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Abstract: [ Objective ] Bacterial wilt disease, caused by soil-borne Railstonia solanacearum, has led to significant yield
reductions or even crop failures in tomatoes, potatoes, and tobacco, severely limiting the safe supply of agricultural products.
Rhizosphere microorganisms play a crucial role in mitigating soil biotic impediments. Probiotics can inhibit pathogens through
antagonism or nutrient competition, while phages can target pathogens through specific infections. However, the single use of
either probiotics or phages often results in unstable effects, and the high-density fermentation cost of these strains is considerable.

[ Method ] To establish an efficient and stable technology for reducing soil biotic impediments, this study constructed
combinations of antagonistic-competitive and nutrient-competitive beneficial bacteria with phages. It explored their synergistic
effects in reducing soil wilt disease through in vitro microplate and greenhouse pot experiments. The potential mechanisms of
synergy between probiotics and phages were also investigated. [ Result] The results showed that most combinations of phages
and probiotics exhibited synergistic effects, significantly enhancing the inhibition of pathogenic R. solanacearum growth and the
reduction of bacterial wilt disease. Notably, the combination of the antagonistic-competitive beneficial bacterium T-5 with phages
resulted in an 89.19% reduction in pathogenic bacterial growth compared to the control. Greenhouse experiments indicated that
the synergistic effect reduced the disease index by an average of 58.18%, with the combination of the nutrient-competitive
beneficial bacterium WR21 and phages significantly reducing the disease index by 67.28%. Further studies revealed that even at
lower concentrations of beneficial bacteria, the phage-bacteria synergy remained effective. At a concentration of 10* CFU-g"!
substrate, the combination of T-5 with phages reduced the disease index by 21.56% and the number of rhizosphere pathogenic
bacteria by 19.21% compared to the application of beneficial bacteria alone, demonstrating a strong synergistic effect.
Additionally, the study explored the impact of phage-beneficial bacteria combinations on the characteristics of pathogenic R.
solanacearum. The results showed that the phage-nutrient-competitive beneficial bacteria combination significantly reduced the
pathogen's carbon source utilization ability, with the WR21 and phage combination reducing the number of carbon sources
utilized by the pathogen by 87.9%. Furthermore, under the dual stress of phages and antagonistic-competitive beneficial bacteria,
the sensitivity of the pathogen to the antagonistic substances produced by T-5 increased by 64.10%. [ Conclusion ] This study
highlights the potential of phage-beneficial bacteria combinations in mitigating bacterial wilt disease and preliminarily elucidates
the potential mechanisms behind their synergistic effects. These findings provide theoretical and technical support for the
development of efficient soil biological obstacle reduction techniques.

Key words: Phage; Probiotics; Synergistic effect; Ralstonia solanacearum; Carbon source utilization; Antagonistic substances
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WK 1), BRI 738 H A 2 AR B 9 S5 75
i B L PEME B A NN-P42I'S) (36 1), A 358 A
B2 RAFHY 8 MRAT 45 181, 200 SR TE P AT £ 1
W KB IR R Ralstonia pickettii QL-A6, QL-117,
QL-A2 Fl Chryseobacterium daecheongense WR21 L)
LA P B fi 8 R VE N AT A Bacillus
amyloliquefaciens T-5' 5 GCIPAMIEE Pseudomonas
fluorescens CHAOY) | BRIE AR A 4AT T Lysinibacillus
sphaericus  HR92U''  Flavobacterium johnsoniae
WRA' (2 1), Hy%b 3l b EAT B A I OR
8 MRA f b Y TR VR IE S AN A 1a itz o
112 WEFREE EREBUEEIEAEE (NA): M%pE
10 gL', A S gL', FHE3 gL', R
0.5 gL', WIN 1%BafG il 452 MR FR 3, 2%5U8
il A AR B 3R L

TR PR SR (SMSA): 7E NA K7t
B, AL 50 mgL! . ZHER
100 mg-L™", #FEAL 20 mg L', SAHEE 5 mgL',
R TR 50 mg L', &R 0.5 mgL 7,

Jig 1 R S R AR B Rk (TSB ). A HIK
15gL", RKEEAMK S gL, B sgL .
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Table 1 Probiotics strain information

Btk LU B BR UL
Strains Species information Strain description

RFP Ralstonia solanacearum I S T

NN-P42 Firingavirus W T AT
QL-A6 Ralstonia pickettii IR 25w
QL-117 Ralstonia pickettii IR 25w
QL-A2 Ralstonia pickettii IR R 25w
WR21  Chryseobacterium daecheongense IR R 25
T-5 Bacillus amyloliquefaciens Hidise e A s
CHAO Pseudomonas fluorescens Hbie g mA 25w
HR92 Lysinibacillus sphaericus FEPUE S T 2R R
WR4 Flavobacterium johnsoniae HEPUE ST 2R R

[ s R G R B N 3G R 5L (TSA ): TSB #5538
1.5%35 R # o

FEmh XML ER R AR (0S): B A 4N
701 gL, B —AM 6.8 gL', L/KEIRREE
1.1 gL', itk 1.2 gL', LK 88 mg L',
LIKBRTER 7 mg L', PU/KEARREY 0.2 mgL™',
EDTA ( & WU ZFR ) 4R 2.5 mg L', LK EREE
1.11 gL', ANAKBRRAE 1.54 mg L™, /KBRS
0.39 mg-L™", A/KAEMRES 0.25 mg- L', +I/KUlRREN
0.18 mg-L™', AN/KFEILEE 1.3 mgL s
1.2 A&
121 BEEARR RS AR
) 75 A TR M W TR AR NIN-P42, 1) T 400 4 I 2 G
8 MRULIA SR YR )y . BRI L PR
FHWE R RSO — S B, REVERIR LT R,
TR FH G T Sk T I R BV, PR AR LR
TR, BB RS, A T 2 i W R A Y
g AR Z 2 B ME RS (FRERKRES
KAWL, ULIAREREIRRES R UG Z AN TR, [ Z ANBE
(CT/
1.2.2 PR B & 07k FHALH RFP B
il 8 PRI MG RFP FRTA 7% 4642 2 NA B3R,
30 °C. 170 rmin' §53% 12 h, RIS KN
TR

Wi P R NN-P42 Bk il A5 8 & PR A
NN-P42 #:fh 2R BOG KW EMEER T, 30 C.
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CFU-mL ™' Y Hi &M . 2uL 10’ CFU-mL ™ B4 25
FIEW . 2uL 10’ PFU-mL ™" AIMEREIRER . 30 C,
170 r-min' £ 5% 96 h, F| FHEFFR1X ( SpectraMax M5,
Molecular Devices, Sunnyvale, fIZE K ) JELL
PG (PE)E: 587 nm, KEPHE: 610 nm) kKFE
T FIA R AR A KA
1.2.4 G PR AR -7 2 T I [0 905 Ok 1 48 5 Al T A ) e
ARSI IRES FUH AR IR R IR
AR 25 TR PR ) T R - 498 7 A TR A W B A A AR i
W= H KBS F MR E 6 L&, &
FLEEF 200 g &KL IR+ (TTIR 4RI TRHY
ABRATE ). Tt BT — R 25 0, R A
25— UG AR RS A, 3 d S IR R AR
PERh U E N T AU E 10° CFU-g ' 3600 | W
KYeE 10° PFU-g ' 30 A7 3R AW E 10° CFU-¢ !
FF . XF 8 MR ZR A iR E 4 AR 1) ALEERD
HHE, 2) B EMEMEEA, 3) EAEME
A LR, 4) BeRh AN TR . WA 25 . A
B 4 ANEE, BAERE 6 HREFMN . AR
HET G T 45 b B AL 1 R SF G (a1 AEL AR 43 91
H0~4, 0K THZERER, 14 1%~25%0 R
MiZ5, 2 R 26%~50%M A, 38 51%~75%
AN ZE, 4 8 76%~100%M AU ZE ). R
B (%) =Y (B GURREOAR R G 59 ) / (I
A SR B SRS AR ) 1x1001,
1.2.5 AN [R)HE i i o %o s A1 A - A 2 A I 10 3 sk
BEE M A Y B SR B RS AR AR
2 e X W AT A - A i A I I O A R R A
Yy Ba i s R B, ST AR AR, R
— MR IR A 35 R — MRS P A 3R
I AR = LA FAR R 50 AR R 5 Tk B X ]

FORBsZm . fLAE T, iR E 1) HAE
4R B 10* CFU-mL ™', 10% CFU-mL™", MER
TR A BERRE J 10° PFU-mL ™", 45 25 W) 4h 12 il
WeEN 10° CFUmL™'; 2) AN BRI A
10° CFU-mL™", MR AR LR 10 PFUmL™" |
10PFUmML " , A 35 HPIGIEFHE N 10° CFU-mL 5
3) HRE LR BERN IR R 108 CFU-mL™", W A4
RN R 10° PFU-mL ™ | 5 35 W 4G B P vk
917 10 CFU-mL™"', 10* CFU-mL™', &bk
B4 ANESE e R IR R P A POGIERIE
s i PR 7E AR R B i AR K L, g SR (A
FERVE M ) AP H, A 25 T - B AR B R Y
E{IE

I FH A 30 v PR 5 AN [R) v B AT 25 TR 5 W A A
2 G R IR I 98 BT G DA AR W AR sg e . o
AR BB 0. 10%, 10°, 10°, 107 CFUg"
BB, WEPAIARSH AR AR 1.2.4, R .
Wk PR PR I 2 TR RN 72U 1.2.40 Ffkale ot /2
PG RN ARG S S, 25 d 5 il st d.
A5 75 A 995 99 155 48 BOT- M AS [FIAT 265 PR 422 R 38 %o e
PR -5 2 PR PR IR T IR R g i) o SRAEAR B 3,
I RIS 7 o U A o G AR o 5 A T 110 B0 i

R B 7 Aty TR B 2 - FRIBURR B+ 3 g, in 27 mL
TCHFKHCEAE 30 °C . 170 rmin ' $2 K TR 2 h,
W, Btk T 6 A B S 76 SMISA RE PP 5 3 k4T
WA, B3R 48h i, Gt PR AR, W
BERTBOT AT B AR R I 5 R B A
1.2.6  WETR RS54 25 B A4 X0 S Aty TRT 1) 2 1) 3
53 DL AR SR T G BUAT 25 T WR21 RIS HLsE 4
RIA 258 T-5 SWEpRAL A B, M 1.2.3 ZENFLIR
RIS BENLEEUE F5 48 h S AR (3 &)
FIEEFRY), PRk 77 3 SMSA i ek ik 5 1) 7
Wi . BAEE YL 2 NEAE, SRR
6 DEMH . X 5 EIRTE A ALA 15 P - R RS i
AU B R TR B R, I X SRR AR G A B AR £ 4
W) 48 Tl o — B YR 1 R RS s EEXE S 4 B SE 4 A
A 25 DA - DA AR LA A A B, DU FEX A 2 A
T-5 77 A AT AE 0 I A Bk 21

BRI S I AE - B NA B35 LG 1k 24
MG ER R E R TSA B IR 3L R4k,
30 CIEZHEFE 24 h, PKBCRREE 2 1/10 TSB
WARIEFRIE, J59% 24 h, P75 ODgo= 0.5, 7F 96 fL
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WP BEFLANA 180 uL OS JoALER JLA 1% 77 35 i . —
(B JR-RE W 20 pL (9B 10 mmol- L"), FiAL4E:
Fh2ul BRI, BT 30 °C. 170 rmin ' #LERFE
48 h, FIFHBEAR LI E ODgoo 18, HI5E B MR TE 21— Tk
TR F ARSI ODge>0.05 NI A iZ F kA
g R R IR , 2 ARERIH . Gt fb)E i
i R REAE R 1 48 i B — i 5 %) 8K, RIDORZ B R
4Rl 5 ) FH 3%

YUY BRI E - R RSP B R 5
T-5 KW (37 °C 170 rmin ' #8595 36 h ), 2 uL
X B IR S 0 7 A TR TR (24 A4S ) 43 il
2 193 uL NA ARSI AT (96 FLARIKR ), $&
B 5 UL T-5 ZWEW, L5 uL NA WAE: 35 3648 Jy 4
T, 30 °C. 170 rmin ' }55% 24 h JFIE ODeoo T
i R BBURAE=0Dy0 15/0ODg0o ck*100% ( ODgoo cx: Xf
TR AE R i, ODgoors: NI 4 PR R AR A AE K3t ),
1.3 #iEaiE

IR B Ab B SPSS Statistics 22 FEAT4E 1T
G3 BT, P 2B 1) 22 5 31>k F Wilcoxon BRFIRR 56,
Z U 22 5 o MR IR R 5 227007 ( Turkey’s
HSD), R RIEF/ER.

2 4 R

2.1 BEE-EREESMRESHEERNE

R LI 7R NIN-P42 X} 8 #kA 25 B 19 4= e
REJT, S5 R PIZ G TR K BE 5 R S VAR s J5 7 A
B RFP, X} 8 #RA o5 B A A KA = A5, R
X 8 #RAT £ DA AN S W TR K NIN-P42 (2 44 [ 1b ),
PE— RTS8 MRAA 25 B B ol 20 A X i
HAEERKRE I, WK 2 FiR, S5RmhEms 5
WAL EAR L, IR FRA 4 117, A2, A6,
WR21 5EEREIRA GG, MRECRYE BEERS (P<
0.001 ), ZEIPMFERN . 1M AEFEPLTE S R4 25 18
4 BRA 25 BRI OR R RR EE I T AR . Hoh HR92
SRR I EmE SR R B (P<0.01),
T-5 55 W5 PA A B[R] )5 00 081 50 2R IR R A7 A 35 25
(P<0.05), i WR4 FIMEEAEHAE)E, IFREH
3R] R o

St HWERRAE L, AR 117, A2, A6,
WR21, HR92, T-5. WR4 7E5IEHE KA A5 INH
RO B ERTE (P<0.05), 9k J5 B 18 K 40 B B AR
58.78%.76.25% . 76.28% . 75.06% . 56.87%. 70.92% .

TE: A2 R IRPRETEE, 117 N IRE R, A6 R RBRINIRGE, WR21 SH&WATIE, HRO2 IR iR 2 /T
W, WR4SHLYREATH, T-5 AMFIEH A, CHAO FIOGIRMAIEIE, RFP AR5 /RICH . B b i 2L G HE R 7R W 3 R B O L
B — R HL, HREAERKZIAGEWNFRREERYE, RZAGERY. TF. Note: A2 is Ralstonia pickettii, 117 is Ralstonia pickettii,
A6 is Ralstonia pickettii, WR21 is Chryseobacterium daecheongense, HR92 is Lysinibacillus sphaericus, WR4 is Flavobacterium

Jjohnsoniae, T-5 is Bacillus amyloliquefaciens, CHAO is Pseudomonas fluorescens, RFP is Ralstonia solanacearum. The red box in panel b

indicates a straight line formed by the phage suspension. If the growth of the bacterial strain is inhibited, it means the phage can infect the

strain; if there is no inhibition, the phage cannot infect it. The same as below.

K1 8 HRAMBEEEIES (a) LR Z 8 thA i WHYEAES (b)

Fig. 1 The colonial morphology of eight probiotic strains ( a) and the detection of phage infectivity to these strains (b )
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0.01, ***P<0.001, ns indicates no significant difference. The same as below.
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Fig. 2 Effects of different phage-probiotics combinations on growth of Ralstonia solanacearum ( a. resource competition probiotics, b.

antagonistic competition probiotics )
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) 52 ]

e 4a iR, TEHEAEPIG AR 10°
CFU-mL ' ¥/n% 10 CFU-mL ™" i}, WR21 55 W & {4
HE PRIV AR 37.53% (P < 0.05), T-5 51
PRLLA D R RION B AT Sk 25 78 Ak . Y W TR AR ) s 12
Wl 10* PFUmML™! #hnk 10° PFU-mL™" B,
WR21, T-5 5 WETE AR 2H 5 53 50 40 s Jat v A K ik
11.73% (P <0.05) H130.03% (P<0.05) ([l 4b).
MM A R, A& 4c Bk, WR21,  T-5
5 5 TR AR 2L 5 41 T D T A A Y R D B A A TR R
JEE 38 T A ) B A 37.69% (P < 0.05) FlI
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RSN, R 2 5 e W TR R - 25 TR
B PR R 800, o i TR R R TR — s Y RN R A
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Fig. 3 Effects of different phage-probiotics combinations on bacterial wilt disease severity ( a. resource competition probiotics, b. antagonistic

competition probiotics )
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