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1RO WEEeabe, Wil T
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W OE: (86 LM XA R &K KEA (Yersinia enterocolitica) & AF /R A& K, & (yersiniosis) 49 £ %
HmRT, AeRREZHNRRARAAI—. AW BWET B, LR LM ERHIK, i
HItm AR ey LR % A . [ k] vA Yersinia enterocolitica CICC 10869 7‘531'51 TEE, RAREIFIE
T ERA T TR T IS RBEART P T KEF o9 B 173 — 4 A4 % F 4K Yersinia phage Yen-
yongl (% #R Yen-yongl), *f A #AHEFNR. B ELENZE. 2KFAN 5. KRR IEZRE.
AL HAT AT . BARET M A B A AR LR EE M, RN LT A AR T
M RIRR AKBAGFRER. [£ K] Yen-yongl T /£ 1.5h NI B REMER. EHELET,
Yen-yongl £ & B & 2 #f (Siphovirus-like), 44 B 7 3k 3¢ K (83.32+0.15) nm. 5% (59.57+2.28) nm; &
%(168.04+3.21) nm. Yen-yongl # dsDNA A FE 204K 51 321 bp, G+C A2 & 4 47.80%, 4 93 A
JF 7% 17 1% 4E (open reading frames, ORFs), E A& #vh i F 9ia/R. wteh & B FHEHE. Yen-
yongl 5 3k 2038 o o4 H Ak B AR K B 40 9] 69 3R 3 A% BT 9 AR AR B 20.64%, AR T B R
FEAB (70.00%); 5 4t i 4K 18] 3k 3 69 4278 2L B (core gene) & FL IR AL A 20.00%, > F LA}
18(27.00%-79.00%). Yen-yongl &4 & %R (Caudoviricetes) F X & — /A~ #7 49 & F= T 4} Yen-yongl §23
A A, AR E I KA RARKE, 4 BRI B 2 KRR AR K B AR T A

3 #k. Yen-yongl ££-80-60 °C. pH 2.0-13.0. 0-3% FALAH & B8 T ¥ 4045 & K a9 5 5 1t sH:
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4h, Yen-yongl #45 AR B A MWL, £ 25°CTF, LS4 HAKRLE B E 69 K (multiplicity of
infection, MOI) % 100 A, Yen-yongl *F 4 % W k F /) I 45 74 X BF R A& K& CICC 10869. CICC
21669 F2 CMCC 52202 #k 9 7 R E 551 A 93.48%. 52.77% #= 43.24%; £ 4°CT, 3 AKX HE
¥T 334, £ MOI A 100 B, Yen-yongl 3t 4 % W A F CICC 10869. CICC 21669 #» CMCC
52202 AR &9 FH R E 5] H 98.28%. 78.35% F= 96.33%. [4£1 Yen-yongl Kk —ANvA4E R 4n o it
iz, REARRGEDFHBEARAETERFKERET RGFORGEDH. KFARTEL T AELH K
iAde, FETHLARERERAE, ARBRBEIRREARBROGHIELTT A,

KB : PRI REARE,; SEK, AHFat; ARASA; £ AR KR

Biological characteristics of virulent phage Yen-yongl and its
sterilization effect against Yersinia enterocolitica in raw pork slices

HUANG Huigian', HONG Binxin', XU Jinpeng', JING Xiaoying', ZHANG Jinghao', LIU Wencai',
CHEN Huijue', HU Jiaqi', LI Dengfeng'’, TONG Yigang®

1 School of Marine Sciences, Ningbo University, Ningbo, Zhejiang, China
2 College of Life Science and Technology, Beijing University of Chemical Technology, Beijing, China

Abstract: [Objective] Yersinia enterocolitica is the primary pathogenic agent of yersiniosis, and it
i1s one of the major foodborne pathogens worldwide. The purpose of this study is to isolate and
identify a virulent phage against Y. enterocolitica and explore its application potential. [Methods]
A novel virulent phage, named Yersinia phage Yen-yongl (abbreviated as Yen-yongl), was isolated
from the sewers of Lulin Market in Beilun District, Ningbo City, Zhejiang Province, China, by the
double-layer agar method with Y. enterocolitica CICC 10869 as the indicator host. The
morphology, host range, genome sequence, gene functions, phylogenetic position, physical and
chemical tolerance, and biofilm removal ability of Yen-yongl were studied. Additionally, the
sterilization effect of Yen-yongl on Y. enterocolitica in raw pork slices was evaluated. [Results]
Yen-yong1 clarified the turbid CICC 10869 culture within 1.5 h. Yen-yongl was Siphovirus-like,
consisting of an elliptical head with a length of (83.32+0.15) nm and a width of (59.57+2.28) nm
and a long tail with a length of (168.04+3.21) nm. The double-stranded DNA genome of Yen-yongl
was 51 321 bp, with the G+C content of 47.80% and 93 open reading frames (ORFs). No known
lysogeny-associated genes, resistance genes, or virulence genes detrimental to application were
found in Yen-yongl. The highest nucleotide sequence similarity between Yen-yongl and the other
phages in public databases was 20.64%, which was <70.00% (the threshold to define a genus). Yen-
yongl shared 20.00% of core genes with the closest relative, which was lower than the ICTV
criteria for subfamily classification (27.00% — 79.00%). The results suggested that Yen-yongl
represented a novel genus and a novel subfamily belonging to Caudoviricetes. Yen-Yongl was
species-specific and capable of lysing 3 out of 4 tested Y. enterocolitica strains. Yen-yongl
maintained high bacteriolytic activity at —80—60 °C and pH 2.0—13.0, as well as in the presence of
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0—3% NaCl. Yen-yongl can disrupt the biofilms of Y. enterocolitica. At 25 °C and MOI=100, the
sterilization rates of Yen-yongl against Y. enterocolitica CICC 10869, CICC 21669, and CMCC
52202 in raw pork slices were 93.48%, 52.77%, and 43.24%, respectively. All the 3 tested Y.
enterocolitica strains proliferated at 4 °C. At 4 °C and MOI=100, the sterilization rates of Yen-
yongl against Y. enterocolitica CICC 10869, CICC 21669, and CMCC 52202 in raw pork slices
were 98.28%, 78.35%, and 96.33%, respectively. [Conclusion] Yen-Yongl reveals a previously
unknown evolutionary lineage. Yen-Yongl has excellent biological characteristics and potential
applications. This study enriches the knowledge of Y. enterocolitica phages, phage database, and
gene database, laying a foundation for the application of phages in the prevention and control of

food-borne yersiniosis.

Keywords: Yersinia enterocolitica,

bacteriostatic test in raw pork

N B B W R OHE R R OIC A (Yersinia
enterocolitica)j&— M = [P, J& TR
Bl(Enterobacteriaceae) i /R 7% K i )& (Yersinia)
HIRE B 4T 20 t2g it BRR 2R G
J& H 28 A~ F 4 B% (https://Ipsn. dsmz. de/genus/
yersinia; i) H: 2024 42 10 A 1 H), Hrp
SR BB R 2% [C I (Yersinia pestis) . R 25 4% HB /R %
[ (Yersinia pseudotuberculosis)F1 /)N 25 i 2 B
IR AR A HAT Eom R

NS I RERIR AR ICE 434 T 1z, 24k
JURNREAE VS JBCIR BE R A K 0 3 0 1 =2 — P,
KU BENEZNEEMEEURRZ —. BT
BN TN = ¢ N U AN \G Rl BN/ ¢
MK, BT T ANMESEE T ANhIaR
HESL BRT RS, Rk 8BTS . R IFIE
AR AN, BRI RERI R g R . R .
NHEE5 | I RBEWRE AR . SO R . 45
VELLBE . MRS . BN A . /N A BN A b
Jeid, £z n] RE S| A B IAE AR AE , S5 30E
T M B RS e Z G YA
KB TN 2 I H B IR 2R FC B AR S A 1R
S P P, L I SRR E 2 — 2 EL A R Y T
B RET1(0-4 °O), I HAEWETE pH 4.2-9.0 FlI i)
IR (7%) P AEIE . BT 2 e A A bl
HE— DRI T IS A ] A

phage; biological

characteristics; genome analysis;

I B /A (bacteriophages, A #K phages) & 4F 5+
A o J g A T O S AR R A 9 A
Mo 2023 4F 10 H, BREAMAG T W B A=
¥8 P4 Guideline on Quality, Safety and Efficacy of
Veterinary ~ Medicinal Specifically
Designed for Phage Therapy; 2024 4F, KM 255
Jiit 545 P JR) (European directorate for the quality of
medicines & healthcare, EDQM) 1F 2l 13« ¢ T I
BEAIR YT 24 FH 7 it B WBUER B, e k  (R 46 571
A European Pharmacopoeial® . &= AHFI7EE
W PR s E A S Ll
Z RS R EAY TR SEREBAR T Z o
BAR T B BT P B bR T o,
UTAEA, MR FHZE B it -1,

M TRT AR AN 2 52 W) 8 i 1) 36 5 R R
WA 77 A A R ) o IR A B 8 s
a7, fEh—FhaR IR . ERE s R
1o Y R AR A R A Wy R, W B AR A D 2
A BB i A P G B VS e A FRAR R RS 3
ARk, WETRMARTE B e A Gk i g H i 9 A5 2]
T E BRI SRR, — RN A
AT, 55 E & &2 5 B % # 5 (Food and
Drug Administration, FDA) 2 41t 1 W5 b A& FH /R < &
an s iR, IR R T« A N & 42 (generally
recognized as safe, GRAS) =209 2006 4F

Products
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FDA HL#E T faf 22 Micreos £ il 28428 &) 19 254t
R PRI TR A AE 4 L 77 i Listex™ P100 i FHFEP
BREMEE 5, MFEEHXITRE . ™
RN T TR R g 23K T 45 U 800 T 1% I TR 4k 7
FtL A4k 315 FDA 1Y GRAS TAIIE, Bt R
TR, BN Intralytix 23 @) A9 V01T 0GR W A
77 i SalmoFresh™ . Phagelux /A &) A0 1] G B W
A0 T S EH R E B BR A R R Tb
Y G A W R A P i FT Mlicreos B i 28 48 R IR
FAFT RV 1A i PhageGuard E™4% (https://www.
fda.gov/search?s=phage). & i 17\l W B K49
il 35 B ATE & 32 AR TR AE XV T T G TR (Salmonella)
KW 75 [ (Escherichia coli) F1 A% 14 A= 2= 1
¥ [C B (Listeria monocytogenes) 32 M3, #
2 HET, WA /D2 W 9 IR AR TQ T W T AR
% GRAS AiIF.

A 5T LA/ 45 W 9% R 7R 3% IG R (Yersinia
enterocolitica) CICC 10869 (ﬁfﬁ( CICC 10869) A
TR, MWL T T L& X RT3 T
TKIERAE R ZKFE T B alifl T — bk /M 4
19 4 BB /R A% FC B ZUME E B K Yersinia phage Yen-
yongl (T8 FK Yen-yongl). Xf H AT TIE &M
gL, AT e . EEERE. TR
2H e X iy R AL A o B L g VS A .
AR E S BT . BAREEYE ST A T X A
PR AE DR R BRBE T 5 IRAIN T HAE 25 °CHl
4 °C R XA R s YL i/ N 45 I 98 H8 2R Ak DR 1Y)
THEREES o

1 M5

1.1 E#RRIERIER

S5 T FH 18 B TR S80I B TR AR [ 4 B A7
% 7E B R 5L Y Bk2= 2080 v o0 (http:/nmde. cn),,
25> NMDCX0002088]0 [ H [ Tolk i Ak 4
T LR B by, R TR R T R T 7 U8 R
PR R R E WA E . LB 2 AR 57
FE o IR0 T ECR 0.75% 1 LB KSRt ;
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LB [EARKFEFREE . Bilg i B350k 1.5% 19 LB
Rigedk . B:37544: 37°C. 150 r/min.
1.2 EEANS S

F g 7Tl & X B AR
(29.906 300°N, 121.605 903°E) F /K ifi R L2
KFEQ2023 4 04 A 25 H), REZE%ELE=EG
76 4 °C. 8 000xg B5.0» 10 min, M FiHHIR 4
0.45 pum A1 0.22 pm FLA% B9 2R Bk A8 A o % o B
CICC 10869 H] LB [ 17 &% 3% 5 15 3% 2 %) i
(ODg00~0.6) J T & HEWEF K, 14 40 mL X4k
HATRIE . 40 mL L3R /KAEJE W AT 40 mL 3xLB i)
KRB FRIETHIE IR A, 37°C. 150 r/min K
7% 3 h; [EF 40 mL XU R . 40 mL 4lik
F1 40 mL 3xLB BYIR G AE A X IRZA R 37 . 5K
55 2H L7 VNS I 3G SR WAE 4 °C . 8 000xg B0
10 min, HUEiHWRAKIKZE 0.45 um 1 0.22 pm £L
1 B SR Bk AR Y8 L 0%, 45 3] A 3 8 Y B Ay Ik
(NG

SR WU Bt B S Al 72 a0 A7 W Ak 4l 1100,
3IMREFAIEE . RN —EREBE . 2 BURA
WEPRBE 2 5 mL e EE 3209 CICC 10869 R HT,
37 °C. 150 r/min $5 3% B2 2HEN , R ER
T PR BRE A R TR A A o) R

Yen-yong1 7E & & B B 375 W 05 11 55 S [l
LA 2 355 W5 P (halo) o Wi TR 4% 375 HH IV 1 B ) A1
(1) 2F: 375 BH 2 P 2 ol 4 VB T A4 o7 5 1) 400 R 7 A
B B AR R YL BsF, H A 3R A W) (extracellular
polymeric substances, EPS)#% W (& {4 1) H i 37 Hk
F14) figt SR8 T At s A 921220 g ] T ) R 7 L
A 2F 75 B B L DA Sy 2 0 DR 1 R 2 5 LA i
R fiff (depolymerase) it fr¢ T W 7 324 fige 3R i am
R R AR TN B A ST R R, T
DAL T 0T J5 B R A A R TG T A N
B IR (A0 70 CO)AEBRLLUK TR W IR I, S
FPETAR EIEE 0 PR A AR U 2 A TR
B AR X0 i B 1 . Rk, SIS
HK[25 13— 2K Yen-yongl A9 % SR BEE M .
A Yen-yongl 2K AE 70 °C N E 30 min f#
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Yen-yongl Kif, #RJ51% % CICC 10869 35T
B F(2.5 L) BET RBESE S, WS JE AL 27
BIEREE 2,
1.3 EEANESENE

YBUHIT G 1% 51 1) W T A - T 3 Ak YR 2 ) R0
(200 H) b, #-& 10 min J5 T rEREL 5 24
KAy, F 2% SPRAhBE gt 30 s, P PEIEAR
Wk 2 R YR, #E 10 min J5 7E 5 T L BR
(Hitachi /A w]) ™ WA R IATEZS
14 BEEFNEEEBRRSNF

Z: R SCHIR[26-27 1A 7 Wik T A 14 ik PR 2 2
M 5P . OG- R AR IR R O B
B3 BER, S DNase I fil RNase A [iff#i5
Perfe ERRRIE, R My A0 S v
& DNA, ] NEBNext Ultra [l DNA Library Prep
Kit for Illumina (New England Biolabs, NEB /A F])
2 UL B P A L A SCF . (] Tllumina
PE300 X7 £, 7F lllumina MiSeq [ #4710 /5,
A Trimmomatic v0.36 A2 2% B3 ARG I 12 (B ) ) )y
reads (Q-value<20), fifi[{] SPAdes v3.13.0 Z - %}
R A RS AT P
1.5 FEEAFEEEER

e FH 22 00 M 220452 P BABIE %2 119 PSR 1
Phage Term™ X} I B A3 PR 4 B A 004 743407

fli FH 7£ & T. H. RAST (rapid annotation
using subsystemtechnology, https://rast.nmpdr.org/,
2024 4E 8 A 2 H)Xf M & /K Yen-yongl fiY %
¢l 3 47 91 2 19 JF R 2 HE (open reading
frames, ORFs) il 5 1 Fe . 7ot IEat b, A
BLASTp (https://blast.ncbi.nlm. nih. gov/Blast. cgi?
PROGRAM =blastp&PAGE_TYPE =BlastSearch&
LINK LOC=blasthome, E-value<10™, 2024 4F
8 H 2 H). HHpred (https://toolkit.tuebingen.mpg.
de/tools/hhpred, posibility>96%, E-value<10~,
2024 4F 8 H 2 H)Fl HMMER (https://www.ebi.ac.
uk/Tools/hmmer/search/hmmscan, E-value<10™> H.
£ 5 5E 4% domain, 2024 4= 8 A 2 H )X T )

ffii ORFs #4750 1E ML HE . i FH PerL i 55 JA
AR ) FEE 5 AT A 1) 5k PR 1] 1% (genome map), I
Inkscape {1 FI x0T = R 7 561k .

i FH7E 2k T. H. tRNAscan-SE (http://lowelab.
ucsc.edu/tRNAscan-SE/, 2024 4 8 H 2 H)X| I
TEARIEDR 2 TP f) (RNA FEFTAE LR T .

i H VFDB %4 % J% (https://www.mgc. ac. cn/
VFs/main.htm, 2024 4 8 JJ 2 H )k i i p 14
PRI 20 PO 5 A 3 R R L

H CARD %44 /% (https://card. memaster. ca/,
2024 4F 8 A 2 H) ik i AL A 21 Hh 2 5 5 AT
it 24 36 1A
1.6 TEEARGH LML

] NCBI $2/t49 BLASTn (https://blast.ncbi.
nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE
TYPE = BlastSearch&LINK LOC = blasthome ,
2024 49 H 29 H)# R 5 Yen-yongl & [ 4 7]
TREFS, Fre i %2 4 nucleotide collection.

i FH PASC (pairwise sequence comparison,
https://www.ncbi.nlm.nih. gov/sutils/pasc/viridty.cgi,
2024 4F 9 J1 29 H)THEA B A v i BT A
25 Yen-yong1 HE K 41 8] /Y Bl 642 1R - 51 AR R
JE{H(PASC ).

i FH7E 2k T H. ViPTree (https:/www.genome.
jp/viptree/, 2024 -9 H 29 H), FF tBLASTx
T B 4 5L A e SRR, LA SR8 e v
FIF A5 9 75 6 20 (35 7 002 BR)E 0 2 % 751 5
Yen-yongl — [A] ¥4 2 & & (% R 4t o 1k B
(proteomic tree), FEULIEAMN [, VEHUAE Stk fLm)
5 Yen-yongl #F fb #E B &% i ) 3 Bk R B
(Escherichia phage HK639 .,
phiES15. Aeromonas phage pAEv1818)., 71E
BLASTn il PASC X5 Yen-yongl AR f
e PR EE . TR PRI BE 0 2R E R 25 (ICTV) 432
ARG & BoTh AR R L AE ICTV
Ao Y 11 MR/ S I 2 B /R AR D T W o
REIERAAE IS H P H), ER A8 s R
S4B . FH Inkscape 1F &84 Xt o< & K] 347

Cronobacter phage

http://journals.im.ac.cn/actamicrocn



3110

HUANG Huigqian et al. | Acta Microbiologica Sinica, 2025, 65(7)

Fik.

i F 7F 28 . H. EzBioCloud (https:/www.
ezbiocloud.net/tools/ani, 2024 4F 9 H 29 H)H Ay
ANI Calculator T E.i%4 Yen-yongl F17E 4L A%
5 2 AR B SR T 1Y 3 Bk RE ] YT
¥ 1 1 — 2P (average nucleotide identity, ANI),
fif I 7 £ T. A Genome-to-Genome Distance
Calculator (GGDC, http://ggdc.dsmz.de, Formula:
2, 2024 49 H 29 H)iT% Yen-yongl FI7E#EAL
Wi 5 Z A B R i 3 MR EEZ ] DNA 43
T I 22 A2 {H (in silico DNA-DNA hybridization,
isDDH), i F 7£ £k T. . The virus intergenomic
distance calculator (VIRIDIC, http://rhea.icbm.uni-
oldenburg.de/VIRIDIC/, 2024 4 9 H 29 H)it
B Yen-yongl 534 b iF A0 I B B 3 1) 3 AR
g T Y AR DAL 2H [R)AY C RE B PR ) R L P
(VIRIDIC {#).

il Basyfig 5P # Yen-yongl Fl'5 2 5%
G K FR T IR A 2 [ PR B R ZE ARV LU A4

i 752k T A VirClust?®" (https://rhea.icbm.
uni-oldenburg. de/VIRCLUST/, 2024 4F9 H 29 H)
ST Yen-yong 1 5 35 Y G B AR (B =2 R A2 0 L R
(core gene).

1.7 78 £ 36 B #1 5 3 2 (efficiency of
plating, EOP)|E

R FH S B AT Yen-yongl FfE EVa R, fit
WAL 65 ¥R (4i 5 NMDCX0002088), 4354
200 pL X %03 5 ¥ (2.38x107 CFU/mL) 5 4 mL
LB P [R5 IR LR 5], (EI7E LB [R5 77 5k
L, HSRSUZ BN BERS, 7E VAR AR
PR NI AR (2.5 uL/, 1.95%10° PFU/mL).
e B IR ILE S T 37 °CHEIRIEFRAE H 97 12 he
i g P b ST A R R B, A
Wik B A R A R, O BHPEZEAR  RRZIIA
Wi AN RE R R, WITESS R . BT
PREA 3 YOR PSS . S IROCER[32], RHIWUZ
TG - ML I 5E Yen-yongl (1.95%10° PFU/mL)
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TEAATE EREMRE & LA s BEs, LIfE
FER AR CICC 10869 B #5 [ HH 3L 114 - 447 e 127 Bk
R oy B, DL ) SRR B 0 W DR B
7, 15 Yen-yongl 78 H A 5 BB 1Y REBE R .
EOP S5 H A 3 K,

1.8 IEEAMN—TE K%

Z: B8 SCHik [33-34]10 %2 Yen-yongl Xt 48 7
CICC 10869 1) fH:8% 4 &2 %X (optimal multiplicity
of infection, MOI) FlfcfE M BRF A ] .

S 8 1% 35 B CICC 10869 X %k 1A 74 W
(ODg00~0.6)5 Yen-yongl ###%1 MOI (MOI=1)ik
A, BT 37 CCIRIR R IR v e R FE I B A ]
B F 6 min, IR AW 4 °C. 8 000xg &[>
10 min, J LB MRS FRIEVER 2 5, BT
Yy B TR LB MR g3, 37 °C
150 r/min 5 3%, 4r%1F 0. 10, 20, 30. 40,
50, 60, 90, 120, 150, 180, 210, 240 min Mt
FE o SR OUZ BN S A 7 G 0 A it o s 1 A
JE. FRTREE 3 W, SISCERBS]IH A
TR 52 & 5 (burst size), TR (DR

% J 1t (PFU/cell) =2 & HA 45 s I 15 104 Wk 7
A/ Vs R U0 T A R4 %) 200 T 20 B (1)
1.9 EEARIBLIREM
1.9.1  BREHBURNMEAC T

Bl Yen-yongl & ¥ (2.00x10° PFU/mL) 4} %%
W1 mL/A%, F NaOH 8¢ HCI 43 %K Hol &=
pH 2.0. 3.0. 40. 50. 6.0, 7.0, 8.0. 9.0,
10.0. 11.0. 12.0, 13.0, T 37°CH & 2h )5
HURE
1.9.2 EE UM

53 M EC ) NaCl Fi 2 53308 0. 1%. 3%.
5%. 7% H1 9% I LB A 736 LB 2 [ {4
Bigst. 70 4 mL 45Eh R BE A IR LB K577
%5 100 pL Yen-yongl £ ¥ (4.47x10° PFU/mL),
200 pL X% CICC 10869 (2.23%107 CFU/mL) B
W MIRATG, S BMBE ZAH N Eh vk FE R LB [#
REEFREE b, REGEE TR IR (37 °C) 3%
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12 h JE A TR BE A, T R AR B
1.9.3 REHRMEHN

B Yen-yongl £ ¥ (3.70x10° PFU/mL) 43 %%
M1 mL/AE, 43 T-80. 0. 25, 40. 50,
60. 70 180 °Ci¥ 5, 74T 0. 30. 60, 90 Fil
120 min Bk,
1.9.4 IEEAKEIRESGRN

IBUHT ff 15 35 (14) 70 40 S8 A 10 Wk 1 A - P 4 T
(2.63x10° PFU/mML)/3 %4 % 1 mL/AF, 4351 F-80.,
=20, 25 (=) 4 °CAERl,  FH TRz i B Xt
BTG PE RIS . 7E 0-360 d 4R 30 d HURE
o 0 W5 R AR B, R R I 3 AT . TR
VRPERVET , B 7T-80 °CHI-20 °CHYFE 1Y
SRR 1 IR

SR 1RSI 22 YRR A S R Ve 5 AR TR
BT i 35 3% 0 70 40 24 fi 0 W A AR - TRT 2 AR R
(2.63x10° PFU/mL)%: T 50 mL Joi# EP B0 4
(40 mL/), 435IAFCTF-80 °CHil-20 °C, HF
R FE IR T VR A7 UK BSOGT W A AR P 114 5 1
76 0-360 d FP4ERE 30 d ALk . HURE ARG 00 k7 1A
TEEE, BRRERREEL 3 AT

SR FHORUZ 35 Mg TR 32 0 A o P W 1 A
. BAEImEL 3K,
1.10 B 4 X 40 B A 4 4 BR 89 0B BR
BE
1.10.1  4HE S AR B RE D42

SR R4 i 8 e €0 15150100 22 5 SR AT A 4 A 9
PEBIE BRE ST . 3 i By B R AR R E)) 5 mL LB
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2 MR SCHR [36]300 7 I BT AR Xo) 448 BR7 £ ) 9 i
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55 20 B LA 500 pL W BE /& Yen-yongl & i
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BT 37 cCHER A P R IR 2 he SRR IR
1.10.1 5 A R IEAT 45 A 2R G R ODsoo M 5E -
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111 EREART A 5 P S R R E AR

R Yen-yong 1 XA 4 R 5 YL i/ Mg 4
1 9 B 7R A% EG TR 19 2 BRI . 43 il £ 25 °C Al
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2x107, 2x10%, 2x10° PFU/mL), | HRZH 345714
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WP AL, o HE T ERQS °C) R E
(4 °C), VIBLIURE R AE T S 8 B A iz i 2518 .
X R CE AR A R 4 BF 0 h FN 3 h BURE 5 X
IR A F 4y T 0 h A 24 h BURE . T B

http://journals.im.ac.cn/actamicrocn



3112

HUANG Huigqian et al. | Acta Microbiologica Sinica, 2025, 65(7)

SRR R s . AR, HA
WO R o A R B T IR I
I 4 °CF B SEE IR O 24 h, 11 25 °CF 2l
3ho BHUR R R RS 5 E T JCH EP B,
A 1 mL LB KRR 5208, WHES I R AR T
ot EoE I g . AR E 3 41T,
MFERR R A M A Q)PTR .
AT R =0 R/ N 25 R BB 7R AR LR RT3
W - S I /N 5 i 9 B O AR EQ R - 40k )/
Nt HEEZH /N7 5 1 98 BB IR 2k LG TR -2 B ) < 100%
(2)

2 BERE54M

21 EEANSBESEESFENE
F 202344 A 25 H, Wiyt Fiknide
X AT T KB R A /KRR o B ali A 15

B — bk /N 25 1 2 IS JR Ak TR T 1 B R T A
I HoAw 44 N Yersinia phage Yen-yongl, fi] X
Yen-yong1 (yong B[ T I B FRTFR < B AU PFE) o

Yen-yongl 7E 4§78 B #& CICC 10869 TR #F
FIERGEM . ShgOtH B A 2 B Y [BDE W 5
BE(HE 1A). Yen-yongl AJ7E 1.5 h PB4 ¥4
1) CICC 10869 Hi SR by ¥ 15 125 W] AR Wt B 1R -
HEM (R 1B), FHIHXT CICC 10869 HAT 522
() 2L TE A

Mk 1 X i) 1 ) 225 P 2 P A g o e P
(1 i SR Tl 2R A 1 B A SR S T T, Yen-
yong] F75 I I P E A FR A7 B 118 2 35 B 2 Pl
(& 1A). R 1.2 T Prd I A T b s, 45
K] Yen-yongl [ RIZH v n] R 55 fifk 5 il 5L
H(E 10),

ST R R S5 R R, Yen-yongl

[El1 Yersinia phage Yen-yongl OB BE . HZAER. MREEIIESHRE. A: Yersinia phage Yen-yongl
TE/ N4 9 HBZR#R IRTECICC 108695 & _HIEMIIMETETE: B: /MAS5IA 2 HB /R AR X H CICC 10869 1E T4
¥ (Control)5 Yen-yong 1 24f# i (Test); C: Yersinia phage Yen-yonglf# REFIRIELE R ; D-F: &4 H T B
B T 9 Yersinia phage Yen-yongl .

Figure 1 Plaques and lysate, spots of depolymerase test and electron micrographs of Yersinia phage Yen-yongl.
A: Plaques developed by Yersinia phage Yen-yongl on Y. enterocolitica CICC 10869 lawn; B: Normal Y.
enterocolitica CICC 10869 culture (Control) and clarified lysate (Test); C: Results of depolymerase test of
Yersinia phage Yen-yongl; D—E: Negatively stained Yersinia phage Yen-yongl (scale bar=200 nm); F: Negatively

stained Yersinia phage Yen-yongl (scale bar=100 nm).
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Figure 2 Genome map of Yersinia phage Yen-yongl. The ORFs are indicated by different colors according to
their functional categories. Genes involved in DNA regulation, replication and metabolism are shown in orange;
Lysis-associated genes in red; Genes for DNA packaging in green; Putative genes for phage morphogenesis are

indicated as yellow arrows; genes for additional function in blue; and uncharacterized proteins in gray.
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N
q§
f:‘ 78 sequences
&
0.001 0.005  0.01 0.05 0.1 0.5
Py Pippivirus pippi (MN812205) [34 711 nt]
Realm: Duplodnaviria T Peternellavirus peternella (MT732475) [39 649 nt]
Kingdom: Heunggongvirae { Mollyvirus molly (MT732451) [124 695 nt]

Phylum: Uroviricota
Class: Caudoviricetes

Virus family
Winoviridae (2)
Molycolviridae (2)
Steigviridae (2)
Suoliviridae (2)
Crevaviridae (2)
Intestiviridae (2)
Helgolandviridae (1)
Forsetiviridae (2)
Duneviridae (2)
Aggregaviridae (1)
Pachyviridae (2)
Assiduviridae (2)

. Peduoviridae (2)
Rountreeviridae (2)
Vilmaviridae (2)
Drexlerviridae (2)
Casjensviridae (2)
Mesyanzhinovviridae (2)

|| Orlajensenviridae (2)
Zierdtviridae (2)
Schitoviridae (2)
Guelinviridae (2)
Salasmaviridae (2)
Naomviridae (1)
Autographiviridae (9)
Herelleviridae (2)
Pervagoviridae (2)

. Zobellviridae (2)
Chaseviridae (2)
Demerecviridae (3)
Ackermannviridae (2)

- Kyanoviridae (2)
Straboviridae (5)

* Yen-yongl

A Y. enterocolitica
phages with taxonomic
status in ICTV

Mollyvirus colly (MT732450) [124 169 nt]
Kahnovirus copri (MZ130483) [93 564 nt]
Akihdevirus balticus (KC821624) [100 418 nt]
Canhaevirus faecalis (MZ130482) [99 704 nt]
Afonbuvirus coli (MZ130499) [97 706 nt]
Junduvirus copri (MZ130489) [95 815 nt]
Junduvirus communis (MZ130487) [94 533 nt]
Jahgtovirus intestinalis (MZ130484) [97 536 nt]
Carjivirus hominis (MZ130481) [98 001 nt]
Leefvirus Leef (MT732473) [37 547 nt]
Freyavirus freya (MT732463) [43 978 nt]
Freyavirus danklef (MT732458) [47 186 nt]
Labanvirus laban (NC_048834) [43 236 nt]

Ingelinevirus ingeline (MT732435) [42 624 nt]
Harrekavirus harreka (MT732457) [43 175 nt]
Baltivirus phil9tres (NC_021789) [75 994 nt]
Baltivirus phil3duo (NC_021803) [72 369 nt]
Cellubavirus phil9una (KC821607) [57 447 nt]
Cebadecemvirus philOuna (KC821618) [53 664 nt]
Peduovirus YPM22 (NC_055844) [31 809 nt]
Valbvirus ValBIMD2 (NC_055862) [36 616 nt]
Fls(.hemvlruﬂ C1 (NC_004814) [16 687 nt]

blumvirus rv66 (NC_007046) [18 199 nt]
Lumosvnrus lumos (NC_053504) [75 586 nt]
Faithunavirus guuelaD (NC_053508) [76 315 nt]
Rtpvirus Rtp (NC_007603) [46 219 nt]
Rogunavirus Jk06 (NC_007291) [46 072 nt]
Escherichia phage HK639 (NC_016158) [49 576 nt]
* Yersinia phage Yen-yongl (OR712444) [51 321 nt]

Cronobacter phage phiES15 (NC_018454) [39 974 nt]
Aeromonas phage pAEv1818 (NC_070759) [40 808 nt]
Chivirus BSPM4 (NC_048655) [59 097 nt]
Burkholderia virus AH2 (NC_018283) [58 065 nt]
Abidjanvirus ZC01 (NC_052965) [57 061 nt]
Epaquintavirus Epa5 (NC_052964) [64 096 nt]
Paopuvirus paopu (NC_052932) [17 362 nt]
Bonaevitae bonaevitae (NC_052940) [17 451 nt]
Sukkupivirus sukkupi (NC_055820) [66 184 nt]
Foxborovirus emianna (NC_055771) [68 190 nt]
Ithacavirus SP058 (NC_021772) [72 394 nt]

G

1 irus APEC7 (NC_024790) [71 778 nt]
Brucesealvirus CP7R (NC_017980) [18 397 nt]
Brucesealvirus CPS2 (NC_048707) [17 961 nt]
Claudivirus claudi (NC_031015) [26 502 nt]

Claudivirus aurora (NC_031121) [25 905 nt]

Noahvirus arc (NC_055826) [75 087 nt]

Yersinia phage vB_YenP_AP10 (NC_028655) [39 235 nt]
Yersinia phage phiYe-F10 (NC_047755) [39 210 nt]
Yersinia phage vB_YenP_AP5 (NC_025451) [38 646 nt]
Yersinia phage phiYeO3-12 (NC_001271) [39 600 nt]
Gutovirus Vel (NC_047746) [44 541 nt]

Daemvirus acibel007 (NC_025457) [42 654 nt]

Yersinia phage vB_YenP_ISAOS8 (NC_028850) [41 449 nt]
Yersinia phage phi80-18 (NC_019911) [42 406 nt]
Yersinia phage fHe-Yen3-01 (NC_047805) [42 771 nt]
Schiekvirus EFDG1 (NC_029009) [147 589 nt]
Bequatrovirus B4 (NC_018863) [162 596 nt]

Callevirus phi38una (NC_021796) [72 534 nt]

Callevirus Calle (MT732432) [72 979 nt]

Salmovu’us utanense (NC_019540) [49 390 nt]

> > >

> > >

irus PA11 (NC_007808) [49 639 nt]
Cdrltongylewlrus GJ1 (NC_010106) [52 975 nt]
Pahsextavirus pAh6C (NC_025459) [53 744 nt]
Yersinia phage phiR2-01 (NC_019919) [122 696 nt]
Epseptimavirus stitch (NC_027297) [123 475 nt]
Epseptimavirus EPS7 (NC_010583) [111 382 nt]
Taipeivirus 0507KN21 (NC_022343) [159 991 nt]

>

Nezavisimistyvirus Ea2809 (NC_027340) [162 160 nt]
Ahtivirus sagseatwo (NC_015281) [179 563 nt]
Acionnavirus monteraybay (NC_023584) [170 438 nt]
Ceceduovirus cc2 (NC_019538) [231 743 nt]
Slopekvirus kp15 (NC_014036) [174 436 nt]
A Yersinia phage fHe-Yen9-01 (NC_055716) [167 773 nt]
A Yersinia phage vB_YenM_TG1 (NC_028820) [162 101 nt]
A Yersinia phage phiR1-RT (NC_019909) [168 809 nt]

|3  Yersinia phage Yen-yongl B E- T £ E F AR EF#HLILR

Figure 3  Proteomic tree of Yersinia phage Yen-yongl based on whole-genome sequence. The proteomic tree of
Yersinia phage Yen-yongl includes 63 type species of 33 families belonging to the order Caudovirales, 3 phages
in Table 3 constructed using the ViPTree online, and 11 Y. enterocolitica phages with taxonomic status in ICTV.
Viruses were assigned and marked according to the official ICTV classification with different color bars at the
family level. Non-marked viruses have not been classified yet. For reference, Yersinia phage Yen-yongl is

highlighted by the red star, and other Y. enterocolitica phages are highlighted by blue triangles.
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PR A 5] (4 °F- 25 % 1 B2 — B0 (ANT) F1 DNA 53F
J 57 24 22 {H (isDDH) (3% 1), X E{EH/N TR
% {4 (AN1=95%, isDDH>70%), %% %250 Yen-
yongl s&— A

PASC F1 VIRIDIC 43 55J& ICTV #E#EH

T LUK 7 [ 8 X6 A% 11 R 7 910 AR R0 2 AR s xo) 35
PR ZH TR AR AL ) T slad PASC X Eds e v
AT HE T, 458 878 Yen-yongl 5 H:
gr % W B = PASC fH 1Y R 20.64%, Hx &
VIRIDIC {HALH 7.30% (£ 1), —HHLTF ICTV
g TR 1 B (>70.00%), 25 5 £ Yen-yongl
RFE—ABRAE

¥ Yen-yongl KTE R GLit AL (& 3)H 5 H
BB —~ 3 (clade) B 3 43T V5 I B 1R (HK 639

A Identity (%)
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P, Escherichia phage HK639 0kb  5.5kb  11kb  165kb 22kb  27.5kb 33kb 385kb 44kb  49.5kb
o | NC_016158 ' 2)-m—)- ) v TPV
g 7 49 576 nt
3
5
> Yersinia phage Yen-yongl : — . S : :
OR712444 Okb  55kb 1l1kb 165kb 22kb 27.5kb 33kb 385kb 44kb  49.5kb
HK639 51321 nt i Rl Al LALLM : '
Clustering tree BEEEEE Rogunavirus Jk06 3
BEEEDD Repvirus Rep % g 0
BOD0D0O0 Yersinia phage Yen-yongl & % 1
BOD B OO Escherichia phage HK639 c % 2
BOUD000 deromonas phage pAEV1818 2 g 3
BI 00O Cronobacter phage phiES15 e

1 2

4 Yersinia phage Yen-yongl5 Escherichia phage HK639H £t £ 48 Lt 55 (A) 03T R I B R BY VirClust 93 #7

ZRE(B)

Figure 4 Genome comparison of Yersinia phage Yen-yongl and Escherichia phage HK639 (A), and integrated

visualization of the viral clustering output of VirClust (B).

e

#1 Yersinia phage Yen-yongl S3tKiE IR E A Z [BIAJANI. isDDH. PASCFIVIRIDIC{E

Table 1 ANI, isDDH, PASC and VIRIDIC values shared between Yersinia phage Yen-yongl and the three
closest relatives

Common name Taxonomic name ANI (%) isDDH (%) PASC (%) VIRIDIC (%)
(accession number)

Escherichia phage HK639 - 59.84 0 20.00 6.9
(NC_016158.1)

Cronobacter phage phiES15 - 58.57 0 20.64 7.3
(NC_018454.1)

Aeromonas phage pAEv1818 Yanchengvirus pAEv1818 59.60 0 17.04 4.3

(NC_070759.1)

—: No data available.
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AL R . 25 7R, Yen-yongl 5
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Yen-yongl. A: pH stability; B: Salt sensitivity; C: Temperature stability; D: Sensitivity of long-term storage and
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Figure 7 Ability of Yersinia enterocolitica to form biofilm and ability of Yersinia phage Yen-yongl to remove
biofilm. A: Ability of CICC 10869 to form biofilm and ability of Yen-yongl to remove biofilm from CICC
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Figure 8 Sterilization rate of Yersinia phage Yen-yongl against Yersinia enterocolitica in raw pork slices at

25 °C and 4 °C. A: Sterilization rate of Yen-yongl against Y. enterocolitica CICC 10869 from raw pork slices at

25 °C and various MOIs; B: Sterilization rate of Yen-yongl against Y. enterocolitica CICC 10869 from raw pork

slices at 4 °C and various MOIs; C: Sterilization rate of Yen-yongl against Y. enterocolitica CICC 21669 from

raw pork slices at 25 °C and 4 °C, MOI=100; D: Sterilization rate of Yen-yongl against Y. enterocolitica CMCC
52202 from raw pork slices at 25 °C and 4 °C, MOI=100. ns: No significant difference; **: P<0.01; ***P<0.001.

%<2 Yersinia phage Yen-yong1 X4 &P F & SLIG HIZ5 R
Table 2 Results of the sterilization effect detection of Yersinia phage Yen-yongl against Yersinia enterocolitica

in raw pork slices at 25 °C and 4 °C

Strains MOI Initial Y. Final concentration of the control D-values between the log;, of
enterocolitica groups (log;o CFU) the final concentrations of TG
concentration and CG
(log;o CFU) 25°C 4°C 25°C 4°C

CICC 10869 1 6.14+0.13 6.56:+0.04 6.38+0.04 ~0.17 ~1.05

10 6.14+0.13 6.56:+0.04 6.38+0.04 ~1.14 ~1.21
100 6.14+0.13 6.56+0.04 6.38+0.04 ~1.19 ~1.77
CICC 21669 100 5.49+0.02 5.52+0.02 5.56+0.03 ~0.33 ~0.67
CMCC 52202 100 4.27+0.10 5.93+0.06 6.74+0.04 ~0.24 ~1.43

CG: Control groups; TG: Test groups.

IKFEH B Al T —
fift 4 B AR, ¥ BB CICC 10869 (1.5 h).
CICC 21669 (2.5 h)Fl CMCC 52202 (1.5 h) ik 4L
R VETE . WS B MR B Yen-yongl EH Hr

PR R A, Al P
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R HAT, A B RS IR A T
67 M/ A A RIS /R AR G AR GR 3), Hh e
E PR KR R SICTV KRG A 7L
ML 11 Bk 43 5l)E T4 B4 Caudoviricetes
#J Autographiviridae £} (7 #£). Straboviridae F}
(3 FR)HI Demerecviridae BH(1 #k), HABLARSFZEH)
56 tR/NHEE I R AR AR IR R R AR, 9 BRE
K 2 EEFE (Siphovirus-like) JE &5, 7 #k 52 B9k
7 FE (Podovirus-like) JE 2%, 29 #k &2 L2 Ik B B
(Myovirus-like)JEA, 11 BRIEASRA . BEH 2H 5
KHYJ& 262 391 bp (Yersinia phage phiR1-37), %
/N JE 34 966 bp (Yersinia phage YeP6).

DA T3 B 4045 1 /N 45 W 28 HI IR 2R G
R TR A R 22 5 A T A% 1Y e S vk R R S
PEAOL AR ST 8 AN AR 65 BRALIA B
KA Yen-yongl MfE M. 45505 LAY
H—2, Yen-yongl X/IMzmZs s 4 SR AR G A
ARG AR S o B R e AR R
PR EREARE I R, XTEE BRI AR AN S 24 o
Yen-yongl & 4 tRAEE/NA R HER R KA
PRepRT 24 3 bk, BAARRTIEE, AR TR

®3 EATRVNEEME KRR AR KEEE

AR R H

Yen-yongl [ & 5 (406.17 PFU/cell) KT LA
TEHRIE 1)/ IS I 2 8 7R 2% [ R W P 4 KFS-YE
(38 PFU/cell) ¥, phiYeO3-12 (120 PFU/cell) 1“1,
PY100 (120 PEU/cell) #0145 | i 7 JHC B it 114 184 4
eI,

Yen-yongl X} EAk P HAT UL R A9 52 4 o
TE 5532 TR JE (-80-60 °C)Fl pH 71 H(2.0-13.0)
I ORRE R KEE R YE . AN S I g9 HE R B
IC B BE7E pH 4.2-9.0U FI 4 B I I T 77 1% 59,
1M W B 4K Yen-yong1 K 4 %) BEAK i 32 v il i 4
NS I S BB IR AR R, XN & R A /N
45 W 9 HI R A% FC R s 844 A 0 1) 390 B85 T
filf o DATEHRIE i — 28 /N 25 1 9 HIS 7K 2R FC TR
K, 4N Yersinia phage vB_Yen X1 I Yersinia
phage KFS-YE L Hf R 419 pH i 52 1%, {H
A0 Yen-yongl . Yen-yongl Xf % 45 ¥ 3% H.
AR RT 52, AR R PR 5 (pH 2.0) T b 2
2 h J7 i B ik 1.02x10° PFU/mL,  7E % 5% 2R
5% (pH 12.0 #1 pH 13.0) N Ab# 2 h Ji5 % B 43 B
47 3.09x10° PFU/mL A1 2.19x10° PFU/mL. Yen-

Table 3 Yersinia enterocolitica phages reported in public databases and literatures

Taxonomic status Morphology Phage names

Caudoviricetes>  Podovirus-like

Autographiviridae fHe-Yen3-01
Caudoviricetes>  Myovirus-like

Straboviridae

Caudoviricetes>  Siphovirus-like  PhiR2-01

Demerecviridae
Unclassified Podovirus-like

Unclassified Siphovirus-like

Unclassified Myovirus-like

vB_YenP_ APS5, phiYe-F10, phi80-18, vB_YenP ISAOS, vB_YenP_ AP10, phiYeO3-12,

vB_YenM_TG1, phiR1-RT, fHe-Yen9-01

vB_YenP Rambo, PY96, PY31, fMtkYen3-01, YeP4, YeP5, YeP6

PY54, vB_YenS P400, vB_YenS P840, PY30, fPS-8, fPS-11, fPS-16, fPS-27, fPS-67

KFS-YE, 8/C239, vB_YenM_P281, phiR1-37, vB_Yen X1, fHe-Yen9-02, fHe-Yen9-03,

PY100, PY95, PY68, PY44, PY20, Yep-YzU 01, vB_YenM_30.14, vB_YenM_06.16-1,
vB_YenM 06-16-2, vB_YenM 201.16, vB_YenM 31.17, vB_YenM 56.17, vB_YenM
210.17,vB_YenM 29.18, vB_YenM 42.18, vB_YenM 21.09, YeP1, YeP2, YeP3,

vB YenM P8, vB YenM P744,vB YenM P778

Unclassified Unknown

vB YenM 12,vB YenM 531,vB YenM 534, vB YenM 574, vB YenM 646, HM-1,

HM-3, HR-1, HM-2, HU-1, HC-2, HS-6, HT-3
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5% VL b3k FE B oF AR b JE R AR K AT LT
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41, 1E MOI=1. 10 1 100 i, *F3% A CICC
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