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Abstract: [Objective] Bacterial wilt disease, caused by soil-borne Ralstonia 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.
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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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Table 1 Probiotics strain information
LS WRME R PR AR A
Strains Species information Strain description
RFP Ralstonia solanacearum 9% JE g 4
NN-P42 Firingavirus 15 T A )
QL-A6 Ralstonia pickettii R EHTAE R
QL-117 Ralstonia pickettii HFS AT 2
QL-A2 Ralstonia pickettii AT 2
WR21 Chryseobacterium daecheongense R EHTE R
T-5 Bacillus amyloliquefaciens WP ES A S
CHAO Pseudomonas fluorescens HEHEaig 5wl
HR92 Lysinibacillus sphaericus AR e
WR4 Flavobacterium johnsoniae RS e
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Witk 1.2 g+ L' L/KELES 88 mg- LY, LUKBRIMRTAL 7 mg- L™, PO/KEHERH: 0.2 mg- L, EDTA
(LW @) a1 25 mg- LY, b/KBERS: 111 g+ L™, A/KBRERSE 1.54 mg- L™, To/KBRERHT 0.39
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FLIN 180 pL OS JoHLEhFEflids 37 H A B — P BRIFEEM 20 L (Z9KREA 10 mmol-L™). fEFLEF 2uL
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Hili P BBURK P =ODggp 15/ODi00 ckx100% (ODggo ci: KT HEAIAE A, ODgoors: M & B AR BRI AE KD
1.3 HIEALE

TR0 H i AL B AT ] SPSS Statistics 22 JEAT SR AT, AL B 1) 2 5 4 AR H Willcoxon REAIAS B,
2 K 22 A M R FH AR K5 22400 (Turkey’s HSDD, KA RiB & 1EH.

2 45 R

21 IREAH- AR EAANRESHEE KRN

R AR B A NN-P42 XF 8 ¥R 2 B AR GLRE T, 45 SRR A2k DA AR R 0 R S AR % i 75 A T
RFP, TMix} 8 ¥RA 2 B MU KA 2 AR50, R WIX 8 #kAT 23 B AN S M WE T /& NN-P42 124¢ (& 1b). #E
— IR R A S 8 PRA i i SR B A SR B AL R AR K e . Wi 2 R, SRR A B
WAL, EREHMERE 117, A2, A6. WR21 5 EAAE G, MESCEHEZERR (P <
0.001), ZEIUWRFEMN . MAERPEFIE T, 4 A o E 200 AR E CR, Hd HR92
SR A E R ROV B (P < 0.01), T-5 SHEEEHFREME S RARGFEREZER (P <
0.05), 1fi WR4 RIMERE AL GG, IR 2P RN o

SR EAM L, A2 117, A2. A6. WR21. HR92. T-5. WR4 7E S50 B A & 5 &%
REZRTE (P < 0.05), ¥R E K 5B 58.78%. 76.25%. 76.28%. 75.06%. 56.87%. 70.92%.
77.93%, 1M CHAO S5 WR B A BRI 5, 49158 25 SR BT AS Gt B it FH W o 44

ARG RER, WEEAAFIA G 2R A BRI R, AN R A P A O ) SR S AR 2
IR A BIA & bR -5 W B A 2 G AR AE B R K8

I // . - =l
e A2 YR IRBURITIR , 117 9B IRE R, A6 N R IRB /R T i, WR21 94 BT 1, HR92 A BRTE A IR
ZEAIFF R, WRA AL IS AT B, T-5 NAEER ZEfOFF i, CHAO UGB, RFP MRS /R IR . B b R4 (e
TR AR B R — 2 L2k, AR RSB MIN IR BEIR T, R ARER G, T IF. Note: A2 is Ralstonia
pickettii, 117 is Ralstonia pickettii, A6 is Ralstonia pickettii, WR21 is Chryseobacterium daecheongense, HR92 is Lysinibacillus sphaericus,
WR4 is Flavobacterium johnsoniae, 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.
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Fig. 1 The colonial morphology of eight probiotic strains (a) and the detection of phage infectivity to these strains (b)

ﬂ) 5 ok ok [CIJGHEE 4 Without phage b) ns [CVJCIE B4 Without phage
s A With phage kg B o 75 6 { With phage
200 - q%' ok

[
[=]
[=]
T
OEEJO|

h
o
T
@
(=]
T

2
o
T

= o

J73 5% 7E 4 Pathogen growth /RFU
AL 2 K Pathogen growth /RFU
=
T

50~ 50 F ek
g EEX ke - $-.- < ns
Te @ T * e
RFP 117 A2 A6 WR21 RFP CHAO0 HR92 T-5 WR4
4bFH Treatment AL Treatment

VE: A LB IV I R 8OR, S3EE *P < 0,05, **P < 0.01 , ***P < 0,001, ns #/x L% 5. R, Note: The effects of
phage addition on the same bacterial strain were compared. Statistical significance is denoted as follows: *P < 0.05, **P < 0.01, ***P <
0.001, ns indicates no significant difference. The same as below.

P 2 AN R T - o P AL Ao SR T A B AR S (a B TR e A a1, bASPIE S A sl )

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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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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concentrations of pathogen, b. different concentrations of phage, c. different concentrations of probiotics)
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follows: *P < 0.05, **P < 0.01, ***P < 0.001, ns indicates no significant difference.
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Fig. 5 Effects of different probiotic inoculation concentrations on the disease severity and the number of rhizosphere pathogens with phage-
probiotics combinations (a. Disease severity and b. rhizosphere pathogen density with the resource-competitive probiotic WR21 and phage

combination; c. Disease severity and d. rhizosphere pathogen density with the antagonistic competitive probiotic T-5 and phage combination)
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