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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 JThe 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 gPCR 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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MR BRI EEAE R bl T NAZ B AV EPI IR 5 — 18 BRI, 1R KARRE s 7 TR s IR b 72
HE R bR LIRS EMR R AN, 28 T 20 E, OREEE. .
JEA SN LG U, KRBT R W e A T SR B AEs AR A A K A B, 41
R, FAEEEBELZAmMEY, WHE%EE (Streptomyces). ZFHIFFE (Bacillus) FIEHE
MiBE (Pseudomonas) %, REZIEIdAdiEzm. HFERA. EHFROAHFED PSS
7 AR iR B A KA 2 e A U PP R K 5 1 (Trichoderma) AR 2 i ( Gliocladium)
FEE (Penicillium), #HIZEE (Aspergillus) R b 75 A4 4 #H18CRESD, 1hak,
eV R A S th S SR K BER S0, Bildn K dL (Colpoda) RSB K, 40
s o f g AR T

IR R A IR PR A A BN, N2 AR T2 /2B R, LA
AR T IRBR 24 I E I A 4%, 509 SR R (N2 FE AR A (i B 25 s AR o, o
AR (Pseudomonas fluorescens) i 5 ¥ b HAE IR A a8 i A=) )38 58, AT 3
SRR AR R BT 1. MR ELE (Arbuscular mycorrhizae) 515 B B A1 2E AT
B (I 7 P BE W8 B R HE AL 0 R G eadi i, 3ot i E I M. 2 TR, 4
T A B RV T AL J R ) B A R AR B A A R AR g Ry TR 21 7 S /e e 1,
SR, KT H AN AR T HIAR bRl B -5 BB (0 EAERIE TS AT 2, 569 iR BN AR 51 S (AR B
5 R E W A A TR B 2 (SR 7T . AT, LI 2% 434 (Co-occurrence
network analysis) & IEMHT A T H, HIETYMEZTHEMACN, WEREBMEMILEMLE .,
IS A AR oy A R IR B, BE A R R VA AR () 0 ELAE AR K, B R
A I T TR PR RS DR IR T AT B AR S R RRAIE

R, AT AT I8 I R A AR R i TR S R R AR B 3%, R S e
# PCR (qPCR) i@ Sy 43813 F7 i AAS WA o 358 m 200 1 R0 B 1 BV - FE RN AR, 9F
I E YN 2 R AR TN 5 B R AR S BAE R R, WTTHE 7R R B N2 T AR BRgH
PRI -5 B0 B RF  11 2E R B LA SRR AR S, DR At AR 2 T A 0 (s 55 7 8 SR SR A B AR
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1.1 HIEHRRIYE

SIS AL T VL2548 B 5L TR AT 1 5 RS AE T ST T (31°43'N, 118°46'E) K& i
Wt K. H 2016 42 LUK, %3t KM AT B — I B AR ES, —FWiZE. AW T 2021
TSGR R S AVE B R AR AR AR PR LI . JEEE T 10 R HI I EAS ZRE IR
(75%~100%[F1H Ak ZEERAET.) AT, LA 10 BREHEAT SEOpg AR I TG0 SRR 1) i
FRFE R o R i L e g FRAE AR e B2, PR AR A B LI fS, /IO ERIUS B T AR PR 1)
3%, FEIEIT 2 mm G N 2 BRAE A SRR o ISR B AR PR - 43 A8 Fast DNA Spin
R & (MP Biomedicals, Fi§) #E4T DNA HI32EL, BE)E 577 T-80°CUKAE, FT )5 4L
1G] S T
1.2 %5 & Ralstonia solanacearum. ZHEF1ELE AYHE D8 E S 4050

953 5 B R. solanacearum. 41 AN B B 1 B0 8 o SRR %8 )t 8 & PCR BRI . &H%F R.
solanacearum (K553 4718 5] 48 F fliC-F (5'-GAACGCCAACGGTGCGAACT-3) #1 fliC-R
( 5-GGCGGCCTTCAGGGAGGTC-3' ) [ . 4 Mk S M 5l % N 338F
(5-ACTCCTACGGGAGGCAGCAG-3") #1518R (5-ATTACCGCGGCTGCTGG-3) M.
B4 5 M 51 % N 1737F  ( 5-GGAAGTAAAAGTCGTAACAAGG-3' ) Fl1 2043R
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(5-GCTGCGTTCTTCATCGATGC-3) M8, DNA #EM 9 R 20 pL R Bk &, A5
2 uL 15140, 7 uL 1 ddH,O A1 10 uL ) SYBR Green | ¥ B2 &t 4kl (Sigma,  EiE). ¥
W NS 95 °C 1 min; 95 C 155, 60 ‘C 15s, 72 C 30s, & 40 %; BhJ5 95 C
5s, 60 C 1min; ffaTHEZE 95 C, #74E 15s. Y B IALE RGN SYBR %6155
BRI B =AM R ER
1.3 HESEREEFEN EFUF

FEEUAIAR b 132 DNA 43 5 FH T #E [ 40 1# 16S V3~V4A XA E B ITS1 Xk 1T 2 K
S S S R i 16S TrRNA & ) V3~v4 X ff A 51 ¥ 338F

(5-ACTCCTACGGGAGGCAGCA-3) #1 806R (5-GGACTACHVGGGTWTCTAAT-3) i
AP0, B TS XS B4 1737F (5-GGAAGTAAAAGTCGTAACAAGG-3) Fil 2043R

(5-GCTGCGTTCTTCATCGATGC-3") #E4TH 418, Sr Fe ki i alifh . s B AARIELL,
DL JE 2 1 ENLIN AR IR AR VE AR A A R 2 511 lumina MiSeq “F & Eif47. T
PLEY R GG E AR 5 QUME2 844 12E4T 73 A, M FH DADAZ Fififf 5 B dm dh AT o, 2, K
MERRSED, BEE, WRBIRFHSEET 87 F5AE (ASVS), FHEH SILVA %k
JE (A 138.1) AT RIS IR % ASV I 2R(5E., AERIT) ASV B2 R AL J5 217k
W2 REE AT,

1.4 RS

RN P12 A ASV B, HEATREM Z . 38R (PCoA)
T RRFEARB AR 2R, BWZRNETTZ7H (PERMANOVA) LLAARIME 73 #r

(ANOSIM) FH LUK TG4 ) e 22 S i BB PE, ¥i@i RIES (A 4.0.2) 1 Vegan Ak
17. HEKE. FHLE. LMHENEM T L EE R 1ES AIH ggplot2 f8RHl. et 73 3%
B0 (Linear discriminant analysis effect size, LEfSe) FHT- 48 5 B 0] i < 22 W,
HRZ OB AR 0 531 43 M7 73 B (Linear discriminant analysis score,  LDA score) fH LLEAL4)
FEEAR[A 2 a) 22 5 A i M, BRE BN 3.5, £ R &S A microeco W4T, 14
Cytoscape (R4 3.8.2) HEATHIM N 45 4 L B B 4 i AT A4k, FH DL IAS R AE P 4H ()
K ASV.

TAEP R SL IR 2% 53T 7 Cytoscape 7148 FH CoNet Jifif1ia 47 o #-4l1~F J B 48 B A
ASV B R A, REMXFEE KT 0.05%1) ASV BHATHHI M 0T . FHoMETHE T ik
P R 2 (Spearman), FHICHE r B{EE N 0.7, B3 P HE N 0.05, HriEJrieRkH
Benjamini-Hochberg 7772; . 115045 21 (1) S0 9 26 7, 35 B H 4 1 5 B B 1 A R AR 1
19 241 TR —E o HAE LI~ 2% . 132 I 25 5035 A Gephi (AiiAS 0.9.2) 8 A-#E4T P AR
. W AERIINEMEE R &S THAIH psych A1 rnetcarto fiE i AL N @B (Zi) Al
AP (PD ATV, a4 25 Mg (Zi>25 HPi>0.62), #
Herput s (Zi>25 H Pi<0.62), #EERAT A (Zi<25 HPi>0.62) fI4MHEY A (Zi<25 H
Pi<0.62).

2 4

2.1 BEMBERRSERRAEMERESSNEMSER

gPCR 45 5 B, i A1 i B 25 i AR o o A7 721X i B Rallstonia solanacearum i & 17 7£
BEZET (Student’s t-test, P <0.001, &l la). HPRA T, &Fibrti#hreE 10° £ 10°
T AL 2 UL, TR BOR S T R BR L3 b UAE B 4 107 BRI M . BEVE 2T 0
Vit Z R (B 1b) R, 4HEARTEE (Shannon index) 7 i FE AT AR br 5 25
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T HAE R ARPR (P <0.05), MHEEYMFEERE (Richness) JUI7EHE 2 i HR b i
ZHm (P < 0.05). PERMANOVA FiI ANOSIM 43-#7 BL K 3T+ Bray-curtis #5525 (1) 20 5 #E7%
PCoA #53R (kK 1, B 1c) R, A58 R A A P M Br 4 o BE VR (A 3 2 7
(PERMANOVA #3648 118 F. model = 3.779, P =0.001; ANOSIM #5411 R = 0.458,
P=0.002), FERTES —FEAAbRE > (PCOAL, fRFERE: 26.8%) LASE| THIRMIIX /7. 45
IS b, TR & AR bR T AR FE T 1] (Proteobacteria) AHXS =5 6 (i 2 v T {a FEAR B,
T i AR B (1) i 26 16 1] (Actinobacteria) #2754 1] (Patescibacteria) « 55 1 ] (Firmicutes)
LB (Chloroflexid (AT KB R (P<0.05 K 1d. fEEKY L, %
SR 57 7K IG TR @ Ralstonia 75 HERAR Fx 5 48X e 3%, 1 i AR FxHH 1) Saccharimonadales. %
HIFFEJE (Bacillus) FI% KAFEJE (Chujaibacter) FRIAH®TE BN G35 5 (P <0.05).
T, X T L RRI AT, M0 AN {g R (1) 25 AR B v 18] JC i 3% 22 5% (F. model = 1.389, P = 0.195;

R =0.054, P =0.172), # i ANGELE PCoA K733 1 X 4 (& 1e). fEE B AFIE 2L L,

17K F ELAF 2R ] (Ascomycota) N, B/ EMILLIE 458 (Purpureocillium) Al
WeIIw R (Fusarium) A3, (HRESARSFROK, 7EMRFIERIRPRH LR %% (P> 0.05,

Bl 1), FIRZE SRR, AT A & A 1 UG R bR o V& PRl 2 FEPE R R R B3
SO, TN B RN, AR AR YRR 2 R R2 e E

a) :; = b) * HE9ER Diseased rhizosphere "fjlé {#EifiLfr Healthy rhizosphere
Iy P HiT# R. solanacearum . o - . . . .
g = i Bacteria U Fungi 4i]1%] Bacteria JLI# Fungi
s 5 3[ pooos P<0.05 Vol peoos P>005
29} ns * o %* ns
=2 . o 2| e | B 1"
By P<0.001 g L  E= &
59 Phiry £2 .- N .
58, i 1 1. . i
= § £a g2 1 A .
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PCoA1(23.2%)

Diseased rhizosphere Healthy rhizosphere

Diseased rhizosphere Healthy rhizosphere

VE: “R7, wHRwr ok Sy ROR 2 SR IG (Student” s t-test) BUEEEME P fE/NT 0.05. 0.01. 0.001; “ns” FRERAR

B2, P AT 0.05. FH. Note:

Wk

gk , and

Codexek?

indicate that the significance P-value of Student’ s t-test is

less than 0.05, 0.01, and 0.001, respectively; “ns” indicates a non-significant difference with a P-value greater than 0.05. The

same as below.
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B L FE S5 A R AR B O AR AL R I A5 M SR R (e FET MM R AR D R,
solanacearum (& b. R FIE R AR PR A EMAEN o 2R (B8 EMER IR0, B
A B AARPR AT (o) FIEEE (e) BEE AR (PCoA) ; FEMANEBEE AR PR 4R (d) FIE

(F) HEVERI S8 AT 480
Fig. 1 Differences in the structure and composition of bacterial and fungal communities in the rhizosphere of diseased and
healthy tomato plants (a. The gPCR amounts of R. solanacearum in the rhizosphere of diseased and healthy tomatoes; b. The o
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 (c) and fungal (¢) 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)
* 1 BRMERENRFAEMEFERENEZMHERRY
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
4HE Bacteria 3.779 0.001 0.458 0.002
E& Fungi 1.389 0.195 0.054 0.172

E: “PERMANOVA” Hl “ANOSIM” 73l 3= B #2077 220 i AAR AL . F. model A1 R 2 H T 4 ) 22
SN TN Z R BE RS HE. 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.

P A E R A, BT MR AERIE (& 2a) KL, HETAR PR T AR P
FF1E 5 2 K7 5 Proteobacteria | 1#] ASV, ¥ k3 327 A, ifif@HR PR Proteobacteria |1
FIHEF ASV LA 152 4~ M, Actinobacteria HRE S ASV MIZE{# FEIRPRHE £, F71E
1914, T HAERRIR PR ) 52 4. LEfSe 7B A R AAE R (B 2b), HEmtRbrraE 4
1 Proteobacteria [ A& . & (¥, 1 e HEAR B ob s S 40 5 0 LA Actinobacteria A1
Firmicutes Sy 3.
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J
imonadetes (15)
@ LA
(19) Others (38)

Diseased rhizosphere

b)

5125 Taxa

n: o__Betaproteobacteriales
t: [ _Burkholderiaceae

c: p__Proteobacteria

g: ¢__Gammaproteobacteria
w: g Ralstonia

a: p__Actinobacteria |
d: ¢__Actinobacteria

k: o__Chitinophagales
r: f__Chitinophagaceae
o: o__Xanthomonadales
b: p__Firmicutes |

f- ¢__Bacilli

m: o__Bacillales

h: o__Frankiales

x: g Chujaibacter

s: [ Bacillaceae

v:g_ Bacillus

i 0__Propionibacteriales
p:f_Nocardioidaceae
u: g__ Parafrigoribacterium
e: c__Chloroflexia
I: o__Thermomicrobiales |
j: 0__Pseudonocardiales
q: [__Pseudonocardiaceae

W R

Diseased rhizosphere

W HHR bR

Ilcallhy rhizosphere

T4 ] Actinobacteria

) 1 2 3 4 5
743 %X Linear discriminant analysis score

P 2 R 5 (e R 001 A o 20 T O S 0 R e BRI 22 5 (. A 5% =15 SR s R MM R 2 AR s o
ARG D. RIS oA (LEFSe) Joms F i 1 i HE 25 40 A o o ) e SR 4 7))

Fig. 2 Differences in specific and enriched bacterial species in the rhizosphere of diseased and healthy tomatoes (a. \Venn network

AZFZ1# 7] Proteobacteria etk 3515

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)

2.2 REENREIRRIRFERNFEENESA

POtEE (qQPCR) AR LB, FEI F AR B o O 20 1 e B0 5 {35 AR B A L
TR # %R (Student’s t-test, P > 0.05, & 3a). SAMBEAI, F B AE R iR br (1%L
B SR T AR AR R R (P <0.05). IhAh, BRI AA4A (P <0.05)
AR A AR (P <0.01) {ERRE AR Wb T (R AKT, BET M REE R
br (B 3b). FR&ERE, EFMEPRET, WREEHSEHEEMAEFSZR T — ek
FERIBR Ao 3E— 200 Wr BB BB A AE B A A 5 R B e (- 300, RILENIH S5
REEE R BEN IR, A RMES M8 0.379 (P < 0.01) F10.523 (P < 0.001),
X 3 B T R B 1 NAR A B B A A7 2 TR BRI 1 2R A
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2.5
' L ' L
o HERARBR  fRERER o TRWRBR  fEEERBR
Diseased rhizosphere Healthy rhizosphere Diseased rhizosphere Healthy rhizosphere
C P s ke ek o
) Jou D - ST BE P B - SR A AL
Pathogen-Fungal abundace Pathogen-Fungal niche width
® =]
8.75}

oo
n
=

20
¥
O

®
R=0523,P<0001® ® e
7 8 9 7 8 9
Lg i hi#qPCRAL it Lg i Hi i qPCRAEL it
Lg R. solanacearum qPCR amounts (copy-g') Lg R. solanacearum qPCR amounts (copy-g”)

B3 A 5 i B AR PR I A ) P2 5 A A 22 57 (. RBP4 1 1B 141 1) qPCR K
b. T A1 R 2 i K o o 3 BT (0P A 2 o7 B BE AR A B2 A A B 15 s ¢ IR T qPCR #i 5 BT gPCR
K AN AR S5 R A 98 L A AR 5D

Fig. 3 The difference in microbial abundance and niche width in the rhizosphere of diseased and healthy tomatoes (a. The gPCR

8.00f R*=10.379, P <0.01 L]

Lg FU#qPCRE
Lg fungal gPCR amounts (copy-g™)

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
gPCR amounts and fungal gPCR 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
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connection types (bacteria-bacteria, fungi-fungi, bacteria-fungi) in the overall microbial networks in the rhizosphere of diseased
and healthy tomato plants; e. Sub-networks 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 sub-networks 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 sub-network (a. Taxonomic composition of

bacterial and fungal nodes in the bacteria-fungi interaction sub-network in the rhizosphere of diseased and healthy tomato plants;
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Changes in the abundance (Z-score) of nodes attributed to different bacterial (b) and fungal (c) phylum in the bacteria-fungi

interaction sub-networks 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 gPCR amounts in the rhizosphere of diseased (a) and healthy (b) tomato

plants
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