BB ST L 2 HE Ak
FHXT ARSI o0 KL . X cas3 #EAT I AT MR G2k B W
(K 3 EmR,BET PA 19BR #) cas3,cas3 W H BT [H
FE S5 A B A ST 1 3 R ] A8 b 2 57

PAD2IF ST1971

L2
>, &8
P N
(7 1
"8 3
f?,wc &©
] NS
I i
4‘751,2 B“M
Say, e W
Fap, A
2 A-
e srg Sk .
0BV
PAOHSO1 1 g o1 oRAR
PA NeTe10332F

PA SCVJan-1 I-E ST387

PA Nhmuo-11E ST87

\t’ﬁ‘is‘m A
Al O Fsy,
%
X (’
\ LR,
R Y, S7z55
o
P4e
il
P =3 %, e
X Ly
S P TN R % %
<? S & F § =z zz23 8 2 g
F 5 & 8 ¥ 8 % s % %
F & F F 8 EER LY %
< % ¢ £ 8 8 9 3 2
< & N g 0% n oz % %
g g 5 g ®
4 g 2

B2 FARFRBREKRE casl EXHRZEREN
Fig. 2 The phylogenetic tree of Pseudomonas aeruginosa based
on casl gene

3
&

PA DSM50071 |-F

PANCTC10335 1

3
32
<}
)
)
a
IS
8

3 MNARFBEKE a3 EXMNRZELER
Fig. 3 The phylogenetic tree of Pseudomonas aeruginosa based
on cas3 gene

4 EERFIREZREMNSH

TN 5 T LB 7ER) 1> CRISPR i si
NN IN=Di 7S S (-5 SR N 3 N G NG 19
28~32 bp, B EKLIFH] 23 bp (F #k PA BAMC
PA07-48) ,fx K 44 bp (FE % PA NCTC10332), AJH]
Wk EE A M ECH WA, B R EE
CRISPR J:H JBETE PA NCTC10332 th, A 2 > H %
HE T A, 1 EE 75 & 2 W fE PA 19BR.PA
8281.PA 1088.PA 3448 il PA 7790 1, A7 40 A~
BI¥H . 130 Mg AL R T 18 AR EE
JFAN (R D . HFEESE T H Az 5040 T A
PR, BOA —E AR SE IR . ZEAR R A TR B D, H T8
CRYENCR

P HIEE S RNA TR B RNA 20254 . 3F
FERGATE Ty fE i ok B2 v R ¥ AEH . B RNAfold
T 18 Fh A P A 1) 945 # F1 MFE LI 4,18
P 57 50 ¥ AT L g 454 . DR1-13 Fl DR17 7]
TE T RAHABL G P8 5F 19 W28 R RNA 2 2544, v []
B LAETVEPRS A 1A ZEES S RS
il s DR14-16 A1 DR18 JE 1) — g 2548 v, 7E 25 1 —
U A 2 A RPN LA C-G. (2T
K50 5.6.7 A0 HEXF, A R B MFE 45 A4S A
] (0 9 25 4 1) “ 257 il K, MFE B BRI, 25 4 B fa
JE L MRS B R A5 A A T CRISPR & 4t & 4% % 9
YEH
5 ERFIMNLERS T

CRISPR PR 3 v ) 1] B 7 271 2 240 A7 HIR A8 2h
KR FF SR 22T 345 19, BLAST X 43 Hr 4 4% i 24
MiTE CRISPR (1) 2 132 A (8] B 7y 5 (9 [R) 5 P 5 25



. 1402 -

v Em R A Y F L E 2022 4F 12 A 55 17 &5 12 ]
Journal of Pathogen Biology Dec. 2022, Vol.17,No. 12

WRA 526 A~ (24. 67 %0) F R KA FIR LA 32
(1.50%0) 5 B ¥ 81 [ 9. A 1573 A (73, 78000 5 1
b, 2 TR R DR D U, D R I TR AR A 1 4 R B T Y
Wi W K, B Pseudomonas phage YMC/01/01/P52 _
PAE_BP\ Pseudomonas phage phi297. Bacteriophage

o[RBT 2 T i {5 5P AT 1Y SR L LUK Ry
j(ﬁf] 5 T i A T BRI L VD ) R A SO, 3 S 5
KL 45 e B TrbL E’\Jﬁlfhﬁ'ﬂﬂ‘/ﬁ

3?} }; i ,%,} §

-8.77 koal/mol  ~8.77 koal/mol xfm al/mol xmk al/mol wn allmol 0 kot

%é; i"'#“%.. *% A

O10keslimal  910kalimal 910kl ~1600koalimel 1250 knabmol  ~1280ke; v.,.\

s . ‘\L-"’“\lx
777

1280 kealimel  ~1290kealimel  ~1290 kalmol vmu alfmol  ~1430koalimol  ~11.30 koal/mol

4 EEFIIM-REMER

Fig. 4 Secondary structure of repeats

X1 MEBREMENEERT

Table 1 The direct repeats of Pseudomonas aeruginosa
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BT
Repeat sequence bp Number Tpr of
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GTTCACTGCCGTATAGGCAGCTAAGAAA 28 42 IF
GTTCACTGCCGTATAGGCAGCTAAGAAA A 29 1 Uncertain
GTTCACTGCCGTGTAGGCAGCTAAGAAA T 29 1 IF
GTTCACTGCCGTGTAGGCAGCTAAGAAA 28 11 IF
GTTCACTGCCGTACAGGCAGCTAAGAAA 28 5 Uncertain
TTTCTTAGCTGCCTATACGGCAGTGAAC GA 30 1 IF
GATTTCTTAGCTGCCTATACGGCAGTGAAC 30 1 IF
TTTCTTAGCTGCCTA CACGGCAGTGAAC 28 25 IF
TTTCTTAGCTGCCTATACGGCAGTGAAC 28 17 IF
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GTGITCCCCACATGCGTGGGGAT GAACCG 29 2 IE
(IGAGTICGGAT GAUGAACCCAG 23 2 Uncertain
GICGAGCACCACACGGGCGEGIGGATTGAAAC 32 1 Uncertain
CACGGGGAGGGAGCAAGCGGTAGGGCGAAT A “ ) Uncertain

ACGCCCCCAGGCG
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Table 2 The resistance genes in P. aeruginosa genome
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Intll 14 5 0.207 13 6 0.023"
oprD 37 20 0. 345 27 30 0.614

TE: 54 CRISPR RZ4l L P<<0. 05,
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it

VB A 40 B 1) — ol B 1 7 B8 L D . CRISPR &R 48 11
SEF UL R TF R 5 R A 4% 52 6N . CRISPR &%
A DUARPT AN R FE R T 12 A AT RE P i 24 A 56 3
PRI K56 B o 4 2 A8 BP0 A )0 L3500 1 o
e B e B e v A W UL R, X% B CRISPR & 4 1)
WF 55 A7 B B A LT 24 36 DR (R 56 78 5 3045
ABEFERT 95 bk 4l 4 i 5 i 7 CRISPR £ 46 1Y St
SR HEAT AW B T, > 61 %6 1Y S R 4l b & B
T 130 /> CRISPR %E A , b 438 09 R AZ A= 9 b 19 5
TR LB (45 %) R 5 H At 20 57 v A B BBt AS [
W 5E A B (35, 2%0) FLER A (46. 08%6) . LAk, A B
FEAE R, SRR A B CRISPR R4 44 141,
HF% o TF 8, R &A1 BRI B, 75— SU fk
Hh e BRI B T R AS [R) ST 28 R R G 9 A T L AN TR 26 AR
) CRISPR F G & XF A [R] i A8 56 Bt & ¥ 4E A
HHLHI 1 AT 25 . Kunin 25 %12k % CRISPR
BB 38 & B AE — S 20 T v B AT R E N AR
SFI RNA 2450, FEAMEZR 7 515 Cas AW
MHEAEH P RS BEEEH. AU EE T
ATRUE B RNA 4548, T 25 35 45 09 B 558 e I F
CRISPR R4t KR EEH
cas FEF TR IEAE AT (0 5L A P cas
I FEH, A& cas BB A ARG
CRISPR R G R A G TN E . v BEJ2 Il cas HEPHIR Ak
SRR T RE R A B AR B AR R #EE
SEHL ) CRISPR R4, *F casl F cas3 F [R5 #r



POE OB R AW F A&

Journal of Pathogen Biology

2022 4E 12 H
Dec. 2022,

BT B 12 )
Vol. 17.No. 12

+ 1403 -

KB W HE A AE 7] — 28 B ) CRISPR A2 fR5F 19, A

[F 2R cas FEIATA]

TESMIREE K T A AR i FE 58 o A0 oK W T 4R B T
ki b ) — /Bt DNA J¥ %1l B CHij [8] B ¥ 41 » proto-
spacers) B 8 5 B 15 321 19 B K2 P, 8 B 0 1) B
A ARG R TR] B B RS 43 I R A R
() 98, 55 oo v B R 9 ) R 32 A, 2 B4 4 Ml B i
PR A R A A A A I e T A RO A B8 S A
lia) B J 471 5 W T 4K [ O 1 > B X 8 22 R IWZ R ¢
ORI oA o D 7 N B B N S
S0 AL TE A W R AR i M A E G LT B A A T A R
M AAT

H#if . CRISPR/Cas 4fl i# AE FH 1 Il IR 73 25 £k 38 1%
Yok BPE SR R B A Z e . BF g R,
CRISPR/Cas & PH e i) £ 75 5 2 BROR SRAFPESTAE R
T} 245 1 2 6] 7 A . 25 SR S A L 7 DR BRI B A B T
FMM B . H AT, i 20 B CRISPR/Cas R 4t
TEBUA: FARTF LT 25 A HL TR 4 AT 4E . -7 Tk Ji il ik
DR N B2 M T 2R L DX )02 20 A T i) 1 B0 7 ik 1A 4
1, CRISPR £ 4t W A7 AE 18 4 2% IR 52 M0 1 Intll, OXA-
10 B #E4 R T

AT 5 3 B0 i 2 fls B TR B PX 2 v 9 CRISPR
RGIAT TR B 22000 T LA i Ry 18
1B T B R T PR B A A CRISPR & G841 = 19 4k
PR B AR 5T . T 25 BE i 20 B £ 28 THRE
CRISPR Z G¢ 1e1iif 245 75 1 09 4 1 o8 1 fi FLAE TS 245 05
AT (149 A AL a0 24 T SRR e it 4 A3t 1 ORI S %

(5% 3xHk]

[1] Courtois N,Caspar Y, Maurin M. Phenotypic and genetic resist-
ance traits in Pseudomonas aeruginosa strains infecting cystic fi-
brosis patients: a French cohort study[J]. Int ] Antimicrob A-
gents,2018,52(3) :358-364.

(2] RSC,IMEM X KM, 4. 228 i Hil 2% B 20 i T8 B- P Tk e T 19 G
DN Bk 25 P 43 T L0 ], v A B g R e 2 e i, 2020, 30 (2) £ 165-
169.

[3] Ahmadian L, Haghshenas MR, Mirzaei B, et al. Distribution and
molecular characterization of resistance gene cassettes containing
class 1 integrons in multi-drug resistant (MDR) clinical isolates of

Pseudomonas aeruginosal J]. Infect Drug Resist,2020,11(13):
2773-2781.

[4]

(6]

(7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Koonin EV, Makarova KS, Zhang F. Diversity, classification and
evolution of CRISPR-Cas systems[ J]. Curr Opin Microbiol,2017
(37):67-78.

Patterson AG, Yevstigneyeva MS, Fineran PC. Regulation of
CRISPR-Cas adaptive immune systems [ J]. Curr Opini in Micro-
biol,2017(37) :1-7.

Yu ZX, Jiang SP, Wang Y.et al. CRISPR-Cas adaptive immune
systems in Sulfolobales: genetic studies and molecular mechanisms
[J]. Science China(Life Sciences),2021,64(5) :678-696.

Samson JE.Magadan AH.Moineau S. The CRISPR-Cas immune
system and genetic transfers:reaching an equilibrium [J]. Micro-
biol Spectr,2015,3(1) :Plas-0034-2014.

Van Belkum A, Soriaga LB, LaFave MC,et al. Phylogenetic dis-
tribution of CRISPR-Cas systems in antibiotic-resistant Pseudo-
monas aeruginosalJ]. mBio,2015,6(6):e01796-15.

Couvin D, Bernheim A, Toffano-Nioche C,et al. CRISPRCasFind-
er,an update fo CRISPRFinder, includes a portable version, en-
hanced performance and integrates search for Cas proteins[ ] ].
Nucleic Acids Res,2018,46(W1) . W246-W251.

Jiang Y, Yin S, Dudley EG.,et al. Diversity of CRISPR loci and

virulence genes in pathogenic Escherichia coli isolates from vari-

ous sources| J |. Int ] Food Microbiol,2015(204) :41-46.

Zhang M,Bi C,Wang M,et al. Analysis of the structures of con-

firmed questionable CRISPR loci in 325 Staphylococcus genomes

[J]. Basic Microbiol,2019,59(9) :901-913.

Shen JT, Lv L, Wang XD, et al.

CRISPR-Cas systems in Klebsiella genomes[ ] ]. ] Basic Microb,

2017,57(4) :325-336.

Comparative analysis of

Li W,Bian X,Evivie SE,et al. Comparative analysis of clustered
regularly interspaced short palindromic repeats ( CRISPR) of
Streptococcus thermophilus St-1 and its bacteriophage-insensi-
tive mutants (BIM) derivatives[J]. Curre Microbiol, 2016, 73
(3):393-400.

Li Q,Wang X,Yin K,et al. Genetic analysis and CRISPR typing
of Salmonella enterica serovar Enteritidis from different sources
revealed potential transmission from poultry and pig to human
[J]. Int J Food Microbiol,2018(266) :119-125.

Zhu DK, Yang XQ.He Y,et al. Comparative genomic analysis i-
dentifies structural features of CRISPR-Cas systems in Rieme-
rella anatipestifer [J]. BMC Genomics,2016,17 (1) :689.
Jiang W, Maniv I, Arain F,et al. Dealing with the evolutionary
downsides of CRISPR immunity: bacterial and beneficial plas-
mids[J]. PLoS Genet,2013,9(9):e1003844.

Hn, B R E B, 4. CRISPR/Cas RGIRBIAN A i 2517, 4=
AREHAEMR,2018,13 (3):1-8.

[ EHY 2022-08-12 [fEEBHAY 2022-10-19



	2022-12

