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%% PacTA BT fe X B M, (2R EICE Afur 93X A £ KELFE R A 295 PacT & L X.
RT R B IR A KRR, SR R T fur BARLAEMB LI LR T 3T BAR A WA R
WHEIVER, FEEZBA H0, EHRAF LA THENH KRGS, BRI T Z AT KE 4 &4y
HF. W, BRRE fur EREFRA TRHEBRERR IR K = 5 F 8 (cyclic diguanylate,
c-di-GMP)/K-F, Mm% pelF F= pslA K B a9 &L, it ATt 4R AR ol A MBI R, [4
1 fur BT B R GG IE T A E, AAGBEIRA G ETA K. KBAREWES R AL
HMELR . AMWBRBETR RAFNFHTOHRELFELE T TZOER, XA AEBREICE IR Y
Foil B I K B2 T k.
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Abstract: Ferric uptake regulator (Fur) is a key regulatory factor of iron metabolism and
virulence in Pseudomonas aeruginosa. Many research groups have failed to construct the
fur-deleted mutant of P. aeruginosa, so fur has always been considered to be an essential gene in
P. aeruginosa, and the knowledge of its biological function is limited. [Objective] This study
aims to construct a fur-deleted mutant of P. aeruginosa and analyze its phenotypes. [Methods]
With P. aeruginosa PAOI as the parental strain, the fur-deleted mutant was constructed by
homologous recombination. After that, we studied the effects of fur on the growth, siderophore
biosynthesis, resistance to oxygen stress, flagella formation, biofilm formation, and virulence of
P. aeruginosa. In addition, we explored the cause of the growth defect phenotype of the
fur-deleted mutant by genetic analysis. [Results] The fur-deleted mutant of P. aeruginosa was
successfully constructed. The deletion of fur greatly limited the growth of P. aeruginosa and
reduced the growth adaptability of P. aeruginosa to the iron-limited environment, while it did not
affect the growth adaptability of P. aeruginosa to the iron-rich environment. This growth defect
phenotype of Afur was caused by the slow cell growth and proliferation, rather than by cell death.
Interestingly, heterologous fur could completely complement the growth defect phenotype of
Afur, suggesting that the Fur of P. aeruginosa was not functionally unique. Although there was a
functional relationship between Fur and the toxin-antitoxin system PacTA, the growth defect
phenotype of P. aeruginosa Afur was not associated with PacT toxin. In addition to affecting the
growth phenotype of P. aeruginosa, the deletion of fur also made P. aeruginosa lose the
inhibitory effect on siderophore biosynthesis and the ability to form flagella and have increased
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sensitivity to H,O, and reduced virulence to Galleria mellonella larvae. Moreover, the deletion of
fur increased the intracellular cyclic diguanylate (c-di-GMP) level of P. aeruginosa to induce the
expression of pelF and pslA, thereby promoting the biofilm formation of P. aeruginosa.
[Conclusion] fur is a non-essential gene that can be deleted and plays a crucial role in the normal
growth, siderophore biosynthesis, resistance to oxygen stress, flagellum formation, biofilm
formation, and virulence of P. aeruginosa, which lays a foundation for the development of

vaccines and agents against P. aeruginosa.
Keywords:

Pseudomonas aeruginosa; ferric uptake regulator (Fur); deletion mutation;

phenotypic characterization; cyclic diguanylate (c-di-GMP); flagellum; virulence

Bk T AT IE W AR AR TR S B T A
JBEFRICR . X TRAYNE, g2 AN
W FRANOPIR . —RFRIGIR | WIS, A5 T il
R TS I SR S U RUE 2 POk e
Yy A S Mk S B P R k=
A Bl A1 S5 I P DB 4 S i Rl T AR T 5 R P 4k
TR, 3£ Fe* il i 2 i )2 )i (Fenton
reaction))” 4= Kt A7 3 ({5 1 % (reactive oxygen
species, ROS), Un#%A LY. #2IH HEAT A
LR, X8 ROS 23 U N A=W Ko T 1Y
1197 o DR H i A A 0 200 A T i D 2 - g e
JE AR 9 R R S,

R T AR RS, dn kb A2 A n
i SR s >R 17 X 4 L P SIS A B R AP ik
FEHUJE 779 25 1 (ferric uptake regulator, Fur) /2 41 &
Hh R P R ORI ) — R PRSP R 1, R AH R
YERF R RS B E M N, Fur @)
Tl B8 VRS e PR ) e SRR S RS . R R AN
B IE R g 283k, DAZERFI P92k 1ok
JEMRRER, Fur S WA TR HLED A2k 7
JE RIS T A Fe? FE R ILRLE Y, L RATE
FRAGHERNE ST EES AT BESUFR
B (OLFR Fur box), MM FH 1E RNA RE BEI45 5,
PETTA I PR 5 500 RS Fur 7E4ERRAN
NS T RS 2 XEENEM, HRKE
BT Y fur &R RBRIT A4S 1A Y 2

PRI G S AR R 101 ik B AR o o Hh 2 RE L
FFh & —PE R RA, A FEER I R S /8l
JIHF R FRIE, XTI | I3 s A e ihia 46
MIBTPEZ L, LA IGE Bl ek A ol B i e
B/é%[S,lZ—lS]O
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o, Gl L R R A S
Hb Fe it s B 4 AP BRI ARAS 1, I
HE I T DA B T AR PR Ak e e 70
PRl e 2828 fur ASSUBBERR T 4008 14 R AR S
W] B AN A BOw e, SR, — R
TR HI AR fur XA A K BRI EAR N A
WA DA Y fur B R AR, Lhingsix
S RRT R S B T2 A (P P
NI — P E M EUR R, 7T 5 2 Fh A
5, PG ERIALE | M6 PR R Uk | WP R G Jk e |
B IR R0 A 7™ F A S, RIS P A A
P RmM 25, BFE 2017 455 DA A LUR A
AR 073 220 B R e A 25 A 0 SRR 5 B
P22 A LR AR B R R B T A A 0
(biofilm), FECARSCIRYLXE LIARERP, i 5
SEZH3HT . Fur-DNA pull-down S256 Kz Xof B A i
R Fur 560705 (Fur 600049015 B4 T
GYMT, 22 A PR B 1 1/ 22 R TR 2
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Fur J#5 2427 Fur AT DL #2842 il £
PRI MSURH S BE DR R 2 ) BE DR A 2 5%, A48 P s
B 3 K I 5 K (pyoverdine, PVD) Ml % 2 & H
(pyochelin, PCH)IAEM) G . iz MO,
IMELZR WMSAH DG HE PR, S5k 2344 1) 7 i A G ik
N, ARANEER A FIISMEE FI 8 PrpL 5535 )
F RSP, gesh, SRR B 1Y) Fur
W3E 3 7] 2 4~/ RNA (PreF 1 il PreF2) %6 5%
() B b E I T R A A 1 — 22 Rk A
FHUERZ (4, LA ROS 1 BRAFE A R0, X
BEZERR] Fur 245 1 B 2 A 5 v 4 it A o
FIR— AR HEW Y T

SR, 5 HAMAN AN, W98 N 51 220k
2R AR B M T Y fur SRS SRABRRI R I, X FEL
RFEHINH fur A2 DR 1 it HE PR 01220290,
PR, DA S A SRR fur A Zh BEAIF 9 22
RIPIFR NS . —Fh 2l AR 2 B fur A
AR (TR RIEA TRAVRRAE S BT 0, 5 — R
SRR fur 258 AR MRIEA T R BURHAE 43 BT
PSR IR A R S AE BE DR 201 A5 i) ) A1 B
A E AR BRI attB AL s 48 A LA Peap N A 3l
T fur, SRJETERTHAENS RSB fur BIELL
T, MR A EIERE fur, MW Fur 52
WP RIRM SRR AT Afur/attB::Peap-fur o SR T,
XF IX PR G2 PR I R B o3 M 4 R AP 25 5
XFRE S IR R S ASRARBAT SE AR fur A
Ko K, AIETF fur JEHEIC SRR 1L
B AR nT geXE LIS 7 Fur ELSEAYAE )24 D RE

AHIF ST BT T A A B TR ) fur Bl
GEARKR, FFEET IR T fur IUIhRE. 3R
RUPHT A SRR R , fur 7E4 SR A5 R BT 1 1E 6 2R
Ko BREAEY G R PUENERE T . HEEE
B AR RN ) A D TR R A
S PIVE R, 33X R B R 0 B T ) 2 AN
PR3 YIT R 265E T HEhith
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1.1 ERAEBRAL

WG TR S SRR BRI 1.
1.2 S5¥ER

AT 55 SR 2,

1.3 FERAT LSS

MERRRIRY) . B AR . IREABR KRS

(tryptone soya broth) . JtiE#, OXOID Z24w); B

EA . BROKMEIEEE T . BUAE R, R ER
AR BRI N DI, TaKaRa 24 F]; DNA
RE0, bt eXeEWEARGRAE; T4
DNA H 48, NEB A5 o-filf SR RE-B-D-FF
Wi (o-nitrophenyl-p-D-galactoside, ONPG), P&
W RPE R (A S AR

1.4 1EFEBRIEFZFN

LB }53#3E(g/L): NaCl 10, EEEHEEUY) S,
JREE IR 10, BilE# 15, pH 7.0,

TSB 15573 (g/L): tryptone soya broth 30,
ek 15, pH 7.0,

MM R 23Rk 3 3E) (/L) K,HPO,
6.0, KH,PO, 3.0, (NH4),S04 1.0, MgSO,-7H,0
0.2, JEIIME 4.0, HEH 15.0, pH 7.0,

CAA iR B (IR R IR L) (gD Bk
M1 5.0, KoHPO, 1.441 1, MgSO,4 0.246 5,
BUEHR 15.0, pH 7.0,

PrAERMBAERMT . KIBHFE(FRER,
30 pg/mL; HHEE , 30 pg/mL; PUFRE, 20 pg/mL;
RREZR, 10 pg/mL), 52 AR 50 (R IR %
%, 30 pg/mlL; AFER, 30 pg/mL; KRER,
100 pg/mL; PUFRER, [IAREFR 200 pg/mL, WAL
K% 100 ug/mL).

il S B BRI TR . R AT TR LA B TR Ut R il
AR S A B AR IS AE 37 °C. 220 r/min 5544
THIFR
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Table 1 List of strains and plasmids used in this study

Strains and plasmids Description Sources
Strains
Pseudomonas eruginosa
PAO1 (ATCC 15692) Wild type Laboratory collection

Afur

ApvdA

ApacT

ApacTAfur
Escherichia coli

TG1

S17-1

Plasmids
pK18mobsacB
p34s-Gm
pK18-Afur-Gm
pK18-ApacT-Gm
pPMEG6032
PMEG6032-fur
PME6032-Psfur
PME6032-Ecfur
pPME6032-pacA
pBBRIMCS-5
pBBRIMCS-5-fur
pMini-CTX::lacZ
pMini-CTX-PpelF::lacZ
pMini-CTX-PpslA::lacZ
pMini-CTX-PcdrA::lacZ
pMini-CTX-PfptA::lacZ
pMini-CTX-PpchD::lacZ
pBBR-gfp-mut3

Mutant of knockout fur in PAO1

Mutant of knockout pvdA in PAO1
Mutant of knockout pacT in PAO1
pacT/fur double deletion mutant in PAO1

F'[traD36 proAB” lac 1% lacZAM15], supE, thi-1, A(lac-proAB),
A(mcrB-hsdSM)5, (1K mK")

RP4-2(Km::Tn7, Tc::Mu-1), pro-82, LAMpir, recAl, endAl,
thiEl,

hsdR17, creC510

Km'; sacB-based gene replacement vector

Amp"; Gm resistant cassette carrying vector

Km'; Gm"; Afur::Gm in pK18mobsacB

Km'; Gm'; ApacT::Gm in pK18mobsacB
Broad-host-range vector, Tc"

fur was cloned into pME6032

Psfur was cloned into pME6032

Ecfur was cloned into pME6032

pacA was cloned into pME6032

Broad-host-range vector, Gm"

fur was cloned into pPBBRIMCS-5
Q-FRT-attP-MCS, ori, int, oriT, Tc"

PpelF promoter was cloned into pMini-CTX::lacZ
PpslA promoter was cloned into pMini-CTX::lacZ
PcdrA promoter was cloned into pMini-CTX::lacZ
PfptA promoter was cloned into pMini-CTX::lacZ
PpchD promoter was cloned into pMini-CTX::lacZ
pBBRIMCS-5 containing P 04/03-gfp-mut3-To-T1

This study
[31]

This study
This study

Laboratory collection

Laboratory collection

(32]
[33]
This study
This study
[34]
This study
This study
This study
This study
[35]
This study
[36]
This study
This study
This study
This study
[37]
[38]

Tc: Tetracycline; Gm: Gentamicin; Km: Kanamycin; Amp: Ampicillin.

1.5 REHKRMWER]

BELARRBR D7 122225 SCBR 3T MBS, LA
B A R R FE I 41 DNA B, XS54
(fur up F/fur up R #l fur low F/fur low R)%3 3l
PCR 44 fur (9 L9 AI R 79 DNA B i
& JEf PCR ¥ fur up Al fur low EFEEK, 1

FILIN ERR A Afurs B LR R & Afur FH EcoR

I/BamH T 47UV, 4lifb Jofs Had 42 31 3 A3
& pK18mobsacB, 53 H %A pK18mobsacB-
Afur, $E H p34s-Gm HYPEK TS PR ik
Hind III {37 &5 4 A pK18mobsacB-Afur, 535 41
[ A B0k pK18-Afur-Gm ., #4J5okE pK18-Afur-Gm

http://journals.im.ac.cn/actamicrocn
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Table 2 List of primers used in this study

Primers Sequences (5'—3")

fur up F GATCGAATTCGCGGAAATGAAAAAGCCC
fur up R GCACCAGATTCAGGGTCACTTTAAGGCC
fur low F AGTGACCCTGAATCTGGTGCTCTACGTG

fur low R GTACGGATCCGCATTACCAGGAAGAAGC
pacT up F GATCGAATTCCCGAAGACGATGGTGAAC
pacT up R CGGTGATGCTTGCAGGGTGATCGGTAGC
pacT low F TCACCCTGCAAGCATCACCGACCACGAATG
pacT low R GCAAGGATCCGAAGACCCGGGCAAAATG

fur (pME6032) F

fur (pME6032) R
Psfur (pME6032) F
Psfur (pME6032) R
Ecfur (pME6032) F
Ecfur (pME6032) R
pacA (pME6032) F
pacA (pME6032) R
fur (pBBRIMCS-5) F
fur (pBBRIMCS-5) R
pelF F

pelF R

pslAF

psiAR

cdrAF

cdrAR

fptAF

fptAR

pchD F

pchD R

CTGAGAATTCATGGTTGAAAATAGCGAAC
TGACAGATCTCTACTTCTTCTTGCGCAC
GATCGAGCTCTACCTGCATTAAGAGAAG
CTAGCTCGAGTGGTTTCACGCCTTTTTG
GATCGAATTCATGACTGATAACAATACC
CATGCCATGGTTCAGGCTGGCTTATTTG
GATCGAATTCGTGCCGGACGAGACGAGC
AGCTAGATCTTTATTCGTAGATCGTCAAG
CTAGCTCGAGTCCGGGATACTGCGAAAC
ATCAGGATCCCTACTTCTTCTTGCGCAC
CAGTGGTACCTGCTCCAGGCTGTGTTG
GTCAGGATCCGAGGTGCGCCGCTTCGAG
CAGTGGTACCATGGCGATGATGTACCAG
GTCAGGATCCACCAGGAAGTACTCGATG
CTAGCTCGAGGGCTGGCGGCATGCAGTTG
ATCGAAGCTTGGCGAACATGAGGGTGCTG
TGACGGTACCGCGTTGCCTGGAACCTGC
AGCTAAGCTTCACCATGTCCGGCAGTTC
CTCGGGTACCGCGGCTGTCCAGGGCTTC
CTCGAAGCTTGCTCTGGTCCTGCCAGTG

The underline represents the enzyme cleavage site.
ALK S17-1 )5 544k LR PAOL 7E
LB VAR I 37 °CH4 48 ho JH LB 1535 i 4
BEHHE, SYMBRRNTOIARKER
(100 ug/mL)FI% 7 K (30 pg/mL)i LB WHLF
Mro KRR 75 28 PCR B IIE )5 15 51 B g A
W A AR Rl F OB B T HUE R LB KR
o, KRR, &SRB R WA T A RN
(30 pg/mL)F1 12%EHEAY LB -4, 37 °CH: 5%
10d J&, Pl EBR THLETE R B R AV S, 18
FELE G R U INETE , a7
22 PCR i, HLYEIRUEFNI Y )G, RIF53] fur
) B 2 R AR e o (8 PR TR P9 1 4 380 2 A1 .
B A H At 6 R e 2 A8 ok
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1.6 FHEBRTFEMESH

W44 K 2 ODgoo M 0.5-0.8 HY4HE(5 500 r/min
B0 5 min) SRR, FITCH A I PBS ¥k 2 1K,
FRREOFFFE L. IS 2.5% )56 0 [ e 1
(4 °CIR-AF) . B OISR IASS 7] PBS BE 3 1K,
BHR 15 min, FlJE (R 5L EETAE(30% .. 50% .
70%. 80%. 90%. 95%F1 100%)Bi/K , FEFpyfkE
WPREBK 1Y, 4K 10-20 min, T 100%iEk;
BIRMK 1-2 ¥k, 3 TR FESIR S BRE 2 I,
B 20 min . A 8K K UEAT T 4% (Quorum
Technologies) Flli 4 ( H v B2 #R (AL ) A TR
), TJEfHH SU 8100 F4ffHE R fltis( H 3Rl
A ARAR)UEL,
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1.7 S KHZ&aNE

W45 EAREF TR TSB Rigedt, B3t
WG 1:100 #4228 B ik TSB K5k,
AksiiE g ERaE W, B 1 mL BB, 5 500 r/min
Bl 5 min WAETRR, F MM #5353 08 2 WoF
FFETE, RGBSR MM KR 5
(B F A TR B 10 TR VR L e e 2 B e 1 R
& TSB i%?%%)qjﬁﬂgj%@ﬁﬁ ODgoo A 0.05,
37 °C. 220 r/min #R% 5555, & 2 h (AR HUEN
ODgoo, il At Lk . 35 3% 5 AL B 75 2 s fin
wEEPiAER . IPTG, BB G FeCly 45
1.8 SREUIRFTHE BB IRV

BRAER AR A BE RN 225 SCER[37] 9 m A
B, B PRI TR TSB s dk, 15
I JE e 2 AR TSB sk, 4k
sLgR EREY, B mL (EW, 5 500 r/min
B0 5 min WEREIR, Rk CAA B¢ LB
BRFRIENETE 2 WG, FEA CAA B[ LB 5333 E
TR TR G R R A SR R 100 £%, 2 H . 1)
100 mL @fbAy CAA 8 LB [EARE I I
10 mL Pt il & i) %% K7 S (chromeazurol S, CAS)
VSR, o3 A UK BRI AR CAA-CAS Fil
LB-CAS. WZHR B b FRU A4S TR 3 ul T 7E
CAS # b, 37 °CH;F%E 2-3 d J5 AR s IF I &
PO BB 0 ELAR o R R 2 HP AR T BN IS =
A . IPTG %,

CAS WHIMICH] . FREL 60.5 mg #KHE S
WMAREET 50 mL LK BT A; H
10 mmol/L HCI Fid il 10 mL 9 1 mmol/L FeCl; ¥
BNV B FREL 72.9 mg A9+ 75bidk = H LR
1k #% (hexadecyl trimethyl ammonium bromide,
CTAB)WI R VAR T 40 mL A58 ok i, 1595 1%
W Co R A MAZIRW B JGIRE), PR
W C &M IAZ AB IRAW T AT KI5
CAS %

1.9 FREFZ(pyoverdine, PVD)Z 44
PVD & BRI 225 SCRR 3713 Im D& el
FEWR R TSB 5557 rh i 0% 77 1 & R AR VAL
Fi2 1:100 FeAEBEEF A TSB KEgabkrh, 44k
Bige BAGEW], MSE R ODggo, 12 000 r/min
20 S min Y FIE WA 100 mmol/L Tris-HC1
(pH 8.0)i& M BEfm , W 7 B Y ODayos, PVD
TRMEE R IR ODygs/ODgoo 25 L2L ApvdA
VA B X BE B R
1.10 lacZ £ e AR ESIREEKRIE
lacZ Y (A5 St Rl 5 4t AR A A 5 1k
S SCER[3TIFMMES. DL PCH M4 AL
pchD J ], A T EEH: lacZ %45 Ik (R 5% St gl &
LK, F514 pchD F/pchD R 74 pchD
X 1% 684 bp 1Y JE 31F 741 . PCR ¥ i Kpn
I F1 Hind III EY)0L 8 B 4% e FE 3] pMini-CTX::
lacZ 44 |, 5% pMini-CTX-PpchD::lacZ & 4]
Bk B HEABAREAAKIIIFRE S17-1 5, &
#5 PAOL1 A1 Afur 7£ TSB “Flt b 37 °CH4A
48 h, F TSB Wi iR IF BRI E, & 4
B Ja A T8 A RIRE R (30 pg/mL) MU IHF R
(200 pg/mL)fY TSB XHi Pk, 37 °CHi3E3 dJE
931 PAO1 F1 Afur (1) pchD J& 3 T4 st A& H kR .
B J5 ., FH514% fur (pBBRIMCS-5) F/fur
(pBBRIMCS-5) R 44 fur J¥41 . PCR j”#yifi it
Xho 1 Fl BamH 1 fif§ U) i i B # 50 B %
pBBRIMCS-5 #k & I, 7% #| & 41 #& 1k
pBBRIMCS-5-fur , # pBBRIMCS-5 #% 1k A
PAO1 Fil Afur Hr, [A]EPK: pBBRIMCS-5-fur %1k
A Afur o, HEARIBE RGO pg/mL). KK
£ (100 ug/mL)FIPUFA 2 (200 pg/mL)AY TSB =
POV 07 e 75 B B A e s Rl G TR R o IR
et FH IR B9 7 9245 1) A 203 A5 B L A7 1) JEL At A1
F) Bl S R TR PR o

http://journals.im.ac.cn/actamicrocn
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1.11  B-FFPEEEEEGIEEN

B->F- FU T b ity V55 S DN 1 2 2% Sk [4119F
TNLMEEA . W 20-100 pL 5557 2= XU A I
I VR PR YR I A 420 pL 4 Z buffer (60 mmol/L
Na,HPO,. 40 mmol/L NaH,PO,. 10 mmol/L KCI1.
1 mmol/L MgSO,. pH 7.0, 0.2% B-#idk ZEF).
20 pL A5 AL 10 L 0.1% + — %t B 5 2 4
(sodium lauryl sulfate, SDS). RS PLHIES 20 s
&, TE 30 °CWFE 1he WHJE, MIRGWHIMA
100 pL % K 4 mg/mL ) ONPG #E47 /) . i
A 250 uL 9 1 mol/L Na,COs & 1k Sz )i, 3f:
WCsE OV R], fefm, KRG 14 000xg B0
3 min 5 KRR 5 W 1) ODuo Fll ODsso, 285 LAk
B (Miller units, MU)HE B-21 FUBE T 6 P

(A D)
MU=1 OOOX(ODAQO*I 75% OD550)/[OD600X12I§$/E{(H1L)X BZ
7 B (8] (min)] (D

112 A4 BRI LG

A= WU IR 37 5 vk 225 SCER (37191 I LA &
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Figure 1

Characterization of the Afur mutation by PCR. A: Parts 1 and 3 show the map of the wild type allele,

whereas parts 2 and 4 show the map of the Afur mutant. B: The PCR analysis of genomic DNA from the two
strains. M: Marker. Lane 1, 2: The size of the fur gene sequences of PAO1 and Afur, respectively. Lane 3, 4:
The sequence sizes of the fur genes upstream and downstream of PAO1 and Afur, respectively.
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Figure 2 Deletion of fur affects Pseudomonas aeruginosa total siderophore production. A and B: Comparison
of the colored halos around wild type (top), Afur (bottom left) and its complementary strain (bottom right)
colonies in LB agar. ****: P<0.000 1. C and D: Comparison of the colored halos around wild type (top), Afur
(bottom left) and its complementary strain (bottom right) colonies in CAA agar.
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Figure 3 Deletion of fur affects Pseudomonas aeruginosa siderophore PVD and PCH production. A and B:
Relative levels of extracellular PVD in each culture supernatants were determined spectrophotometrically in
TSB and CAA broth. Values are presented as the mean of three independent assays. The ApvdA strain was
used as a negative control. *: P<0.05; ***. P<0.001; ****: P<(0.000 1. C and D: PAOI1, Afur and its
complementary strain were cultured in TSB and MM broth, levels of PCH-related genes transcription in each
strain cells were monitored using the fptA'-lacZ and pchD’-lacZ transcriptional fusions, respectively. The
graphs show the mean and standard deviation of two experiments performed in five replicates each time.

*akx: P<0.000 1.
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Figure 4 Deletion of fur affects the growth of Pseudomonas aeruginosa. A—E: Growth curves of PAO1, Afur
and its complementary strain in liquid medium TSB, MM, MM+50 pmol/L FeCl;, MM+250 pmol/L
2,2'-bipyridine and MM+500 pmol/L 2,2'-bipyridine, respectively. F: Survival curves of PAO1, Afur and its
complementary strain under H,O; stress. *: P<0.05, **: P<0.01. All the data are representative of a minimum of
three independent experiments. Error bars represent the standard deviations.
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Figure 5 Deletion of fur reduces the growth and proliferation rate of Pseudomonas aeruginosa. The bacteria
solution cultured to the stationary phase was adjusted to the same concentration, and then continuously diluted
by ten times, 3 pL diluent was dropped on LB plate and LB+50 umol/L FeCl; plate respectively, and cultured at
37 °C for 48 h. All the data are representative of a minimum of three independent experiments.
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Figure 6 Genetic complementation analysis of fur
deletion mutant by the heterogenous fur genes. The
growth curves of the strains in TSB medium. All the
data are representative of a minimum of three
independent experiments. Error bars represent the
standard deviations. Psfur is the fur gene of
Pseudomonas syringae pv. tomato DC3000, and
Ecfur is the fur gene of Escherichia coli MG1655.
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Figure 7 Effect of toxin-antitoxin system PacTA on the growth defect phenotype of Afur. A: Growth curves of
PAOI1, Afur, ApacT and ApacTAfur in TSB medium. B: Growth curves ofPAO1, Afur, Afur strain that
complement fur and Afur strain that overexpress pacA in TSB medium. All the data are representative of a
minimum of three independent experiments. Error bars represent the standard deviations.
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Figure 8 Deletion of fur affects the biofilm formation of Pseudomonas aeruginosa. A: Quantitative analysis
of biofilm formation of PAO1, Afur and its complementary strain on 96-well plates. B: Biofilm imaging based
on laser confocal scanning microscopy. C: The levels of biofilm-related genes transcription in each strain cells
were monitored using the pelF'-lacZ, pslA'-lacZ and cdrA'-lacZ transcriptional fusions, respectively. D:
Determination of intracellular c-di-GMP levels in P. aeruginosa. All the data are representative of a minimum
of three independent experiments. Error bars represent the standard deviations. ***: P<0.001; ****: P<(0.000 1.
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Figure 9 Deletion of fur causes Pseudomonas aeruginosa to lose the ability to form flagella. Scanning
electron microscope of the indicated strains of P. aeruginosa was performed. White triangles indicate flagella.
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Figure 10 Deletion of fur reduces the virulence of
Pseudomonas aeruginosa to Galleria mellonella
larvae. The bacterial culture of each strain of P.
aeruginosa shown in the figure was injected into 50
G. mellonella larvae. The number of cells injected
per G. mellonella larva was 10°, and data were
collected every 12 h. The survival kinetics of G.
mellonella larvae infected with P. aeruginosa is
shown for each strain. ****: P<(0.000 1.
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AN Fur A G52/

AR fur S RARMR S ET SRR fur
SUTSARRRAN fur S5 RASHRAR LG, EFRA A —
YO, B, BN R, BREkRE R
fiE S R T A B PAOL A fur S50 58728 bk 22 ]
B AR 225, BIA 4R fur 385 T 4 S e
BRI X PR AR R BT 9 A 1 T, T [ PR A 1Y)
WFFEN R , BRERFI S s IR 1 g s hn 1 B Ak
W PAOL Fll fur S5 58 8 bk Z My A K 2257, B
AR fur BRI T 4 2 A1 B M TR X RIS 42K R e Ak
AR IENES, 5 ERRGEARFE R, A
WF5T % B fur Sl T S50HR 2R A5 BRI A 0 PRZK PR
A A T 7 P R, AL AN 52 M LX) 15 AR A5 1Y
AT N PE (] 4B—4E), Hok, B MR i A
fur 24 2 A R TR 7 [ AR 5 5 T AR K Bl 5
(), BRI 50 pmol/L FeCly 584l T fur Fxf458
AR PRAE AR T3 A KD), 5285 RH,
AHIFFE K BB fur J5 i 2 (5 R M BT A7) e 78 T {4
FRFRAE PR, HORMTEH EAE W, IF HiR
11150 pmol/L FeCls X fur filt 2 28 25k i A K A
(K 5). 85—, ESMREAY BRI
= fur () SS9 A B AN S e A Al P
PR A D B A TR B i ] P A A4 % PR fur
) 45 AP 2 738 A 0] g A B TR TR T A 00 0 B ) e
Tk 5™, HiX SR, AT R B 5
A% fur SR T AR A S T AR R TR A T
feJ1, H Fur SEFESMHEA c-di-GMP KF-
FIFRFE, VEmIHNG Pel A1 Psl AN 2B A RL,
AT ST 300X 40 2 A1 P L AT A 0 e RS 8 Py 4100+
YEFI(E 8). 550U, EAMREIAAGE fur 195404
R 7R AN 55 T 4] 253 P TR X A A B 4 e 2
REJIANTE ), 578 Fur AJ&5 | K i ) d 35 ot
G T T 1P, SZHGE MR, AHEIE & BB
IR fur A i 35 AR T ] o I P T X DR
WA B EE T, UL Fur 2 S R B o A s
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W2y He Y BE ) BT AT (K 10). FiRRAE FRy 2
SEOTRESE fur JLRARRRAN fur AR AE A
[F] AR 2 Y fur 5% B RIA5 R .

T, MR X SR R TR fur S50
GRAFIRNA) A A R 2 B A ML AT T A5
S50 R SRR AR fur TR AR SR I b AR B TR
Vi HE IR BE R AR th LN 2R 3k PCH ™ A 19 35
PEVE IR LD, SR, FEIRIFESRE T PCH #)

SRR fur 508 AR MRAE TR R B AR P, LAk,
SERFIBFA B PCH FE ARl T M8 S A i
fur e AR AR, L, Zkakik PCH 7~
A R TEAE AT RE SR fur 28748 5 B0 S5 A 1R
ARG R Z —, MRS, fur 5848 k
PR A AR BB R B AT REIL 5 PCH Z Ah i HoAt
HLIAHSCHK o fellr, [ PN BRAEZH 75 A 2 B S A T
HEET 15 Fu AXNER-IIERRASR
PacTA, K I # & PacT 7] LA EL #2454 Fur ) DNA
A GEMIRIEE N Fur 7 5 =50
RN AR . W, 24 Fur F1 PacT 76 K
FFATHHERIRET, Fur REARCHADE PacT 1Y38E
ZEAEH, K578 Fur 7R85 PacA —FEH A X} PacT
EFEEPEFARPRE RS, Rif, AN
5 R BoRPE— iR AN B R B pacT Flid 3k
IAPURER AL pacA YIABEIRE. fur BRI SASPRINY
AR R TL(1E] 7). B BER-DIRER REL PacTA
AJETE SRS AR fur BRI SRARRRAE KB
FRIIRR . I, fur 28748 S EUR LRI B A
KA R A T T — 2D R

AH T AMGALE ) 25 SR 0T ARBFIE IR & B
Bk fur S {5 BB M TR 2R TR ICHE R 1Y)
REJI (B 9), X453 1 [ N IR ZH A 98 45 SR A B
EC, PR AT K B AR 58 A fur P RS T
23 A5 BRI B Y swarming 1 swimming ia B fig 1719,
T3 B R S PR T HEE . JeRTrmFsT
N, AR BRIz sh M2 A c-di-GMP 7K
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PRI, AN EZKERY c-di-GMP BE 210 4
SR RIE SR, HIZ)RE 32 2 i ]
HEE AT B, l BR84S fur B 254R
THT Hil2sfE B AL R AU LIN . c-di-GMP 7KF-(&] 8),
DR ATk 2R 58722 fur Sl SR THIE A c-di-GMP 7K
-, AT IR e 2 SR M R B TR A, TS
M Az B . 25 1, Fur XSRS ER AE Dl s
T BRI HE B B A R I 45 R 2 G A R e
c-di-GMP JKFSBLR), {H Fur XA c-di-GMP
HERET LRI, A Rl P05 .

S, AR T fur 2 Sk i I
SEAE AT DA A b BR B IO 9 B A, e A 2%
BRI TR ) T ARG L BRI A G L LA
IHAET) . MERIE AL AW e R B ) A 5 T
R AL o> T BRI o IR X e Y R 1Y
ol S AR T Fur R SRS AR FLAT B R A I R
IR ) o AR AT AR Y R R R A WA
PR ] 2 M 5 T T o A AR ot B T Bk (P
aeruginosa mannose-sensitive hemagglutinin,
PA-MSHA) & 9% H [ [ 28 & i 24 o 48 PR
Jai(China Food and Drug Administration, CFDA)
[CFDA T 2018 4R 8 5 Oy [ 5 i 37 Mo B 4 LG
Ja) (National Medical Products Administration,
NMPA ) 4tk 1 F A g 1 4l B v 7 PO — 4%
LR AR B R fur SR SAE R AT BEAE 4T
e 4l B T R AR B AT D T AR SRR DY AR IR
B, EMEGURIGT TR . BT
AT Fur &R AR I TE R 25 W 8 2 DL fur
GEAF IR C AR Ty B W T R B E R 224, A
B 30 DAy A X 0 2 AR B TR )7L 1T 2 00 R
IR BEE T kA
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