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Abstract: Against the backdrop of global population growth and environmental changes, intensive agriculture under
continuous cropping systems has exacerbated the frequent occurrence of soil-borne diseases and continuous
cropping obstacles, while traditional chemical control methods are increasingly incompatible with the demands of
green and sustainable agricultural development. Healthy soil serves as the foundation for crop disease resistance and
stable productivity. As the core microdomain for “soil-plant-microbe” interactions, the rhizosphere relies on the
bidirectional dynamic and synergistic regulation between the rhizosphere microbiome and root exudates as the core
intrinsic mechanism of soil-borne disease defense. Root exudates directionally regulate the functional gene
expression of the rhizosphere microbiome through specific signaling molecules. This can either drive the enrichment
of beneficial microbial communities and the activation of disease-resistant functions, or selectively enrich pathogens
to form malignant interactions under continuous cropping conditions. In return, the rhizosphere microbiome feeds
back to plant roots via metabolites, optimizing the composition and secretion rhythm of root exudates, and together
they constitute a dynamic balance network of “beneficial interaction-malignant interaction”. Soil physicochemical
properties such as texture, pH, and organic matter content play key mediating roles in this process, directly affecting
interaction efficiency and disease control effects. This review systematically summarizes the core pathways of their
synergistic disease resistance: root exudates directly inhibit pathogens or directionally recruit beneficial
microorganisms through “concentration/type-dependent” mechanisms; the rhizosphere microbiome suppresses
diseases through multiple pathways, including direct antagonism, nutrient competition, immune activation, and
autotoxin degradation. On this basis, the paper synthesizes technological innovations such as the construction of
synthetic microbial communities, optimization of agricultural practices, gene editing, and synthetic biology, and
analyzes the current bottlenecks in the field promotion of these technologies. The study proposes that future research
should focus on constructing a “soil type-metabolite-receptor-gene” precision regulation network and establishing a
“short term-medium term-long term” three-level ecological risk assessment system. This study aims to provide
theoretical support and technical pathways for resolving the contradiction between crop productivity guarantee and
ecological security under continuous cropping obstacles, while offering references for the synergistic inhibition of
other types of plant diseases through rhizosphere microecological regulation.

Key words: Rhizosphere microbiome; Root exudates; Synergistic regulation; Soil-borne diseases; Molecular

mechanisms; Ecological risks
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1.1 RESINIHIER

IR R I RN 5 IR BB AT W 0 A IR R O, 0 BB 2 R IR L A LR S,
Xof A T R B XA R R, XA AR E A PE A U R IE R, PR ReE sz
T R RN T . HAZODPUR AR ANE: — & EIHDE R A K BT, MR
KRN, WTEEEE S (Methyl ferulate) P4 S 80 (A MH 255 25 (Phytophthora
nicotianae) e EACUTERL, FHWT ATP A BT RIR Sk 4 5 A7 081, 2R AR o) S Fa ik ) B
P JNE4k 7 (Fusarium oxysporum f. sp. niveum) 777E 3 BE AR E 0, 249K BBt 200.0 mg-L-
VIsF, 0 R B A 22 A K /b 83.0%~96.0%,  HLSE A FH T RIS, R R HE ST A
VDT PR IR G AR, TEA)SZ a5 WA NERS (g | SRR . WA (E 5 01, Il
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Eiﬁﬁ[l& 17—19]o

IS E 5 AV E B et PR SRS S B AR IE N . SREFA R, R WA TSR
REWIRGE T T, SRR ERRAT W RN, BRI R, SUMmm R R, M2
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5, ORI R B DR . (BAEEAR SRR T, AR I B 53 20 3 vl B9 o B PR R
YRGS, )& S AR S 1 A s R B, IR A U R E R E T
B IR BRI 2K
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Shikata g vE . T REURAH G R IR, 4 FE LS IR Y 2F fAF I (Bacillus methylotrophicus)
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(Pseudomonas syringae) Z3AIWy BE-1-F2/R (PCA) , AEAMH 8178 A5 5 5 3% i i A 1
(R. solanacearum) , [AIB XS K EEi B (Botrytis cinerea) A B[Rl /£ FHIEL

1.2.2 EFwg WY ke £ Plant growth-promoting rhizobacteria, PGPR)
A AR IO TR . A, GRS Fett, RIS AR 4 I R AR
B AR S, AN BT YRR EZ 400 1) i B A4 K B 0. 290, fi e 25 JIUAR B 1) SHA_26., Chaetomium
SEOL S R AT eI R B 7 S G BE 42 V4 1 TV 229 B (F. oxysporum f. sp. cucumerinum)
EATRI PR S R 2 R BRI, E SRS I R RS A R, RN R, R
1) B TR 25975 T 121

1.2.3 REEEE  WAEYEEEE ST RGP (SR) |« KFIER (Jasmonicacid, JA) i
S, WSRAEYN B B R SIERRBE T . BEVE HE R (Funneliformis mosseae) £ 7 Al
BRI EFA G, P R ATIR (A ARUTE B OB B s, i JA {5 Sl Eg h Sz R B [H] COll
(Coronatine insensitive 1) ik, W& FACHEM FEIH RS HEN FRA S
F KRR, RN AIEES (Rhizophagus irregularis) B I 0% DA 2K ERF3 R )%
ik, WEKZER (Salicylicacid, SA) 5 JA [& BT, 36558 58 256 VAL B (Rhizoctonia
solani) [P PERS, BhAL, EEVE %R (Funneliformis mosseae) R & H2 i A K B4
AL (Superoxide dismutase, SOD) . %Ll (Peroxidase, POD) . il%H (LA
(Catalase, CAT) ZEHrEfLBEIE I, AXUEMRBEARMYR/IE (Fusarium oxysporum) 12 4%
51 R K EIEPE% (Reactive oxygen species, ROS) , 3 PR B4 il 2297 1 & 0 261290,
1.2.4 BV EETIEPEENRFR. MBREMRIATOR, FIKERRE
R AEY A U R S R SR P . (AR B (Pseudomonas) T ik v RKIAMY IR i 2, 24
h P4 S 2K R P B 3205 78.0%~89.0%0%; (A e 2 /R {8 (Burkholderiasp.) S1 7rilt/K#
BRI ARG, FERACSRAT TR KB 1) P fif %2 n] ik 88.6%0%; Ji ik HL & (Brevundimonas
naejangsanensis) N8 wJ [ AR SRR (73.4%) FIAHER (83.0%) , FR G MEEARMHE %A
PR,
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Fig. 1 Schematic diagram of functional remodeling and soil-borne disease resistance mechanisms of the rhizosphere microbiome
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(2) WHEEAR: RIA “or e 5w I B — J5 B RO AR R — 0 A O AL I it
— P IERCE SR B R R EER, VRS T N B SRR R RIS SR T R AR R
o N AT ) BARRSTHOGE EAEEIR . stk RIEEAE, SRR P
RRSWYIATIES “ ARG G —(5 56 SR FWUE " 10 T4, MR uR
DIReBER (2R IE o G SR 2 43 WA AT s DLSie i 2 AT 1 (Bacillus velezensis SQR9) Hi4:
Bt IR ARSI R A ERD RIARY; HE RSB AMEE (P.spp.) Hik
) Tsr b 32k (g Ry tsr) Fpmthahia, BuEMN o K17~ RpoS, EimyBEHid:
FA IR phzA-G [ 5K, (i IR-1-42 % (Phenazine-1-carboxylic acid, PCA) &
W, PAREPIE A RN E (Ralstonia solanacearum) B, 384G WG & B4 538 i it
2, AV ESHURT 1.5%0, RASWYHEERITREERERIC CEEMAANL
JRFE R 720 Gk A 48h) , HIE T EUR B phzA-G K 1) R IE ER AR 78 24 T
F% 35.00; ML 5 E it A HLIE Gii &N E3ER R 2.0%) 27 H3EaPUR S &, M
YRR A O FO0 R A T ) R 4R P
AR B s A 0 2H T JE AR = P VR A AR AR R AR R, TRAGER R W L i
MBEJE (P spp.) BEEMEMERFRE AR LI, TG/ NE MYB #33H1, IR
AR MR TGIADEE R PAL IRIA/KT, (R EBERBRER & R, 13— P FH 354 %5 B & (Streptomyces
spp.) A WCEYD, T RIE RARTEIARO, A4k B 4% 1F K 5 H i A 22 #h 2 (Aspergillus niger)
LG RERR I S A0 fa B R 2 A 1) A 4 2Rl T R e b R R A R T, %
BIREE SR TR RIS B ARG LR SUTA 36k, 38 22 1 R Wl AT 5 1 48 S AR PR 8 1

(41 Rhizobium spp.) , BEMGIRME A ), XAMHIK T 3L L (Heterodera glycines) &4
[34]_

2 AR FWA SRR

2.1 ARMEEEWE

A A YRR (Synthetic microbial communities, SynComs) & A L2023 i B #f A i £
G, HMETFEMEEERTETT GUERERA TN T 10.0%)  ESMEA CEEHUHR.
A FROIEHThRE) SIS, (R “ 2R S IE IR LT, &2 R IR
Arsr, i FERTAU AR S MEAS RS, P b, R R 7 B S A XS ik
FIHBIR 72.0%B8, FEEFEZER L H SynComs fEHERMEEHUL S (VOCS) ¥ RIFHEM
38.0%P% 2 14.0%03%; /INZ2 ThRE PR 2H & AU A= Y& 19 0 23.006-5 AR 5 2% 65.0%149),
2.2 R LR BIFR

WG TR AR A HI S AR R A R it 5 7 SRR R A B, T
BRI R E DI SRR R R 6 57 PUMEEER)G, IRAR WY EIE
1% & PRI 40.0%~50.0%. KR (Lt %) SEA S, 2R EEEERE (P.spp) 5
AT (Bacillus spp.) , PEBE R A& FEAIC 60.0% LA, 55 B 7l /) 7 S FH 50
B3 EPXTRRAEANE, R AR MR E E  (Rhizophagus irregularis) 5@ (Bacillus
megaterium) 45, FEE PRI R IRER 75 WHE T+ 38.5% LLAE S5 A b fife ok B £ 2L
S AT 42.6%, —EUREHDGIE R EE R (FEERK 67.4%) , BiAuA 68.3%12; EAE
K MM “ Bt E R ZEH, BiERERRAE AR 12.0%, JEhH
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B IR HE R 5 28 B 1 40 AR T 40.0%, € MIFRSARE B (4R EE T 58.0%) , [H%(RE /13
9 (EMRE S EIRTT 25.0%) , KOG MFEL B AwZ M 38.0%[% 2 14.0%143], FoK—KEi[A]
PEH, TR R WA RIS )5, 50.0 ngmLLikIE T, &5 KO EM
T R B2 23k 89.2%. 78.3%, B 22 A KA 265y Hilik 76.5% 67.1%H41,

AW I R it P 75 45 A 39 pH VR s A pH<5.5 IR T IE 1 3R, it 2.0%(m/m)
500 “CHafil (1 /N2 A= i e 5o 2 At o A s B 4 SR B A 9 1 4R B FAIR 61.1%, ARIX 35 K
2P R A E S k> 49.2%F0 40.2%08); 7E pH6.5~7.5 HH LT, AUFEEA 1.0%

(m/m) FHIFERIAS ARV R, BRI AR PR ZF AT B . M B 8 = B2 il 3 1.5 1%
1.2 f%, FEHERAEXS B PR 51.7%09,
23 ERRESEREDF

SR Gn i 5 A A AN BRI AS  Bids AR 50 TR HE T . mibR/K
FEE Rl 12 B 3 K] OsSUT2,  mlfdiAR & 2 i) b 5 32 T+ 42.0%~58.0%, 7 ] & 4R 4R
PrEF#IkT )@ (Bacillus) 545 2540, FI CRISPR/Cas9 i Rmiifs# /MM &R B -1, 4-I1)
HIRPEBRESER (CsCELL) , WIPRMICRE TR 4G4k i id 5 H 4%, —i#d4hdt (Third-stage
juvenile, J3) EufFI T F¥ 27.0%1461,

TEFUAEN G A B0E R, BB IR 7= B R (A R 5 5 5 IR B AR AL R i Jlad
M Xenl FEREEESER xenM BT BL A0 RIS T Xen2, B iRl xenA 1) P43 385 3)
TR, BN 007 gLt 22 35 gLt Mud)a Xenl X B 5

(Phytophthora capsici) EHUMIRE (ECso) iK% 0.1 ug-mL-t, L4 i e 73 FH 8] B R

75.0%[71,

NI TR EEAS R A A5 T BOR B2 DR AR S5 BT 22 53, IR & BRIMZE R A 2 L K
M SEERBIHT KR G5 & A 7 =IO BRI R B RS RRIRE A TR 1.

® 1 EEREBESPITREARSER

Table 1 Comparison of characteristics of microecological regulation technologies for soil-borne diseases

FARER Bl R B FEMRH JR PR Sk ik
Technology type Core principle Main advantages Limitations and challenges
B R IRETE A NLHBED R EANGR, € FSRILPUR  DhEESEmTESR, wEmifh S rerisRmcARm, M

Construction of synthetic
microbial communities
(SynComs)
Ak Sz BH Innovation

of agricultural practices

FER S A A
Gene editing and synthetic

biology

It Artificially assemble functionally
complementary strains to directionally
enhance disease-resistant functions
TIERBR MR, Rk RAE AR A
Regulate rhizosphere microenvironment to

promote beneficial interactions

SE A SUE LR, Al 43 i)
ZH BB TR Directionally modify
plant/microbial genes to optimize exudate

composition or antibacterial functions

it Strong functional
targeting and customizable
design

BAERIME, BRI
Simple operation and good

environmental compatibility

FEHEERL  RERIFh
R4 Precise and efficient,
breaking natural species

limitations

FasE A2 High culture
cost for high diversity and
insufficient field stability
ZLHERTNR, FURFR
EME R A Greatly affected by
soil types and poor effect
stability

AR, BRI
i %5 Insufficient ecological
risk assessment and high

technical threshold
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3.1 IRERE(EHFINE X SEMAREE

T FAAEAE R KRBT E X — AR, T PO v 4 2% SR ey i 42
FARRCER . MR BsAZ O R A A AR TR T A Rp 2 PR S 55 i R R A A s — R Atk
JET, AEY— A B R A A AT M O D REAR AE P A T S P ML fe
1] SRR B b7 A S R TS AN W o e Ah, 20 B2 b A0 35 10 AR D P 4 FE BTL A1 1 2K B
W, IS ER-Tsr-phzA-G. FriERR-CitA-pvdA P 2k 73 8 P15 B JaiEHe-49,

FIRS TS PR TR REA AL . TR AS S WORMFES X S HOEH T REE SRR, &
W mt . pH S EACRRE R RIS RS, L0, R AR SRR, My IR
M — I B — A A B R BRI, ROR TS 2 AR, TRk S,
SENLINREFREN, WAEARIY) S 2 A A SR e, &M « BRI — U —2 4k
AR ZE AL R g e,

3.2 WA RN LN ARSI S AT FHERE

FEBARFACIZ T, 15 & AR 1l 2 A% T D A Gl E 50U A IR O, ARGtk
P AL FRY 7T o A B R R o 1 TR A ) 60.096 A o BAFP 25T % 0 R IR o, 5 )
M v 1 1 B 1 771 AR A AR o 3R O DR B 24 0 B F) R SR BB PR 7 00, R A A o A i e
AL G T Z A% 35.0% LA _EBY,  {H 75 fif i 26 s sk A N G S 1 il Al

A2 RS Al 1 2R R AL A A0 B R S 0 P 1) EEOK R AROR Ty i i —rh i —
K7 =k & J (1 ) WEY &, $EhRm S B A RERCR S R s B T A
T (34E) IBEARPR AT o ZREIE, BEOA 2t DhREE IR W35 TR KW (5 49)
R0 5 5] s T R ) 7T i DR B A A, S 33 AR BERR A2 ) (s A sh W sl D s
FEAEZS W

3.3 HIEHET BRSNS HE R X IR

TR B S IR S AR R B ROR IS E R R, B, A 2 A AT A A AR
(Salix spp.) MRPRAMERIREE BT w5 S SR N 45.0%, tHiE
B 2B - RERR I R R T T v, ELIR B AR PR e v Re e VB2, Dyt Re el ar kT il i
M SHEAL RS — B SN R 5, WIS HFHE G RS S H
WABZH, R BENUARAR SRR B R 1T I M 24 B B RE TR A, gy oAk 7~14 d 1
T3 R AE R SE R, FREER AN [F] L3 2 A 3 7 72 S A TR RU 0L R RS A B R R, S
IR RS T 5 B S B PR, TR “ S Ml — XURS: T — RS HE TR 27 A PH A B4R
Fp
3.4 BERBAMESMEMLTE

2 2 RO IR BESE SR AR PRI A A T S VAL 5 R AU I SR B« AROR 77 R e
“ERAR— R EM I B R A RS BRI R PUT PR AL oA
SR, BRI (1 TIO HE A 2R ST 2 85.0% LA L 1500, ik PR R R O HLERGEAR
& B EY A 50, K TR DhRERUEY), SEDL G 5 A — A BUm DI e
FRRSHERG A T3, it s Py BOR T FEASAUL - RO S5 K OISR o, SN B 8B BAAR R 700 Y)
MBS A Pk e B AR, O SynComs A5 1 T2 HE RO RS ) S 30 A i

4 75 1%

MRPR LS RIZEORR TG 2 IR AEAR” BRI, %O EE THTHEE
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VEEARMEA smi RYETAE, K EARREDEN “Hahin®” ¥m “ Eadbi” o 28Rk
HERE AR 2R 20 W S AR BBl AR A 00 P FLAE A4 e, BIAT B i 7 R 5k LA
HAR, S TBOKAT o B (A3 5 5 R A AR RAONE, Du B e RbS 3 5 N A% Lop JE SR 0
T ARGEBAR T 5 (HRPMEAES T RS2 LI F7 70 BERF ISR AR B (R Rl R 4%, A
SCRFEMR PR AZ O BAEHURI T SR BOR BIHT, R RS R LA 7 i) B RG Br A5
JREEWT ST P A AR, W C R —IRER— ) SRR R ISAESE. R
R MEERLBIE TE . SRR . A SV =I5 W R 1, JE N TR B R 5 & A 54
AREREERL &, SEOURPRMZED “Ehife. FaEdL” i, RS GRSk R AL
B S EGE s ANE N &
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