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Abstract: [Background] Pseudomonas aeruginosa, a Gram-negative bacterium, is a common
opportunistic pathogen of nosocomial infection. Cyclic di-guanosine monophosphate
(c-di-GMP), a secondary messenger ubiquitous in bacteria, plays a role in regulating the
physiological and biochemical functions of bacteria. PA2072 is a gene involved in c-di-GMP
metabolism in P. aeruginosa PAOI1. [Objective] To investigate the biological functions of
PA2072 in P. aeruginosa PAO1. [Methods] The suicide vectors carrying the full length and
different domains of PA2072 were constructed by common molecular cloning technology.
Three mutant strains of PA2072 were obtained and studied. The swimming, swarming, and
twitching motility, as well as the biofilm formation, of the strains was studied. Congo Red
staining was further employed to determine the c-di-GMP levels of the strains. [Results]
PA2072 mutant strains and complement strains were successfully constructed. The deletion of
PA2072 affected the biofilm formation, and the individual domains of PA2072 also played a
role in biofilm formation. The motility tests showed that PA2072 was involved in the regulation
of bacterial motility. Compared with the wild-type PAO1 strain, PA2072-delected strains
displayed red lawn, which indicated an increased level of intracellular c-di-GMP. [Conclusion]
The deletion of PA2072 affects the phenotypes of P. aeruginosa, which might be because of the
changes in c-di-GMP level. Our work lays a foundation for further characterization of the
biological functions of PA2072.
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R SR B AE 37 °CHY LB ¥ £ (220 r/min)
ol [FARE IR S AR A B 43 B BB (Pseudomonas
isolation agar, PIA)K; 352 B PIFh 5 35 . PIA 1555
B (RSB ENR 45 /Ly WIRLrEE R,
LB [E ARG F= I F MM S4T. Congo Red 0.04 g/L,
2 2 G-250 0.02 g/L,

PUAERWEE . KIBAFIETE LB Higr Skrp il
H 50 ng/mL R K% & (gentamicin, Gm); Hi 4
BB TE LB F SR A 100 pg/mL RN
%% % (carbenicillin, Cb), 7£ PIA RizRILHfH A
150 pg/mL R REEK

Y TR KL K 41 DNA $ B & L Bok B2 BUs
FEr . SRR A L Uk TSGR &, Axygen 2
H); Q5 DNA Polymerase. FRfilTENVINE. T4
DNA #%#, NEB New England Biolabs 7\ A ;
S BT 3 SR B DA AR R I T AL RS S
B A RAF] . HEFR1L, Thermo Fisher 23l ;
PCR f¥, Gene Company Limited /A A ; H 551k
1. BER AR RS, Bio-Rad A +],
1.2 A&
1.2.1 $ALRBREMEMRMRRETEREE

HRAEAE P15 8.2 LU X P 3 i 6 PA2072 A
[ 25 /4, ¥Eit PA2072 42K . CHASE4 i
GGDEF-EAL Z5#yi8iy 3 41 k. FiEs1¥, r
FHT 1) W2 2 o AR s 248 P 256 D] 2 4 2] 6 1 P
VLR S BB PAOT JE[H 4 DNA 15K
A o r R 28 AR Ak AR AN A 1 IR . LA PA2072
K, LA PAO1 gDNA Nk, DL PA2072-F1/
PA2072-R1 F11 PA2072-F2/PA2072-R2 2 ZH5 | ¥%,
535 PCR §7°314 PA2072 48N | T g [R] R
PA2072-1 F1 PA2072-2 i B&(%% 1 000 bp). PCR J2
VA ZR (50 pL): DNA BiH2(150 ng/uL) 2 pL, 5[4 F |
R (10 umol/L)%% 2.5 puL, Q5 DNA polymerase
(2 U/uL) 0.5 puL, QS5 reaction buffer 10 uL, QS5
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Table 1 Strains and plasmids

R JE PR B R AH G AFAE
Materials Genotype and relevant characteristics

A

Source

Wtk Strains
Escherichia coli
DHI10B F-mcrA A(mrr-hsdRMS-mcrBC)A80lacZAM15
AlacX74 recAl araA139

DH5a F-¢80 lac ZAM15A(lacZY A-arg F) LAMpir U169 endA1 recAl

hsdr17(rk—, mk+) supE44A— thi —1
gyrA96 relAl phoA

Pseudomonas aeruginosa

PAO1 Wild type
APA2072 PAO1 knockout mutant PA2072 domain; Gm®
ACHASE4 PAO1 knockout mutant CHASE4 domain; Gm®
AGGDEF-EAL PAO1 knockout mutant GGDEF-EAL domain; Gm®
CAPA2072 (APA2072) complemented strain; Cb®
Cb®
CACHASE4 (ACHASE4) complemented strain; Cb®
CAGGDEF-EAL (AGGDEF-EAL) complemented strain; CbR
CAPAO1 PAO1 complemented strain; Cb®
PAPAO1 PAOI containing the empty vector pUCP20; Cb®
PAPA2072 APA2072 containing the empty vector pUCP20; Cb®
JiUkE Plasmids
pRK2013 Broad-host-range helper vector; Kan®
pEX18GM Broad-host-range gene replacement vector; Gm"
pUCP 20 E. coli-P. aeruginosa shuttle plasmid; Cb®

[10]

Lab collection
This study
This study
This study
This study

This study
This study
This study
This study
This study

Lab collection
Lab collection

Lab collection

Kan®: Kanamycin resistance; Gm®: Gentamicin resistance; Cb®: Carbenicillin resistance.

enhancer buffer 10 uL., dNTPs (0.1 mol/L) 1 pL,

ddH,0 21.5 puL, PCR i 554%: 98 °C 30 s5 98 °C
105,60 °C 30,72 °C 30s,30 MEH; 72 °C 2 min,
PCR =¥y 4lifb il Sac 15 Hind MR, 1%
PR FFEEEIR pEX18GM H, 3= WrkkAk,
2R DH10B Bz S A, Firfs B it
fiti] & PCR ik, 1535k pEX18GM-PA2072,

LA A Bk pEX 18GM-PA2072 B KT # DH10B
VEAUATE, PAOL VESZAATA, ik pRK2013 fEHR
BB, #E17 =Rk 2esc . BRERAE S Gm 1 20%

TEREY PIA PR EA KA B e R 5%, DL YZ
CHASE4-F/YZ PA2072-R “AKHES ¥4 T PCR
K, PCR U4 22 (25 pL): DNA #i42(150 ng/pL)
1uL, 5% F. R (10 umol/L)4% 0.5 uL, Tag DNA
polymerase mix 12.5 uL, ddH,0 10.5 pL, PCR JZ
W &5 98°C 2055 98°C 20s, 60 °C 30's, 72 °C
2 min, 30 MEFF; 72°C 5 min, L FRKIERS,
AT RHBRRAS FFE APA2072, HIMZEAFARF,
DI )5 et B CHASE4 & GGDEF-EAL
) e 2875 i bk ACHASE4 Fl AGGDEF-EAL .,
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Table 2 Sequences of primers used in PCR amplification reactions in this study

519 R4 PN
Primers Sequences (5'—3") Product size (bp)
PA2072-F1 TATCGAGCTCCGACCAGGAGAAGATGGGCATCGCCC 1 000
PA2072-R1 TATCCTGCAGCGATTCGCCATCCTTGTGACCGTATA

PA2072-F2 TATCCTGCAGGCGGGCGTCAGAAGGGCGCACGCGGT 1001
PA2072-R2 TATCAAGCTTCGAGGCCAGGAATGCGCCCAGCGACA

CHASE4-F1 TATCGAGCTCCAAGCCGCAGGTGGCCTATCGCGAGA 1 004
CHASE4-R1 TATCCTGCAGCTTTTCCACGTAGAAATGGCTCTGCT

CHASE4-F2 TATCCTGCAGGCCGGCGGCGCGGCGGGCGACAAGGA 1026
CHASE4-R2 TATCAAGCTTGCCCCGCGGATCGCCGCCGTGCTCCG

GGDEF-EAL-F1 TATCGAATTCCTACGTCTATCTGGGAAACCGGGTCG 1000
GGDEF-EAL-R1 TATCGGATCCGTCGGTGATGTCGGCCGCCGTGCCGC

GGDEF-EAL-F2 TATCGGATCCCTGCGCGATCTGCTGGAGCGCGAGGC 1 000
GGDEF-EAL-R2 TATCAAGCTTCGGCGTTTCGTGCGGCAGGTAGCGGG

YZ PA2072-R CAGTCAGGTCAAATAATCAGTTCAGC 601
YZ CHASE4-F TACTCGATGGAGTTCGTTCGCT 829
YZ CHASE4-R TATCGCTATCCAGCAACTCGTC

YZ GGDEF-EAL-F TTGCCGCTGCTGGGAATCTTCG 925
YZ GGDEF-EAL-R GGTGAAGCCGGTGACCATGGTG

PA2072-C-F CGAGCTACTCGATGGAGTTCGTTCGCTATG 3006
PA2072-C-R TCAAGGCCGGCGCGCAGCATGGCCTTC

TRIZEH: BRI DRI 5. Sac 1: GAGCTC; Pst1: CTGCAG; Hind Ill: AAGCTT; EcoR 1: GAATTC; BamHI:
GGATCC

Underlined sequences: Restriction endonuclease recognition sequences. Sac I: GAGCTC; Pst I: CTGCAG; Hind III: AAGCTT;
EcoR I: GAATTC; BamH 1. GGATCC.

Restriction
PCR products o Recombinant plasmid
PA2072-1 mem PA2072

PA2072-2 w— - mesmmm  Ligation r \

- Restriction a ‘

cnzyme

‘ J pEX18GM-PA2072

pEX18GM pEX18GM
plasmid

pEX18GM-PA2072
Screen

Muta_mt Three p‘tjrfam _sﬂ'am y, PAOI
strain hybridization

pRK2013 plasmid

1 BRRTERBAERE

Figure 1 Flowchart of knockout mutant strains construction.
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DL PA2072 g 5], 75 A 5 B v ) oty | 5
B PA2072 JER B b TR IT A, it [k
19, TSI R 1; DI A 5L PAOL gDNA
WAL, DL PA2072-C-F/PA2072-C-R N 51 H1%},
PCR 4" 34045 56 8 1 3 2 R BEAE Y B
19 F BE(3 000 bp) . # ] Sac 1/Hind 115 pUCP 20
B4, A5 UK pUCP 20-PA2072-C, # ML
A APA2072, HRHCHL s Y K BE 573815 PA2072
R IR R MR CAPA2072,

KA )7 M CHASE4 #1 GGDEF-EAL 1
4 [ kD # Bk CACHASE4 #il CAGGDEF-EAL;
S 6 5k pUCP 20-PA2072-C HL%% 2 PAOL
1% PAOL X HAE #& CAPAOL.

123 WEEVEMEIRESE

H23 FIXTIR PAO1, 3 ANRPRISAL K APA2072
ACHASE4 #il AGGDEF-EAL, DA & 3 /> [al #b
HiTk CAPA2072 .CACHASE4 Fl CAGGDEF-EAL,
T 37 °C. 220 r/min 53K, WTT ODeoo N
0.6 Zifi AERK i E I 1 mL ¥rfif LB
WA FREE, 30N 10 pL Bk, 431
#FHE, T 37°C. 100 r/min W& . 7612, 18,
24 36 148 h BUH R, vyt T /5 A 2.5 mL
0.2%2% f 2 ge 8, 30 min Jo, AEE/KIE TR T )5
AR . ERBTIA 5 mL 95% Z W i
HIRFEIRIE SR 12 h 5, BEPRUIE ODsos I il
NI
1.2.4 HEIEshEE 7RIS

¥ a5 AR pUCP 20 % & PAO1 i
APA2072 v, FRAGAIER 248X BTG #R PAPAO1
Il PAPA2072 1 ]y 5544 % B

B3 R IR PAOL, 3 4 28 2% 1 #k
APA2072, ACHASE4 Il AGGDEF-EAL, 3 NHfR
[ %MFEAR CAPA2072, CACHASE4 #il CAGGDEF-
EAL, DI XHHRE Bk PAPAOL . PAPA2072 i
CAPAOL, T 37 °C. 220 r/min /4 F 853533 7%

1.2.2

P15 ODgoo 4 0.6 247 . WHL 0.6 pL T #4350l
i APk 8P (swimming) . %% B 12 Bl (swarming)
T £ 132 3 (twitching) A9 AR U2 AR 35 01 0E B 5%
F%, 7 16 h 5 B UMK R KGN, 18
I TR B, BT I 3 G,
TG 25T
1.2.5 RIRLFRENEA c-di-GMP S £
23 FINTER PAOL, 3 PR 9L TR APA2072
ACHASE4 F1 AGGDEF-EAL, 3 />l [|] b i
¥k CAPA2072 . CACHASE4 il CAGGDEF-EAL,
T 37 °C.220 r/min 5514 T H5 321, 875 ODgoo
0.6 547 W T L B3 3R e MR 21
AR, SR HR)E, PR 5 min £4E
WAYE K, B OEIET 37 cCHRAEE SR 48 h LU
e, BT E B AT IE %

2 BRS04

2.1 R BREMERMRETEKEERE
A E AR

4 PA2072 S R AS [R) 45 49 30UF 41 11
519, Ll PAO1 gDNA il , Fl & ff B DNA
AP B PA2072 4 K . CHASE4 #i
GGDEF-EAL #5381 3 2 i J2 T e,
Vi E pEXISGM H, 33| 3 A4l Fikr
pEX18GM-PA2072 . pEXI18GM-CHASE4 #i
pEX18GM-GGDEF-EAL. #iX 3 /4~ 21 Ji b /%
L Z= K # DH10B AR A AR, (AR 5
ZAREEAER PAOL IR GG, FIHRKE
R TR e, 3RS 3 A PR SAR BR K o
DLBF A= 7 PAOT Ry B X B, 35 1E 5 | ) i£ 4T PCR
il A2 DNA T, i SE 4 2 SR I PAOT
PA2072 B 3 PRBREAZ AR, R APA2072 .,
ACHASE4 1 AGGDEF-EAL ¥ & 2l . 4% Hikk
gDNA [ PA2072 ¢ 8445 S & 2 FroR, mibk
PRY 34 R Be B /N T B AE RIB R PAOL

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



JRETRA= 25 ARG PR PAOL 1 c-di-GMP AR ITAH JC KL Rl PA2072 (R4 0 #r 2119

B 2 PA2072 BERRTEFAY PCR KiE

M: Trans2K Plus II DNA Marker. A: APA2072 #i

AGGDEF-EAL @ 5% #k 1) PCR B:4F, 1 1 3. 874 7% PAO1;2:APA2072;4: AGGDEF-EAL. B: ACHASE4
BB MRS PCR BHIF, 1-2: ACHASE4; 3. W47 PAO1
Figure 2 PCR validation of PA2072 knockout mutant strains. M: Trans2K Plus II DNA Marker. A: PCR

validation of APA2072 and AGGDEF-EAL knockout strains; Wild-type PAO1 in lane 1 and lane 3; APA2072
in lane 2; AGGDEF-EAL in lane 4. B: PCR validation of ACHASE4 knockout strain; ACHASE4 in lanes 1-2;

Wild-type PAO1 in lane 1.

H PAO1 JE[K2H DNA ¥ 13545 PA2072 4ifid
X FliE25 1 000 bp A5EEFH, b Eakik
pUCP 20 Hr, #R15% %A pUCP 20-PA2072,
W H L A 3 A BRI AR R, BIIRTS 3 i
B4 Ial b B ¥k CAPA2072 . CACHASE4 il
CAGGDEF-EAL,
22 WMEEVMRENS AR

J T RITIER PA2072 (A M12EIh e, 15
HEAT TR Sy T S e . YA T PR EL
TEPESEAR R, R TENAAEARE, B, 5
RT3 pel F1 psl B I Sh 220 | 6 6 R A 55 40
L TR ATV T T I ) A0 TR 2R S IR IR 4 25 F
g AR08 S S IR R
LIRS T B B R PR EE R, 248 95% 2
BEVS RT3 ODsos 7€ & o HE5RANKE 3 s,
5 HP AR PAOL BERRAR LL , 3 1> miBR R AR MR 7E
B3R 12 h e, AR R LA UG, KR
18 h i}, APA2072 Fil ACHASE4 5 & MM A 7Y
ik, AGGDEF-EAL 5 PAO1 LH @B %% ; 1k
24 h, 3 AFRRZEAS RIS & T HF AR TOKOF . 8
7% 36-48 h J&i, APA2072 ¥4 T-F2i], ACHASE4

Wb T8 ETF#EE, 1 AGGDEF-EAL & [%if4
P, AHAS R R 2 AR TR AT R T B AR UK

W RN OB A BRI AR BRSSP AR
A PAOT W BRAHLL , 5557 12-48 h [AI%h Y 3 >3
PR i) A 0 FE T i 2 2 B AR A2 28 18 A AR K
PRI, 2R PA2072 19 #5354 7 A 0 JEE ) O o
H—ERm, 2N 1S RS TR AR
2.3 HAEIEhEE DRI R

R T B ITIEIN PA2072 AT
A, XF 4% WPk MYAs ZhRE ST T T A . W A= 78
PAO1. PA2072 LM 3 P abRoE AW #E, LA
Fo 3 AR R R AR UK S RE T . MR IZ SRR
FIMEEEESRE AN E 4 s, MR E K EA
RGP R &, HE AR PAOL TEARAHLL,
APA2072 TR Bk 1 e T2 s RE 1 ek s g 1 1G5
(P<0.05), 1417153 HE JII855(P<0.05); 478
# & pUCP 20 % A PAOL }2 APA2072 J5, K¥L
HXF PAO1 J2 APA2072 [Tk ShEE ST . MeRtiazh
RE 1 K W8 4732 shRE 1 ¥ o B 52 w5
PA2072 [FI#hEAASE A PAOL1 M APA2072 Btk
J&, RIL CAPAOL MRz e Jidgom, Ikzhhe
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A PAOI APA2072  ACHASE4 AGGDEF-EAL C PAOI CAPA2072 CACHASE4 CAGGDEF-EAL
12h
18h
24 h
36h
48 h
B D
PAOI
I5r _e-PAOI 0:8 illpeny
—B- CAPA2072
- APA2072
o ACHASE4 —&- CACHASE4
= AGGDEF-EAL -E- CAGGDEF-EAL
1.0} 0.4
S 3
05| 0.2
0.0 1 1 1 1 J 0.0 1 1 1 J
0 12 24 36 48 60 0 24 36 48 60
Time (h) Time (h)

B3 SYMBEEREFEMESHITIN A B: SRR WL LY 6L e /51T, C
A D: RN G R A A= P 52 20 e 5 DL E RS oHr
Figure 3 Crystal violet staining and statistical analysic of biofilm. A and B show biofilm crystal violet

staining and quantitative statistical analysis of knockout strain biofilm. C and D show biofilm crystal violet
staining and quantitative statistical analysis of complement strains.

1 e A TIE B RE 7 5 B AR RUAH HEC I 25
I CAPA2072 JkshiEEJ) . WHtiz shae )1 L S i
178 B RE Sy B AR A 2 W AR RUKF-(B] 4A.
4B). LI APA2072 fEMXTRE, 5 ACHASE4 LA
J AGGDEF-EAL XfH. &, APA2072 H)iksh
fE J58 T ACHASE4 }: AGGDEF-EAL, [fij# ¥
iz & Ik T ACHASE4 & AGGDEF-EAL ;
ACHASE4 MUk shie ) S Wit iz shag 1 ¥m T

AGGDEF-EAL, 1fii APA2072. ACHASE4 &
AGGDEF-EAL 1Y #4171z 3l fig J1 J B & 22 %)
(Kl 4C. 4D); # [ml#b AR A ACHASE4 ¢
AGGDEF-EAL J&, & ¥ 3 /1~ [N KR 18] 1) 7k
fES1 . Meltiz shie 1 LA K a1 732 sk 71 Jo i i
2290, FEAR A 2 B A BUKSF-(B] 4C. 4D).
IEAT UL, JE DK PA2072 1 i 5t 52 Ml 4 127 11932 2
REJT, (BMAVE TR A 9 o
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24 RIRIFERENEA c-di-GMP B2 ELER
i T3[R PA2072 B9 C ¥if77E GGDEF &
EAL 2538, $E/R c-di-GMP ()4 AR n]
REXTHL R A YA DR HLA 52 . MR 20l
Yt AT DUHLEE S B c-di-GMP 7K
c-di-GMP FE AL HLF4E R A5 A, 24 c-di-GMP
SRMEN, 4R MNIRL S A5 2 {68
PR, BRI, FRATX 3 ANEBRAR AR L 3 4~
BIFMEPRA T T RIERLL G A0 GnEl 5 Fos,
5y R PAOL RIFEAH L, APA2072 . ACHASE4
J AGGDEF-EAL B & 241 (0, B H: c-di-GMP
ST, A R EER R H A GGDEF & EAL
2 g5, PA2072 SRR B PDE &, It
455 Valentini 25— 2™ B [B1Rb R

A Swimming motility
/-4‘2‘*\

PADY
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4 PA2072 BRREMREENRES AR INANE 102 S RE T (A) LU AT B S RE I HERGE T E(B).
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Figure 4 Movement ability of PA2072 knockout strain. Detection of motility of bacteria by plate method (A)
and the column statistical chart (B). Detection of motility of bacteria by plate method (C) and the column

statistical chart (D). Measure the diameter of bacteria three times per group, calculate the average value. *:
P<0.05; **: P<0.01; ***: P<0.004; ****: P<0.001; ns: No significant difference.
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Figure 5 Congo Red binding experiment. A: Comparison of 3 knockout strains with wild-type PAOI. B:
Comparison of 3 complement strains with wild-type PAO1.
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