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Type I1I secretion system of Vibrio harveyi induces rapid
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Abstract: [Background] Vibrio harveyi is a Gram-negative marine bacterium that has been
recognized as an opportunistic pathogen for marine animals. The type III secretion system
(T3SS) is a highly-conserved virulence apparatus used by Gram-negative bacterial pathogens to
cause infections. [Objective] To decipher the mechanism of T3SS of V. harveyi in inducing the
death of fish cells. [Methods] The T3SS disfunctional mutant was established by the in-frame
deletion of verD in V. harveyi strain 345, and then its complemented mutant was constructed.
The wild type and mutant strains were used to infect FHM cells, and then DAPI staining, in Situ
detection of fragmented DNA (TUNEL assay), Caspase activity assay, and lactate dehydrogenase
(LDH) release assay were carried out to reveal the features of cell death. [Results] Dying cells
exhibited the features such as cell rounding, nuclear condensation, and DNA fragmentation of
apoptotic cells. Caspase-3 was activated by the T3SS, which confirmed that the infection with
V. harveyi rapidly induced T3SS-dependent apoptosis in fish cells. Furthermore, the infection
with V. harveyi strain 345 led to release of cellular contents including LDH from infected fish
cells. Importantly, the inhibition of apoptosis did not prevent cells from releasing cellular
contents or rounding. [Conclusion] V. harveyi uses T3SS to induce the activation of apoptosis
pathways and the rounding of fish cells, ultimately leading to cell death.

Keywords: Vibrio harveyi; type III secretion system; vcrD gene; cell apoptosis

I (Mibrios sp.)J&—H 12 4341 T il v Al
VIR P L FO PP E AN B . IR R a2
FE R AT 120 Fp, Hid—SeE R
NI N ISR FE s i B AR e AT A
FEIE RN SR T 8RR A <IN ER 7 Y A T
955 o W FC IR (Mibrio harveyi) i S RS 0 52 & PEDIR
WG E K SR s e Rz —, H
AR Z R AR e R T S, ARk
FIH ST 2% gy FC I B JR e 2% 58 A BT £ 4

G E R AR BRI IR & . SRS T
FESERER, 1 A BREUET- A 90%0), SR,
H i 5¢ T i PRI 5 ) R S S0 HL A F
FEAYA R, ik = A R0 B 45 5 I T 7 /%
geo B, JRJRRS RN 51 F 40 My T AEL
T 48 7 R L AL B F S

I %433 & Gt (type 111 secretion system,
T3SS) & VT 2 H5 >4 [ B4 B TR 1) ¢ Bl 5 ) 2%
SC 188 eSS I R AR P EZ Uik R -4 =
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W AT B s B s AR R iy, 8y
s AE 3 A i R AT S O R A K
BET A5 5 30 i 1 0 e #E 6 VR LT, il g
TR 5 T3SS g T 20w T A b g 12 i
R AR, TEHR/R AR I (Yersinia) . TPT]1R
i (Salmonella) . &% [G 7 (Shigel la) Fl 4l ¢ 1
Jifl 7 (Pseudomonas aeruginosa)Zs #i i i 1 #6
ARG Y T3SS A S 45 T4 st =510,
JRAE T3SS M ZEAE I TEA [R) 40 B H AR S DR
{HOR RN B UAATE R R 2251, B8 & [m]— A 5[]
— M AN R L B A —E 22 5 BRI, AS[Rl 4
R YL T 1 AN RS E T s ARt AR A M, B
HIAA O I 4l 15 T 1 E A e T iR 2 A 2
MiJd 1= (apoptosis) . IR FEAE P T (necroptosis) .
H i (autophagy) . 4 il £ 1= (pyroptosis) Fl IR 3t

(necrosis)!'*'*,

I A 5 22 [RBAPEG A o — A, IR A
T3SS, WFFE4L R o4 o 1 FE 10y B % I o
(V. parahaemolyticus) T3SS. 7E &l I 3 i 1 A
Pk RIMD2210633 H & BLAE (B AR A9 T3SS
LR, 43912 T3SS1 A T38S2 Hivp T3SS1
T DT LS, A AN B AT
1M T3SS2 671 5% @l 5 M AR B i B k7 Bt 1
SRS T3SS1 i@l s 2/ 3 Rl 4
(VopQ. VPA0450 Fl VopS)H .1 7] 4 ¥ 201 fifl 75
PEVEFUS, e R, UV VopQ TEV
BB B B — AN /NFL, B IR 2 4 N A
TR AW, (L TE 3 A& A A T
FEIREYL ], O 2 1 VPAO4S0 7K s
NEEBENLESE 4,5- B2 (PIP,) b A S'BERR, RIS
M) HE 25 - JUL 50 2 10 40 L 24 R o8 AR BB e
5 4 AR 0 ROV B T VopS KB
W5 MR if F (adenosine monophosphate, AMP)I:4f;
#HEF) Rho ST —WEFREF(GTP M) I8 2 FR ik
JEFRIE |, f Rho GTP o ih, 84 i2e

BpE A AR A R AR e, e
I 6 200 6 1 1 4 o HL AR B N R IR, e
RPN AN AR B | B R 20 e 2R S5 BT L% 3]
MR T B4 PSRN, A M RO T3SS
5 40 AT BAE Y B9 6 LR A

M FRORER VerD S A4 s H: T3SS “BPARZ5 Y
(P 1, Xt T3SS LS4 e,
FEAR], K BV A 9IUA RIMD2210633 (4 verD
JEF ARG T3SS U 8 114 W D g e kP4
PRI, ASAIF 5 3 3 6 Py FQOIRTAT ver D i PRl R A 7
B0 [m] RS, DRSS FRIE T3SS 5 34l
MISET- B R, FFdE—2 il 4',6- — pKEE-2- 88
H5|&(4',6-diamidino-2-phenylindole, DAPI)4L{f, |
JELASE 2R St e % B A7 10 4 AR (Td T-mediated dUTP
nick-end labeling, TUNEL)FRiC I M2 IR Y
KA QPR /K f# i (cysteinyl aspartate specific
proteinase, Caspase) i P4 £ I 55 A [6) 7 v 43 Mt
MG IRINE T3SS i R4 MISE T ALHI, BF
FE A Ry s ey PRI TR Sk 2 AL R S0 B ] 28
A

1S

1.1 M

WA ECHR P 3451 iy v [ K PRl 10F 58 e 7l
A IR TS IR B 5 KA #T I (Escherichia
coli) GEB8S83 I fFi ki pSW78482"173 5l 1 Annick
Jacq 1 Didier Mazel B ; Jifk B2 Jifd (fathead
monnow, FHM)F1ik. pMMB207 HASZE %=
AT

LBS WA =5 (g/L): EAME 10.0, BEhE
Bk 5.0, A 1.0, EALEN 30.0; M199 557
W (pH 7.0-7.4): BHZT, 2200 mg/L FBRR 4N,
100 mg/L -2 WEHE, 1 000 mg/L D-Hi % B,
Earle’S IE &3k,

PrimeSTAR® GXL Premix Fast Dye plus /{4
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R A, TaKaRa 2y r]; Caspase 1 PG
o AL AR il . TUNEL 2015 T A6
&M Z-DEVD-FMK, il KA A
T A BR A F] 5 AR TR SE D 2 e dh i &, m

B m

TUEMERE A IR A A BR A w5 AR EE A
74, Roche 23 Al ; LM R , MedChemExpress
KNwle PR ZIIRERR L, TECAN 275 i

24N BT, METTLER TOLEDO 2
Al BIESOCRMEE, Carl Zeiss 2.
1.2 MERINEEEBRKRFE 4MRRI A E
52 SCHR (28148 8 MG I TR dle 2 28 728 T Ak
AverD., i 51 %F pSW7848-F/R (& 1)P 1k
PEAL B & Bk pSW7848,  [A) i i I 51 9y %t
ver D-UP-F/R Fil verD-DOWN-F/R 71 verD | |
IR IR R B, P 2 R R R A P A R
FLEUA FCOIRE 345 JER4] DNA 1% PCR 54,
PCR J I {4 2 Fl & 145 B PrimeSTAR® GXL
Premix Fast Dye plus /5 P E R A BB - #AE
I SR A R R AR AL TR e BERD b T Ui R
A B e e 2 A AR TR pSW7848-Aver D,
PCR W 7 Bk J& , A 55 B R 4+ 1 GEBSS83
1t pSW7848-AverD 55 2 G R IE 345 H.
5300 30 1ok G A R PR R AT R e, B

RS verD SR AR MR, A4 AverD,

RN T R . {4514 verD-F il
verD-R 3 14 1 Q9 B4 345 ver D 19 JF il 15 352 HE
(open reading frame, ORF)J¥ 41, Fff H ve %
F| Fik pMMB207 H, 4 15 3 5 4 5 R
pMMB207-verD., il #:57 GEBS833 K4l
Jiki pMMB207-verD 5458 28 il 2k 28 A8 #k AverD
H, IRAE ISR RR AverD:pMMB207-verD.,
1.3 @AM RFRRSR

FHM ZHiH TR RO 345 SRR
&Y, FHM YA IR O A 10%)15
5 [fiL 15 (fetal bovine serum, FBS)f* M199 15354k,
SRR 28 °C; A G BYL i M199 Ky s Sk
NI 1% 4-F5 2 FEWRE T ER AN 1% FBS, FH4R
P e B 2 A% 22 A i B SR AR P 28 °CHE R
B SR L ARG IRHR T F LBS #i B 22 ODgoo 204
0.5 J5, HUE &t 1Y TR TR 42 D 2= K )2 1 FHM
th, fd R &2 K (multiplicity of infection, MOI)
L] 100,
1.4 DAPI 3

MG [GHIER 345, AverD F1 AverD:pMMB207-
verD &Y FHM 200 2 h Ji5, 1] PBS B2k,
RIGH 4% Z KW= IR EE 30 min, PBS ¥

&1 MRERINE 345 vorD SRR TR S B MR ER A 5149

Table 1 The primers used for generating vcrD deletion mutant strain and the complemented strain in Vibrio
harveyi 345

GIEY| JFr 41

Primer Sequence (5'—3")

pSW7848-F GTCTGATTCGTTACCAATTATGACAAC

pSW7848-R GAATTCGATATCAAGCTTATCGATAC

verD-UP-F CACTAGTGACGCGTACTCGAGTACGACTCAGCAGCGACTTCAG
vcerD-UP-R CCCAGCGGTTGAATATTCCAACTTTGTTTAGAATATCGAT
verD-DOWN-F ATCGATATTCTAAACAAAGTTGGAATATTCAACCGCTGGG
verD-DOWN-R GATACCGTCGACCCTCGAGGATACCTATCTTAAAGCGAAGCATC
check-verD-F TCTGGTCGTTACACA

check-verD-R TCGTTGCCCGAGC

vcrD-F
verD-R

GCTCGGTACCCGGGGATCCATGAATAAGTTGATCGATATTCTAAAC
TCTAGAGGATCCTTACTTGTCATCGTCATCCTTGTAATCTATTCCTA
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VAN 2 U, TPk DAPT BB YL (A
30 min, A JE I &K (staurosporine, STS)f&—
AR5 5 8 D ), RRRE S S 2R
T A0 i 98 T 00 A SR 20 B R T A B X R
2.5 umol/L STS AbFH FHM 4ifit 2 h, F[RIFEL
BRYAD, ol F R0 B 2 't S FO B UL 52 At i -4 e
1.5 ZLB% B S B8 (lactate dehydrogenase,
LDH)®E R 89 E

M ECHREA 345 il AverD 43 HJE&4e FHM 4f
M, FAE AR FA] £50.5, 1.0, 1.5, 2.0 Fi1 2.5 h)
XYL 5 A A0 2E A 7 a4 LDH % 800 , e
Tk A E R AR S . RE T
XPHEAL, B H S AR IRM; el IRl HE
E R A 5 A X BEAL, BI04 i 2R A
YRR, NEW R . TEBER Y
L BERRUE R 490 nm DN E WG AE o 20 M R RO
/A\:T:t:
240 BT (o) =ik B 2 i — e o X HREL )/ (e v
HE B — SR I BE{E) > 100
1.6 JR{AIRinFEFZEIRICRA

A AZ e BeAR R AE A TUNEL 20 T
for iR & . HARLBRAE . PA QTS 345 i
AverD &Y FHM 4 2 h 5, F 4% 2 R H
[ 2 1SRG B PBS 53 2 YK, 4K 5 min,
A e G 5 J) B, IR E 5 min, H
PBS FHEVE 2 WF A 50 uL TUNEL JZ i ik,
37 °ClEMFE | ho PBS ¥k 3 YR 7E48) B 7k
BB T WAL, 2.5 umol/L A JE iy 18 % 4b #
FHM 4 i 1 4y B XS B
1.7 Caspase-1 F1 Caspase-3 &M AN E

15 A Caspase T PRSI 7R R i GBI
YL S 4N Caspase-1 FlI Caspase-3 FJI6
Y. FHM 4 S 4 il s PBS 30k 11k, A
100 pL/AL Y 2 M 224 v vk H 24 f% 10 min, 4 °C,
17 000 r/min B5.L> 10 min, B 38 8 H 4200 5E 5L

—80 °CIRAF. MEAIRIT . B 50 uL a5
fi# 3, A 40 pL RRCIEAG , SR 5 55
JIA 10 uL DEVD-pNA &, YVAD-pNA JE#), T
37 °CWFE 1-2 ho AR . [N SR
KUGET Caspase Tl PRI & o FEBEHRL - ff
FHUE R 405 nm W2 WOGME - [R]IHE EE 2.5 pmol/L
EIE A Z AL FHM 40167 S B X B8 2 Jk
Y 240 LA S B X BE
1.8 Caspase #5140 32

M PR YL AT 1 h ] 100 pmol/L ()
Caspase-3 RS54l 5% Z-DEVD-FMK i &b Bt
FHM 4 fit3; SR H2 I8 1.3 R 0 4 e Jkege )y vk
AT, TR AN R B [E] £ 34T TUNEL 1 LDH
Ky, VIgt— 408 Caspase XM FCINE 15 S
A EIE T AITE R
1.9 Zitath

AW AR E R 3 UK, W GraphPad
Prism 8.0 S PFUEA 742 P, B8 P 24 (B o 22
Foor, R R I6 oA B A 22 5

2 EREG5M

2.1 PGECHNE ver D AY SR 5 58 38 fk A0 [E] £k
T3SS K HE— B 3040 PFEF LAY, 4
RESH R ROV R L R
AR R4 . verD J2& T3SS M4s &
F2ER, 4% T3SS BN T VerD, Xf T3SS
A2 TR BB NG RO T3SS 7
W ORI TR VR, AR el
T A GG 345 verD 1 2 2 A8 A R 1] Mk o
PCR 25 ANl 1A B, A 345 A pkh
AL T R /INE 2 370 bp FER, T verD Bk
ALY HE 5 269 bp 1 BL (B 1A), RATTE
A LCIEE 345 1YL R 41 A s B e B ver Do [R]Es
it I IR AR A 5 | P A T PCR Al , 25 R R
[A] kbR AT 4 144531 2 687 bp 9 H A B, £
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Figure 1 PCR identification of vcrD deletion (A)
and complemented strains (B). M: DL5000 DNA
Marker; 1: AverD; 2: Wild type; 3: AverD:pMMB207-
vcrD; 4: GEB883:pMMB207.

HE &AEHARBEMAE pMMB207-verD, i
A 25 # TR pMMB207 1Y) GEB883 74 114 317 bp
F Bt (Kl 1B),
2.2 MBKINE T3SS £ 555 A LM T

FWFFEIE CIRE T3SS B EZSHiEgmAk
HMIZET, K 345 WPAERIGERE . BR AR
AverD Fil[E &R 43 B R FHM 2 h )5 7618 &
BB EE B, B AR R AR L Y £ S 4
FL U TG 18 240 0 o 00 48 4 A 735 [ e B 42
PR BBRANE, I B2 400 2 P 2L
TR 2A), 55 PR IR TR A 1 25 T b B )
i Mg F B () R T — (& 2B). {HILET AverD
JEL 1 A TS SR AR5 LE 1 A B2 (B 20,
SRR AT B R AU (K 2D); AR SR
AR EAD verD JEYRE T A R R S
I AET- KR 2E). DL 45 R s oI
B 345 1 T3SS S 55 ARG MET .
2.3 MGRINE T3SS NESMEa XTI
BT RUHFE

Syt — 3 T3SS i SR ANMIET: 1)
FRIE, TS T A% gkl DAPL Yt s
20 i AR AN AT S AR b . 280 B AU AR

373 B A TR TR R RN [ b TR AR L A 2 h U
LA R B PR 4, I LS 0 A0 I A A A
AR B8 2F), ik 5T 50 B IR AL R Ak
PR A AL TE S (E 2G) o FHICHE, R 258
APk Aver D S 0 240 Jf 20 JfL A% 5 E O RE 4
AR FEE#E (21 21), HAEBRAR 5848 Bk v [m1 £
verD R T B A B R A 3 B 4R A A Bk
MR (E2)) o B THRSE R 4 A% 7 Bk i) 4
e ke DNA W, 3AI1#E4T T TUNEL £
W, SR MM BRI 3), HERYS DAPI
Jutn—3, IEF XA AT AverD B Y 2 i
LR A TUNEL BAYE(S S e
TR G A SRR AR T £ T 2R Ak B ) A T A R
' TUNEL FHPESS S, BT 3535125 64%F1 28% .
i LT, MYERHRE T3SS i Ty iust
oI A T RRAIE
2.4 MIKINE T3SS HET &L MM
Caspase-3

PR 7T Ao B4R DNA R B
AERRIESN, &AL FE T (pyroptosis) A% 4 At
FIFES A MU RRIPY, A4 Caspase-1 J&
AR TR, TS Caspase-3 24U L IH T
fbnts e L, R tris IR T3SS i1
HREAET RS T M TR AR I e A A T
AR, Ak TG BN Caspase-1 Al
Caspase-3 BUTG M. QN 4A . 4B P, HpA:=7#I
PR 40 i N Caspase-3 16 PRS2 X BR 41
MRS NI 4 £%, 1 AverD JEGL i 241 i rh
Caspase-3 %15 X% FE 40 g JCBH 2 X 51 o i X
FRIFERE SR Caspase-1 T& 4, TEA R4
G A 22 TC L LA B 25 B0 B i P T J
R MMEE L T3SS #i& T Caspase-3, Tk
Caspase-1, Nit—HHiIN Caspase-3 FIITE 2
X FRINER T3SS 1755110 DNA J Befbansi,
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345

4

4
STS .

F

4
G
H

AverD

h - -

AverD:pMMB207-verD

2 MBEKIIEEE T3SS BS A LML THIFE A, F: J0HURPEMGICINE 345. B, G: AE4
T % (2.5 pwmol/L)Ab ¥ 40 fg /E A BHMEXFBE. C. H: AverD. D, I: E# 4N BIHEXT I, EL T
AverD:pMMB207-verD G4 fifl. 4% 2 h )5, dlad Ot YRt DAPL Qe (iR Al iz ke 4 . Fr Bedk, 5
KPR A C AR R Bk Az, ZeMIER Bes 06 B EE, A INER s ot P EE. AR 10 pm
Figure 2 Vibrio harveyi infection of FHM cells induces nuclear condensation and fragmentation in a
T3SS-dependent manner. FHM cells were uninfected (D, 1), infected with the wild type 345 (A, F), AvcrD
strain (C, H) and AvcrD:pMMB207-verD strain (E, J), or treated with 2.5 umol/L STS (B, G). Nuclear
condensation and fragmentation were visualized using DAPI to stain nuclei (blue) at indicated time points

after infection. Arrows indicate the fragmented nucleus. The image on the left shows the observation under
white light, and the image on the right shows the observation under fluorescence. Scale bar: 10 pm.
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AverD

3 MEKINE T3SS M SRR T EMLRTHEMAIIFIE  A: TUNEL HORK DNA FBifL, %k
e R L L DNA FBAbidiie. 43R : 5 um. B: DNA R Bkt 00r. —REZ K515
B DNA A Befb iy e, BRI &A1 600 4~

Figure 3 Dying cells of FHM caused by Vibrio harveyi T3SS exhibits apoptotic feature. A: The detection of
DNA fragmentation with TUNEL staining by fluorescence microscopy. FHM cells were uninfected, infected
with wild type 345 and the AvcrD mutant strain, or treated with 2.5 pumol/L STS for 2 h. Green fluorescence
indicates a positive TUNEL signal and the resulting DNA fragmentation. Scale bar: 0.1 pm. B: The TUNEL

positive cells were quantified from three independent experiments, and the data are presented as
meanzstandard error (SE). A minimum of 600 cells were examined for each experiment.

ffiFl Caspase-3 HE S MK 7] (Z-DEVD-FMK) ¥ EEZiAR M40 LDH 1Y 80% (& 5A). St

AL PRAN I J5 PRI . Wnl&l 4C BT/, Caspase-3 M, FEBRIEZEASRE AverD JE& 4L it 2 it 3 2
AN]SR IR TS RO T3SS 5500 DNA B STS AP 40 il b Ho 35 55 3 T i LDH ik J&F

Befe, LAEZRUEY], MR RN IR A0 BT 22 5, ik 1 B oy ER I

JERIH T3SS W HRAMMIE Tl A, Hih BRI, T3SS BT 25 A o R i 8 75 1
T MM T MU, 5T M LDH AR . AR i 1A 45
2.5 MRIRINE T3SS slEAMMKFTATIRRE  Bon, WMKRIE T3SS A4 240 i Jd
# LDH 25 T-HILIRE. A Hris FRINE T3SS Fir s [ Ay 20
FEMG IR A SR AN b, BRANAETS i g v A0 40 PR o 2 ) AR e,

2 i 2 R A R (] 2), B LA AR AT
REAFICHE . HEE FARHED, FRATTI E Jek e
ANTF] I R] S5 R 9% B R LDH & & . 45 R B
JNTE MG FCAINER B 2E Y B R IR Y 30 min J5 7E 15 5%
FRE LIS LDH, [ YL A ) AT K
a4 LDH e B2t AN W i 31/ 2 h i), LDH

— ot 1 AR TRy G R g () # 2R A L v )
WAEWE N J5 (Caspase-3 #lIHil5¥] 40 ) LDH A9
BRUEDL . 45 3 AnE 5B 7R, Caspase-3 #iil
il J5 LDH 38R B BB 70 . frb ] DL, A EK
TR B YLt S A i if i ok T3SS [R]E iR a0 A
KNI T- 5 LDH B &k
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Wi i B E B

Control STS 345 AverD

L-_._._io\\\ -

0 Control STS 345 AverD STS 345

El4 PRECINE T3SS BUR & RMAATIRE  A: Caspase-1 I PEMIE. HE AL AR5 H1) G FCOER 345 F1
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Figure 4 Vibrio harveyi infection of FHM cells activates a T3SS-dependent apoptotic pathway. A:
Caspase-1 activity assay. FHM cells that were uninfected, infected with wild type 345 and AvcrD, or treated
with 2.5 umol/L STS, were collected at 2 h after infection, and the levels of cleaved Caspase-1 substrate were
measured. B: Caspase-3 activity assay. FHM cells that were uninfected, infected with wild type 345 and
AverD, or treated with 2.5 pumol/L STS, were collected at 2 h after infection, and the levels of cleaved
Caspase-3 substrate were measured. C: Inhibitory effect of Caspase-3 inhibitor on V. harveyi-induced DNA
fragmentation. FHM cells were pre-incubated for 1 h with 100 umol/L of Caspase-3 inhibitor and then

infected with 345 or treated with 2.5 umol/L STS for 2 h. Inhibitory effects were evaluated using the TUNEL
assay. The data are expressed as mean+SE from three independent experiments.
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Figure 5 LDH release mediated by T3SS of Vibrio harveyi is independent of Caspase activity. A: LDH
release caused by V. harveyi infection. FHM cells were infected with V. harveyi 345 and AvcrD, or treated
with 2.5 pmol/L STS. LDH release was calculated as a percent of total lysis of cells with the lysis buffer
provided in the kit. B: Inhibitory effect of Caspase-3 inhibitor on LDH release. FHM cells were pre-incubated

for 1 h with 100 umol/L Caspase-3 inhibitor and then infected with V. harveyi 345 or treated with 2.5 pmol/L
STS for 2 h. Inhibitory effects were evaluated using LDH release assays. The data are expressed as

means=SE from three independent experiments.
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