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Abstract: [ Objective ] Ralstonia solanacearum, a highly virulent plant pathogenic bacterium, causes bacterial wilt in tomatoes
and other crops. This causes host death and significant yield losses, posing a serious threat to agricultural economies. The
rhizosphere, as a critical environment for plant-microbe interactions, plays a decisive role in determining the outcome of pathogen
invasion and plant health. However, the interactions between bacteria and fungi in the rhizosphere under pathogen invasion
remain unclear, thus, limiting the understanding of the microbial changes associated with bacterial wilt disease. [ Method ] This
study investigated the impact of R. solanacearum invasion on the composition and interaction networks of bacterial and fungal
communities in the rhizosphere of diseased and healthy tomato plants. Quantitative real-time PCR (qPCR) was employed to
quantify microbial abundances, while high-throughput amplicon sequencing was used to characterize the diversity and structure
of bacterial and fungal communities. By comparing the microbial co-occurrence network in rhizosphere soils of diseased and
healthy tomato plants, the study aimed to elucidate how pathogen invasion affects the microbial community structure and their
ecological interactions. [ Result ] The results showed significant differences in the bacterial communities between the rhizospheres
of diseased and healthy plants. The rhizosphere of diseased plants was invaded by a higher abundance of R. solanacearum, while
the rhizosphere of healthy plants was significantly enriched with bacteria from the phyla Actinobacteria and Firmicutes, which
include a greater number of beneficial bacteria with potential for biological control. Moreover, pathogen invasion reduced the
ecological niche breadth and qPCR counts of fungi in the rhizosphere. Co-occurrence network analysis revealed that the
bacterial-fungal network in diseased rhizospheres was more complex, with a significantly higher proportion of fungal nodes
(46.7% compared to 31.0% in healthy rhizospheres). Among them, Ascomycota species emerged as key network nodes, indicating
that pathogen invasion enhanced the close associations between bacteria and fungi(particularly Ascomycota species). In the direct
bacterial-fungal interactions, the proportion of negative correlations in diseased rhizospheres (46.3%) was notably higher than in
healthy rhizospheres (35.4%), suggesting that pathogen-induced interactions were predominantly antagonistic. Additionally, in the
bacteria-fungi networks, Ascomycota and Actinobacteria were identified as key fungal and bacterial taxa, serving as biological
indicators in diseased and healthy rhizospheres, with significant positive (R? = 0.393, P = 0.002) and negative (R?> = 0.523, P =
0.000 2) correlations with pathogen abundance, respectively. [ Conclusion ] These results elucidate the disruptive effects of R.
solanacearum on rhizosphere microbial communities, particularly the bacterial-fungal ecological interactions, and highlight the
changes in rhizosphere microbial structures under bacterial wilt. This study provides a theoretical foundation for developing
future strategies to control bacterial wilt in tomatoes.

Key words: Ralstonia solanacearum; Tomato bacterial wilt; Rhizosphere microbial communities; Bacteria-fungi interactions;

Microbial ecological network
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FEVE EARARHT (PCoA ); FEMGFMERE T SIARPRrP AR (d) FIECE (f) BRI LB AKFAUR )

Fig. 1 Differences in the structure and composition of bacterial and fungal communities in the rhizosphere of diseased and healthy tomato plants
(a. The qPCR amounts of R. solanacearum in the rhizosphere of diseased and healthy tomatoes; b. The a diversity ( richness and Shannon

diversity index ) of bacterial and fungal communities in the rhizosphere soils of diseased and healthy tomatoes; Principal coordinate analysis
(PCoA ) of bacterial ( ¢ ) and fungal ( e ) communities in the rhizosphere of diseased and healthy tomato plants; Bacterial (d ) and fungal ( f)

community composition in the rhizosphere of diseased and healthy tomato plants at the phylum or genus level )
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Table 1 The significance test of the differences between bacterial and
fungal communities in the rhizosphere of diseased and healthy tomato plants

PERMANOVA ANOSIM
F. model P R P
474 Bacteria 3.779 0.001 0.458 0.002
E P Fungi 1.389 0.195 0.054 0.172

F: “PERMANOVA” fl “ANOSIM” 435l Bt £t
S AMIESHT . F. model 1 R 2 FH 45 5 41 18] 2% 5 A
XA 22 5 B E PR B S T {E . Note: “PERMANOVA” and
“ANOSIM” indicate the permutational multivariate analysis of
variance and analysis of similarities, respectively. The test statistics
F. model and R are employed to evaluate the significance of

between-group differences relative to within-group variation.
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Fig. 2 Differences in specific and enriched bacterial species in the rhizosphere of diseased and healthy tomatoes ( a. Venn network diagram

showing specific bacterial species in the rhizosphere of diseased and healthy tomato plants; b. Linear discriminant analysis effect size ( LEfSe )

showing enriched bacterial species in the rhizosphere of diseased and healthy tomato plants )
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Fig. 3 The difference in microbial abundance and niche width in the rhizosphere of diseased and healthy tomatoes ( a. The gPCR amounts of

bacteria and fungi in the rhizosphere of diseased and healthy tomato plants; b. Species niche breadth and habitat niche breadth of fungi in the

rhizosphere of diseased and healthy tomato plants; c. Correlation fitting analysis between pathogen qPCR amounts and fungal qPCR amounts and
habitat niche breadth )
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Fig. 4 Network analysis of rhizosphere microbial communities in the diseased and healthy tomato plants ( a. Overall bacteria-fungi networks in

the rhizosphere of diseased and healthy tomato plants; b. Distribution of node and edge attributes in the microbial networks in the rhizosphere of

diseased and healthy tomato plants; c. Within-module degree and among-module connectivity ( Zi-Pi ) plots of nodes in the diseased and healthy

rhizosphere microbial networks; d. Proportions of different connection types ( bacteria-bacteria, fungi-fungi, bacteria-fungi) in the overall

microbial networks in the rhizosphere of diseased and healthy tomato plants; e. Subnetworks of bacteria-fungi interactions in the rhizosphere of

diseased and healthy tomato plants; f. Distribution of node and edge attributes in the bacteria-fungi interaction subnetworks in the rhizosphere of

diseased and healthy tomato plants )
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Fig. 5 Classification and abundance changes of nodes in the bacteria-fungi interaction subnetwork ( a. Taxonomic composition of bacterial and

fungal nodes in the bacteria-fungi interaction subnetwork in the rhizosphere of diseased and healthy tomato plants; Changes in the abundance

( Z-score ) of nodes attributed to different bacterial (b ) and fungal ( ¢ ) phylum in the bacteria-fungi interaction subnetworks in the rhizosphere

of diseased and healthy tomato plants )
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Fig. 6 Correlation fitting analysis between the abundance ( Z-score ) of bacterial and fungal nodes at different phylum levels in the bacteria-fungi

interaction sub-network and pathogen qPCR amounts in the rhizosphere of diseased ( a ) and healthy (b ) tomato plants

([RENGSY /%45 N W AN = s 1 ffa 5 ST i3 N ]

TR EEES (K e, BI), (EXEEEZHEN: ., Hos
AESMERIAM TREZESR (K 3),
solanacearum T AR BRI R TR A 0
(14T o 35K P R A2 R] A 4 A1 R B 1R 234 ] 3 4 - e
AN RS EARAENER R solanacearum
[E] 4 2 % T
2F, ISR T R TEARBRIAEE T i A 72

AEEEURS,

REY HERTHIT,

3.2

[ AME R 528

Actinobacteria 1 Ascomycota 733l 24 &

#FW R

(T8

Jl, X wr

Fa s fa R A T Oy 5 A4
Frgim (& 4), X ATREE H T HER I 000 & e AE Ak
22K FHPEIY 5% ( Cry for help ) JH37HR &%
ZH RN, (AR AR BRI R BT
ST Bl A A e ) B AR O2T)
a5 7 B AR A R], A B AR DGR SE AR T
REMRERE T 2% vh B
BRI (A -E

LT RUBCE R SRR Y A

HBHI Y
R A 2%, SR
BeAk, R lz—ﬁl/\@ﬁ

AR, Dk
, E@—E%) o7 He R

EREENEHHXBATSERELEF
W2 o0 2 BT, IR ST A 200 T — L T I 2 24

MBS (151 4d). [RII, A0E—ECR T M2 P e b
PR L (18] 4F) LW It Bl 9 A A= i
TR S LR LAY B SE A

http://pedologica.issas.ac.cn



1546 + b1

T 62%

TERERAERRIRAS T Ascomycota Fil Actinobacteria
3 2 L TR RN A T B 4% T R OGBS (181 5),
BT B AR AL AT BB 2 IK Sl HE 7 45 18 A8 1k LK i)
- FLE BAEM BB E . AREY, EaYa
Ao A2, Ascomycota X AH Bk 41 21 1) E 5
e 1 A v, 2 BT A B L TR A EOCER 1Y E B
Ffr 281 1M Actinobacteria [ A 4 F U 4 418 X 2 Fh &
B R R R PAE PO XS Th e T R R T
[N S A o A R A A I SR N P B R P K e
Br (K 6) B, 3R 25 48 1k i 3K 3l ) R U9
JREIIALR . R solanacearum FIAIZ{H15 Ascomycota
PR AE AN AR BN s b SRR,
WX ARIE T Ascomycota [ N4 I ( Fusarium
spp. ) FEFEHIVRAR PR Y & AP0 MR, fRBERPR
F- 2% ) Actinobacteria 17 45 595 R £ FAAHE, U
B L] e R HRAE 0 R P AR Y B2 e . iR Sh
W, R. solanacearum NMUEE HE#ER RS EURE,
T R L P S AR PR A TR 5 R R T RO S
HAEGEH, (B e R A

SR , A 2 0% 240 P — 77 ) 28 L AR =X A
SRNAZS 22 A BE TR T S R AR AR PR A )
R H AR, (A K i EAR Y Fh B AE AL
PSSR ME LA, 01 38 ik 17 PP A DG BUE AR B
X R A] BAEOC T AR BRI A YR TR I Dh g S Ha0E
XoF HRAE 5 5L BT ) AR RN R A ) (i R 34 B T8
FEAEAD U R, BT X T A i T
AR ZE NPLERAETE, AR I B 5 S R &
Jre At o A T A LR A

4 %5 B

AHIF G 38 33 53 A7 Hie i (e I 2 i AR s 24 1T 5 L
AR VR AL B S B W 2 25 40, R TR R R
solanacearum AW ARBRIGAE PV 1 52 =52 0 o
SRR, R AR 2 R 40 R EAR PR i AR AR A
], 5 uelRlEt, 95 s 2338 2 20 Actinobacteria [
H1 Ascomycota [ JH Y SCEEY A, 1T 2R 2 R R
PR G 2 o % &k BT B A 9 S AR PR A
WIREEZ MM R EAEEE X, JLHREER RN
Jir TR QRT3 2ok 5 e SC B GRCAE T ROR UE AR B i A
A YIRS T . AR TR — R FEY)

FGERIRSE AT B AR X AR PR 2k W e v 45
PRI DIRERYREMA , R FR Ul 3 1 3] 42 OC SRS I ik
A= Wy 3 s AR W) B SOR E ©

£ 23 Hk ( References )

[1] GuoJH, QiHY, GuoYH, etal. Biocontrol of tomato
wilt by plant growth-promoting
Biological Control, 2004, 29 (1): 66—72.

[ 2] WanglJ, LongSF, WangZ W, et al. Research progress

rhizobacteria[J].

in controlling tomato bacterial wilt[J]. China Vegetables,
2020 (1): 22—30. [EA, Jeiitd5, FIEX, 5. Fili
HASR B AR R R I]. P, 20200 1): 22—30.]

[ 3] Kwak M J, Kong H G, Choi K, et al. Rhizosphere
microbiome structure alters to enable wilt resistance in
tomato[J]. Nature Biotechnology, 2018, DOI: 10.1038/
nbt.4232.

[ 4] BoroM, Sannyasi S, Chettri D, et al. Microorganisms in
biological control strategies to manage microbial plant
pathogens: A review[J]. Archives of Microbiology, 2022,
204 (11): 666.

[ 5] Philippot L, Raaijmakers J M, Lemanceau P, et al. Going
back to the roots: The microbial ecology of the
rhizosphere[J]. Nature Reviews Microbiology, 2013, 11
(11): 789—799.

[ 6] Singh H B. Management of plant pathogens with
microorganisms[J]. Proceedings of the Indian National
Science Academy, 2014, 80 (2): 443—454.

[ 7] MaC, Yang XR, Jiang GF, etal. Research progresses
on key factors affecting survival of Ralstonia
solanacearum in soils[J]. Acta Pedologica Sinica, 2021,
58 (6): 1359—1367. [, #fikil, VL& €, . W
JELTT A T - SR s R R BT (0], LAl
2021, 58 (6): 1359—1367.]

[ 8] Konappa N, Krishnamurthy S, Siddaiah C N, et al.
Evaluation of biological efficacy of Trichoderma asperellum
against tomato bacterial wilt caused by Ralstonia
solanacearum[J]. Egyptian Journal of Biological Pest
Control, 2018, 28 (1): Article number 63.

[ 9] Gafur A. Development of biocontrol agents to manage
major diseases of tropical plantation forests in Indonesia:
A review[J]. Environmental Sciences Proceedings, 2021,
3 (1): 11.https: //doi.org/10.3390/IECF2020-07907.

[ 10 ] WeiZ,SongY Q, Xiong W, et al. Soil protozoa: Research
methods and roles in the biocontrol of soil-borne
diseases[J]. Acta Pedologica Sinica,2021,58( 1 ): 14—22.
[T, RFm, BB, 4. LBEEAHY—AR T
B A AR E R P A E I (0]. R HEEdR, 2021,
58 (1): 14—22.]

[ 11 ] GuoS, Jiao Z, Yan Z, et al. Predatory protists reduce
bacteria wilt disease incidence in tomato plants[J].
Nature Communications, 2024, 15 (1): 829.

http://pedologica.issas.ac.cn



54

SR HRRE AR T AR PRI B -5 EL AT A R R

1547

[ 14 ]

[ 15 ]

[ 16 ]

[17 ]

[ 18]

[ 20 ]

[ 22 ]

Deveau A, Bonito G, Uehling J, et al. Bacterial-fungal
interactions: Ecology, mechanisms and challenges[J].
FEMS Microbiology Reviews, 2018, 42 ( 3 ): 335—352.
Saravanakumar D, Lavanya N, Muthumeena B, et al.
Pseudomonas fluorescens enhances resistance and natural
enemy population in rice plants against leaffolder pest[J].
Journal of Applied Entomology, 2008, 132 (6 ):
469—479.

Li F X, Duan T Y. Research progress in the control of
plant diseases by the combination of fungi and beneficial
microorganisms[J]. Chinese Journal of Grassland, 2021,
43 (8): 93—105. [Fpke, BUEE. HRAA & MA
Yy ¥ & B U6 A Y 0 IE S R 0], o I 2 R
2021, 43 (8): 93—105.]

Wang C Q, Kuzyakov Y. Mechanisms and implications of
bacterial-fungal competition for soil resources[J]. The
ISME Journal, 2024, 18 (1): wrae073.

Schonfeld J, Heuer H, van Elsas J D, et al. Specific and
sensitive detection of Ralstonia solanacearum in soil on
the basis of PCR amplification of fliC fragments[J].
Applied and Environmental Microbiology, 2003, 69
(12): 7248—7256.

Mori H, Maruyama F, Kato H, et al. Design and
experimental application of a novel non-degenerate
universal primer set that amplifies prokaryotic 16S rRNA
genes with a low possibility to amplify eukaryotic rRNA
genes[J]. DNA Research, 2014, 21 (2): 217—227.
Degnan P H, Ochman H. Illumina-based analysis of
microbial community diversity[J]. The ISME Journal,
2012, 6 (1): 183—194.

Hall M, Beiko R G. 16S rRNA gene analysis with QIIME2[J].
Methods in Molecular Biology, 2018, 1849: 113—129.
Quast C,Pruesse E, Yilmaz P, et al. The SILVA ribosomal
RNA gene database project: Improved data processing
and web-based tools[J]. Nucleic Acids Research, 2013,
41 (D1): D590—D596.

Kuang L, Li T, Wang B, et al. Diseased-induced
multifaceted variations in community assembly and
functions of plant-associated microbiomes[J]. Frontiers
in Microbiology, 2023, 14: 1141585.

Liu H, Dong Y H, Shen M C, et al. Characteristics of
rhizosphere microbial communities in a disease-
wilt and its

Acta

suppressive soil of tomato bacterial

disease-suppressive transmission mechanism[J].

[ 23]

[24]

[25]

[ 26 ]

[ 27 ]

[ 28 ]

[ 29 ]

[ 30 ]

[ 31]

Pedologica Sinica, 2022, 59 (4): 1125—1135. [xit,
Foue, HRN, S R AR R LR PR
VR RIE S A A b HLRI (7], 324, 2022, 59
(4): 1125—1135]

Lee S M, Kong H G, Song G C, et al. Disruption of
Firmicutes and Actinobacteria abundance in tomato
rhizosphere causes the incidence of bacterial wilt
disease[J]. The ISME Journal, 2021, 15(1): 330—347.
Barka E A, Vatsa P, Sanchez L, et al. Taxonomy, physiology,
and natural products of Actinobacteria[J]. Microbiology and
Molecular Biology Reviews, 2016, 80 (1): 1—43.
Palaniyandi S A, Yang S H, Zhang L, et al. Effects of
Actinobacteria on plant disease suppression and growth
promotion[J]. Applied Microbiology and Biotechnology,
2013, 97 (22): 9621—9636.

Huang X Q, Liu S Z, Liu X, et al. Plant pathological
condition is associated with fungal community succession
triggered by root exudates in the plant-soil system[J].
Soil Biology and Biochemistry, 2020, 151: 108046.
You C, Yang T J, Zhou X G, et al. Research advances on
mechanisms and preventions of soil-borne diseases
exacerbated by root exudates in continuous cropping
systems[J]. Acta Pedologica Sinica, 2024, 61 (5):
1201—1211. [#E)I, BRAS, JBRI, & EERRD
WA TR A2 55 2 AL Ak R S R A S SR D). &
BEeAH, 2024, 61 (5): 1201—1211.]

Zhao B, Xing P, Wu Q L. Interactions between bacteria
and fungi in macrophyte leaf litter decomposition[J].
Environmental Microbiology, 2021, 23(2): 1130—1144,
Sharma P, Aswini K, Prasad J S, et al. Characterization
of Actinobacteria from wheat seeds for plant growth
promoting traits and protection against fungal
pathogens([J]. Journal of Basic Microbiology, 2023, 63
(3/4): 439—453.

LiTT, Deng X H, Li R C, et al. Effects of Ralstonia
solanacearum infection on soil fungal
diversity[J]. Biotechnology Bulletin, 2022, 38 (10 ):
195—203. [ZEhstar, ARJOME, 2k, 46 FJAE IR
KA LI RER Z RN )], A HEARER,
2022, 38 (10): 195—203.]

Jambon I, Thijs S, Weyens N, et al. Harnessing

community

plant-bacteria-fungi interactions to improve plant growth
and degradation of organic pollutants[J]. Journal of Plant
Interactions, 2018, 13 (1): 119—130.

(REHE: HRA)

http://pedologica.issas.ac.cn



