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Tﬁﬁ . [H 5] &R MK E (avian pathogenic Escherichia coli, APEC)46 4% 7| &2 & K A & K.
R FEIR, BERHRE LR LR, B, APEC 5 AKX M 4hE 5k K AT i (extraintestinal
pathogenic Escherichia coli, ExXPEC)E-# ifEMvM’JﬁJJ BT, PERMaETA. APEC T R A DBIE
TR E T AR E SR, Bk, K APEC AMAUR A 69 KA B fe 4z ug], AF
TBr42 APEC B €209 eAZ xR EL. [ B 6] EiFIMNEE A CsgG £ APEC A HHIEH & +F
Qe A, BT APEC £ MMIRT s b9 o T H4], A& KT ReI s REE R A, [F%] A
/A Red Fl ﬁﬁéﬂ&?ﬁ#‘q%éﬁ csgG & [ £ %k #x AcsgG A A Z AR CAcsgG, 441 7 csgG #f APEC
AR, EFHE . REF M. Jeh % 5 (extracellular polysaccharides, EPS))i = B A P AETS A% AE
t9%h, [4R] csgG #98 K 5+ R "m APEC 9 A KfmRteqid@ ik e, (2383% T APEC #9i£3)
M. csgG a9 & 2 F KT APEC A WA s A8 7], 4248 & F BBV L IL4L K AR A AR fm
BERE 2 EEALE, MARZHRR Y. HARMERED MR LI csgG 414K FH AW
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The outer membrane protein CsgG influences biofilm formation of
avian pathogenic Escherichia coli

PENG Haoheng!?, LIN Zizhu'?, HU Jiangang?, ZHANG Beibei?, GUO Weiqi’*, WANG Xinyu?,
WANG Zhiyang!?, QI Jingjing?, TIAN Mingxing?, BAO Yanqing?, LI Haihua"!, WANG Shaohui*!2

1 Tianjin Key Laboratory of Animal Breeding and Healthy Husbandry, College of Animal Science and Veterinary
Medicine, Tianjin Agricultural University, Tianjin 300384, China
2 Shanghai Veterinary Research Institute, Chinese Academy of Agricultural Sciences, Shanghai 200241, China

Abstract: [Background] Avian pathogenic Escherichia coli (APEC) could cause inflammatory
conditions such as avian airsacculitis and pericarditis, which seriously restricts the healthy
development of the poultry industry. Meanwhile, APEC and human extraintestinal pathogenic
Escherichia coli (ExPEC) have similar virulence factors, posing a serious threat to public
health. Biofilm formation can enhance the antibiotic resistance of APEC and help it escape from
the host immune system. Therefore, exploring the key genes and regulatory mechanisms of the
biofilm formation of APEC are of great theoretical and practical significance for the prevention
and control of APEC. [Objective] To elucidate the role of the outer membrane protein CsgG in
the biofilm formation of APEC, reveal the molecular mechanism of its biofilm formation, and
provide a theoretical basis for the prevention and control of avian diseases associated with
APEC. [Methods] The csgG-deleted strain AcsgG and its complementary strain CAcsgG were
constructed by Red homologous recombination. The strains were then used to study the effects
of csgG on the growth, motility, membrane permeability, extracellular polysaccharide (EPS)
production, and biofilm formation of APEC. [Results] The deletion of csgG did not impact the
growth or membrane permeability but enhanced the motility of APEC. The deletion of csgG
significantly reduced the biofilm formation of APEC. Scanning electron microscopy revealed
that the biofilm changed from multilayers to monolayers after the deletion of csgG, with
reduced intercellular adhesion. Confocal laser microscope revealed that the deletion of csgG led
to a loose structure of the biofilm and a decrease in the number of adherent bacteria.
Furthermore, the deletion of ¢sgG significantly reduced the EPS production of APEC. The
RT-qPCR results showed that the deletion of ¢sgG led to significant reductions in the transcript
levels of genes related to biofilm formation. [Conclusion] CsgG is a pivotal factor in the
biofilm formation of APEC, influencing the structural integrity of the biofilm.

Keywords: avian pathogenic Escherichia coli; CsgG; biofilm; extracellular polysaccharides

& H M KR W FF B (avian pathogenic R . HiDNE R . MEBER ﬂlﬂ'ﬁlﬂ_‘ﬂf% Xﬁ'%%
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W, IR FERER . DR, 2l B 2, Wﬁ%ﬂ%%jﬁ%ﬂ@ﬁ%@i%ﬁo
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A, APEC 5 ExPEC HAG LAY #E 1 H 11
F L, L APEC AT f830 o & 2 & Ho™ fi A%
DN D NG~ (295 /0 |/ S ERA =X )

A )0k B 20 TR TE R TR AR T i B B
M Z 05 . BB AR 2 8 SR ook i fR g
JZ, GRS A R R AHED ), APEC
F A= Pk B2 5P B K Bt A R I a1
T AN e AL, AT SEIAE A T P A RE S
B, R TS SRR, Curli B E R
PR 2 R A G I E LA 2%, X I T HE R
AHADRRE E, X T4 mIE i E %
TN, Curli HEH csgBAC Y\ F4mid,
M csgDEFG #:9A 14 it 1) 25 11 43 Wb Fl e B o
CsgA Fll CsgB ZA4 i Curli A9 EZ R, Ji R
HHE CsgC AR 1k yE My #f v e AR 78 J8 B Hh I i
DLkt b L= A g B PENS] . CsgE il CsgF #5 B
Curli )43 MW FIZH2E , CsgD 3% Curli AHC LA
PRIk, CsgG B RLHS B 1 B2 Wb iy sa i e
X AL FEVE A, 1k Curli BE9% M40 5 N 3P
STIEN PRI, FERGFF R, CsgG 2—4
RIUK) BARRIE G REEE T, 1 36 S5 B 4kl
B, TR IR ZERL , JE 4N AN b B AR Ry
B AR EE 1z —), L5 F 1S CsgG RETE Bl —
ZRIEIE, fiF Curli WEMELIT CsgA H
CsgB DiARIrZ& Mg, CsgG SHibh&E
1 CsgE Fll CsgF RIAHEAE XS Curli HEA
A% RS E L, CsgE it Z BIK S CsgG
ghih, QR E CsgA 43I B 1 Had R AR
HI4A7E %, 1 CsgF WIRJHEVEA CsgG #1 Curli
BB A BIHFZE, fE0E CsgA 214 A0 A4 i 5 1
W%[W—IS]O

S 5% % i T3 2o B ATL 5% A PR i % 2 B esgG
SEH Ry B2k S8 APECS1 A= Wk IR 1 RE 1 sk
55U AR ERIE csgG 25 Curli HEM W,
A2 csgG X APEC A= W BTV 1 i MLl A o itk

— 5T . AW csgG AL R A b
¥R IR csgG X APECS 1 A= ¥k B8 At 45 1
PE—:4h & APEC AEW9t TR B i) 184 N 45
I A AR FE P2 88 APEC Bl 8 S Ar $241E
PRI HLA

1 MR5r%

1.1 #m

BEURYER I I R 2> Bk APECSI, Bk
Ktk AcsgG B HANGURL pSTV28 iy [E A
Pl b b5 BT ST I 4 8 20 1R A% i B 45
P DA A S g AR A
1.2 FERAFIFNR

2xPrimeSTAR Max DNA Polymerase, & H
EADFEARCEEARAE; &AM K. 45
FEAZH DNA 4@ B0 &L e [ml i ) & s
PRGN &, KRR AL AR A AL
N-ZKF-1-Z5 ¢ (N-phenyl-1-naphthylamine, NPN),
PO I R B 2 () A A RS | b Y
WE (propidium iodide, PI), i3 = KAYH AR
F BR/N ] 3 LIVE/DEAD BacLight 4 21 Jitd 1%
I 1) 8 (B IR UL RL SYTO 9 #1 P, FE3K
RHHREBH A BRA ] ;3 2xTaq Plus Master Mix .

HiScript III All-in-one RT SuperMix Perfect for
gPCR #1 2xChamQ Universal SYBR qPCR Master

Mix, g 5L MEREAE R IRy A BR S | o bR
I, ZERRHA AR BOCHMILRER
R, RAREEEDGFA R E] ;6 F s TR,
AR E PR 5 A BR A E] B IR R
il 7 EMEs, HBRAA,
1.3 5|¥ngit

H 4l APECS81 TR Mk 5 [H 41 )7 41 15 1 csgG 2t
DRl e 2R S 5 5 | ) I B AD BORAR 5 140, Rt
LR AR AL PRk A DG L S e we B 1 (3% 1),
1 b A R B A BRA F A .
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Table 1 Primers used in this study

Primer name Sequence (5'—3") Product size (bp)
CsgG-co-F AATATTGAAAAAGGAAGAGTTGACTTTGGTATTGAAACACCCTC 937
CsgG-co-R CCGTCATGGTCTTTGTAGTCGGATTCCGGTGGAACCGA

CsgG-in-F AATCTTTCAATGCCGTGACC 240
CsgG-in-R TCATGTTACTGAGCGGATGC

CsgG-out-F TGGTTACGCAATGAAAAACA 1296
CsgG-out-R CAGGCCCAAAACTCTTATAA

RT-fimA-F TTGCGATACCAATGTTGCAT 194
RT-fimA-R TCAGGGTTGTTTGCTCACTG

RT-fimH-F CTTATGGCGGCGTGTTATCT 154
RT-fimH-R CTGCTCACAGGCGTCAAATA

RT-dgcM-F CATCATTTTTCGCCCGATAC 190
RT-dgcM-R CTACCAAGAACCCCACTGGA

RT-glgA-F CCGAACAACAGCGTGATATG 192
RT-glgA-R AGAGATGTTCCCGCTGCTTA

RT-csgD-F TGCAACCCATTGACAACACG 82
RT-csgD-R ACCGCGACATTGAAAACTGG

RT-pgaA-F AACGCGCCAAGATGATCAAC 138
RT-pgaA-R TACGCGCAGTGAAAGTGAAC

RT-dnaE-F TACCATTTCCACGTCAACGA 161
RT-dnaE-R AACTTTTTGGTGTCGGTTCG

1.4 BRCHRAVES E AR B AMRRYH 22
FURANBEE L ZH DNA $2 B0 7] 6 0 5ok:
FEWGR ) &5 B APECS1 Y2k [ 4 DNA Fl
pSTV28 Jfiki DNA, ZJ& Lk APECS1 HtkAYHEEA
4] DNA “W#il, 514 CsyG-co-F/CsyG-co-R
P18 csgG K KT 3741, PCR KR :
2xPrimeSTAR Max DNA Polymerase 25 puL, [,
U5 #(10 pmol/L)4% 2 uL, #ik 2 uL, ddH,0
19 uL, PCR W 4542 95 °C 3 min; 95°C 15 s,
53°C155s,72°C20s, 30 MEH; 72 °C 10 min,
Bt 5 %6 PCR ™ W A 7 A% 2 v Dk I 050 P Jie [l g ik
Fl Xt H #4547 (937 bp) b 472 i, FRASXT R
FE IR B M P [R) D T 2H il 12 381 pSTV28 Jivhr
A E ANERL pSTV28-c59G, e J ¥ HAMNFkE
pSTV28-csyG HLEEAL . AcsyG Bz A4 i, i
SR Z W N 35 pg/mL HTEE LB PR i ik
K, NG54 CsgG-in-F/CsgG-in-R 5

CsyG-out-F/CsyG-out-R 3545 (1 H #Mk CAcsyG
LB Je bk AcsgG #E4T PCR %52 . PCR JX b 4
% : 2xTaqPlus Master Mix 10 pL, . Fi#5]
¥1(10 pmol/L)4% 1 uL, #itk 2 uL, ddH20 6 pL.
PCR JZ i 214 95°C 3 min; 95°C 15, 53 °C
15s, 72°C 1 min, 35 ME#; 72 °C 10 min,
1.5 K& XEange IRNE

WPk APEC81 . AcsgG Fll CAcsgG #:F T
LB 85323 E 37 °C. 220 r/min 5504 F 5535,
B ZH ODegoo [HIXFN L 1.0, BT, Br45 H R
FBEHH LB B R rp 4k s 5%, A0 1 h JU5E
H ODeoo fH o T MEAL AT 3 YO 84 58
55, [ AR LB K32 2 0E R B PR Xt
HEZH

4 ##k APEC81 . AcsgG il CAcsgG #:fh T
LB g2 KL 7E 37 °C, 220 r/min £/ FHFHZE
ODsgoo %4 1.0, 4 °C, 5 000 r/min #.(> 10 min
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WCHEAN B, IF ] PBS YT 2 UK, FfiJi5 %% ODsoo
B4 3.0, #E, K2 uL MANEETFRIEASA
0.3%FUIER LB B35 M0y, 37 °CH5 9% 12 h,
M FF0 5% APEC H#sh HAR .
1.6 %5 FET B BE F189M ZE

K 96 FLARFLAR L X A= g i 4 7 e
ETE , iR IR R R Pk APECS1 .
AcsgG Hl CAcsgG 1597 & ODeoo N 1.0, f#i /] LB
WIARSE TR R 10 45, B3 A 96 LA
Mt , 4FSL 200 pL. 5535 48 h J5 FEia K
JFH PBS YRS AN MR 3 W, mAEFLINA 200 uL
WeHE R 0.001 g/mL 945 581, Y4 €8 30 min,
FBR g VAW ] PBS Uk 3 kUG TR, FEL
95% ., FE(200 uL/AL)VAff Y €6, W5E ODsos fH.,
DL LB 8557 5.4 A X BE
1.7 BAAHEEREEMEUNERSEY
A

Wbk APEC81 . AcsgG il CAcsgG 7E 12 L
Mt B RE R 48 h, AR PRl A K T TC R B
BF b, K65 A9 A LIVE/DEAD BacLight
£ 240 63 0 R S e e, ki SOk
4 L 2R A I RO R AT A W I ) AT A Ak A3
Bro SYTO 9 F FARICTE 4B , 16 41 B 7€ 488 nm
WO T R gkt sdot, i PL YA FE T4
WIAE 560 nm OGER T & 4L A5k,
1.8 FHFBETFERENRE IR

81T B TR R A o B A A
B b, T REATE 2.5% % IR 2 h,
] PBS UE¥ 3 K, FHIGTE 4 °CHY 3% 8
ORI . HeE , FEASURUR P 3 38 e 2 g
¥ 5 R 5 IR (30%, 50%, 70%, 80%, 95%,
100%)57 5 15 min, ZJ5 , BEHEAGLANGF ST
PR AT T, TR AEAS B T S H A
MRS EN B IS L & Fi4: 30 s A2
i, e R 7 B s g R .

1.9 BEINZHEFERRN

M5 SCHR 20109 7 ¥4 54T APEC o2 Hk
(extracellular polysaccharides, EPS)HJIE . B
e, Kt iYL 4 °C. 12 000 t/min &0
10 min P23 15 min DAEEMML. KI5, A
HEOAM K FAZER TG 1 h &, 3%
%, A= ZRVKE 30 min, 2.0 20 min Ytk
DUV, WU S CORRE, WE | h 5 FHRE
O, WEITE. fh, HAOBERGDTE 2 Ik,
ORI R T R sk, T
—20 °C.. i FIZE B -BRiR A F 4 e B T 1HE 490 nm
AL AE . EPS e EERY
1.10 SMEZSIEMRINE

i F NPN 2 GHE R 1EAl APEC81. AcsgG
Il CAcsgG HIAMERZ i . NPN & — Pk 2
PECHREY, AN BB L5 #2451 B AT 4 A S BB i
K XSO s ZUDE N, H T 20 P RS IR XL O
FIZFEAK-GOKPERT, BiKPER NPN XELUHE
S5 7K 1 B T S 3 TE N AN PN L R T
NPN K PEAS 40 M AR i 1P 1 Se B i i
W5 NPN WBIRA, R NPN A2k B
10 pmol/L, #RJFREEIGFE 1 he W IEFR G HE ML 5%
2 96 fLEFRA A, AL 200 pL, H#EFT 3 RE
S, H ] 0.6 mg/L BhTE EAE N FHTERT R, %
Je A R R A I A S AR 4 350 nm Fl &
K 420 nm AR (7GR FE
1.11  NEETEMRNE

FIFH P12 AR IC R PPk 41 B 114 PN i 58 4%
PEo PIAEMAZIR YL, BBk A B Z [H] S B
) DNA 254, (HiEH RNREZE 5 s 88 1 A A
HAE M Z W, PI A REE AR IT 5
DNA 456G, reAda@sot™, |k, Kpsts
W5 10 uL PIIRIR A 357, fff P AR 2k i
iKE] 10 pmol/L, SRJFHEIEHTFE 1 he HEFR4HK
T B REA SR B 96 fLREAR A, AL 200 pL,
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FEHEAT 3 RS A S, 1 0.6 mg/L ZhEA
FZAERPHMEXT B fedm, (0 FH R £SO A
TE 535 nm AP A 615 nm (I ESTEK T
PSR
1.12  SERRJEEE PCR &M

Wbk APEC81 . AcsgG Fll CAcsgG 1E 37 °C
() LB B 573 rp 555 2 ODgoo 27 1.0, Fifif, fii ]
Trizol IXFHRHUE RNA, SRIGH RNA
GG, (F 0 SRR RNA 35 5%
cDNA, ARJFHATEMNZOLE R PCR, LKA
YR BY R G R JE R 58, PCR VIR R -
2xChamQ Universal SYBR qPCR Master Mix 10 pL,
b RS I4(10 pmol/L)4% 0.4 uL, ¢cDNA 1 pL,
ddH>0 8.2 L. PCR [ZJiiZ5f4: 95°C30s, 95°C
10s, 60°C30s, 40 MEH; 95°C 155, 60 °C
1 min, 95°C 15s. LA dnaEfEMNESEEIN, B4
BEARE AL 3K, SR 27 g MR AN R R
7K o RT-qPCR Kl e fit FH A% 5 |4 RT-fimA-F/R
RT-fimH-F/R . RT-dgcM-F/R . RT-glgA-F/R .
RT-csgD-F/R . RT-pgaA-F/R Fil RT-dnakE-F/R J¥ 5]
MR 1 iR,

2 EXRE54M

2.1 cG HYFRKLF A #0n APECS1 FU4EK

i AN 51 ¥ CsgG-in-F/CsgG-in-R 55
CsgG-out-F/CsgG-out-R X} 2 #% AcsgG K B 4k
CACsyG #4750 o BRIk T AME MG 554 K
/N 462 bp, BFARRSEA K/ R 1 296 bp; H
MR B A MR N S5l K/ 240 bp, BRGBE
WHGTC 26l , SAUAIAT, R B AME CAcsgG
R (B 1A). A KRS R BN, S
¥k AcsgG HE K 5 APEC81 . CAcsgG I L i #
22 5%, R csgG AR i & B R FF T 1 A=
(& 1B).

2.2 fRok csgG iR T APECS] BN

W/ E fk APEC81. AcsgG Fll CAcsgG
FEP [ AR 55 5L A T R B R RN APEC 1)
imEtk, FRA B AcsgG TEH IRk 18 H
B #E KT APECS1 (K 10), [HAF7EE AN A RE
AcsgG H, iz s PEER /KA, 3R] csgG 5 APEC
(32 Sl A O
2.3 E5k csgG &R T EHK APECS1 £ 47
RS R BE

PR 2 Qe 0 ) 0 CsgG AR 1%
APECS81 A W4 B% BLfe 1 02, 25 BUR,
T Ak APECS1, SRR AcsgG AW
PEIBTE AR ) 2 R (R 2A), B AMERIEY)
BEIETE B RE 1 R B AE AR OK -, £ CsgG
A FITF APEC A=Wl B T 1l
24 FPHEBEFERBENREHIES

FAH HL - 0 f0E 00 55 A ) e B Y 4 R
& 2B fitsn, BROCHERR AcsgG Y AR W Bl I 2
JEAMTEALL, P Z R IF B A e
TRt SR, Bk APECS1 TE LKA w5
CAcsgG #fl, 1 Z )24 4a, ENTZmA
BTAibE=
25 HAHHWHHAREEMBEUREY
WHELE R

A o O TR A A B L e
KP(E 2C), Htk APECS1 #l CAcsgG MW
PR R RS R R AR AE— 2, R 1A
A WS AR, I ELUIE B AE P ok 25 A
%, T AcsyG 5 HF A MR S H AN ARAH L, A
A2 g 1 38 s JEL A o O 1 5 4 s B v i A7
B, AR AE B S At AR AN, B
5 D, gl B R AcsgG AR W p i
JE B B ARG . 45 R 1 CsgG A Bh T4k +F APEC
A= WA B 1) 1 S8 A
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& CsgG-out-F/R

CsgG-in-F/R

bp  Marker

AcsgG  CAcsgG APECS1

AcsgG CAcsgG APECSI

[ ——APECSI
- AcsgG
3 ——CAcsgG

o0
(=]
1

ok

(=)
(=]
T

Diameter (mm)
B
o
T

o]
(=]
T

1 APEC £ K4FMREFNMDHT  A: APEC SRS HAMER Y E ; B: APEC A K #iZk; C: APEC

iz Sl PE E
Figure 1

Analysis of growth characteristics and movement of APEC. A: Identification of APEC deletion strain

and complementary strain; B: Growth curves; C: Athletic bar graphs and pictures. ***: P<0.001.

2.6 csgG HYERKRPEIR T REsh S HERI =2

KIGFFE 5 I EPS S A= ) 9l TR R 1) 56
PR, M. EOR . ZRSAEYER
AN CATF LR BT, LIt
P UE A5 W 4 B ) 1 8 T R 5 45 4 e AR
EPS &AW IEOE s ARk, X AR P g A
) 45 ) R RS L S 240 i T 7y A B A B A
B S AT R LK 3A), HECT
$7 4= A1 APEC81 1 H 4, AcsgG 222 #k 1) EPS
P R 33.68%. AL, CsgG 7E EPS HJ4H %%
Miia it B R ZREEMIEM, M
M A= )40k T 1l

2.7 CsgG AEMIMNEZIEHSRIRTE
i

CsgG &R B H AN 1, Hoxt
A= W BB S e R e 5 N AR DG, Al A
NPN il PT U GE T A S B2 35 1 A0 N JEE e 1k
gL R csgG KB4k X APEC HI 4N i M Fl
NI SE BRI S (] 3B 30)s
2.8 TIREYIHIRFEXERER mRNA
K

T CsgG ¢ ERIE L, 2% 3
HR 25 1A A= 200 e RSS2 IS AH DG 35 TR 7y e Sk P
A= Wy gl TS A 56 35 TR A 55 1 R B Ak il 3 [
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~]
S 2%,
1
n | ||
C
APECS8I

AcsgG

CAcsgG

2 CsgG %t APEC £¥I#RRIR MM A: 454

RPOTTER AP BBE(*: P<0.01); B: i

T RSB C: BOLH LR A BB AR YR
Figure 2 The effects of CsgG on biofilm of APEC. A: Detection of biological periplasm by crystalline
violet staining (**: P<0.01); B: Analysis of biofilm formation by scanning electron microscope; C: Analysis

of biofilm formation by confocal laser microscope.

dgcM . BEFE LN pgaA. Curli B8 B%E SHE
2 csgD . Wi AN glgA. 1 BIE &
LD fimA F1fimH . 25 R a1 4 s, A T3
Pk APECS1, B4 ¥k dgcM . pgaA. csgD . glgA.
fimA Fil fimH % 57K #R B ZREAR . R, 725
MR CACcsgG H1, X SEFLH Y mRNA K-35
WA . KW csgG MYk T30 — S 1T MR AL
WIS A B M . Curli TH BRI M 1 5
B LR R IR K- 32 R R, AT 52 Ml 25 )
HEETE 1

3 Wik
ARAFFEERVT T CsgG 7E APEC HA: Yk e
WVERT, A ihZe4s R CsgG 75 APECSI
P A KRR AR R AT 19 o (HER R csgG 1) TR Bk
I ERZB B, KIGFF R 02 3l 3 5
A AR5 4 TR A AR BEEE R A AR RS AT G, R
I B T B AZ BELERE 20 5 1T Rl 2 1 4% A= B
ARAS, DI RS Bl VSR AME A R T g T b Y
Pk, DA B o LA IR BE (P HURR 1 MO BT
He 2SO IE I PE ) c-di-GMP & —Fh ek Al 5
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Figure 3 The effects of CsgG on EPS and cell membrane of APEC. A: Analysis of EPS production; B: Inner
membrane integrity assay; C: Outer membrane permeability assay. **: P<0.01; ns: P>0.05.

1 ns

Bl 4 SLETRHKERE PCR 947 CsgG X414 IR 8 X B E % Rk I
Figure 4 Real-time fluorescence quantitative PCR analysis of the impact of CsgG on the expression level of
biofilm-related genes. ***: P<0.001.
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