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BREBB/RFZRECE T6SS SN &

ERG L AME?, BEN 2, mEFE, BAFd, XA, FKE', £RF
EBT, NGE!

1 PEICRMBLE K2 A Rlse2aBe VEVPLI S mad - e EE S0 s B £l S5 iUE Y & S
LI, BRPE #gi 712100
2 PRPH B i a3k v 1 S Hs B A RS A R, HIR KB 745000

FEIREE, XGRS, BRI, #7E0, T, KA, SR, RRI7, 38, WHIE. [RERIBRARIRE T6SS BHH TseN
RESE[)]. WA Y2#E 4R, 2025, 52(4): 1491-1506.

REN Zhaorui, LIU Yongde, GU Yazhou, YANG Yantao, WANG Yudi, SONG Li, LI Changfu, ZHU Lingfang, WANG Yao,
SHEN Xihui. Functional characterization of the T6SS effector TseN in Yersinia pseudotuberculosis[J]. Microbiology China, 2025,
52(4): 1491-1506.

B OE: [H5]) @8 800 & %(type VI secretion system, T6SS)/ 2 oA TH LKA MHmE, &£
ME R, REEN., MA-BEEFFERFTLETRZER; T6SS A RARBRELI RAKRE
(Yersinia pseudotuberculosis)®y # A f £E2EM. [ 8 691 WAREAZI RAKE T6SS AE %%
H ) e JE R & B) TOSS 4k Y 3% 2 A% B2 B (T6SS secreted effector nuclease, TseN)#4 4 32 A (b4 14
BEAEHFAG. [Fik] BEAWIE LF oM BAEL T6SS 2L & E TseN AL LA ZA T6SS
ok A %, J& A% BR B (T6SS secreted immune nuclease, TsiN); MEAM X TAFT LB KBATH
(Escherichia coli), #]/ A & ¥ &2 5 7 H 4K R TseN 49 H A& TsiN £ A F,; @idmE
e ZARIE IR IE TseN 5 TsiN 6948 ZAE A ; 4iib & &, @ iT4RIh DNA Be7E 523080 54 TseN 49 DNA
B asitt; AR RREAFHAMBMREAZI RAKED tseN 2K H 4 X H R (AtseN), FHEEAEH
#R[AtseN(tseN)], #43E TseN 48 #%. RILiaF s @megha. [4R] K& TseN 9 KA H
ARZENREZH, LR TINBHRAERIKE, JFH TsiN @it 5 TseN A AR ZAFA R Ao b
M. TseN VA% 4 DNA, EA Mn’&#149 DNA KigBeE M., 48R TH AR B, AtseN /M5
AP AP R FF R R F NI, JHH AtseN 89 A MR 2B EFw, @&k, /&K pH
T EMHNGEREREER, ALBLEDAAR T IR —2 KA. [44£] TseN ZRLEAZI
RARKHE T6SS 43k 69 Mn* R #i 49 DNA /KB, BA BRI @E FHAER; TsiN ZEX LA ZS,
RAPBRLEAZIR RAKHE L% TseN 69 FMHAER . TseN N FBREZIFRARBA LS @A %, HH
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Functional characterization of the T6SS effector TseN in
Yersinia pseudotuberculosis

REN Zhaorui', LIU Yongde™?, GU Yazhou?, YANG Yantao', WANG Yudi!, SONG Li!, LI Changfu!,
ZHU Lingfang', WANG Yao"!, SHEN Xihui'

1 State Key Laboratory for Crop Stress Resistance and High-Efficiency Production, Shaanxi Key Laboratory of
Agricultural and Environmental Microbiology, College of Life Sciences, Northwest A&F University,
Yangling 712100, Shaanxi, China

2 Qingyang Longfeng Sponge City Construction Management Operation Co., Ltd., Qingyang 745000, Gansu, China

Abstract: [Background] The type VI secretion system (T6SS) with wide distribution in
Gram-negative bacteria plays important roles in bacterial colonization, environmental
adaptation, and bacterium-host interactions. T6SS is crucial for the pathogenicity of Yersinia
pseudotuberculosis. [Objective] To investigate the physiological and biochemical
characteristics and the biological function of the potential effector TseN encoded by the T6SS
gene cluster of Y. pseudotuberculosis. [Methods] The bioinformatics analysis was performed to
identify the potential T6SS effector TseN and its immune protein TsiN. Recombinant plasmids
were constructed and transformed into Escherichia coli, and growth curves were established to
evaluate the toxicity of TseN to bacteria and the immune activity of TsiN. The bacterial
two-hybrid system was used to verify the interaction between TseN and TsiN. The in vitro DNA
nuclease activity assay was employed to confirm the DNA nuclease activity of the purified
TseN. Y. pseudotuberculosis mutant with tseN deletion (AtseN) was constructed by homologous
recombination, and a complemented strain (AtseN(tseN)) was generated to examine the roles of
TseN in bacterial competition and stress resistance. [Results] The expression of TseN
significantly inhibited the growth of E. coli, which was restored in the strain co-expressing TseN
and TsiN. The result indicated that TsiN neutralized the toxicity of TseN by direct interaction.
TseN could bind to DNA and exhibited Mn**-dependent DNA nuclease activity. Compared with
the wild-type strain, AtseN showed significantly reduced ability in mediating intra- or
inter-species bacterial competition, and its biofilm formation was significantly affected. In
addition, AtseN showcased decreased survival rate under high salt, low pH, and other stress
conditions, with partial recovery observed in the complemented strain. [Conclusion] TseN is a
Mn?*-dependent DNA nuclease secreted by the T6SS of Y. pseudotuberculosis, with strong
toxicity to bacteria. TsiN is the immune protein of TseN, protecting Y. pseudotuberculosis from
the toxic effects of TseN. TseN play a role in the bacterial competition of Y. pseudotuberculosis
by helping the bacterium occupy ecological niches, promoting biofilm formation, and enhancing
tolerance to stress conditions such as high salt and low pH.

Keywords: Yersinia pseudotuberculosis; type VI secretion system (T6SS); effector; immune
protein; functional characterization
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R Z5AZHR/R AR EC A (Yersinia pseudotuberculosis)
2 HB /R 2% [T 8 (Yersinia) H il — i 22 1 BH 1
FAFRR , A AIE BOR VG FY 22-30 °C, H
HAT W £ig%, FEhEsdE-ngaidifr g
B, E—FE WL N E LB EEOR AN, RS
HZHB R 2R I AT LAAE /D vh i 3 YRR B G itk 2
SEFNIMRELE AR TT IR G FR B 4G, 322l R
TR R B L 25 R P A B R M 2
LA B fa e, An RO T R P

N R G (type VI secretion system,
T6SS) & 32 434 T 22 [ BAPE 4 B o 1)
RIS G, DA Al ARG 542 kA AORSE 1 7 =X
BN W0 Ty 57 B A3 Y A M sl A 8 R Y Ry
ANTE AT LAE 3 T6SS FHt ELAX RN 1% 3% 215 F-
AR IR Y TE 32, [H T6SS Bk ok B & —F
AR AR , T B 20 PR E N 18 U R 55 S AR M T
AP T S A RS g AR R A BRI A
() 05 SRR, HOR B AR 32 5l ) 52 A4t
T S 4 i) 240 LR R 2 43 (A 280 1 S BT
— M, BRSO R (R e
EAALRE, DR iz A B ER,

A2 R Tl R 00 AR e — R A R AU
H I, FEALFE A R I (DNase) FIAZ X
fizfi(RNase). L4k, T6SS 4341 DNase F53L
R P RIZ SIS S R 22— Bilan, Ma 250
TE MR 985 4% FT 4 (Agrobacterium tumefaciens) /7 &
WY HA DNAJKARBES Y T6SS &% 41 Tde,
Tde 475 1 20 B (8] 35 4+ 35 By ARG ) b e 56
Pissaridou 4% 975 4 2% {1 5. i 7 (Pseudomonas
aeruginosa) &k B T6SS % M& B 26 11 Tse7
HAG Tox-GHH2 Z5#l, XFhaERMRESHE
T DNA Hi451& 5 [ Wi (SOS response), [#15
A RATF IR 380 DNA FEf#, Pei 551
TE g 7K A< A i T . F (Aeromonas dhakensis) 7
KI T EARRWE ST BB UIRY T6SS R

Tsel, JIf HAATTE Z R I A=y h 4k 8L T
HARUFHER T6SS UM HE M, Frllds Tsel
J A8 8 e SO — 2R R & o3+ AR
BB BTPIREN . Luo ZUR B, A5
FF T4 (Acinetobacter baumannii)ifi i T6SS ¥
DNase 30 ¥ TafE {3 41 21 55 4 X F 1 4 g
MR BCELER , [R]Es) 38 o 58 85 1 Tael PP
%% TafE WA B, XG5 REY, Tael HYHE[
R ik P fig A2 2% B 000 ECOAS 30 A TR 1 AT 305K W o
2021 4, Song SFPIEREEZHR/RARIRA LM T
DNase BIZUW 5 Teel, ANAT VLK &Mk
TRIUR AR, 0 RE A R4 M AR AR R R s A
M, FT8E TXF T6SS HEgHE R R £ 5tk
1. 2024 4, Song SEUSITERSEZ B /R £ [C A
R T — PO RESON 2 1 TepC, BhfE & #
DNA /KfFEFDIRE , X ReAE R 8 1 BRS04 B
TR AR EUER B 1, AL RRig R 50y L35
AT, B7 IRV A A T2 o H ]
UL, EFXF T6SS 43h i) DNA 7K fif il 24500 25 1
P4 R 6 I 93 1 18 1 Bl 5 B B4 B0BT AL Y &
W, AT AHZIEE 21 DNase RIZ0N A
VEHIMLE, F& T6SS AWM YIS LR
MR T6SS BrEAT bR ) I E AL
Y B ) R A RE I A1, B UE S5 A TR AR PR
WA K, #3 T6SS I A A B FHUbT
Ak, B BEE LRSS alY,
Py R m] A A5 B A TR e B, S SR A TR R BT R )
JoT A 245 P A A S RO, O A P A
2Z[) B A M- A 5 g 4 00 AR SR, AR A
WF9EARIE T T6SS IR 5 A4 Y BIE il =z [ FE7E
KER . BEBEIE IR 73 B Ak o A B0, il 48 s e
A (Klebsiella pneumoniae) . 4 45 1% B Jifd 14
SEUNTR Y A OB ILRE 1 5 T6SS AHOCHE R A
ARG, T6SS A —LL S M BB I8 52
AT At RV O AR 2 A R R AR EG T
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1, RpoS AEVHY T6SS-4 HyFRik, NHEHL L Fh
W) B CHE, R, REZIR/R A
FCH AT LA i RpoS M T6SS-4 XfHish i % Ik
a oY RS R HR R AR [CIA T6SS KAl
Sy RER AN clpva, hepd )i, H pH 4.0 R A FRAF
5 2 R R0 RV ZS AR R AR IR T6SS
P& R R E SR KN ) S i

AT I 2k R W AR B2 3 B U A B AR 2 A%
B /K #% FC 1 (Yersinia pseudotuberculosis) YPIII
T6SS JEPHFE - —AMEAE RN & 1, H R0 JE
F T6SS_VgrG/RHS Z % % HNH/ENDO VII #
PRMEHE R G . AR BEIES R E R T EA
TR DNase i 1:, Jfik—4R5T T6SS il
IRV ¥ R ifF (T6SS secreted effector nuclease,
TseN) 2 SR 45 A% 3B /R AR IR A Y 4R R 55 4 L 2
YIRS B . B A ICHT SR DI RE A G, DAY
s 235 4% HIS 7R A R T 396 B3 355 10 RN 50 ML B AL 8
U

i R

1.1 &

KW ¥ (Escherichia coli). FUGFEVD TR
P (Salmonella typhimurium) A1 15 25 42 HB /R £% [
W, ARSI E R AR A gl A R
% AN ESE v JNE SRS G DR ER U
1.2 FERFIFEE

AW I B A PCR 514 (3% 2)% H 74
YRRV YRR R 5T A A & i
2xAccurate Taq TR . 2xApexHF FS & i1
TR . T4 DNA EH:REG, Wim R T FEA
FR/NF] 5 Trans 2000 Plusll DNA marker, JbET4:
KEAEMHARA R E]; DNA BRI U EE
A-DNA, 5 HBEAYHEAREEOARA T ; 45850
SUL R . 2-fiF k2R B-D- ik iR 2F L OBE
(2-nitrophenyl PB-D-galactopyranoside, ONPG)

5- P8 -4- 54 -3- 15| W -B-D- > FL #¥ 1F (5-bromo-4-
chloro-3-indolyl-B-D-galactoside, X-Gal)%, b5
FIHREPHA R 54 250 7 5 FH A 18 At
9 0.22 pm FLARIRGHE, IR AL S
J 7o ARSIl A B AE RN I e A SE
Sigma-Aldrich 2. ZEvhi . PER TR 5 iR
55 v i feft T a0 248 e A sl Ak 2

b2 R BE IS UG AL R ZEFLAYL , Bio-Rad
Nuly RREE PRI, bR —A YR
FRA W JEEP 3 PCRAY, B H R A BR
Ol R REER . RACGUEIREE M, k
M R AR AR, BE TS, 75k
WA MRAR; BWIHREONL, ZEh R ER
AU AR/ El 3 AKTA Pure Y85, BEPIHJE
IR A RA A
1.3 EHRE

WG . TR IR KGR & B 9
PITIRER LB ¥, TR EFR = %
RS SR MO TEHLER B 7R 30T,

A5 % BB R AR IR & 1A LB (YLB)#: 5%
Hi(g/L): JERE M 10.0, FEEHZEY) 5.0, NaCl
5.0, MITHE AL IR AR IRTA

X-Gal TEEH; IR 3E . LB B3R 3 pom A &k
J& 0.04 g/L 1) X-Gal, Fl TH: = KA FF B BTH101
J HAE BRI

TERE R e R 72 55 U8 i 200 g/L FERE ) YLB
R 5% 36, v 050 2 9 o 3 T R 118 9 12 o
1.4 HKhZkeVNE

P4 4 FAS TR R (pET-28a . pET-28a-
tseN. pET-28a-tseN-tsiN, pET-28a-tseN"8!1AMHS24)
#| BL21(DE3)PlysS HitkH, 37 °C. 200 r/min
BFRARIGEET 5 mL LBKm)&E i,
26 °C. 160 r/min #3% 2 h J5MA 0.1 mmol/L
IPTG, EZERGFE 14 h, HAJEERE 2 h BUREE 11k,
I+ ODeoo 18
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Table 1 The strains and plasmids used in this study

Plasmid/Strain Relevant characteristic Source

Plasmid
pETI15bS Expression vector with N-terminal hexahistidine affinity tag and This lab

SUMO tag, Amp*
pET15bS-tseN Used for protein purification This study
pET-28a Expressing vector, Km" This lab
pET-28a-tseN Used for measuring growth curve This study
pET-28a-tseN-tsiN Used for measuring growth curve This study
pET-28a-tseN Hs1A/HS2A Used for measuring growth curve, mutate histidine at positions  This study
81 and 82 to alanine

pKT25-tsiN Used for bacterial two-hybrid, Km" This study
pUT18C-tseN Used for bacterial two-hybrid, Amp* This study
pDM4-tseN overlap Used for in-frame deletion of tseN This study
pDM4-tseN-tsiN overlap Used for in-frame deletion of tseN-tsiN This study
pKT100-tseN Used to reintroduce tseN into AtseN mutant This study
pACYC184 Used for modify receptor bacteria, Cm" This lab

Strain
ER2566 (pET15bS-tseN) ER2566 containing pET15bS-tseN, Amp* This study
BL21(DE3)PlysS Suitable for the expression of exogenous toxic proteins, Cm" This lab
BL21(DE3)PLysS (pET-28a-tseN) Contain pET-28a-tseN, Cm" Km" This study
BL21(DE3)PLysS (pET-28a-tseN 81824y Contain pET-28a-tseN H81/824 Cm" Km* This study
BL21(DE3)PLysS (pET-28a-tseN-tsiN)  Contain pET-28a-tseN-tsiN, Cm" Km* This study
BL21(DE3)PLysS (pET-28a) Contain pET-28a, Cm" Km" This study
S17-1 For conjugative transfer of plasmids This lab
BTH101 Adenylate cyclase deficiency type This lab
BTH101 (pKT25-ZIP, pUT18C-ZIP) Positive control for bacterial two-hybrid This lab
BTH101 (pKT25, pUT18C) Negative control for bacterial two-hybrid This study
BTHI101 (pKT25-tsiN, pUT18C) Negative control for bacterial two-hybrid This study
BTH101 (pKT25, pUT18C-tseN) Negative control for bacterial two-hybrid This study
BTHI101 (pKT25-tsiN, pUT18C-tseN) Experimental group for bacterial two-hybrid This study
Escherichia coli DH5a (pACYC184)  Contain pACYC184, Cm' This study
Salmonella typhimurium (pACYC184)  Contain pACYC184, Cm’ This study
YPII (WT) Yersinia pseudotuber culosis, Nal* This lab
YPIII (AtseN) Lack of the gene tseN, Nal* This study
YPII (AtseN (pKT100)) Transformed a pKT100 plasmid, Km" Nal* This study
YPII (AtseN (pKT100-tseN)) Reintroduce tseN into the AtseN mutant, Km" Nal" This study
YPIII (AtseN-tsiN) Lack of the gene tseN-tsiN, Nal* This study
YPIII (AtseN-tsiN (pACYC184)) Transformed a pACYC184 plasmid, Cm" Nal" This study

Cm': AERPME; Km': FIERDIME; Amp':
Cm": Chloramphenicol resistance; Km": Kanamycin resistance; Amp™: Ampicillin resistance; Nal": Nalidixic acid resistance.

EONHERUME; Nal: ZRIEMIRRITME
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Table 2 Main primers used in this study

Primer name Sequence (5'—3')

tseN-tsiN-up-F-Bgl 11
tseN-tsiN-up-R
tseN-tsiN-down-F
tseN-tsiN-down-R-Sal T

tttcttgatttttatatgatgatget

GAGAGCTCAGGTTACCCGCATGCAAGATCTggatggaatattgatggagttcggac

agcatcatcatataaaaatcaagaaagcgcagcggcetggctattattt

GTGTATATCAAGCTTATCGATACCGTCGA Cgcctgtgatcatcgatct

tseN-F-Sma [ CCCCCGGGatgecagggccaatattac
tseN-R-EcoR 1 CGGAATTCttaatatcctccaaaaactgactg
tseN-F-EcoR 1 CCGGAATTCatgcagggccaatattacga
tseN-R-Xho I CCGCTCGAGttaatatcctccaaaaactgactg
tseN-F-Sac I CGAGCTCatgcagggccaatattac
tsiN-R-Xho I CCGCTCGAGtcaagaaaacctatttataaattca
tsiN-F-Sma I CCCCCGGGttcaagaaaacctatttataaattca
tsiN-R-Xho I CCGCTCGAGtcaagaaaacctatttataaattca
tsiN-F-Sma I CCCCCGGGgatcaagaaaacctatttataaattca
tsiN-R-Xho I CCGCTCGAGtcaagaaaacctatttataaattca
tseN-F-Sal 1 GCGTCGACtatgcagggccaatattac
tseN-R-EcoR 1 CGGAATTCttaatatcctccaaaaactgactg

S £ 38 43 2 I (8 P ) R ) P Pl U0 A6

Restriction enzyme sites are underscored.

1.5 &AL

4 40 JRE pET 15bS-tseN F6532 ok 4%
EEIRIHAF R R IB R AR ER2566 f, FIFH #IL
AAE DR BB A KRR SR iE16 °C
RIRIES, A 0.2-0.5 mmol/L i IPTG), i
JFi# ik AKTA Pure {X#5 17T HisTrap 2 FZHT
SRR, A E A TR
1.6 BIRIBAEREREERRE

#E 1 #1055 (electrophoretic mobility shift
assay, EMSA): ] pUC19 JEki/E R #REr, 5256
1 2N % A 22 HP R R R AR TR N, BRI X
MAARIMAEH . RMAKRR0 pL): 10xbuffer
1 uL, 200 ng/puL pUC19 2 uL, HIEE 0-4 pL,
ddH,O #ME 10 L. JNEESEEERIRET, 37 °ClH
TEAE U 20 min. 4 °CAF R ALK 1 he B
IV 45 R AYRE AN DNA loading buffer Ji s,
fE R 120 'V HLIK I8 56 J5 Fl Ak 2% R OB I 1R A
WEL LI 45 5

IS S 3 B SR R AN [
i) DNA JEEY2E7 | TseN Fil& 25 1 09 e A6 3 |
it 0% 2 7 S (R I E . A S T 2R R R ST TseN
1M DNA BIEHE  fdd v &0 &R+
WA R E . 10 L R R 4> EE N
10xbuffer. A[FIFHZE DNA K. HIEN . &
J& B I N ddHL0 . B IR TE 26 °ClHE IR AR
N 10-30 min, SEAMUSHIA DNA loading
buffer, 1%AEMEEER IR, HIKEEETEM
b2 G BE I UG A58 S g 25 2R
1.7 HHEMAITIAIE

) SR B 1 BE PR A EE A e P (pU T 18C-tseN)
G i 2 11 DA A E 4 S A (pK T25-tsiN), 3 [F]
Wi ik = KIB AP BTHI01 1y [, #g
2 24 B X B8 T e 4H . pKT25 Fll pUTI18C
pKT25-tsiN Al pUT18C ,pKT25 Fll pUT18C-tseN.
BRI XoF B 20 s i Sy S W] 5% Ak 5 pKT25-ZiP il
pUT18C-ZiP H4H iiki 7+ 1 BTH101 bk, ¥
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AL PRIRAN X-Gal L5575 |, 30 °CHi &
Bigts PRBCSIG A sk B TR, BT
RIS BT 0 X-Gal fivEds gtk b, 4ks:
B R B AR VR AR 0, SRS 4 TR 8 R 2 M W]
ODyoo fH 17 A5 AR

e B-2F LA MEEPE . PRECPH M A v b
T 7 A BRZH A BRSO R TRV, 642 5 mL 1Y
LB }i3E%(Amp', Km', 1 mmol/L IPTG)H',
30 °C. 180-200 r/min 3§35l 7% J5 545 2 5 1)
LB EiFEderp k221555 2 ODgoo A 1.0, 8 1.5 mL
) EP &, B4 A 50 uL T8 ¥ 420 pL Z Buffer
20 uL & {5 . 10 pL 0.1% SDS, HiffR 415 T
37 °CCHE A HLE 1 he 7E EP & HIIA 100 pL
4 mg/mL ONPG JiEY) TR, & T 30 °CHF4H
JR BERARASHE, JIIA 250 uL Na,COs, HiffliR
5], ¥E 5-10 min, HL 200 uL & &I ODaxo
Fl ODsso R AXIELE R, B-FRL B BEHG
BT E(U)=1 000—(OD420—1.75x0Dss0)/[t (min)x
V (mL)xODeoo] -
1.8 FFREMR K B4 ERAIIE

R J5 8 2 HOR A YPIIL 9 AtseN il
AtseN-tsiN R Pk o 2 HH iy mBR 5L B R i
S R BLEA T M E S PCR, AAFSEMHA
% PCR 5¥ 03 2, FREM AR R A3
(K141 DNA it KWVARZR (100 pl): 2xApexHF
FS AR 50 uL, JEKZH DNA Bl ,
JEH 10 pmol/L 1 b | Rl 51 ¥ (40 tseN-tsiN-up/
down-F/R)%% 4 uL, ddH,O 42 uL., ®#& PCR
DNA #itih R B, & MA 1-3 pL.
PCR S 551 : 98 °CARPE , M IR EIR /k , 72 °C
FEAf, AR HE R B KN R 3 R
pDM4-tseN overlap & pDM4-tseN-tsiN overlap 5
HFURL, FFEH R AL R S17-1 55
ZARE YPIL (WT)LLE 24 He il i1 74% 5 (37 °C,
12-24 h) , $-5 56 85 T BRI A1 TR I 31 LT YLB

[ BE FR B (Nal', Cm") |, 30 °CHi3% 24-36 h
Joi, PEATTRTE PCR ISR . SR Jr i 25 e 0 16 56
E 1E B A9 T PR D TR T Al B BE RS 3 i 20% 1
YLB [E A5 353E(Nal’) |, 30 °CH; 5% 24-48 h,
FRBYAREREES, 78 2 M5l a Nal' f
Cm' PPl YLB Ak 7250 96 Lk,
FHA % AN 4 B TR 7 6T R 26 31 96 /)
MFH, 30 cCIEFRRK, THidEfE Cm" 5 FR 2 b
KRR MAEXT B 19 Nal” 3538 58 F A K4
PEATRI#% PCR Briik, B0k th 1) 4541 IE B8 A T
PRURAE . b AtseN o rg o % 4k 55 20 5t b
pKT100-tseN 1 5 X4y g (B kb G bk
1.9 HEZEHAE

R T AE 5 G S 56 2 5 i A A Rl B e
A2 R FN 32 R 2 B X 53 T, A S50 38 3 # R 1Y)
WL A i i T Ak fi pACYC184 ik
YPIII AtseN-tsiN . Escherichia coli DH5a .
Salmonella typhimurium 1 k52 A B Ak .

B ATE YPIIT 2 A 3 mL YLB K553,
30 °C. 200 r/min K. ZIREHA 3 mL
LB/YLB 1553, 30 °C., 200-220 r/min 553714
W& AFHER 5 mL YLB/LB WARE S % &
ODeoo N 1.0 246 B 1 mL F, =1 4 500 r/min
B0 3 ming 3 B3, 1 mL M9 THLE RS
FLURB R 2 W, A 1 mL B M9 ToHLER B
FRILH B, B 300 pL HEAR B RS 300 pL
ZRTHE AR 1:1 57 10:1 A HB S TR A 1Y
5Y, TSR TE A TR A TR BRI LR B T
SR O 47 N T 1 Y R O S & i N e K
FATR VR 5 R BT VR 4 AT T

PETELHIR M9 AR IR A 3 9k
0.22 pm MR, SRIEH4 5 pL WA R ATE
0.22 um MUEREHLG, PR ARKTEE R
26 CCHIFRMBATIR P IE SR, Wik 1224 h I
PERSECT , BT 1 mL M9 JCHLER B 32 31
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5 mL B0, WA SMRESIEE 100 uL iR
BWOFIE R, W5 pL i EA W BTk ik
Fo R K AT RO R VR B, X R
B 755 A B T S i, TR SR SRR
(competitive index), wuFf5E=Ga 45 LA E
1B H /35 4 Ja 2 R T R B /G A AR AR T
MIECH ST Z AR A H )
1.10 S 49RER AR I8

PRtk YPIHER 2= YLB Biaekk, R
WG 1:50 F 3] M9 K738 ,26 °C 100 r/min
R PER , 72 h JRERRFE, ddH.0 Bk
2 WG EIE R T, A 5mL 0.1%%5 5%, it
5B T E XU 3040 min, F ddH.O UEZTF
ST, VKRR % 1 h 5l ODsoso
1.11  EprEiRLE

PBUR I B VE A T 3 mL K YLB, i
AMIR P4 . 30 °C. 220 t/min §53% 12 h
LA EREED, £ 1 mL #ik, F PBS YE# .
FEASCHGH 18 32 5 mL B0, Hrh—2pinA
1 mL M9 (% HEZH), 4 — P A 2 mol/L NaCl

~Y ~NY ~NY
) 3 )

8¢ pH 4.0 [ M9 B3R Hd), 4 20 pL
HIRBE& LT, 26 °C. 180-200 r/min ZbFH
40 min . ZbFHAH FXFFEZH 43 51 H MO #2218 "
WRERR T, TR BT 5-10 uL fit. BT
30 °CHHERE FEM B FE 24 h, BN E V%
B, AR,
1.12 IS

ARG E 3-5 P47 52541 Ik
SLEK 2-3 K, A5 RAHA] GraphPad Prism 8.0
AT oM. BEMEHT R Student’s
t-test, P<0.05 LR R ER B

2 ERS594

2.1 TseN EBINgED TN

#1443 #r Yersinia pseudotuberculosis YPIII
FEHA, 7EHSE & T6SS N LM —4
Al BESRASTETE T6SS R 2 A AL A ypk 0768
(¥ TA). InterPro 55 [ uifi {57 45 44 3 73 H7 27
YPK_0768 J& T T6SS_VgrG/RHS ik, [RIH}7E
C I AT AHH R~y 4514 380(J8 1B) . T6SS_VgrG/

NYONY Ny ~NY ~Y ~Y
¥ )] ¥ 3 1 )

—ED

1

YPK 0768

DN —

181 aa

]

T6SS_VegrG/RHS

N/

W

AHH 166

1 BEZERHRREEENNED TseN £EMEEFESH A: tseN RN B E (R ER; B: &

FLORST SRS i) e T 45 R s R

Figure 1
B: Conserved domain analysis results schematic.

Bioinformatics analysis of the potential effector TseN in YPIII. A: tseN gene localization diagram;
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23 Z BRI IREE S5 00 Wb o &% AHH 254 35§
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Y. B, FATHEN YPK 0768 12—~
WTER RIS T6SS BUNE N, ¥HAr 4N
TseN, AlfE25 YPUI MANHE =S . LWIEIE
AAE AR T FR S HEW ypk_0768 I i JE
ypk_0769 it (1N TseN &M, FHan
#°h T6SS 43 s 4 BE #% TR § (T6SS  secreted
immune nuclease, TsiN),
22 TseN 5 TsiN @S REH-REEEXT
H 7RG TseN B HEVELIRE , 4% STk
HAE R HF# BL21(DE3) PlysS 1 S P53 5 7k
AR I A s Ao, K 2 hg,
A 0.1 mmol/L /% IPTG, Il HA K 2k (& 2A).
SRR R, METX A, HSRMNVENA TseN
RIKMERARKZ R B EWH, 4 4 h J558
A 5 SRR AR E S R T TsiN B BB
HERAT DR 2 31 5 %) B2 #5200 ; 3238 AHH {-5F
SE R IR A R AT S5 AR TR ] TseNHSIAHE2A
PR R AE AR TE DS 2 it . Bl
PESZEG 45 5L (B 2B) 5 Rk ZE i —5, KB TseN
X KA A B VR R, i TsiN Ay 2L =5
Ref% AL R
h T #E— B0 TsiN il i 55 TseN EHEAHH.
VEFRRHRIEEYE, FRATTAEE T ARG 2E1 T4
PSSR . S5 UK 2C B, 4T B-2f3L
PETTIE S M A, SCm (k% 1k pUT18C-tseN
Al pKT25-tsiN)-5 BH X BELL (CK+) B-2fFLAH T
B g AR T, ST IR (CKHZE R B3, M
2 BH o B (R4 4k pUT18C Fl pKT25-tsiN, 3t
B4k pUT18C-tseN il pKT25) 5 B X BE G it 2%
5, WO B RS, teah, FHMXT R S5

B AH I TRVEAE X-Gal A B i s e, T
RIEAMEXT RO AS 8, IR 45 R, TsiN 5
TseN il i B A B AR EHE T R ZhHE

2.3 TseN 2—MK#i Mn*"#) DNA
2.3.1 TseN 22— DNA fif

T TseN AJBEZVETER) DNase, FATE L
it EMSA #7% TseN 5 DNA RI45& 161 K
JUki pUC19 S5R[AIHE TseN 7E 74 1 mmol/L
48 B T4 F) EDTA IS 20 min,
Bl FSE L 1% R EEE S L TR AG I, 45 SR an &l 3A
s e MR IEIN TseN FHER, pUC19 kL
DNA (iAW 4218, & W] TseN E 5 DNA
S5 5T M F-DNA B A1k,

R THESE TseN S/ HA DNase i, ¥
pUC19 Jiiki DNA 5 AFKE TseN 7E &A1
1 mmol/L Mn* FE W IE & 30 min J5 1 1%3:
A FL kR, anf&l 3B o, Bl TseN
WeBERE N, ki DNA AY/K AL, Fm
TseN HA ik DNA KEIEYE. b, A5
I LA R W7 FF TR DHS o 5 [F1 2 DN A g B 1R I [R]
2 A-DNA Z5R[RI 28R DNA 1E R k7 1A
&b DNA JKfi#S28s, 2558 4n1% 3C. 3D iR . TseN
X A-DNA FIRERRE R S8, SR i 5L R 4
DNA F) B R SCR T 55 . 2% [, TseN J&—~ DNase.,
2.3.2 TseN HJ DNase £ R 94T

DNase & #0153 P H 75 ZARH T 3 i
B, A5 T TseN DNase 16 M09 — 4 4
BB THOME . AR 4A TR, RATE Mn2F
TEMZIET, TseN A BRUEFEMRIICY) DNA, T
Fe''5 Zn* B BT TseN f# ¥ iR DNA (1) X2
BegEty . ik 4B, 4C FiR, MR ZE A M
WeJE 53 0.8 mmol/L B}, TseN B[V AT w5 24 Hh [ fi
DNA JiEY), 1 Mn® ¥k 288 in %) 8 mmol/L
ANt TseN BIBGE I PEF= A HIE A . infEl 4D
Ji7s, #E 26 °CIZMETH TseN 54 DNA
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2 TseN 5 TsiN EEREB-RBREEXN A HBAAFRELTR AT ENA KMLNE; B: %
AEAS [R) F A R R T R FE R R s a0 5 € B2l LW T V35 1 000 o LA B 00 ) WL % S (L S G
Figure 2 TseN and TsiN are toxin protein-immune protein pairs. A: Growth curve of recombinant E. coli; B:

Gradient dilution plate assay of recombinant E. coli; C: B-Galactosidase enzyme activity and bacterial
two-hybrid plate assay. ns: Not significant; ****: P<0.000 1.

HEA TS [R] B () A 5 7, 3R AT & B TseN H A DNA
Feff et S5 E 4 min J5 BRI 58 22 F%
fEICY) DNA. 546, Xl s s m AR

AN[F]f) DNase 5 idi i B AT RE 22 80K AL,

ARG E T AFEREL, BIERS TseN &
FEO) RGP fE IR B . I 4E WA, 26 °C
J& TseN & #% DNase B 0 fid il B, (KT8
7T 26 °CHy 2% LG 7= A i AR

2.4 TseN fE55 5 YPIIRAE =F1EA

K TR REEN TseN EHREH S5 F
MR N FE G R, FRATHE T AtseN H
R (pKT100) K2 AtseN (pKT100-tseN) [l #h B
Bk, 58 A R R (pKT100)— 2 4 A%, 3 5 451
B HLATR AR s [FIBTHEE T %4k pACYC184 JBTkL
[ YPIII AtseN-tsiN 1 Ry SZ ARG bk o B At 14 7T ik
I35 SR AtseN-tsiN 3% 1:1 W5 24 h )5, 4%
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. e —8000 w —8000
- W5 000 |8 w5000
E B 18000 &000— - —3 000 3000
3 - 5000 . -
B3 000 5 99— - —2 000 W (2000
: 13000 2 000— h

2000 4 409 1000 | : L 1000

W 100 ’._250 1 150

—100 100

3 TseN HJ DNase JEM#MR  A: BERER AT . AFRIMWKE (10, 20 F1 30 pmol/L)AY & F7E S Ml
H15 200 ng/pl 1) pUCLY Bk dbiEE . B: TseN X} pUC19 ki AR IE L. ARREE©0.6. 0.9, 1.2
3.0 pmol/L)EE 78 S 2% il 5 200 ng/uL 1 pUCT9 Bk deiiEd . C: KIAFF# DHSa &R 24
DNA HREMEIE L. b I 5 b B 25 VR BE B 8 m (e B4 1.25, 2.50 A1 5.00 pmol/L), D: A-DNA
FEARAG L. G pp R 22 b (W) B VR B S8 I M FE 2R 1,25 2.50 F11 5.00 pmol/L). M: DNA marker,

Figure 3 TseN DNase activity assay. A: EMSA. Various amount (10, 20, 30 pumol/L) of protein was
incubated with 200 ng/pL pUC19 plasmid in binding buffer. B: Degradation efficiency on pUC19. Various
amount (0.6, 0.9, 1.2, 3.0 umol/L) of protein was incubated with 200 ng/uL pUC19 plasmid in reaction buffer.
C: Degradation efficiency on gDNA from E. coli DH5a. The amount of protein in the buffer system is
gradually increased (with a protein concentration of 1.25, 2.50, 5.00 pmol/L). D: Degradation efficiency on

A-DNA. the amount of protein in the buffer system is gradually increased (with a protein concentration of
1.25, 2.50, 5.00 umol/L). M: DNA marker.

TSE Al e R TE SR, TTHRSES R 450
Kl SA Fits, BPAERUARELT AtseN RIS AR RIEL
157 2 5L ERsEg Ui g, Mg T tseN AT PR
TERRE NIRRT WK, RY] TseN e LT
PR 0y =2 5 3] YPILARh )35 44 FH v
SR NTE R T RO, FRATTE A%
1 T AR ARG YPIIT WT ., AtseN. AtseN(tseN)
YEMBL AN, #1471 52 K417H E. coli DH5a
(pACYC184)} Salmonella typhimurium (pACYC184)
F R Al 4 s28s . B SB KRB, 7£5 E. coli 1)
st B, WP RIGARARAS T AtseN @Bk A
WEA 3 A MsE i, XA L HATE B
P RE S MR R 22 5. B/ 5C £,

TseN 7E YPIIL5 S. typhimurium ()35 435 F2 v 4l
RAEEEAEN, SRR E N ERAR T
By A BT BRAFAAE 34 fEmISE 4 3. 25 Lk,
TseN HE 8 i 1 $ il At 1) T XA AR 25 4% 1R
JRFFICE 5 E. coli DHS5a & S. typhimurium ) #jr
] 5 4+ VE LTI RESE A B A 52 1R 4N B DNA SR &
FEREIER, BB YPUIRAS s L3
2.5 TseNXf YPIIMAEHERLEBE
=R

A YRR AR W T A v sl e A W ik 2R
T, DY 20 B B A K 0 F 25 i A A 231 A TR A
o RIS TE F IR T R BT 2 R R R A e
P el OB AEIEL . O T HR%E TseN &5
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mmol/L C mmol/L E °C
SN T O 0o wn o
bp M-Scooo o <~ a bp M-01 23456 8 bp M- 0 4 162630 374255
| 1908 |
PPPON b, s o nnn 5000 M.— s i,

4 TseN A9 DNase £LPEBI M A TseN AYMETG )& B TR (—: BITEXTIE; 04 mmol/L 1R
REBMAERIE) . B, C: B TR (—: FIEXS I 0-8 mmol/L: ¥RANAYWESEE). D: feff i
WFERSTE, B IS N o B BRI R, BB AN [ 0 il BE A BE R4 T B

Figure 4 Analysis of TseN’s DNase biochemical properties. A: Metal ion dependence experiment of TseN
enzyme activity (—: Negative control; 0—4 mmol/L: The added concentration). B, C: Mn** ion concentration
dependence experiment (— Negative control; 0—8 mmol/L: The added concentration). D: Exploration of

optimal reaction time: increasing reaction duration sequentially. E: Exploration of optimal enzyme activity
temperature: experiments conducted at different temperature gradients.

YPUI AP T A 5, BATTHEA T T 45 Wl 2R
5, SR 6 Fron. IS SF A a R
AR A= P g 1 0 R LA BT LA 1, B
tseN 1 TR R AR VIR sz 2 M Ee i, B 1
Bk, i B A 2R [ e AR R R RS 3 e B
B VKBRS R4S A 55, DIl ODsos {E&
B, BR tseN A BRIR 5 B AR sl o] 0 R Y T bR L
AREZES . R tseN AR ALY ™ i 32 2
TIVERN, XKUY TseN Al REEE#F YPIIA:
PIREIE 1 A A — P S B 1 5

2.6 TseN REfB#ER) YPIIIRIT S5 R ES M
IMERME

1 485 42 I /R 2% FC T8 252 i T8 S50 T 7 12 e 1
FEHEFHEIGK pH PREL LK ; 7ob,
R AR B E R, WO EAEA K
1 AR B A s L. R T RSN A
TseN 2525 YPUI Hrira ThRE, AT T
A G B JBIRAE A A A 5 8 S 3 . an &l 7AL 7B
ffi7R, 7E 2 mol/L NaCl il pH 4.0 (135 55 1168 4%

7FF, BPAERIEMRARE T AtseN H PR HA UE

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



EIREE 25 | S ZEN R AR QB T6SS UM & TseN I RE S & 1503

A B C
251 1.5 5r sk
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Competition index
Competition index
Competition index

0.5

0.0

E| 5 TseN 25 YPII MARMIETZEEW  A: YPUI RN N SES LI (BUA R A Z R4 1:1 19 LL
BIR A TE MO K33k - L8535 24 h), B: YPII 5 E. coli DHSa 7 R] 35 4+ 552 56 (LA T A 52 14K i 4
10:1 /Y LR 5 16 M9 B 3556 FILRE3% 12 h).C. YPIII 5 Salmonella typhimurium (1) 8] 35 4+ 52 56 (£
PRS2 AR 10:1 B9 ECBITR AR 12 M9 B R 2 EILRIR 12 h).

Figure 5 Intraspecific and interspecific competition experiment of YPIII. A: Intraspecific competition
experiment of YPIII (Donor bacteria and recipient bacteria were mixed in a 1:1 ratio and placed on M9
medium for 24 hours of competition). B: Interspecific competition experiment between YPIII and E. coli
DH5a (YPIII and E. coli DH50 were co-cultured at a ratio of 10:1 on M9 medium for 12 hours). C:

Interspecific competition experiment between YPIII and Salmonella typhimurium (YPIII and Salmonella
typhimurium were co-cultured at a ratio of 10:1 on M9 medium for 12 hours). **: P<(0.01; ***: P<0.001;

*akx: P<0.000 1.

PITETR LS, 322 W] TseN AIBEXT YPIIIN i 4
SRl SRR R (S
3 Wik

M Hood 2258 N B3 & BRAR S A5 St B Hh
FEAE Tse2-Tsi2 RN HEE F- S AT LUK, & F
WL M SCERIE T AR T6SS HAFEfeE2ql
PRI BB 11 -8 B IO (E-L ), Hor KR4 1
AN R 1138 o B [ 200 LR L 0 i R Y A R R
W R AEAE R (R, X RS AZ /R AR S
P T6SS HA ¢ E-1 XA Z H b, ok %55 F)
) TseN-TsiN & X1 8 T 0 Ao . A
2 5% 5 i AR A A BR R AR G T Th 48 e 5] 4 X
E-1 %}, Hid, Teel-Teil A% BLE /R T T6SS

RN R FTRES A S5 YPIIL 42 fih | AR st % 7 10
XU RERV 5 11 TepC BEME [F] A & #2488 1 %
HU5 DNA /KEMDIEE!, 1M CecR M A
PRNRIESE T6SS R0 2 11t BE [ B 75 Sy e s A
T RIEAMEFPY,; YPK 0952 th i % E —1fE
52 5 EF R 54 1Y T6SS MU & [, A&
WFFE I %5 (1) TseN J& T Rhs K, %K E
R B ZA0AR Y C R, 5 2305 5 XF
KT E A Bk, JF HLRES A 3 40 3 (1 5
PEFBS FRATT I 1 S UESE, TseN Sl 4h
A% HR 7R 2R G BR H — B8 08 38 o 22 fl 4 0 14
A B[] A= 2507 o H Al 20 7 0 3000 2R 1, AR
Z: 55 51| 240 18 Bl (0] 5 4 04 1 B oh LA R )
YEHT
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Figure 6 Biofilm formation assay. The crystal violet
staining image of the biofilm was obtained after

staining 5 mL of bacterial liquid in a test tube after
72 hours of cultivation. ***: P<0.001.

B

A 2 mol/L NaCl pH 4.0
0.8 — dokk o 1.0 = #ssx
*
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0.6 o ]
o ] O —
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w [75]
02F -
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W > oW
6\5@ b\,%a'

7 YPHIFMESZHFEERLE  A:2 mol/L NaCl
JEFIAE B 40 min J5 ; B: pH 4.0 BRALFE 40 min J5 .

Figure 7  Survival rate of YPIII under stress
conditions. A: Bacterial survival rate after treatment
under 2 mol/L NaCl stress for 40 minutes; B:
Bacterial survival rate after treatment under pH 4.0
stress for 40 minutes. *: P<0.05; **: P<0.01; ***:
P<0.001; ****: P<0.001.
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