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Abstract: [Objective] Listeria monocytogenes, the important foodborne pathogen, uses opuCA gene to
defend against osmotic stress. In this study, we explored the roles of opuCA gene in growth,
pathopoiesis, oxidative stress resistance, and osmotic stress resistance of L. monocytogenes, hoping to
lay a basis for clarifying the mechanism of OpuCA-mediated bacterial adaptation and infection.
[Methods] We constructed the opuCA deletion mutant (AopuCA) and complementary mutant
(CAopuCA) and then compared the growth, oxidative stress tolerance, osmotic stress tolerance, and
cellular adhesion and invasion of the wild strain and the mutants by molecular biology technology,
infection biology technology, and laser scanning confocal microscopy. [Results] opuCA deletion had
no influence on bacterial growth but decreased the osmotic stress tolerance. Additionally, AopuCA
showed low tolerance to Cu®" and Cd*" compared with the wild strain, but the tolerance to thiol-specific
oxidant diamide demonstrated no obvious variation. Furthermore, loss of opuCA significantly reduced
bacterial adhesion and invasion to Caco-2 cells, and actin aggregation, thereby influencing the
intercellular migration of bacteria. [Conclusion] opuCA plays a critical role in bacterial osmotic stress
tolerance, oxidative stress resistance, and intracellular infection. This study expands our understanding
of the OpuCA-mediated in vitro adaption and pathopoiesis of L. monocytogenes, which lays a basis for
the prevention and control of the foodborne diseases caused by L. monocytogenes.
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ZERAU, IR opuCA RN S5 T2 E R H 1
AL LA E T opuCA BRIk,
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T4 i 032 1 W A ¥ (brain and heart infusion
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(Luria-Bertani, LB), 37 °C g Z i ® 55, bR
FRRRULII AL, TRARIG IR 551380 37 °Co A 5R
WEGIMIWER 1,
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KOD plus Neo PCR fiff . BRIP4 A I
fifg . ok $2 B & LA & PCR =y 4lifb/ [ml ek
&, 433y B Toyobo, NEB 7w Fll i B %
YR AR A E G F LI (fetal bovine
serum , FBS) . DMEM 1} 3% %t (Dulbecco’s
modified eagle medium, DMEM)FI#EE(0.25%
Trypsin-EDTA)I4 | Thermo Fisher Scientific;
BHI I LB 85573735/l T OXOID 2w FlI4E T
A T AR () ey A R 2 W) o 2 S0 B 2R i
RS H L. A5 AR50 1 oy
PR AT At
1.2 AopuCA EHBKFRAEE

X TR Al 2 T P AR i EGD-e BBk 4>
241 (GenBank % 5¢528 NC_003210.1), M
NCBI F# opuCA FEHJFHIGER 7545
987882), i#id Snapgene FIHAE opuCA . F
#4529 500 bp Abi%it514)(pSL-2881-Pst 1-a/
pSL-2881-b Hl pSL-2881-¢/pSL-2881-Sal 1-d).
FIHE S PCR ks mliE A A7 B, BYIfE
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Table 1  Primers used in this study

Primers Sequences (5'—3")

pSL-2881-b CCTCCTGCTTCATTTCTTCGAATTTTAACACGCCTACACACC
pSL-2881-c GTGTTAAAATTCGAAGAAATGAAGCAGGAGGGATAAGCT

pSL-2881-Pst I-a
pSL-2881-Sal I-d
pSL-2881-a-front
pSL-2894-F
pSL-2894-R
pSL-2894-Kpn 1-Rev
pSL-2894-Pst I-Fwd
pKSV7-M13-Fwd
pKSV7-M13-Rev

AACTGCAGGAGGATTAGCTCGATATTTTTGGCACTATG
ACGCGTCGACCAGCTAAAATCCAAAGGACGAATCCA
GGTTTTTGGGCGGCTGGAT

ACTGCCAGGAATTGGGGATC
CTTTTCCATGGGTTTCACTCTCCTTC
CGGGGTACCTTATCCCTCCTGCTTCATTTCTGGT
TGCACTGCAGGTGTTAAAATTCGAACACGTAACGAAGACT
GCGATTAAGTTGGGTAACGCC
GCGGATAACAATTTCACACAGGA

The restriction enzyme sites are underlined.

opuCA

bpuCA genomic region

B opuCA up homoarm

opuCA homoarms PCR fragment for pSL2881
1 000 bp

pSL2881

8073 bp

L]

1 opuCA TR ¥R E 20 Bk B9 4 3 SR B
Figure 1

1.3 AopuCA TR IR THI%E 55IE

¥ bRk pSL2881 HLHE A EGD-e 3% 4%
o T IR R G R 2N R ) AT IR PR A
SO E, AFBEES I R EE 200 bp 4biE T
— %51 W1 (pSL2881-a-front) X i 1 H Y T 2H v
FedEfT PCR BRiF, feRiadiiFmir, prit
RIEH 74 5 A B AR S 3RS AopuCA ik
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~ opuCB opuCC ~opuCD
Sal 1
opuCA down homoarm B
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Construction strategy of the recombinant plasmid pSL2881 for gene deletion of opuCA.
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1.4 CAopuCA EHFRHIEE

M Biocyc HUHE M vk 2 RIS H opuCA .
opuCB ., opuCC Hl opuCD N—55 % o0, il
id Snapgene ¥ it I T Ui 5| ¥ (pSL-2894-
KpnI-Rev/pSL-2894-Pstl-Fwd), JLlE pIMK2
AR, PASE TR pSL2894 (K 2), 285 A,
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REMH), ZKSER535 4 h )5, 24 ODeoo 2974 0.2 BN

HER G (LWKE N 20 ug/mL)., FC IR
H Y 1 mmol/L HEPES (& 0.5 mol/L RERH)YE
2 WK, e A 400 pl B O 2 ug pSL2894
% AopuCA 235, FHAE 25 pF. 200 Q.
2 500 V 2R T, 37 °C BRERESE, WA
WRATTA R BRHMER BHI [BASEAR , JiLE 37 °C
TR FRAA TG FR2) 12 h ), PRECATERE, FH5)
PIiAT PCR, £S5 5 PRI se Bk 7 A wl
DU 0 i FA B PR By [T R MYk, 144 A CAopuCA .
1.6 HKhZ&rnE

PREUE ¥k EGD-e. AopuCA Fl CAopuCA ¥
Fed 7, P8 ODgoo & 0.6, T FE 100 155,

B 200 uL A 96 fLAR T 30 °C Fi1 37 °C #r & 15
F%, BEBE 1 hMEWEE, 12 h JR2HlE Kk,
1.7 SHUNHRE

P H Bk EGD-e . AopuCA Fl CAopuCA 37 °C
iR %, % ODgoo 2 0.6, i 10 mmol/L
PBS W BRI RR R 10°°, 40 4351 4
TS A EALF ) BHI A5 4 2467 /9 BHI
KR |, 37 °C B I 494 . M (diamide)
FHERERERAT, —H B E T
(copper chloride, Cu”")F14#(cadmium chloride,
Cd™), A EIEE . AT R EE R 1 mmol/L,
Cd*" 1 Cu*31 % 0.5 mmol/L 1 1 mmol/L.,
1.8 BiEMETEKRE

#+ F &k EGD-e . AopuCA 1 CAopuCA 37 °C
B Rt %, % ODgo 2 0.6, K HHE 1:100
IIAZ & 5% NaCl ) BHI H; 555, 37°C,
200 r/min ¥55%, &R A E B EE 200 uL nA
96 fLARISE ODgoo, 221l A= T2k

opuCA genomic region

Pst]

opuCA complementary PCR fragment for pSL2894
1194

pSL2881

int

2 opuCA BRI LE BRI A 12 SR IR

Kpn 1 pKan
i RBS /

pHe!P\:,l‘_-’ sphA3
pIMK2

5961 bp
peo

int

Figure 2 Construction strategy of the recombinant plasmid pSL2894 for opuCA gene complementated L.

monocytogenes.
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1.9 AR5 £ K40 B (Caco-2) %5 M F1 15 25
B IE

PR EGD-e. AopuCA 1 CAopuCA 1% 7%
37 °C B b B, Caco-2 4 M A% i Ny
5x10° 4~/mL, 4B F40HE L BI(MOT) A 10:1.
¥ EGD-e. AopuCA 1 CAopuCA +i# MOI il
AZE 24 fLRJECE FAMEs =455 5%, 0.5 h
J& Fi 10 mmol/L PBS #hyjk 3 i, I FH K IR K il
FRTG IR T 24, K B /K RIBRR 4k 4:1, f e
i B 2 I G TG AR BE WX 10 pL 45T BHI B3R5
| .Caco-2 75— 24 FLAHE 1.5 h J5 A 10 mmol/L
PBS ¥k 3 ¥k, AU N 50 pg/mL JRRFEER A
W 1.5 hJ5([F 0.5 h ZLFEAELIR), 5B
Z B IE B B 10 uL 5T BHI RS R 3L |
18 37 °C $53  a AT 4 A T2
1.10 HAHRENZEANEE

PRHCH A GFP #3451 EGD-e il AopuCA H.
W% 37 °C KiFeid 7%, Hela 44N E A
3x10° A~/mL (24 FLARCK By, 4l b iy 75 K 2K T 375
FE A BT A SR ARG, A GFP br%s
1 EGD-e 1 AopuCA ¥ MOI (500:1)IA 2
24 LG E T A MG SRA TSR, 1 h JRURRA
Mg 3 W, BFLIIMASE 50 pg/mL KRKEFHERH
DMEM JG4k2ed% 9% 5 ho L3R, Yk
L 3 WG HIA 300 pL 4% 5 FH 1 DA T o
Y, Z50F K 37 °C, 10 min, [HE 455 TE%
R 2 Y, EALLIA 300 pL 0.5% Triton X-100
VES VR A 0 A 5@ 3 7, 45444 37 °CL 10 min,
VEFRZE RGP An i 2 Wk, PRI AN v s i
A 4 B 22 e {4, 7] (phalloidine  stock solution-
ALEXA Flour 594) 37 °C {6 1 h, ¥Ei&400M
2 WE A A% Gs (4 5] (DAPL) 37 °C 4uff
10 min, PRGN 2 e RS T IBuh % 2218
R, e btk TR s, R,
il IO R AR BB SR .
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2.1 AopuCA F1 CAopuCA E R IE

W HE AopuCA B R (& 1, J
R 1.2, SIMIWE 1), AopuCA iR IEE &
WA 524 bp (B 3A, 55 1 %1), TS K
525 bp (&l 3A, 55 2 %1), H& PCRIGFIHM
Bl 1018 bp (K1 3B, 45 141). Wik E#H T
Jk LR B A EGD-e J& 324, 42 °C [RlFE 4]
J&, 7E 30 °C AR EK pKSVT ki), HE1H
(pSL-2881-a-front/pSL2881-d) ¥ 14 1% 7% 15
1 236 bp PHMETEFE(E 3C 25 141, 2 2 5121
BF A R AR A PR IR ). PCR =¥k
Y5 /00 B UE AopuCA (E 3E)Fr 5 3& A v 41|
ST S5 RS opuCA SRk .

M4 CAopuCA FEAH BRI (Kl 2, JiiklA] 1.4)
Py st 7 ¥, LI EGD-e Mt , M3l
(pSL-2894-Kpn I-Rev/pSL-2894-Pst 1-Fwd)y 14
BB, ¥ EMR BN AopuCA [F3Z
S, H514(pSL-2894-Kpn I-Rev/pSL-2894-
Pst I-Fwd) 5 uEA5 21 B 4547 (B 3D, 55 2 41).
FH 51 ¥ (pSL-2894-R/pSL-2894-F) " 14 17 7% 7] 15
F| 255 bp (K 3D, 25 1 5)JE ohF Xk, H5I
Y (pSL-2894-Kpn 1-Rev/pSL-2894-F) 4™ 1 I 7%
AT 1436 bp (K1 3D, 55 3 5l Mg 31 pHelp
FIHE N B BR opuCA | BEK/IN o fie i 200y Bk
FEE CAopuCA 5 HUHIAHAF (K 3F).
2.2 BRIBFHTREEK opuCA EREEXTE
1% R 18 5 =%

AT E#E EGD-e. AopuCA Fll CAopuCA
AT T AR LM E ., Z5RER, BAEHKY
EGD-e 7 30 °C (Kl 4A) % 37 °C (K 4B)15 =15}
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AR L IO 22 5, BB opuCA IFA  4C), RASKMMH T A A KZE, XUl
XTI AS AR T AR K PP A W, TESH 5%  opuCA {EBAIGASH R X508 & ik ih o fe vh H
NaCl BHI H, 1tk opuCA se i di i A KR (K AEEEH.

- T

1213bp 1395bp

524 bp 525 bp

Pst1(12) Kpn1(1212) Promoter

1 000 2000 I —

|
imol 42941 opuCA 4 opuCB 4
L _
Regulatory region Regulatory region " - . .
Deleted region of opuCA m I i i V} I wl

| rbs
pHelp

3 ERABKMEBEHARK(A. B). BREH AopuCA (C)FIEIME CAopuCA (D)HY PCR HIE R B F0
BN FLER(E. F)

Figure 3 Confirmation of OpuCA deletion plasmid (A, B), the deletion (C) and complementation (D) strains
by PCR and sequencing analysis (E, F). A—B: PCR fragments of homologous arms from the wild-type strain;
C: PCR screening for the opuCA deletion colonies (lane 1-2: PCR genomic DNA isolated from wild-type and
deletion mutant); D: PCR screening for the opuCA complemented colony (lane 1: PCR fragment amplifying
the promoter region of help; lane 2: PCR fragment amplifying the opuCA gene region; lane 3: PCR fragment
amplifying the opuCA gene along with the help promoter region). M: DL2000 DNA marker; PC: wild-type
strain genomic DNA; NC: negative control.

(A) (B) ©
Growth curve in 30 °C Growth curve in 37 °C Growth curve in 5% NaCl BHI
£  1.0;*EGD- € 1.0 *EGD-e £ 5 1.0p*EGD-c
g s = AopuCA g = = AopuCA g % = AopuCA T
2 - —8 z = = =
2 Q CAopuCA .7;;.,4’1 i % « CAopuCA 2 B o M =5 « CAopuCA
g S (5| BHI 7 g = 05| BHI  /w g2 05 »
S = A o Z
=~ s = e
‘§ 3 00l v ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ;% 00
= 0 5 10 = 0 5 10 S 0 2 4 6 8 10 12 14
t’h t/h t/h

B 4 E¥ EGD-e\ AopuCA F1 CAopuCA 7£ 30 °C (A)\ 37 °C (B)R & E 5% NaCl BHI (C)F I E K ih
2N E

Figure 4 In vitro growth of the wild-type EGD-e, AopuCA and CAopuCA in BHI broth at 30 °C (A) or
37 °C (B) and in BHI broth containing 5% NaCl at 37 °C (C).
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2.3 BTSRRI opuCA BINE LN
HEEJIR 55

Bk R EN Grx J5, BRI
AALRE B R, [, 5IE T opuCA 5t
K AN AR A opuCA 215t B A B A Ak 1
WRE ST . FRATIERRH AR, oL cd™,
I opuCA TEHUA AN 7 vh & 45 0 7 ]
(Kl 5), 5% B, 76 1 mmol/L MHEF 4T,
3 MR R TG B 22 5+ (K] SB), #E# 0.5 mmol/L
F1 1 mmol/L A Cu* Fll Cd* 1537 514 , AopuCA
R BE AT EGD-e Fll CAopuCA 4 i 2k

55 (8 5C—F), U8 opuCA REHS Bl 18 2 W 4 13
4w B T2 LR co™ Al Cd™ I
2.4 BIEZHETREELSK opuCA [R5 E R 4H
MRENEZERSES

FREEIRFH, 5K opuCA HEBE IS TR IR
AT RE ) o BRI 2R S R e 2 A TS T
LR LA, ik — P 3RR
opuCA X TG ALY F06e, ATHR T
Caco-2 AUMIrP ARG I . 1228881, 4R EIR,
AopuCA AL AN HZE R (B 6A), {HAEH:
{222 W TR 6B). AN, T EHE

(A) BHI (B) 1 mmol/L diamide
EGD-e EGD-e
AopuCA AopuCA
CAopuCA CAopuCA
Dilution ratio 10~ 10 Dilution ratio 107! 10-¢
(®)] 0.5 mmol/L Cu** (D) 1 mmol/L Cu*

CAopuCA

Dilution ratio 10~
(E) 0.5 mmol/L Cd*

EGD-e

AopuCA

CAopuCA

Dilution ratio 10!

CAopuCA

10 Dilution ratio 107! 106
(F) 1 mmol/L Cd*

CAopuCA

10¢ Dilution ratio 107! 10°¢

5 Bk EGD-e. AopuCA 1 CAopuCA ZEBE(B). Cu** (C. D)1 Cd*" (B« HYELRHE M TRIE KEE
Figure 5 Oxidative tolerance of wild-type EGD-e and opuCA mutants exposed to control (A) or different
concentrations of diamide (B), Cu*" (C, D), or Cd*" (E, F).
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BIRER opuCA Jo 40 B 78 I N 38 5RO, F A7)
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HATEAN R, H opuCA B T2 AN H R4 actin
MIRE S T T B (RIOLEF h 4t (o gl P S5 41
actin g (7 T8 A €0 5 /b o B AR I R
B EEAREE NS FANM actin B4 I B R L
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L ']
2
3
o
S &
8 =
e Wi
2=
o
Q
=
-
<
EGD-e AopuCA CAopuCA

(C) Listeria F-actin

EGD-e
AopuCA

ML), #E—LUW, opuCA 7E 4w L N 1
B R B S B 3k B b R T — 2 E (B 60).
SR 5 N i SR 1 T Rex BEASIMHIA
2 i B 7 F7 7S, n] O B 2 R T AR
fLRE X F R fE E A O 2 450
45 W 5 A AL I B 45 R — B, UL opuCA BE
T B8R FIRE I A T i AR R g

ab
He o

(B) ns

Invasion to Caco-2 cells

10.0

8.0

i
=

1.5 h.p.il%

g
=)

2.0

0.0
EGD-e

DAPI

AopuCA CAopuCA
Merge

6 h infection in HeLa cells

6 B&E#k EGD-e. AopuCA F1 CAopuCA 7£ Caco-2 FIFEMIR(A)FRE X (B)7 #1X% EGD-e. AopuCA

7 HeLa #RAEPHIMEAIEIE(C)

Figure 6 Analysis of adhesion (A) and invasion (B) of wild-type EGD-e and opuCA mutants in Caco-2 cells.
Intracellular growth (C) of wild-type EGD-e and opuCA mutants in HeLa cells by confocal microscopy.
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3 Gtk

AT E T opuCA I R Bl e Kk A (0] b
PR, R TV NS E A A
Wyoe ST B, BIEOE T B 24 SR T RN 5 8 Ak ]
PIRSME RGBT . PUAALIIFARE T . Al MR
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