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Table 1  Strains and plasmids
Strain and plasmid Characteristics and description Reference or source
Strains
E. coli
DH5« ®80lacZAMI5A (lacZYA-argk) U169 hsdR17 recAlendAl thid 11
SM10 F—thi™ 1 thr™ 1 leuB6 recA tonA21 lacYl supE44 (Mu, ") A~ Kan" 13

P. aeruginosa

PAOL Wild type, Spe" Stephen Lory

PA-PG pip gene deleted and replaced with aacCI in PAOL, Spe" Gen" This study

PA-Z1G phzl locus deleted and replaced with aacCl in PAO1, Spe" Gen" 4

PA-Z2K phz2 locus deleted and replaced with aph in PAO1, Spe"Kan" 4

PA-PDZ1G pip gene deleted in the mutant PAZ1G, Spe" Gen" This study

PAPG-Z2K pip gene deleted and replaced with aacCI in the mutant PA-Z2K, Spe" Kan" Gen" This study

Plasmids

pEX18Tc Suicide plasmid , Tet" 13

pUCGm Resource of gentamycin resistance cassette (aacCl) , Gen" 14

pME6010 Low copy vector inPseudomonas sp. , Tet" 16

pEXP 2.0 kb up-and-down stream region of the pip gene in pEX18Tc, Tet" This study

pEXPG 2.0 kb pip fragment inserted with aacCl cassette in pEX18Tc, Tet" Gen" This study

pME10P A 1217-bp fragment containing the whole pip gene cloned into pME6010, Tet" This study
1.1.2 EBFEMBFREME: KB (B coli) ¥ FRH LuriaBertani (LB) K5 77 3 s Ml 4 i 50 g

* GA KR PAZIG A PAZ2K 3R % O R RASKE L 15 5 SRR
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(P. aeruginosa) {15577 K i LB ol H it 44 20 R 15 7%
B (GA) B 2R3 M o MR RN B 95 4 2E R E 1Y
E. coli BRI p huE Z M & 43 5 4 (ug/mL) -
FN T A 2% (Amp) 100 25 R DU K 25 (Tet) 25 K K %
7 (Gen) 20 ; i & {5 P L B 5% 97 5% oy 5% 2048 Jn 1 Bt
A& (pg/mL) iR K % % (Kan) 750
15 H: W 7% 25 (Spe) 100 Tet 125.Gen 40 i B & #0
PACBE 5 I, K P A B R AR S BB B B 38 AE 37°C .
180 r/minZk PF T #3555 77 - 10 4 £ A1 S0 B v e 1 —
B AE 30°C <160 r/mingc 4 N k4T o

1.1.3 EZESIRKF: AWIT T H R HE )
Wi« T4 DNA % 4 i« DNA 4 v & br EY) & 4
Fermentas (MBI) 72 # /% §h ; rTaq~ LATaq %5 DNA 3%
A0 ANTP 1 T TaKaRa 52424 CK3) TREA R A
7 ; Phusion Taqg DNA 2 &8 H 3% [H Finenzymes A
Ao FESCIGILFE S, PCR BT 51 90 Bt i ot 4 W
R B A F A B ST B AR T B R Y)A
ARG R EN L 2 Fios. 400 55K 41 DNA $2 B,
PCR 7= 4 4li Ak, 55 [0 e s DNA - fie [m] e 25 8 1) s 32 8
AR ) W D/LAA B R 5 R 43 kgD =)
FLBE T (Xgal) « W HEBRACB-D=F- 7L (TPTG) 4B 4
FR DK IR 1F (ONPG) K £ Fhfiid: £ 1y
WEATAY TR (EE) HRAR . kit =/ F
Bt TN R« H i A5 L e AR AR R 200 38 Dk 43 T 4k
(s fa i ali) .

#2 319
Table 2 The primers used in this study

Name of Sequence (5°—3") and artificial restriction enzyme site

primer (underlined and in italics)

pdF CAATTAGAATTCGAAGAATGTCAGCCTGTTG (EcoRI)
p1R CTAATACCCGGGATCAGGCTTGGACATC (Smal)
p2F GAATTTCCCGGGTATTGCGCTACATCCGTG (Smal)

p2R GTAATTCTGCAGCGCGAAGCGTTCCGC (Pstl)
pLF CCTTGGCCAGTGGTTGCAGCGACTG
pLR GGTCGAAGTGCACCTGTCCAACGTC

gdF GCAGCAACGATGTTACGCAG

g1R TGTTAGGTGGCGGTACTTGG

g-LF GTCACAACGCCGCGGCCAATTC

g1R CAGGCTTATGTCAATTCGAGCTC

psF CTAATTAAGCTTCGACTTCGACGACGAGTTCC (HindlIl)
psR CAAGTTCTCGAGGTGATCTACTTTCCGCTGG (Xhol)

L2 pip EEMETHRBENTESHHIZE

K pip FE DR 2% 5% A8 B S 4K 4 R 4 B
W PAOTL JEPR 4L 3 5 ¥ vk w5 xf 514 p4F/pdR Al p-
2F /p2R, DL & M . i B R DA 4 DNA O #8545 3k AT

PCR, 43 5l 4 34 pip SR bR A H B P-Up Al
P-Down. PCR X Phusion Taq, 2 N & 7 M &1 5
ol 98C 20 s, — NI ; 98C 6 5.64%C 20 s,
72°C 30 s,34 NG EF;72°C T 47 min. PCR 7= 4
28°0. 8% Bt JIg B HL VR WU 4l A0 R0 R, A2 2E TR
Yy TR C Rl A7 B2 =) HEAT I 7 5 %0

B 2 AP B B RS TR 41 DNA 32 B R /) = 4
FR VPR AIE Y 1) D) DNA B 9] i« 34 42 I
2 A A e ) 8% 0 A Ak 25 0 BR IS 2 JSCHR B0AR DG A1)
SR 0 Ik AT M o PUp A PDown WY A BEH
HI K /IN43 5 k1036 bp F11045 bp, PCR 45 5 41 )%
HU e ¥ WA PCR F BUR & . 4ifb )i 4 Smal
i D)~ 4t Ak <% 2 1 44 5 1E PCR B, JF BL p-
1F/p2R /£ 5] %, #] H Phusion Taq W 3 47 PCR.
2.0 kb[fJ PCR j=#) & 2tk 5, P+ 4 EcoRI-Pstl XL
V), I J5 v e T R pEXI8Te o™ BT 45 i R
pEXP.

1.3 Pip SRR T # PAPG BIHgE

¥k BT pUCGm (Smal i 17]) #70. 8 kb K K
B I R B (aacCl) 50 FE -+ pEXP 24k 1) Smal
B rR T3 R pEXPG ™ o Ak 2 4k v o
pEXPG #: N E. coli SM10"" .

LLE. coli SM10/pEXPG {144 1 , 4 43 15 B2 Jfu
PAOL W/ ¥k g % A B k4T WU 2 A2 ™ o ik 3
Xof HECT- AR5 7 3 X Tet BRI X Gen A HT1E 1) 50 B
Bl Pip Gt 2k 5€ & fk PAPG.

1.4 ZEI# PAPD-ZIG 71 PAPG-Z2K By#IEE

T B Pip & A5 0 HLAS Wy W I R A% L AR 4%
YEF BATT 43 3 ) F AL S 58 1 17 e — Wiy ik 5k [ AR
B S 3 AF ¥k PAZ1G (phzl #t5%) F1 PAZ2K (phz2
K S AR B R Pip itk R AE Bk PAPDZIG R
PA-PGZ2K. Ll E. coli SM10/pEXP Jy {44 1
FFRA R PAZLIG 52 AR 1R BEAT XK A% 485 3R A5 %
Bk PAPDZIG (Pip oA 1 B K 5EAF) o 1M LA E.
coli SM10/pEXPG Jy fit {4 B Fll 58 48 ¥k PA-Z2K 52
MR HEAT BUE A4S » 345 RAZ B PAPGZ2K (Pip
PRk e SEAR) o D R 5 0k SR bRk PAPG BEA
H I o
1.5 pip RERENFAMEIGEL

TR EE pip LR AN R IR #ofk, LA PAOT S
P20 DNA g #E4, ) 514 psF/p-sR BEAT PCR 3k
1945 1.2 kb 5 pip KA S BB T v B 4lifh
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J5i i1 PCR Bl i HindT-Xhol XUV, 2 J5 K
WK F Er 4l B ) T A5 1) PCR O B, 3 va e T54% I
TR pMEG010 AH R A 5 vp ™ i 35 50K Ay %4
i pME1OP. £l J7 5 4F J5 » 3 7 % pME6010 Fl
pME10P 1l it £k 2% # 4k 77 72 % Ak B 2E K Rl 98 78 b
PAPG J&, #EAT H AT
1.6 AEIEFMEKBLZHUE

1 B AR R PAOT RIS AR Bk PAPG 45 43 Sl [7] I
BT A7 150 mL 1) GA % 37 3k vh (82 bbb ] 4%
1:100) , BEAFE M 3 AN ESE . FERR12 WU, W 2
0D, -
1.7 MEARERNE

Wyl =R IR 1 8 & W8 7 R AR S |k
O71 34T, (B RS VE 1B e BF a4 2 1% 38 AR 372
N BN [ IR B IR R I 900 wL, A
100 WLk 2h 18 (12 mol /L) 1E 12 4k Ak 5, B 5 i A
2.7 mLIF) =& B (3 x AR 3% 322 min. 8000
X g ZAF T, BLS mine BUR 247 HUAHAEAS [7) FE 5
(I » 72252 nm S5 A1 5 43 66 BEVE D s Ol %5 i
5 (OD,5,) » 4 G~ 2 vk 75 72 vF 550 W 0 vy
B SR 1 B (wg/mL) @ Concentration (ug/mlL)
=2.9667 x 0D, —0.0979, R’ =0.9998. & /%%
P 7 B BT 7 1R Wy e R IR Al Eh SR ALl K 2
A= ARG ] 5K S I VT R R R A
i
1.8 ZEKEREINE

S T B 2% I e R U v S L Sk 8] AT .
BEAL BN WA R T I R) R A T R T TR
4 mL, JNA2. 4 mL=5H Le &7 fl #2£2 min, 8000 x g
ZAF S B0S5 mine WHURE A HLAHZ mLI: ) 3L
N4 mL1{0. 2 mol /LI 35 2, 9 % ¥ 43 - 5 min,
8000 x g 4%t T B 05 min. H( b2 KM (B4
), 76520 nm 4% A 1 SR F 43 6 0 B vl e Ok 2
FEAH (0D, ) > 4K 45 4x #E i 28 19 o6 R %
(17.072) V5 LR B o 2 ik 1 32 ¥ b v 0 W 19 56
Cayman A 7 o
1.9 XKiESH

M —sSzi /b EE 3 K, &S24l
B3 ANEE . MY G Uh 2 s L W R A AR Tk
ITE ARV BO v 5, FATIE BEAT T8 25 R bR 1 2
SO T o (RIS R A B B S 58 AR 0 AL 1 3 A
HEPATHR ¢ 5. #5 P <0.05, WLk % 5

Fo A7 P <0.01, WAy S 21 55 50 A 7 S G S

2 g

2.1 PA0243 EF =4 (Pip) ER 5 #

45 PA0243 Jit [X] J7 41 7] 411, PA0243 W] % fit
222 AN EER o T AL A BT s iR N )
Z Pl Al R 1 TetR 5706 I 4% s I 2 T8 45 888 v 1) )
Pk o o b g A PCL1391 (DQ311664) <
PR B M B F113 (YP_005210469. 1) - 3% KL {5
o KT2440 (NP_745664. 1) . T 7 1% 20 i 54 5 #h 48
Fh DC3000 (NP _792164. 1) Fl 4 V5 > 4 [ %( 3§ DJ
(YP_002800926. 1) 2541 14 (1] TetR % 5% 1 # [H 7 ¥
) 501 43 3k 65% 65% 63% 62% Kl 67% o F W
i R ML B PAOL () PA0243 (1R 18 7= 4 Pip 1]
it 55 e TR R T A B AT AL R 4 T e
2.2 Pip RERTHEMEMEE

T E AN P 9 L P R4S 1K Pip Bk
SEAR IR AT IE A, FATTR A PCR J7k L% € - 4l
1 iR, ok B T ARk PAPG 1) PCR 454 B 55 Tl
R /NARFE R B PU IR K5 % BE & (aacCl) 4N
e T B AL pip R DR IX B G S FRAT i O 3R
3 Pip Gl K AL BE PAPG.

RAZ Bk PAPDZIG il PAPGZ2K ) pip
DAL il Bk /) B 1t PCR %858 (45 R W) «
2.3 Pip REARTXWMEARBIMEKRE RS K
X 151 B9 82 i

TR E Pip SR AR K R — o
Wi, AL T R AL bk PAPG 5 B 4Bk PAOT ¥ E
KRB K e AT 50 I 4 M T GA B LByl A4 85 7 5
o IR B IR B 12 hIURE 23 475 600 nm KT I &
ARG E (ODgy) « AR 2R SR, 7F B Bl 1 97
F AR bk PA-PG 5 HF/EFK PAOL 76 GA 558 rh
AKTE 3 22 00 A0 AR ) 1) 8% 5% B[R] I RE AR 4% A
T AR REI B A R B LTS B ARG e (85 R R
WoR) o FH, pip K DR i R 6 A AR R R 1 AR
KOG B2

T E pip DD Wy R K A AR T R
AR A T BL R 45 07 2 o O R R 2 R AR R
PAPG FIYF Ak PAOL 43 5l 45 Rl T GA 15 77 3 rp ik
ITRWERE IR o 38 I URE IF 20 87 7 ) & )l i I AR 4
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(A) PAG242 pip PAD244 aroQ  PAO246
p-LF
p-1F p-2F
p-1R| p-2R|
l p-LRI
B -LF i
(B) pp-lF IR, 1R

-LF g-1F p-2R|
eLe p-LR

(©) g-1F/g-1R  g-LF/g-LF p-LR/g-LR

M 1 2 3 45 6 7 8 M

Bl pip BEERERTHHES PCRETE

Fig. 1 Generation of pip deletion mutant. (A) Genomic
organization of the chromosomal region of P. aeruginosa PAO1
surrounding PA0243 (pip, grey arrow) . The opened arrows denote
the upstream ORF of PA0242 and the downstream ORFs of PA0244,
aro), and PA0246. The primers for mutation are shown also. (B)
Diagram of the deleted pip locus, indicating the pip gene is replaced
with aacCl (black arrow). The primers used for identification are
also indicated. (C) PCR identification of the pip deletion. PCRs
were carried out with the primers shown at the top of lanes, using the
genomic DNA of the mutant PAPG as template shown in lane 2
(12), L6 and L8, the genomic DNA of the parental strain PAOI1
shown in L1, L5 and L7, double distilled H, O shown in 14 as

negative control, and the genomic DNA of the mutant PA-SG shown

in L3 as positive control.

a5 2 R IR ) 4 it 2k

PRl 2-A Bor, 5848 PAOL M LL, £ kK
24h J5 5K PAPG & 1 0y R 2 1R B 9 2D
4 peE A B4R BR PAOL 11— (P <0.01) o ik
g BRI, pip BEDR (0 R AE — 8 R EE LA Ty
e SRR A . HiE I 2B WoR, Gk B 2= 1Ak
R S AR PRI Y A Ak e (0 2 30 By e <R R A AL
AR PAPG R 45 ik 181 25 (1) & % LG BT A2 Bk PAOL
BEREE (P <0.01) , AEBF RN 1/2. Mg B
N pip FER I G — e R JE BB TS R
e I AN HESED , pip B D B SR IL E Pip 47 AE
IS A0 Wy W8 e FLAT A I A AR A o 4 gk
YEH

(A)

60 -

Production of phenazine-1-carboxylic acid (ug/mL)

12 24 36 48 60 72
t/h
(B) 20 4
18
16
14 4
12 4
10

6 -

Production of pyocyanin (ug/mL)

44
24

o sF—¥F—F——71—""7 17—
12 24 36 48 60 72
t/h

2 fFRBRBEE PAOL 5T ik PAPG
EGABFETMEXESHE
Fig.2  Production of phenazine- —carboxylic acid (A,
solid) and pyocyanin (B, open) of the wild type strain
PAO1 (square) and the pip deletion mutant PA-PG
(circle) in GA medium. All experiments were carried
out in triplicate, and each value is presented as the

average + standard deviation.

2.5 pip ERWMESI

h TR0 AE S AR Bk PAPG Wy W J AT AR
Y i 1) AR AR B R pip B TR 2K 51, FRATT A
@7 pip B K B Ab KOk 34k pMELOP, Jf [7] B H
pMEG6010 4[] 1 %o L 43 i) %% 4k 58 48 bk PA-PG Al B
A BE PAOL . BG4 28 JFORL 42 50F 5 » e GA &
P 35 IR BEREAT R W K5 7% O 58 I wy W By AT R
WG R R R WK 3 Pos, R ALK
PAPG F 51 N\ pip JE K LL 5, JCwy e 4 2 18 A 4
JH VR 25 1) G B A 3 B ORI A R N
YIS A ZE 5 )L 2 pME6010 5] A B /4= #k A1
FH G TEAR IR I A 5 A ) o Ml P T VAT 1) Wy W 5 Js AR
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W R A . 45 5 SASHR h iy R B LT AR Y
ARAR 5 HfE L TN 3 AT PR 5 SR AT LA R S A 2 AR R

I Pip A0S 0y e S ST A il B AT e B A
CIE g #) o

R3 RERWENKEDR

Table 3 Complementation of the pip gene in PAO1 and its derivatives

PCA’ PYO"
PAO1 16.85 £1.5 4.50 £0.4
PA-PG 8.86 +1.0(PAOI as control, P€0.01) 2.50 £0.2 (PAO1 as control, P€0.01)
PAO1 (pME6010) 17.10 1. 0 (PAOL1 as control, P =0.411) 4.45 0.3 (PAO1 as control, P =0.435)
PA-PG (pME6010) 9.04 +1.5(PA-PG as control, P =0.435) 2.65 +0.2 (PA-PG as control, P =0.205)
PAPG (pME1OP) 17.50 +1. 0 (PAO1 as control, P =0.283) 5.25 0.5 (PAOI1 as control, P =0.056)

“ Phenazine-l carboxylic acid production after inoculation in GA medium for 24h.

" Pyocyanin production after inoculation in GA medium for 24h.
Each value is expressed as mean + SD of three independent experiments.

2.6 Pip SRAMEBANMEREREKRSMINER W

5T R B R R AT 2 A5 DL w1 R
%, LEANTH# S L 1wy e Je AT AW I 45 1 ) 1 3
— B HERE Pip K A5 XS phal A phz2 PIAS3E N % ) K
AT R IR PEAE S 23 00 DA A St e o gy R O
DI 2k 58 Ak PAZ1G A PAZ2K Jy 2 A4 T8, 51K
Kyt Pip BB G SRAZ, 77 A2 B R AR MR PAPDZ1G
Fl PAPGZ2K.

N TN Pip S KT 750 T Wy R X R phel
(K Er AR BATTR A 58 42 Mk PAPGZ2K i GA
B IR FEEAT W B IR AN LU PAZ2K X . 8
IFERURE 5 D00 2 Wy W L P N 4 I B 3R ) A B .
3 WoR, RALKK PAPGZ2K )Wy 102 - SR IR Al 4 Jik
W2 A e 5 AR PAZ2K (4 i G 3 %
5t (P>0.05) o T PAZ2K Py s & LA A4 1
R Wy R FE R 7% phal 7R AH, DR FRATTHEE Pip 1)
BRI ARSE W phal 15 R RE -

Pip W48 X Wy e 5 [N % phzl 1) 5 eAQ 8 3%
SR S T Pip B A 3 T W R K L ART AR B R
SRR WD S D A I AT HE W, Pip () Bl AR AT RE
T Wy R I K] R phz2 (A DD . A T ERTIX —
HESE » FeATTLL PAZLG Oy X [, 5 I 35 9% 58 A8 Bk PA-
PDZ1G.

PV 4 o, 7E R (<24 ), SEgBR PA-
PDZ1G L5 i Hk PAZ1G M EL , Wy 102 L R R A 4 Jik
WRMN G RRZESARE HRBEEAN )5
Jei s S Bk PA-PD-Z1G [ Wy e - S [ A 3¢ JHk 1 3% EE
XHERE PAZLG W ok /b o oAb S0 R W], Pip Gk
RIHG T BT B bk PAPDZIG [Fwy 58 Je LA/
oI5 i vk b (45 SRR o) o i T R BB PA-
Z1G Wy e I D % phel K SEH MR PAPDZIG Wy

B PA-PG-Z2K [ PA-Z2K

(GYREE N

c(PCA) (png/mL)

0 12 24 36 48 60 72
t/h

(B) 64

A(PYO)(pg/mL)

0 12 24 36 48 60 72
t/h

B3 Tk PAZ2K 71 PAPGZ2K 7 GA 5 £

PHEBRERETEYHEHE

Fig. 3 Phenazine- —carboxylic acid (A) and pyocyanin (B)
production in the mutant PA-Z2K and PAPG-Z2K after inoculation
in GA medium for 72 h. Each value is expressed as mean + SD of
three independent experiments. ~ indicating P > 0. 05, two-tailed

paired Student’s ¢ test.
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Fig.4 Phenazine- —carboxylic acid (A) and pyocyanin (B)
production in the mutant PAPD-ZIG and PA-ZIG after
inoculation in GA medium for 72 h. Each value is expressed as

mean + SD of three independent experiments. ~ indicating P <

0.01, two-tailed paired Student’s ¢ test.
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Positive regulation in expression of the phenazine—
producing operon phz2 mediated by Pip in Pseudomonas
aeruginosa PAOI1

Yuan Zhang", Qinna Cui’, Zhe Zhao, Yongfei Ming, Xiaoyan Chi, Zhibin Feng,

. . . . P . *
Shiwei Cheng, Weihai Xie , Yihe Ge
School of Life Sciences, Ludong University, Yantai 264025, China

Abstract: Pseudomonas aeruginosa PAO1, an opportunistic pathogenic bacterium, produces phenazine and its derivatives
which play a critical role in pathogen-host interaction during its infection. In a biological control strain P. chlororaphis
PCL1391, Pip positively regulates PCN production. [Objective] Our aim is to identify the function and regulation of an
ORF of PA0243 (the homolog of Pip) in Pseudomonas aeruginosa PAO1. [Methods] We first cloned the fragment of the
pip gene from the chromosomal DNA of P. aeruginosa PAOl and constructed the pip-defect mutant PAPG with the
insertion of gentamycin resistance cassette (aacCl) . With construction and introduction of pME10P (containing the whole
pip gene region) , complementation of the pip was then carried out. With creation of the mutants PAPD-Z1G and PA-PG-
72K, phenazine- —carboxylic acid and pyocyanin were measured in GA medium in relative mutants, respectively. [Results]
In GA medium, production of phenazine- -carboxylic acid and pyocyanin in the mutant PA-PG decreased dramatically in
comparison with that produced in the wild type strain PAO1. The amounts of phenazine-d -carboxylic acid and pyocyanin,
however, were recovered with complementation of the derivative PA-PG bearing pME10P. The production of phenazine-d—
carboxylic acid and pyocyanin in mutant PA-PG-Z2K were same to those in parental strain PA-Z2K. Phenazine- -carboxylic
acid and pyocyanin produced by the mutant PA-PD-Z1G were lower than those in the original strain PA-Z1G. [Conclusion]
With these results, it is suggested that Pip exerts positively regulation in phenazine biosynthesis by specifically modulating
expression of the phz2 operon, not by mediating expression of the phzl operon in P. aeruginosa PAO1.

Keywords: P. aeruginosa, Pip, phenazine- —carboxylic acid, pyocyanin, metabolic control
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