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ZntR modulates zinc homeostasis, oxidative stress resistance,
and virulence of Vibrio parahaemolyticus

WANG Mengxian, ZHAI Yimeng, QIU Jun, XU Zhengzhong, CHEN Xiang,
ZHENG Chengkun’, JIAO Xin’an"

College of Bioscience and Biotechnology, Yangzhou University, Yangzhou 225009, Jiangsu, China

Abstract: [Objective] To explore the regulatory role of the metalloregulator ZntR in metal
homeostasis and clarify the effects of ZntR on the oxidative stress resistance and virulence of
Vibrio parahemolyticus. [Methods] Growth curve analysis and intracellular metal content
quantification were performed to investigate the regulatory effect of ZntR on the metal homeostasis
in V. parahaemolyticus. The effects of ZntR on the oxidative stress resistance and virulence of V.
parahaemolyticus were explored by the growth curve analysis and the competitive infection assay
in the zebrafish model, respectively. The genes regulated by ZntR were identified by RNA
sequencing. [Results] The zntR-deleted strain (AzntR) exhibited growth defects under zinc, nickel
excess and iron restriction conditions, and the growth defects were related to zinc homeostasis
disturbance. The overexpression of ZntA in AzntR promoted the growth under zinc, nickel excess
and iron restriction conditions. In the case of zinc excess, AZntR demonstrated weakened resistance
to H,Os-induced oxidative stress. The virulence of AzntR was attenuated in a competitive infection
assay in the zebrafish model. RNA sequencing revealed that ZntR regulated the expression of
several virulence genes. [Conclusion] ZntR modulates zinc homeostasis and improves oxidative
stress resistance and virulence of V. parahaemolyticus.

Keywords: ZntR; ibrio parahaemolyticus; zinc homeostasis; oxidative stress resistance; virulence

Al %5 1. 9K (Mibrio parahaemolyticus) /2&: —
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Table 1 Bacterial strains and plasmids used in this study

ZNUA B 5 BB EORT 8 1A o6 IRl
DmeRF F G845 k55 Rl i oI o 7 24 i s e A
X, Hrh DmeF 245 AMEZL , DmeR i 1 2
B SR dmeF SRR, 32 Zur Y
BEES G R Zeg A A BT RIS R R F IR E
HIIREE LB, ZntA 5 R KR 4ER 5% . 59
TRSA R, I ka4 B AL TR T 5
ZntA Z4&JEFNT T ZotR IEFEEPY, SR,
ZntR XF RV MRS B R AR . AR BT e A
BEJTRYSZMAAT IR AR AN

AR R ER L . o S 45 AT
ji(inductively coupled plasma mass spectrometry,
ICP-MS) ., B 1h £ 55 Fr B YL i 00 SE 49T 1 RIS
MKE ZntR W55 T I6E. AN RA B
TR 0 R PR A RN I AR DCHL R Ay e B

1 MBRETE

1.1 #8

A BB R FORL L 1, 310
2, B MINE RIMD 22106337 % HAT Ak i
PR & 1 i KR S 55018 (tryptic soy agar, TSA;

PR R Tk

Strains or plasmids

AR

Relevant characteristics

Source or reference

Vibrio parahaemolyticus

RIMD 2210633 Clinical isolate, Carb®

[27]

AzntR ZntR deletion mutant of RIMD 2210633
CAzntR Complementation strain of AzntR
AzntR/pMMB207 AzntR harbouring pMMB207

AZNtR/pMMB207-zntA

Escherichia coli

AzntR harbouring pMMB207-zntA

DH5a Apir Cloning host for recombinant vector

S17-1 Apir Conjugal donor for recombinant vector
Plasmids

pMMB207 Wide-host-range low-copy-number vector; Cm®

pMMB207-zntA

pMMB207 containing zntA and an additional ribosome-binding site

[26]
[26]
This study
This study

Laboratory collection

Laboratory collection

(28]
[26]

Carb®: Carbenicillin resistant; Cm": Chloramphenicol resistant.
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Table 2 Primers used in this study

Elk/EA ElkZ 2 7P NAN

Primers name Primer sequences (5'—3") Amplicon size (bp)

pMMB207-F CACTGCATAATTCGTGTCGC 249 plus the size of insert fragment
pMMB207-R CTTCTCTCATCCGCCAAAAC

QzntA-F ACCAGCGTCTCAGCTTCAACC 149

QzntA-R CGCCTTCTTCATGCTCAACAG

QgyrB-F GGTGGTATTCAAGCGTTCGTTC 116

QgyrB-R TGCATTGCCACTTCTACCGAG

zntR-out-F CGATTGAACACCTCATTTGC 837 for RIMD 2210633 and 505 for AzntR
ntR-out-R GATGGCGCGTATTCTAACC

BD 7 F)) SR R K & AP (tryptic soy broth,
TSB; BD A #))F 37 °CiliAf s 4% K (220 r/min)
hiE3E . KGR LB 535 5(Oxoid A7) T
37 °CIRFA B IR (220 r/min)hBE 3%, AFEEA 7
N,N,N/,N'- Y (2- itk g B 3k ) 20 — i [N,N,N',N'-
tetrakis (2-pyridylmethyl) ethylenediamine, TPEN,
Sigma-Aldrich 23 wl)]F T FEAREE 35 3 v i Bk
. BREEA R 2,2 BRIk BE (2,2'-dipyridyl ,
Sigma-Aldrich 2\ ") T Hil & BRBR s IR k. b
B ) B RPN IR R B R R (50 pg/mL).
AR (10 pg/mL)sk 5 4 5 -p-D-G A1 2L b
(IPTG, 1 mmol/L),
1.2 AzntR/pMMB207 1 AzntR/pMMB207-
ntA K E

¥ pPMMB207 Fil pMMB207-zntA i k7 5351 %
b ZE KA S17-1 apir H, FEESE AmR
W I RN &R A R P A 2
AZNtR/pMMB207 il AzntR/pMMB207-zntA, Ff
#47 PCR HiE, PCR JifAZ: 2xRapid Taq
Master Mix 10 pL, 5| % pMMB207-F i
pMMB207-R (10 pmol/L)%& 1 pL, #Hz 1 uL,
H,O 7 uL. PCR W45 95 °C 3 min; 95 °C
155, 55 °C 15 s, 72 °C 1 min, 30 PMEH;
72 °C 1 min; 16 °C f#£17,
1.3 S K% oth

¥4 )8 (FeSO,. MnSO,. ZnSO,. CuSO;.

CoSO, Fl NiSO,) i1} ¥ 4% B8 L ] 43 3 s o 22
TSB "l &4 @i 53k ; F TPEN Al
2,2'-dipyridyl (BB INZE TSB Hi4y
SVt 2 A IR T ARk R ) 5 7 2 o o RIS i S R
B R RR L 3% BB K1 (ODgo 210 1.5-2.0),
Bl H B 1:100 1% BL A8 A 422 22 s s g 1300 1Y)
TSB W, W52 96 FLAN R IR,
fL 200 puL, &#E 3 PMEHE., HEEREBER
37 °C. 120 r/min FFEIRIEFE 7 he BERR 1 h BUR
B et AR 2 ODsos 8. HI T8k 2
AL =8k, FeSO, BEEEILA LA, HAER
I Fe MREFRFE P BINAIN 1 /L MR RR N
(trisodium citrate dihydrate, TCD), DLV /DR 1)
e,
14 EAAEESENE

W B s 9N B B AR bR (WT) . AztR A
CAZNtR T 37 °C. 220 t/min #5354 7% . FH A
1:100 (4 He 9 5% 32 2 ¥ 0 25 pmol/L Zn*" |
1 mmol/L Ni**8{ 100 umol/L 2.2'-dipyridyl ) TSB
Hh, ZR2EERFE 6 ho 10 000 r/min 5.0 10 min Y4
Wik, & 0.25 mmol/L Z i PUZBR(EDTA)
i) PBS ¥t 3 i LBRAM AR 4)E, FH PBS
Ut 3 3 2Bk EDTA, AT 110 °CHET 5 R,
T 200 uL 66%fiEfz, T 70 °CHf# 48 ho [HAEE
an P IIA 6.4 mL E& TR 2%,
5 B8 J AR i % 2 3 M R 2 s J
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BB FIRRIE{Y Elan DRC-e (PerkinElmer 7%
A E AR N 4R o, RS RSO E
SR UL
1.5 WEETEFRERAE

A 2 4 M K27 S5 sl ) e R4S B2 51
23t #E(202307019) . KA MK E WT Fl AzntR
B3R, 6 000 r/min 5.0 5 min IR,
PBS ¥ H#F % 1x10° CFU/mL, ¥ WT #
AZntR 88 1:1 (I HLBNR A, IR AT B T
Mrit4k, #EiREGEIET AzntRWT #SERR L
. B8 HBEhfa(3—4 i), F0.1%MH 3-2%4
P B AE I i R £ (Sigma-Aldrich 23 F)) RIS
SEMALEST 5 L BB, 24 h 5, H 3-
5 Tt 35 24 e R it i 60 B 5 £ R I 5 4B AE
FAET SRR ZL, A 1 mL PBS, H
ARSI, SRIEHRE, WM, T 37 °Ch:
TR . A HBE S faFEHLERE 90-100 4~ FRER VK
Vi it , JE4T PCR M5, Wi & AE & P
AZMRWT [ HUE . PCR VA FR : 2xRapid Taq
Master Mix 10 pL, 5|%) zntR-out-F I zntR-out-R
(10 pmol/L)45 1 uL, #&#R 1 uL, H,O 7 pL, PCR
FW 2. 95 °C 3 min; 95 °C 15 s, 55 °C
15 s, 72 °C 1 min, 30 ME¥; 72 °C 1 min;
16 °C {47 PCREE W A TN 8 e rEL Dk Ao
W, WT 5545 K/l 837 bp, AzntR 5541 K/ Ny
505 bp, &FrFEE(competitive index, CI)E XK
b AtRWT 1Y AR S B AZntRWT
FA S B FLAEL
1.6 RNA EH. IMXHXEE PCR
(RT-qPCR)FN4E R 40 M 7

B ElAE MR WT . AzntRH CAZntRE; 55 &
ODgoo 9 0.6-0.8, HAME LTVl =55
By, ZrHIEH 0.5 mmol/L ZnSO,. 1 mmol/L
NiSO4 Fil 125 pmol/L 2,2'-dipyridyl, #4kZEEs#
15 min, F RNA $EBGRH & (i3 22 46 59
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P A R DRI S RNA, BAL RS
R @S 1 i BB P vk A I RNA
SE#&% . A NanoDrop 200 5% RNA #JE., H
HiScript II Q RT SuperMix for qPCR (+gDNA
wiper)# RNA [25%5%55 ¢cDNA, LA cDNA &

#2, F} ChamQ SYBR gqPCR Master Mix 17
RT-qPCR, SWARZRFIFMSH R G Ui,
DL oyrB LKA NS, FH 2749 BN zntA JE N
AR ZRIB K

TET —A g, RN 9K WT il
ANtR H5 37 2 ODgoo ZJ°M 0.6-0.8, F RNA $2HL
IR S PRI B RNA . RNA A kA 4%
Jrik BT A TRCEE) B ARAR, %
HE 22 SCHR [25] 0 13 10 28 BR R A 755 S L
3HT. BEAEBOR T 2 HABIES PAE(Q )/
F 0.05 FFERE U2 RRRIEA . FtdiidiEe
$255% NCBI GEO #8575 GSE268232,
1.7 BBESIT RS

A GraphPad Prism 5 B4 BT SCE6 508
FPAPR I 224381 2 Bonferroni 3% J5 46 5 4 AT
G T B FORUR X tAG 58 20 AT 5 g
FIEE . **FIR P<0.01; ***3RIR P<0.001,

2 BER500

2.1 mtR EFEFLF MR MmN E £ S
BESEFHTIEK
AR IR A TR IMINE WT . AzntR
Fl CAR FERS NS AP &8 450 T R AE RIS AL,
Kl 1A PR, TEAESNSINEBRAET, 3 N3
RIGAER LT —3. 4iRI0 25 pmol/L 1) Zn™
iF, AztR R H R AERIR(E 1B); X440
Z* IR E S 100 pmol/L I, AzntR Z230H B
BAARANHIE 10). MR NiB, AztR 3
B AE RG], AR ARREE S N AR S
M 1D, 1E), RS HUBENIN 25 pmol/L Zn® 5§
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1 mmol/L Ni#* X AzntR A= B2 mfR /)N,

X 2 Bl 2 AR AR R 2 E (K] 1F).
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Growth curves of Vibrio parahaemolyticus strains in medium supplemented with Zn*"

OD;o5

-+ CAzniR

01

2 3 45 6 7
t/h

and NiZ". A:

H,O (the solvent of each metal salt). B: 25 pmol/L ZnSO4. C: 100 umol/L ZnSO4. D: 1 mmol/L NiSOy4. E
1.5 mmol/L NiSOy. F: 25 pmol/L ZnSO4+1 mmol/L NiSO,.

A
0.8

0.6
0.4
0.2

oD 595

0.0

- WT
= AzntR

ODsys
o
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-+ CAzntR

t/h
2

2 345 67

ODs5
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BIAMINE S ERAERNTEL . &

Figure 2 Growth curves of Vibrio parahaemolyticus strains in medium supplemented with excess Fe

0.8
0.6
0.4
0.2
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& 1 1 1 1

012 3 435 6 7
t'h

v SEFIEE SR TV KR 2k

2+ 2+
2 Mn b

Cu*" and Co*". A: 1 g/L TCD. B: 2 mmol/L FeSO,+1 g/L TCD. C. 2 mmol/L MnSO,. D: 2 mmol/L CuSO,. E
250 umol/L CoSQO4. TCD was supplemented to the medium to alleviate Fe precipitation.
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2.2 mtR ERFEFHRKFME)E M E T KR
FIEHTHEK

W AE KR R T R IR WT .
AZntR Fll CAZtR 7ERRPR i 544 T AR K AB L .
TEAGN 2,2'-dipyridyl 9551, 3 BRI AE
Kl 28 JLF — S (E 3A) o 24 AR vk
2,2'-dipyridyl (75 umol/L)i}, 3 ANEBRIKIAE K ih
2t JLF—8(& 3B). ¥ 2,2'-dipyridyl HUKIE
%] 100 umol/L B, AzntR I H A= KAl
(K 3C), HAh, EFNN 125 pmol/L 2,2'-dipyridyl
AT, 3 ATRRE A 32 2B B30,
{H AzntR (430 5 B2 B 2 5, ODsos {H JL-F- AN
(& 3D). DA 5K, ZntR A F] F4E4rRE|
Vs I I B E R BRI 2544 T AR K
23 AtRER. B EMGKIRBIZHTH
FKHESEARSERSRILEX

JTHERIE AzntR TEEE . Bl o Ak BRI 4%
PRI AR BPE R, Eat ICP-MS

0.0
0

th
Bl mIlE & ERERIREIF G THE K%
Figure 3 Growth curves of Mibrio parahaemolyticus strains under iron restriction conditions. A: Absolute ethanol (the
solvent of 2,2'-dipyridyl). B: 75 pmol/L 2,2'-dipyridyl. C: 100 wmol/L 2,2’-dipyridyl. D: 125 umol/L 2,2'-dipyridyl.
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E T RGN WT . AzntRFI CAZNtRTEHH I 55
PEFRIBEIRN 48 S, RN 25 pmol/L Zn**
PIZEIET, AtRERAR BN ERE ST
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WEFRRASZERLA K. [FFEHL, 723500 100 pmol/L
2,2'-dipyridyl 951 F, AzntR Bk N R 214
SREEEST WT Al CAztR (K 4D).

AR LV TR AZntR TE
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ARG SA). TMifE TPEN FiAb By
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Figure 4 Analysis of intracellular metal content in Vibrio parahaemolyticus strains. A, C, D: Intracellular Zn
content of the strains grown in medium supplemented with 25 pmol/L ZnSO4 (A), 1 mmol/L NiSO4 (C), and
100 pmol/L 2,2'-dipyridyl (D), respectively. B: Intracellular Ni content of the strains grown in medium
supplemented with 1 mmol/L NiSO,4. **: P<0.01; ***: P <0.001.

A 03p B 03,
-~ WT - WT
= AzntR

o, 02 ~+ CAzmiR . 02

=Y Q

S )

0.1+ 0.1
0.0 0.0
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t/h
C D
0.6 0.6
04 0.4

g <

S )

0.2 0.2
0.0 0.0

5 BAEFEPNEERE AR RIS S MR ZETHEK

Figure 5 Depletion of Zn*" in the medium can restore the growth of AzntR under Ni*" excess and Fe
restriction conditions. Growth curves of the strains in DMSO (the solvent of TPEN)-pretreated medium
supplemented with 1.5 mmol/L NiSO4 (A), TPEN (20 pmol/L)-pretreated medium supplemented with
1.5 mmol/L NiSO4 (B), DMSO-pretreated medium supplemented with 125 umol/L 2,2'-dipyridyl (C), and
TPEN (20 pmol/L)- pretreated medium supplemented with 125 pmol/L 2,2'-dipyridyl (D).
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WT Fl CAzntR JLF-—Z(El 5B). 47F DMSO il
LB FR 55 SR IE AR AN 125 pmol/L 2,2'-dipyridyl
B, AzntREZI0H > E A K IR S (B 50),
1M A TPEN b #5555 AN 125 pmol/L
2,2'-dipyridyl i}, AzntR 4K BEFIKE F WT #
[ () 7K~F-(1# 5D).

ZE AR, ZntR SEA PR A T4k
FimIs MOR G 7E R . B i AR BRI 25 T i
2508
24 7 AzntR HiBFRIK ntA (RIFEEFE.
BRI EMEKRFIFHTHEK

W9, ZntR IEJEE mtA BERIRIR, T
ZntA 5 R I R P R AR AR A A S0, i
AtR TERE . BRI AR R SR N B9 A KB
5 mtA FIHFEEA X, RT-qPCR ZEHR TR, 18
BEL BRI R AIERBREI AT, AntR e ntA FEA
IR K P14 B K T WT F1 CAZntR (18 6A).. 18
AR LR IPAS T 78 AntR ik mtA X HAE
BEL BRI RRIBRBR I S T AR AR . YRGS
FORsn g g ey, BlAMINE WT. AztR,
CAmMR, AZtRpMMB207 Fl AtRpMMB207-ztA
B AR T ILF—E0(E 7A). MBI IR0
100 umol/L Zn*'8{ 1.5 mmol/L Ni*'F}, AzntR Fil
AtRpMMB207 KB BB iy A KA,
AZtRPMMB207-2ntA A=K iiZk5 WT Fl CAzntR
—3(El 7B. 7C). MIEFHEPEI 125 pmol/L

2,2"-dipyridyl A}, AzntR Fl AzntRpMMB207 )
ODsos H ARG, 1 AZtRpMMB207-2ntA )
K4 5 WT Fl CAtR—3(& D). LA 455
FH, 7E AzntR S 2ntA BV HAERE . B
AR S T AR
2.5 ntR EF KL NEA Mol £ i
EXHTHEMRBIEME S

A KRR ITAS T ZntR X R I 5K 4R
FERE TR . E 8A. 8B fitn, 4%
FEHEAPIN 75 pmol/L 8% 100 pmol/L H,O, i,
BV MK WT . AzntRA CAZntR Y A4 K £k JL
P MYIEFEPREEM 75 pmol/L H,0,
125 pmol/L Zn*'Bf, AzntR FIH I B A4 K
I (B 8C)o YEEFRIELHEIBI AN 100 pmol/L
H,0, 1 25 pmol/L Zn*'}, AzntR 894 K ILF-#%
SEPI(K 8D). LA EZ5RFEH, ZntR 1) 1H
P B AR S U B I BB A S A R e o

FABE 0 55 G B PP T ZntR X &I
MR B B T B2 o B A WT il AzntR 4%
B W LR S IS LN TES BE S, 24 h 5ok
LTSI AL 5 BT, 38 2 V%
PCR % E/EM WT Al AzntR A ELHI. anfEl 9
Fi, 8 HEED UL L2 S AzntR AH LE
WT B2 CLJy 0.461, BE/NT 1, %L RE
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Figure 6 2zntA expression in Vibrio parahaemolyticus strains under Zn>*, Ni*" excess, and Fe restriction
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Figure 10 The differentially expressed genes in
AZntR compared to the WT strain.

Table 3 The virulence-related genes that are significantly downregulated in AzntR

FEIN JBERR % RERAFE W LR 275 3K
Locus tag Gene name  Product Fold change Reference
VP_RS04700 ZntA Metal-transporting ATPase —24.6 [26]
VP_RS07995 verG LerG family type III secretion system chaperone VerG -2.7 [31]
VP _RS08025 TyeA family type III secretion system gatekeeper subunit —2.5 [31]
VP _RS08040 vscO Type III secretion system central stalk protein VscO 2.4 [31]
VP _RS08100 vecA CesT family type III secretion system chaperone VecA -2.6 [31]
VP _RS06800 Protein kinase family protein —4.4 [31]
VP _RS06840 tssM Type VI secretion system membrane subunit TssM -3.0 [31]
VP RS06845 Type VI secretion system ImpA family N-terminal -3.1 [31]
domain-containing protein
VP_RS06855 FHA domain-containing protein -3.5 [31]
VP_RS09160 tpdA Trigger phosphodiesterase A -2.3 [32]
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