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W OE: Lt+Fk, dTFTRAZS ZEAELZER, A F &2 (antimicrobial resistance, AMR)
WA AL MEEMRE KRB, SRAKRTEEG SR AMBAREFTHEAERLD, LRI
R aE . R, PEE AT B 09 Beak b TR AT B AR T R T BUE AR, R ARG R
A MR —ER, [B 6] 4 BER T 2R REE ST 56901 KA (Salmonella) B L 4K
[ %] vk Salmonella S503 V£ A B 8, A E-FHBEMNRT T35 KAERT B sk 2l
AR, S ZERRGERED M. AR, ARAE LRI EY b, AR @ -
WHAREERES B E AR RIERARITHATIRGE, MERAAKBAENT. @A & )N KR
A EBBMENKF LR, AALRTFANARFELHARRAUEARGERZF. [ER] ¥5 57
By I MRV IT KRB AW E ARG % H HR-1, ZEBARITARD R, BT, LAEKRIEAR
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REKRE, FHBEEK, 1 A TR MIEIR, SEEKHK-1 5A48F. AT EH. B
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Isolation and identification of a Salmonella phage and antibacterial
effect evaluation of the phage combined with antibiotics

ZHOU Hongda, CHI Xue, LI Hong, MA Xiang, TANG Yanqiong*, LI Juanjuan*

Hainan Province Key Laboratory of One Health, Collaborative Innovation Center of Life and Health, School of Life

and Health Sciences, Hainan University, Haikou, Hainan, China

Abstract: In recent decades, the extensive and inappropriate use of antibiotics has led to the
emergence of antibiotic-resistant bacteria, posing a serious threat to human health. Phage therapy
has emerged as a promising approach for preventing and treating infections caused by drug-
resistant bacteria, garnering considerable research interest. However, the rapid development of
phage-resistant bacterial strains complicates the effectiveness of phage therapy. The phage steering
strategy holds promise for addressing this challenge. [Objective] To isolate virulent phages specific
to Salmonella that are suitable for phage steering therapy. [Methods] Specific virulent phages for
Salmonella S503 were isolated and purified from wastewater samples collected from a wet market
via the double agar overlay method. Their fundamental biological characteristics, antibacterial
efficacy, genomic information, and in vitro biological safety were analyzed. Phage-resistant strains
were generated through co-culturing Salmonella S503 with the phages. Subsequently, growth curve
analysis, bacterial virulence testing, and antibiotic sensitivity assays were employed to
systematically compare the characteristics of the wild-type strain and its phage-resistant
counterpart. [Results] The isolated Sa/monella phage was designated HK-1. This phage exhibited
strong antibacterial properties, high stability, and confirmed biological safety in vitro. Compared
with the wild-type strain Salmonella S503, the phage-resistant strain Salmonella S503-R displayed
slow growth, significantly reduced virulence, and increased susceptibility to 11 different
antibiotics. Furthermore, phage HK-1 demonstrated synergistic bactericidal effects when being
combined with rifampicin, ampicillin, fosfomycin, and gentamicin. Notably, the combinations of
HK-1 with ampicillin, fosfomycin, and gentamicin effectively inhibited the growth of Sa/monella
S503 within 24 h.[Conclusion] We successfully isolated a virulent phage from wastewater samples.
This phage is suitable for phage steering therapy and offers potential for the prevention and
treatment of antibiotic-resistant Salmonella.

Keywords: Salmonella; phage; phage steering; phage safety; resistant strain
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KIEMEER W FEES, ERE, BT
SR B B T BT RIR, R kO

mA, <JadiE R BRI, FE T
He Z i 24P (antimicrobial resistance, AMR)ZH 15 H
fEmAT, AN JC 2y ol A B0 R . BT
W, 2021 4E[H AMR 4B iS50 14 T5
NFET, HLIAEERE R 471 T HIACET-, b1
FRBAE M —F N & LR R, AR 2k
b, T 25 B 1 4% 0 B R, A |k A i
B AMR V0] B B AR 4% s A A
2024 A, BT AR 20 ZUKS T R T I 2 4 SR VD
I BB A7 FE V0 1] FC T 8 5 B A e 2 i
AL, X R BHERAI 25 V0 T EC R SR o L
B . MELIIRIT A E, R T B KA
AP AR, AMR V1] EG R (R RE ™ 5
FAZE i fd i . Zhang ZFUSTR A & B, 2019 4F
M S VDT TR . R FE VD 1] QPR AR AR
PiFEVD T G TR B AYAET- A 1173 A, Hofp
H AMR VP TR SRS ISET- A B2 541 N £
Tl A 2], AMR Y01 G 7E TR [ 4%
W, DU, RS AR H 3 A W]
UL, HETVP TR X & i —23697 258,
AEE . MAFER . FEHIEHTA R B-H
B R B T i 251, Ui AMR ¥
I B BRI 2 T R e A SRR I e R R, &
TR BRI

WP AR R T A AR AR AN o T SR IR T
ARG, IR R R 2 A A
RGO B A 10°-102 4, I EE T4
TR . HHE . 2SS il N 25 2 Rh 3R
WS R AT, BV EEIAR . AR T BE A
MIE b BRI, & EFE AR 2R
IV 1 ) W B AR 36 97 22 T T 24 I o 5 e A e
W HAE A A F T Ik 2 —120 g T Ak
IR I —FP ST, W I R e,
YB1FZ AMR g SR R s LR Aok T
AR AT, PR I AR BT R B AR Y
RIGIRAEGE . 2022 47, 1 i W B AR S5 it 25 fF 5%

PRoE T 23 BIRERIRIRYT . HHUE T RIFRL
o B, RIS = A R B 535 ) ek s
ST BOE IR IR, BENE T 2 45 8% 2 A
B IR NP2 SR, 4B RE RS Do e A=
W B ARBTE , KB IA R 2 S B B AR IR T S I
M FEZE R, R W B AT — A HE T W
B RPRER . B, FESEPRIm IR IG YT Hh 2R 1
MW DT (AR XS T el s PR AR - AR R BTk, IR
W BB 6% A0 2% EL 28 5 4 00 ) 05k P (AR T 32 248 1 7 2
I, AEFTHR R T L0 1 B B R AR ) < Wi TR
PR - B AR B R R - B A R A, X IR
—ANMEE . (EARTEE MR, ITARBHE A B
P LT IR TR AT [ S, BRI SR A
PRIRFE KR U A TR S5, e SE g BT 44K 7] g
A i PR P EAAR A I R AT 52 28 B BT
A R AU E RS I A R AR 0, RIS
Rese ETH R, ] T 5 S 40 A A
EW L FIRIr R R R . 3K — & Bk W A
SRR TR UL, S T R TR
AR PR L AR,

ARFFELLUS T R (Salmonella) S503 1E k15
TR, AT T 75 KRR S b o 25— R D T
QPR ZUMEWR R AR, XAt L SRR
{5 5 AW g 4 M g D AR 0 14 40 T 1 AR e
FAE5E, LIS AMR V01T EGE (A6 A 15 4
(ISR o

1 AR5

1.1 #
1.1.1  EHRRSKAER

Salmonella S503 FH 1 pa K27 A= i il B 2 B
SUG S ARAE . WREAA HK-1 205 [ i A 0T
Tl X e U A B2 T R A TS KR
1.1.2 EFRE. EEXFINEE

LB R KGR (/L) FREUEERESZ L) 5.0,
JEEE 1 10.0, Z4k8k 10.0, WA 1 L B4k,
FH DY 55 # i £ 38 5] 43 3%, 121 °CK B 20 min;
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LB LR FREL: & 5 o/L BUlERY LB W4 s
FRHE; LB BREE IR & 15 /L KK LB
LN =,

PBS 2% thif . 2 39 - 2 M A IR
R R AR A R A R ; DMEM & bR
gk, B EYRHEL WU A BRA R 4555
WK, il RE A RAR,; K
WEAE A A, TR A DRUR M = A R E] 2
WACH, WSl S AR RA T,

e, B B REER A A PR A
PR IR, L & SR AR A IR A R IR
. AR SRS, i —ER RS AR
ovEy IR, 22 v Bl S0 AR A PR
Al B RMEEE, RS B S HERT
1.2 EEERD S

KAE 50 mL {5 /KA, 10°C, 10 000xg &
L Smin, WEE FIEHGT 0.22 um JERR, HERTS
KRS 2 BT AAN B o B fE £ R Salmonella S503
A2 LB WA SR, 78 37 °C. 180 t/min
FEFE B AR IIETIN(OD600=0.5), SR e 1
TAEGH A L — 20 U85 05 K e i, AR 2L
IR R . H , BUEFRIT 10 °C.
10 000xg Z5.0> 5 min, WA FiEW g, bl
B2 mL AbFXFEO 4G R, 5 4 mL 2E[FE
TRBEFRIL(45 °CEA) IR Ja BIFE & B AR 7= 5L 1
AR, T 5 min 5N 10 pL BV, 7R
FTAESTHEE 30 min FHARKT, B PHE 1,
FIEAE 37 CCHHEIEFFA TR . ZFRHRZ
SR 1 BB TR B gkl Ak 3-5 YR, B R WR
BER/IN—2L,

1.3 BT FEMRWEEREALS

HE RN TE 10" PFU/mL DL F B W AT,
B 100 pL i 7E 200 HAAR) |, ## & 25 min,
UEAR 2 Z AR, FFF S min AT R,
i IR 100 pl ¥R R 2% A9 B A5 R P Y
3 min, R I8 AU AR N L A e, TR
Je 8 B HL T B ISR ORI <25.0 K,
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TR A 80.0 kV,
1.4 EEAEDZFSFERNE
1.4.1 IEEASREREEHANE

227 SCIR [26] 0 7 W TR AR 1) e AR B e A2 %0
b T X800 09 1 E#, 7E 15 °C. 5000 r/min
B0 3min, ALV, FBEE LB WA R
AW WY, B EIE A 3x10° CFU
16 EW, FRBRGLEEC 10, 1. 0.1, 0.01.
0.001 F1 0.000 1 Jim A R 50 1 W B8 1A, A
BN SmL, BAAHAEE 3R, 7
37 °C. 180 r/min & IR 537 4 h )5, L HI7E
10°C. 10 000xg B5.0>» 5 min, B FiFE#GS 0.22 pm
UERR, RAFWERIAWE , A RUZ ki H 45
2 WG P AR B 350, R die e 26 I 1) SRR B K
R e AR R B
1.4.2 [EEAERIEFRE MM E

I R R FN R E AL ANV R L PBS 2%
pH 15 43 5 & 2.0, 3.0, 40. 50. 6.0. 7.0,
8.0, 9.0, 10.0, 11.0 1 12.0, HX 180 uL A Al
pH 14 F3REW . fMA 20 pL &4 10° PFU/mL
FRWE R AR, (e MR R 10° PFU/ML, %
BEEFE 4h, B pHEEE I NER. 4h )5
SRV PBS 8 thiels 45~ b FRZH AR RS 1000 £,
2 J5 FARUZ AR 3 T B B AR
1.43 EEARERE M E

FH PBS 2% h g B 05 A AR HK-1 19350 &2
10° PFU/mL, HX 500 pL W& A% A 2 mL EP
e, ArIAE 4. 37, 40, 50, 60, 70, 80 °C
SMNRETIE 4h, BMEERE 3 SPITHE
52 4 h JE R HRUZ ARG T TR ARSI
1.44 [EEA—SEKERZANE

S 7 SCHR [26] 0 72 W AR 1) — 20 A K i 6
W fe R R =B K, B 10® CFU 45 &
W, R E UM A SR AR, s A
2mL ELERIRETIRS), 7E 37 °CHFHE 5 min
J&, 10000xg B> 1 min, 3 B3, POREH 1 mL
LB RS E A, BEJEMA T 19 mL LB ¥



Sk S5 | BUEYAEAR, 2026, 66(4)

1993

PRI FREE MR, CE7E 37 °C. 160 t/min
FEIRP SR, W E 3/ FATHESE . B 10 min
U1 REE, HZE 100 min, f5Ja FIMUZ kit
TWE PR ARZLMY WA AR HK-1 1 — 25 B K
k.
1.4.5 IEREAEDWIREREESINE

22 Lin S5 bk A= Y00 0 2 1) SE 56 7
v, FEEGS . BOSEA KR Salmonella
S503, JHEEHAE K 10° CFU/mL, HL 100 uL ik
WL TR WA 96 FLAR Y, T 37 °CHaE i 5
FAETh R E ISR 108 h R E, WAL
HLZH A 100 uL & H R 10° PFU/mL A9 I 18 {4¢
W, R LB RS FREE, XHRRATHA 100 pL
ANERERARR) LB $555 5, 7637 CC & E
3 ho FIWFE] G WS, ] PBS 28 i ik TH Tk
3. 5 96 fLA TS, JIA 200 uL 0.1% (25
mn Y, HEOLHRE P E 40 min J5RFELE
Yeik, FH PBS ZEmmBIEYE 3 U AN 200 pL
95% BRI, AEAELIR Z 4% R Rk
30 min, FHEEFRUNE ODsyo (. BAAEFIG
6 MEYFERE
1.4.6 FaEEAMAIMINE 2N E

o re F R B XBUER Y], WS
10" CFU/mL, B 100 uL B AN A 96 FLAR 5
W T A BEZH I 100 L AR S35 J38 B4 W T AT
VR LB AR FE 5L, XFIRZ A 100 uL LB
WK SR, FIHIREH X E ODeoo 1, 231
AR IR . W E 5 A EYrEE .
1.5 TEEATE EERNE

Fam B R E BRI, PBS &
TR W A R R 2 = 10° PFU/mL, KT
RAE EIEA MRS ODg00=0.5, HL 200 uL
FRR A 7E LB A b, 7E8E TAE & T4
10 min J&7, A3 S uL WEREARW, 45 30 min,
B I 4 AR B A 37 °CHE 3R A6 TP B 3R 0
WKH MEREE R

1.6 EEASEFRABNFITRRESZA
BE

FR A 22 I 5128 A Ty 9 4 v T AR L IR 4
TEWE AR P45 il A RNase A 1 DNase 1,
AW E YA 3 pg/mL Al 1 pg/mL, RAE
37 CCRWFE, HrvELbRE EWRERIE Y.
U H FIH W - 580 4l B v B W T A B DN 4
DNA, I 1% ZJIE W B8 e i vkl , - 5 Wk 7 14
FEA 54T, oaiis gy, HARKRAER
fift, WIPRAFEF-20°C, BEEAETAY TR
A FRAE], fFH Hlumina B 5 AR 2
Wit P 1 HK-1 B2 FE A7 91 o B PP Ak 2 ot
0 X B9 DG B i A FastQC #E 47 T &1
fli; @1 Trimmomatic %} Illumina | 4046 UEF 7
B gy ), 15 2R XT R 00 A RO s . FER 4
PHE: i H SPAdes R LS 84 S P A
A ; R GapFiller X} PF#15 2] contig £b
GAP; FIH] PrInSeS-G #1477 515F IE, B IEHHE
R B 158 SN e B A AR R o A
205y Hr: f# ] Prokka FNIER Jolf, MFEFEHA
tRNA . rRNA %5; K RepeatMasker % & it [H
A EMEETH) . BF TR SR NCBI Blast+
W H N K A ¥ 415 CDD, KOG, COG, NR,
NT. PFAM. Swiss-Prot, TrEMBL %5 Z > % &
FEREAT HOXT, 13RI DR d R AE E s AR LA
Y Swiss-Prot, TrEMBL [17EB45 515 5] GO Iy
REVERS B FIH] KAAS 15 25 KEGG 118
HE.

Z X FEP ik, [ AEL YL VFDB
(http://www.mgc.ac.cn/VFs/, 2025 49 H 10 H)
A 000 55 AT /AR i PR 20 v 7 5 A A TR D R DGR
o H FH7EZ M3l ResFinder 4.7.2 (http://genepi.
food.dtu.dk/resfinder, 2025 4F 9 H 10 H )& ms
FARIE R A RS S AR,

MRPE— S, M NCBI i & $i2 He
17 BRVE R R B 2L 41751, i ] MAFFT %
1, W H SRR HK-1 94 35K 2H 64T 590 1
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XF, BEJE ] MEGA 11 8, R FHAREE AL
REREW,
1.7 BEEAERINEYI R 21T
1.7.1 DS I SEI6

K H Yang FECOE A M SE R, IFRY
RGO . ARF5T shi 5256 2 38 1 W f K 2F sh )
e 2 e, %5 8 HNUAUCC-2024-
00252, BUCELWA/INEUHRHE MM, 7 BB ie 4 A 1
£ 15°C. 5000 r/min &5.0> 10 min, #- 75,
PBS B ukik. BRE LR L 2-3 KREZE Lk
W, 7 L, Saaamiiie. H PBS 2
R BC I 4% 2140 i B W . B 500 pL 1 4%
ST E VR, 7E 15 °C . 3 000 r/min &5 .0
10 min, % %W, 2314 1 mL ddH,O. PBS 2%
O R TR AR M (10°, 107, 10° PFU/mL, 5
b PBS & i) i IR S), FE 37 °ClH IR
FFETEHENT 2h, BEJSTE 5000 r/min &0
10 min, WZHL 200 uL _EiEW 2 96 FLb, FIH
ARG EFE ODs7y AR BN EE , W il 335
AR FR

{gm%: OD577 (H%Tiﬂzlxﬁiﬂéﬂ) - 0D577 (PBSéﬂ) «
ODs77(ddH,0)— ODs77 (PBS)

100% (1)

A ABE 3 A PATESE . PR
PRSI 20 1 . T TR - D A S s R 0ot
W, B FRICAE 10 °C . 10 000xg &5.0» 5 min,
i 0.22 pm JERE; 485 FJCH PBS 22
W B B S 10" PFU/ML 1 W T 1K 0 7 B &2
10 PFU/mL, F& % g £ ¥ (lipopolysaccharide,
LPS), 4 °CI#77&H .
1.7.2 TERE ARSI

$ Caco-2 40 i H & 10% i 4 1L 78 B9
DMEM 5¢ 4= 15 3% 56 ) 3 2 v & ) 5x10* 4~/mL
(PR, 1 96 FLARH R 100 uL, A
MR SRR PR SR 12 h s, INA 2k 3R
FTHE 100 Wl 254435124 10°, 107, 10° PFU/mL A
Wk AW, X BRGS0 e e R 3k, 4k
ZLyE3E 24 he 24 h WG SRAL, H PBSEUE3
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W, JILA 10% CCK-8 EHF R 45 min, F1| H Bits
AN AE ODaso AEHIRIGEE . BEAAEEELH L E 3 A~
PATER . T R R 0 STk 1.7.1
TR
1.8 EREAH M EPREY 53 & FNEiE

B 1 mL 15 FE W (10° CFU/mL) A4 0
R (10° PFU/mL) 72431 21 J5 A % 50 mL LB
W ARG FRHE, 37 °C, 180 r/min FEKKE S 24 h,
HE 25 & A WE T R A F B (B 100wl R R
10° PFU/mL (W R ARV A, TE i TAE &
W 20 min),  HRGE SR 0 40 TR -0 R R 5
VR AT TE & A WE B R A b, T4 S min J5
A 37 CCREFEFE TP EI B 3R . W H, PREBUR
VR SRR 3 UK, SR A W B AR TR SRR B
A AN A 23 B B N DR R B B 0 B . A
P& 16S rRNA JE[F PCR 414222 SCHR[31] 58 1%,
FHANTA 16S rRNA & [K38 FH 514 27F (5'-AGAG
TTTGATCCTGGCTCAG-3")Fl 1492R (5'-GGTT
ACCTTGTTACGACTT-3")#fT 7% PCR ¥ B4 56
WE, RS B R BN B X B TE TS Yy
FHE: PCR F=4) 28 401 i A= W R (i) A FRA
MR, 45 5 AE NCBI $845 5 BLAST Hik
AL U 0T o
1.9 B4 BIERK Salmonella S503 SHEE
K31 B ¥k Salmonella S503-R HY 3= BY
1.9.1 ZERESFRETW

B B A= BB BR Salmonella S503 55 Wi B A $T
M 5 #R Salmonella S503-R T M F M R £, 7F
37 °CHEFRIE R, SRIGHR 0.5% 45 i 2 e (o 7 o5
Y%, 4t | min, FfiJ5H PBS BEEUER 3 Ik,
FEISWAAR, ST RIS B VR L A IR AR AT
1.9.2 #AEFESTIE

73 S HU ODgpo=0.4 1 Salmonella S503 #
5 Salmonella S503-R W45 5 mL fITA 2 32
W, HARBTHAE 80 cCRIKIBH T, 57
B 2h, FEIAHE] SN DLE O
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1.9.3 AL

W %% ODgo=0.5 1 Salmonella S503 5
Salmonella S503-R B , & B 5 mL 1F 15 °C .
5000 r/min &5.0> 3 min, F& F7, B 1 mL A3
K EREAARTE, 2 AmA 2 e
o, SR EAMIT 1 mL 0.1% By IY BE B 2
W, WAFERIEMRES) 1 min 508, ARG
Z 37 CH FEM TP ERE 6 h, WIEEHREEENS DL ITHA
HRERAED2
1.10 B4 BIE K Salmonella S503 5%
BB E#K Salmonella S503-R BY45 14
M ZE
1.10.1 A KpZNE

Bt Salmonella S503 5 Salmonella S503-R 55
FEMBEKW, 78 15°C. 5000 r/min &[>
3min, FF i, FI PBS IEVRANEEDUIE 3 WK,
LB WA E F2 FE A0 B Mk B S 5x10° CFU/mL,
B 200 pL BEVRINA 96 FLAR R, A A0
ODgoo [, ZHlAmE Kk, & 5 MEY
A
1.10.2 #EE SR

K A SRy —Fh AR Lo W 0 B A Y
B2 TR A0 A R ST, A9 0 R
WE AR 5% Salmonella S503 Fl Salmonella S503-
R W5 S, S BEEMS EPIse 8 vk, IERIPE
B I RS B A PR 254 FR 2 wl A SE K
IR LY HU(350450) mg, SEEHPREFEA THCA 90 mm
KigRll, #F37°C. TLEYHER M T #
B 24 h, ZJERH RIS S A, a4 10 H,
551 RS RESIEE ) 20 L 1 PBS, 27 2 414
A K It W B 20 uL Y Salmonella S503 7
(10° CFU/mL), 5 3 dlAR RIS IE 5T 20 ul Y
Salmonella S503 H & (10° CFU/mL), % 4 H4:1
R i 5 20 uL 1 Salmonella S503-R "
(10° CFU/mL), 45 5 204 4 20 uL 9
Salmonella S503-R T#7(10° CFU/mL). 5 ZH¥1E
Rt B A R A I PN T L e R

BT 37°C, LY HRBRERFMAETRFE 74,
TR I I e ol AT B
1.10.3  FTaE =EUEMENIK

Z: BRI PR AN SC 55 Z An i 16 23 (CLSI M100 55
34 MOFER, KM Kirby-Bauer (K-B)Z5HE H 2%}
WY A R T AR Salmonella S503 5 W AR DT 7
Salmonella S503-R AT 2580 . B Salmonella
S503 F1 Salmonella S503-R W W , 7£ 15 °C .
5000 r/min &5.0> 3 min, 2% L3, IR/ BRER
ACK BERTTTE W P4 = 108 CFU/mL, JHICHEAR
AEERE U T, WO AT N BERT TR =R K,
TEMr B A, ek 60°0 45 1 1R, FHER: 60°
WA LR, BRI R, RS TAES T
T4 5 min, SRERHTE R (10 ng/l). Fl4EF
(10 pg/F). ke T (10 pg/l). FIBHE R
(10 ng/F). kL WE My 81 (10 pg/l). E & R
(10 pg/F). ZCRPERR(10 pg/H). BEEEER (10 pg/A)).
HHNWEA0 pg/A). TWERZEA0 pg/ k). K%
(10 ug/F). BERF R0 pg/F). &7 B
(10 pg/F) AR R B R 08 T4 L
AR 3 F AR 258848 e, 4R TR AN
/NTF 24 em, FJERREARIEIE T 37 °CHiFR 20-24 h,
ISP A P LA
1.11 FEER HK-1 534 Z/0tnEER

T RGBT A F I TR A A I ] S R AR
AT 5 DA (AR e e TR PR B PR B R 1 S R AR R
FIMEPE R HK-1 BCH , e HAmpa 2. ¥ 3=
HE IR BB K, PR E N 107 CFU/mL
HH . BE 4N, 5 ugmL Pik R
100 uL 10’ CFU/mL B #+100 puL 10 pg/mL 44k
EEN N LB AR 3£ H5); 10 pg/mL Hi4E &R
20 100 pL 10’ CFU/mL M # +100 puL 20 pg/mL
YA R AR LB AR 3 5E); 5 pg/mL Bk
R+ AL . 100 pL 107 CFU/mL B +100 pL
107 PFU/mL )4 B PR T (%5 7700 10 pg/mL $i4:
R LB AR IR L) 10 pg/mL YA R+HIEFA
ZH: 100 pL 10" CFU/mL E#+100 pL 10’ PFU/mL
R I TR AR (A 770 20 pg/mL $i2E Z A LB Wi
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R AL FIHEEAR SO E ODeoo fH, 22 3 11
Mk, w3 M EY¥ER.
112 Zitoh

fdi 1] SPSS 27 pEAT B 0 b, B 45 R 1Y
FE 3IWUL, F55RH meantSD FoR, X 24~
M HIEAT W GE T L AH H Student’s £ K 5,
Z o AT FHER R 22 7 22 53 H (one-way ANOVA)
Jf R F Turkey’s multiple range = J5 Kz 55, P<
0.05 NZEFA G = L.

2 BERGOM

2.1 BEREAREIESFE

2024 4 5 H, MR 8 I 1 T 2 MU AR TS
KN, PASEE EALRAE ) Salmonella S503 1E N
i BT, KR ARSE T B . 7R 4R 24
SBURE Ml P ) o0 B W BRI Lo 37.5% . F
TR AR A 15 7K h A 45 5y o3 B I W T A
XA RESE TG KL T 2 g IR K,
JuH R B 52 K A 200 T o R vp sh s R A K G B8
4t IR IESE 5T 575 7K R 43 B 45 5 — Rk
A, 4 HK-1, X HIE TR 8emts.
WA HK-1 7TERUZ TR AR _EIE s i&ss . i
B2 h 1 mm BVEREBE(E 1A), A BT
T WL ER I i AT S 25 (] 1B), B R HK-1
AR, SR HR(70.1042.47) nm,
T B N (64.34+£2.75) nm; B A — 55 K (186.50+
5.07) nm REE, J&TA RV H KRR
LN

DR B R HK-1 575 358 DR TR e it
R 2 A o8 A A I e S 8, MW TR AR 5 1
WA EEE o 0.01 BF, 7 37 °C, 180 r/min
RS 4h 5, EEMNRGE B T AN T
R RS2, A 1.30x10"° PFU/mL (&
1C), RILWER AR HK-1 iR = 50N 0.01,

%3t pH {4 2.0-12.0 YK EE PBS I
W, SWERIAREE 4 h 5 ENEE AR, 5
WE T R ) pH R, W& 1D PR, 4 pH 4b
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T 4.0-10.0 X [H]AFME PR 1R HK-1 FR00 SEA 7
RS Y pH K 3.0 5 11.0 B BERR Ao B
WA 24 pH Ky 2.0 B 12.0 B A 58 40 3%
STEGZEREN], MEEA HK-1 BA B4R IR B
ZHE

PR AR E T 4. 37, 40, 50, 60,
70, 80 °C/KIEH 4 h Ji, THEWERE AN, WF
s HIFE M, W 1E o, WA HK-1 B
AR EREYE, 7E 4 °CHRN 37 °CHT I A 4
(NG AR AZ 52 s FE 40 °CCHEWEBRRZLM T LR T
K%, 50 °CHRLM T RERH R ; Ti7E 60 °CHI 70 °C
I 0 P R P 255040 T B2 A ATK - 8O °C Hsf I A 44 7
JESIE . I, WEEAR HK-1 A BRI 2
PE, ReWSUE 2 TSR NG IT BRI A
R

Fig B RS S5 K 0.01 1 EL AFN e 1 4 i
FHEIRS, FHEFE 10 min BUEE 1 7%, 0 5E W
Ay, Sl EIR R — 2 AR i £k . wAl,
I TR AR HK-1 B3R 1249 10 min, 7£ 60 min
U A&, 24f# 8 K290 12 PFU/cell
( 1F).

JFSE HK-1 (RSN RE ST, 0 il % I B
A B 0 TR il 2 R R 2B W e B R D 2R AT T T
Hro 7F LB ARSI, 5 H 840 1% R4
O, MR K HK-1 7E R RO HO
(multiplicity of infection, MOI) T 4] BE A3 R 4171 ]
Salmonella S503 B4+ . 7 MOI=0.1-1 000 I},
Il 8 h WA LF-52 il T A p K, R
T RSRIMBERCR . MiE, HA W AP
AT B, IR I (BT 1H). [/, A
SEER YL LI E T AR HK-1 35 BRA: Dk i
(IRE ST, TEMEREIRALIE 3 h 5, SXTIRLAHIL,
AR D8R 25.12% (B 1G),
22 IEEAEEEE

AT AR HK-1 0978 I, 85 S
SR T R AR AE B, Wk 1 s,
WER AR HK-1 REZ#% 4 #RVPTTIRE, Hbb 2 #R)E
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Figure 1 Biological characteristics of phage HK-1. A: Phage plaques on LB agar plate; B: TEM image of

phage; C: Determination of optimal MOI, data are represented as mean+SD (n=3); D: pH stability, data are
represented as mean+SD (n=3); E: Thermal stability, data are represented as mean+SD (n=3); F: One-step
growth curve, data are represented as meantSD (n=3); G: The ability of phage to clear biofilms, data are
represented as mean+SD (n=6), P values were determined using Student’s #-test in SPSS; H: The antibacterial

ability of phage HK-1 in LB liquid medium, data are represented as mean+SD (n=5).
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#1 BEAHK-1097EEiE

Table 1 Host range of bacteriophage HK-1

Strains Spot test Serotype

Salmonella S503 + Salmonella Paratyphi B
Salmonella S505 + Salmonella Paratyphi B
Salmonella S504 + Salmonella Typhimurium
Salmonella S516 + Salmonella Typhimurium

Salmonella S508
Salmonella S513
Salmonella S509
Salmonella S510 -
Salmonella S515 -
Escherichia coli DH5a -
Escherichia coli K12 -
Escherichia coli K88 -
Aeromonas veronii C4 -

Enterobacter cloacae Ent31 -
Bacillus subtilis CICC 10732 -
Staphylococcus aureus -

Salmonella Newlands
Salmonella Newlands
Salmonella Dublin
Salmonella Dublin
Salmonella Dublin

~ T~~~

+: Lytic; —: Not lytic; /: Serotype to be tested.

T ARG FEV TR, 2 BRI T RUGFED TR
B, (EAS R 2 A T 2 () 10 1] I T R Al 240 R
DU B AR LA 15 B —E, HTIRITIEAR
NN
2.3 EEAREEBA S TR 2T
FH AT P4 A Tlumina I 58 W F{A HK-
1 Wi A, HRJE A GenBank £4E % ,
ST PX060293.1, 45k R 4L 40 #rah S R
(K 2A), W AR HK-1 #3815 9 ok 264 XU
DNA, FEH4 4K 86 040 bp, G+C FHE N
38.73%. FEAFEPIHALT 146 HEE 1Y kB
2 HE (open reading frame, ORF), H.¥1F#% f
115 1~ ORFs, fi%k 47 31 4~ ORFs., 7EIATHY
ORFs " {A 74> ORFs # Wil A IheEdE 1, H
¥ J& T DNA BRI CHE . Boh, WEE A&
HK-1 FERZH s S5 e 24 4~ tRNA A
FIPEAR I B R HK-1 7R3 41K )28 4
PE, FIFILEL M5 ResFinder 1 VEDB X 9 7 {4
SRR A TR, S5 A FRIAWETE & HK-1 A 5L
HPORAEAETN 25 S iE 1B, FEBE 2 R4
IO
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FEWE R AR HK-1 A2 552 1% 2 NCBI £X
HEPE, $E4T Nucleotide BLAST FLXT, 4558 R
e KA R 97.88%. MRIE—BbE =ik, MAK
PN 17 AR AR R 2 LR AP S,
MEGA 11 #4534 HK-1 1) 42 3 4
HATIP AT, B RIDBERE SR R G LT
o WKl 2B s, WERAR HK-1 5 Salmonella
phage BPS15S6 (i fb ¢ R, KA E bR i
SR RS R T RER AR 3 e hn vl WE TR AR
HK-1 7] J3J& & Felixounavirus BPS17W1 F H1 )
1 PRIERRAR

30 TV IS 0 A B SR R PP HK-1 1Y
AN M AE . 5 ddH,0 W S840 40 i 5¢
43R AN TR, PBS I B M WK (100, 107,
108 PFU/mL, ¥A#|N PBS Z )& 2 h J5 ik
MRBET 3% (B 20), 3 & B R (AR F0R AN 2
SR, AN 2D Fi7R, 35 s g o vk JiE
5 10°. 107, 10° PFU/mL, 5 Caco-2 4 g 5%
F2 24 h 5, SEUR SR AR B TR R 58 A 5 e 2
Mgy, A ERtE. R, MR HK-1 2%
2, WP TEIR  AEDCRISE
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m (RNA
m misc_ RNA
m DNA replication
Hypothetical protein
B G+C content
B G+C skew+
B G+C skew—
s‘ r
A | I
Anaerobic ribonucleoside-triphosphate reductase-activating protein } |
Anaerobic ribonucleoside-triphosphate reductase \: “\ 30 kb / /
Anaerobic ribonucleoside-triphosphate reductase / {
Ribonucleoside-diphosphate reductase 1 subunit beta Y/
Ribonucleoside-diphosphate reductase 1 subunit alpha
Thymidylate synthase 2

R — ,/Dihydrofolate reductase

100 — Salmonella phage NJ12 (0Q845959.1)
97 Salmonella phage P219 (PV659053.1)
1001 Saimonella phage SLAM phiST56 (PP948675.1)
Salmonella phage BPS15S6 (MG646670.1)
97 A Salmonella phage HK-1 (PX060293.1)
Escherichia phage INO1 (MZ882542.1)
Escherichia phage vB EcoM ASO1A (MZ726791.1)
{ Salmonella phage ST11 (MZ726791.1)
E Salmonella phage vB Si DR094 (MZ327262.1)
Salmonella phage vB Si 35FD (MZ327261.1)
Salmonella phage SUT S720 (OQ871555.1)
Salmonella phage SUT $820 (0Q871556.1)
Salmonella phage SWIM-02 (0Q594353.1)
00 Salmonella phage BPS171L1 (NC042096.1)
100 Salmonella phage Meda (MH586731.1)
100 Enterobacteria phage KhF2 (KT184314.1)
10 Enterobacteria phage ECP2307 (PP461118.1)
0.10 100 Shigella phage Z31 (MN655999.1)
D

120 120 [ ns
100 +

80_ ';-

60 ' ;
40 L '"’D

20 ¢

D
100

73

T
s
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HH

—
[l
[}

=
—

0
S

N
(=)

Hemolysis ratio (%)
Cell viability (%)

[

S

N
(=)

5%

(e}

PBS ddi—IZO 10¢ 107 108 | Cell Ionly 1‘06 167 lIO8
Phage titer (PFU/mL) Phage titer (PFU/mL)

E2 REEAHK-189EFE SR 24 TG
Figure 2 Genome analysis and safety evaluation of phage HK-1. A: Genomic map; B: Phylogenetic tree; C:
Hemocompatibility evaluation of different treatment groups (PBS, ddH,O0, 10%, 107 and 10® PFU/mL) on RBCs;
D: Cell viability of Caco-2 cells treated with varying phage concentrations, data are represented as mean+SD

(n=3). P values were determined using one-way ANOVA and Turkey’s multiple range test in SPSS. The
significance level was set at P<0.05.
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24 EEHIUHEAERN S EMREBLE

T ARG R B A e R, R
F SR A HK-1 25555 24 h )5, ot
TR, 28 3 ferRmIE Al b E HE TR, ANl 3A
B, B AR 16S rRNA JE K38 5 | Pk f 7
PG, PCR WIS HEEER KR, HAvs%
HAALT 1500 bp 4, FFE T KN, PSS
R T BN, B BT R AT I
R, B4 B4R B R AR HK-1 A9 —RRTHE4n
W, %N Salmonella S503-R. SRS Wos,
W B R HK-1 E A RE 24 BT PE N B8 Salmonella
S503-R (%1 3B). Bfife, iidalibSyetasin, #4
P AT ST R W i P 0 2 00 6 o Wt PR A P A
Salmonella S503-R fFA, 455K, SRUAH)
Salmonella S503 #HIL, ZES UL )5 Salmonella
S503-R YIRS PSR, FEREERE LI A IE
T REHE S Salmonella S503-R T & W H FLEE
R, WEIREAEVIE, LIERES, MG
Salmonella S503 ANFAE L1k (K 3C-3E), iX
Pt AE IR AR WE AR HK-1 3t )5, Salmonella
S503 BT & IEAS GG B AR ARG A
2.5 EFHBIEFK Salmonella S503 S5EE
U EMREV R XTEE

MERGE Salmonella S503-R AR A5 HEATT W 1 4
HK-1 EE G A BB E S kAN E AL, X
Salmonella S503 1 Salmonella S503-R #1711 —
2400k . XA KRG (E 4A), 5
Salmonella S503 A8 b, W& B 1K $it Mt W Bk
Salmonella S503-R [ A= 4 3 B B R )k 2% . X kb
TR EEME, ST KA IE 4 HUBRL IR 25
Kl 4B i, LAAHRIECE 1Y Salmonella S503 Fl1
Salmonella S503-R 43 147 X 8, 24 h J5 421t
TR I 20y MRS R, TR AT P AR AR
W # 41 (10° CFU/mL) F1 W& ¥ B 1% 7 4
(10° CFU/mL) A7 15 Z 250 100%;  HF A 70 T
R B2 T EE4H (106 CFU/ML)FETE R H 30%, ik
JE BCRE41(10° CFU/mL) Y KU IR 4y it 43R 56T
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HEENEE 7 d, FHRIIEL RAETE R S5 1 R
GPR—3, REMIUH LT GO, X R
ERBTTEE AR Salmonella S503-R Y EE 7 BH 1276
550 BEHL 13 AP T4 Z K Salmonella S503
F1 Salmonella S503-R X1z 2 MU, 45
R (K 4C), HEF AR IR Salmonella S503 #H
Fo, WERE ARSI R RR Salmonella S503-R X Fr il
Y 11 FhTA: 2R A0 TR P B AR S IS [ 32 1Y
Bk, Hrbxb R &RV, RRER .
Wl R N BA DN U0 B2 A SR SO R B A R, T
X R R R I U A o ARSI
LT 0 TR PR 1 R 3t 2 FIR T W T A 1Y RE g (&
4C). Z LTk, Wi AR PUME B R Salmonella
S503-R (A KBRS T e, HO R ey
O G S SN NI T i T ) O > o L A
Salmonella S503-R ARFFHRHTMER (A& HK-1 fYRE
T 2 —E .
2.6 IEEESIE ZhEHIE{ER
T2 SRS TR R HK-1 04 B Il il K
TR ORI R S, R RS B 0
KREYHT S PR R, WA 2Rk,
B R . MNYEM PR KREZ R H 50
& HK-1 (MOI=1) & BEAFFE R B EH . 45258
FWT, FAE DR B 2% B plh {40 7 A5CR
AL SR, 5 pg/mL (A FIARF- G 1A HK-1
WHE, PrtEdnng i BiHER 7 8 h; 10 ug/mL
AR AR ATV B AR HK-1 B S, Porgn s i H
R T 10 h (& 5A); 5 pg/mL AP K E A
W R HK-1 B¢ RS, ok 4u e iy s iR 1
9 h, 1M 10 pg/mL [ PR KB 2 MG B A& HK-1 B¢
M5, 24 h WPt L& SE). 5 pg/mL
(1828 PR R 8 7 2R Bl A P IS B8 58 4 41
Salmonella S503 WL K, SWERAEKH)S, 24 h
e A T A 1 AR K (B SBL 5C). T
Salmonella S503 Xt ¥R N VD B HONHUS, 5 pg/mL
H1 10 pg/mL B RNV AL B A FH Bl 5 05 B AR
. 7E 24 h NERESE A 4 1Y £ (18] 5D).
i FArk, WEER HK-1 50046 . 2R PE K
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@
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B3 BEEAHK-11 EikSalmonella S503-RA D BMERLE

Figure 3 Isolation and phenotypic identification of Salmonella S503-R, a phage HK-1 resistant strain. A: PCR
electrophoresis results of the 16S rRNA gene of Salmonella S503-R (Lane M: DL2000 DNA marker; Lane N:
Negative control; Lane 1: Salmonella S503 PCR product; Lane 2: Salmonella S503-R PCR product); B: Spot
tests of phage HK-1 on Salmonella S503 and Salmonella S503-R; C: Crystal violet staining test; D: Thermal
agglutination test; E: Acridine yellow coagulation test.

Wi 2R OR %5 SR K i B P R R ORI, 7R 24 h AT SE M Salmonella
HAEEWRERETMA, BERARRERES  S503 AR, HARZFMIMEICE.
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A Salmonella S503 B
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1.5 Salmonella S503 MOI=1 120 - Time post infection 7 day
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Figure 4 Comparison of characteristics of wild-type strain Sa/monella S503 and phage-resistant strain
Salmonella S503-R. A: Growth curves, data are represented as mean=SD (n=5); B: Virulence test; C: Inhibition
circle of Salmonella S503 and Salmonella S503-R by different antibiotics, data are represented as mean+SD (n=

3). NEO: Neomycin; RIF: Rifampicin; CEF: Cefotaxime; KAN: Kanamycin; CEP: Cephalothin; CHL:

Chloramphenicol; AMP: Ampicillin; FOS: Fosfomycin; CIP: Ciprofloxacin, TET: Tetracycline; GEN:
Gentamicin; STR: Streptomycin; and compound SUL: Sulfamethoxazole.
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2 Wik R R A W R N H B A TR T AR A
(P20, PRI DA AR PRI 4388 O 8385 T
WA [ Ik RN R R, SRR R, SR

AMR 7 JFL B 114 H BN IO A 3 T3 A 450
AT I ) — T B KPR, AR AR BT BRI k.
UEAEA, WERAATER 1A AMR 41 B8 7 i e 2R
KR R P A7 o BRI, 7R 40 B - P AR
WAL R, AT ARAS T 2 Fh A G A A

7k, SEAERIT ﬂazﬂlﬂﬁililf?zki'ﬁh_f 3
S, AR MR RARGUE Xt Rl A BE A I R AT
¥ 18] I VTET”E’JE%FE R0 PR, X
PRYUPEAN T I AT FE 1 I3 o B W Bl ARG 1) 5
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A 5E NI 1T IR 5 5211 05 K b 4
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The synergistic antibacterial effect of bacteriophage HK-1 and antibiotics. A: The combination of

bacteriophages and rifampicin; B: The combination of bacteriophages and ampicillin; C: The combination of

bacteriophages and fosfomycin; D: The combination of bacteriophages and ciprofloxacin; E: The combination of

bacteriophages and gentamicin. Data are represented as mean+SD (n=3).

HEWrE s . Wl S B E kI, MR AR
HK-1 J& T RrEFE R H KRB RAR, SCiss
FRW, WA HK-1 iR Z 500 0.01,
TEIRHAZS M 10 min, 2fF K290 12 PFU/cell,
I TR A HK-1 B R 14 #8800 1 RN R i A
PE, 7E 50 °C/KI 4 h G0 1/4 (R iR HL &
WPE; 7F pH 4.0-10.0 MBI E 4 h JGVERE
R PR A, X5 H AW 5T 73 2 b
LN L e N TG R 4 N A
7, HE&M T3 EEHE R MR NIRT
BT B, RE T MR R HK-1 ZE RSN

WHES, 78 MOI=0.1-1 000 i}, T 8 h MERE AL
PR A TN R AR K, R B AR A
RO R, WK HK-1 BT R A bk i
(IRE ST, 31X R HTT 1R B I6 A 0 e A S Jak
ey AR T HLPY,

W T R 97 9 110 2 4l S BEL A G ) 1 R 4
IRy E N Bz — . Fang ZUYI Uyttebroek
AU B 2 A BA A3 53 A 1 0T L4 f I 7 4
N F sh P R I BIESE RN RIG 7 RGO, 45 5%
FMER AP R A R 4, BH AR
Ff kg I, BRI H TR IRYT IR
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(N SR RS Kol o s WA N 1 e S PR
IKF-FAR S S 55 A PEAS T BE TR AR HK-1 122 42
P, 25 R R AR HK-1 A5 R 4 AR TR 24
K I AE T S I A S 6 v R R HK-1
ILRERLR VDT TICTR, AEe M A, 1aHH
ZMERIRRA T L —E, N HTIERNRYT
1 A /3 7 T o S 1 R D= N
HK-1 AR, Rz RE R A S5
MM I, HAFEW Caco-2 411G /1, AR
WML AH S PE R M AR A e, AT —2P T
(NI

T WY W TR AP A ) A e R
ARG T ER AR HK-1 ) —RPTrEgnE , 8
TR TE 4 AR gL fa, . PIEE AR R IE B A 1
XTI B B R AT T 9081, &I Salmonella
S503 FRATHLPTIE FAR I BE 15, RAIH “6H
R EGARS RRE R, 75 =2 ISP T P X A i
T LI ZS B AR A8 H 5 LPS Y45+ #H 5,
454 CHk[43-45], LPS #0205 5N waad F
waal F& PR 2 W B AR BT M 4 TR B ke AR S AR 1Y
2, GNP IR A e & B, WER A HK-
1 P4l Salmonella S503-R W) waal FER I
RAMAS A0 waad FEH THAEAE—Ab BRAL AT TR 2
V£ (single nucleotide polymorphism, SNP) % 4% ,
AL CHT MR, g i 2B
S CAG RASAHZIEES+ TAG, F30#
PEPERTZ L . RV TIRE T waat BB it iE 2
B 12-H 4 EIL G RO, 1157 LPS A0 20
HIE 45K 1 45 1S5 Salmonella S503 K T H& LW
PRI 7 A2 9 TG LA 72 ] RE 2348 il LPS &5 44 ik
K, LPS 21T IR A UL 0w 32 K17, i
WK HK-1 (32 AT REAL T LPS |, A4l
Y1 B4 38 & i ol U LPS Sk AR5 W B AR BT
B J5 , aE— 25 3 BT 1K bR W TR AR B P Al R
Salmonella S503-R 7EA= KARDL . A0 B 7 1 LS
YA R OB DT S A, A5 R RIS E A A
Salmonella S503 ¥ Y., Salmonella S503-R 11 4=
KR SE, R S TG, X 11 A
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KA BURPER N, Hax sedi A R A 1E AL
G T RNA G A% . 0560 20 il BE A k. 9 4l
DNA & 85 & il ANl A A e F—2 sk
PEPiPE AN Salmonella S503-R 14 Hi B0 B K
(T 5 FhA R SWERR HK-1 B0H, 25120
BE W R TIAR . B R KA R 50
HAREABEIEEN, 78 24 h NEEE &M
il Salmonella S503 HIEK, HA RIEFAPTHERL
o LTI, WERA HK-1 7EB5 iR AMR 70[7]
CH 7 A AR LR, 38 T W R R 5 )
yrik, HARRAE HEH T

TR RE NS, LR HK-1 7E{RSM R
PR A A 1 0 B SR D R AR A s, (E
T 52 B N FH TR PG Y7 IR T T X %) £ B 85 5 A
B2y, AR S %A i R g 52
Wt — R IE, A SER N FH AR S iRk ]
IR -

& STk = FR

CEHNE S S SS T AR HES VE
B BEER R A BRI S AT T
WESCIHE S B R RO
e SCHIB B, BRI

1B P MR A FF A AR

VR PR WA AEATAT ] BE 22 RO WA AS ST 41 3 T4
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