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Abstract: [Objective] The interrelationships within soil microbial communities play a crucial role in maintaining
plant health. As an efficient ecological regulation measure for controlling crop soil-borne diseases, the impacts of
reductive soil disinfestation (RSD) on the interrelationships of soil microbial communities and its contribution to
plant disease control efficacy remain unclear. [Method] Based on two field experiments, this study systematically
investigated the effects of RSD on the intra-kingdom and cross-kingdom interactions within soil bacterial, fungal,
and protist communities, as well as the associations between community interactions and tomato growth. [Result]
The results showed that compared with the control, the incidence of tomato bacterial wilt significantly decreased by
90.3% after RSD treatment, while the shoot length of surviving plants and tomato yield increased by 13.5% and
57.4%, respectively. RSD treatment significantly reduced the diversity indices of soil bacterial and fungal
communities, and significantly altered the community structures of bacteria, fungi, and protists. The microbial
groups enriched by RSD treatment included the bacterial phyla Proteobacteria and Acidobacteria, the fungal phyla
Ascomycota and Mortierellomycota, and the protist groups Rhizaria and Archaeplastida. Following RSD treatment,
the total cohesion within soil bacterial communities, protist communities, and cross-kingdom communities
significantly increased. Correlation analysis revealed that compared with community diversity and compositional
structure, the total cohesion of bacterial communities, bacteria-fungi communities, and bacteria-fungi-protist
communities exhibited stronger and more stable relationships with plant disease incidence, shoot length, and yield,
and was significantly negatively correlated with plant disease incidence, and significantly positively correlated with
yield and shoot length.l Conclusion ] This study highlights the critical role of bacterial and cross-kingdom community
interactions in determining plant growth and provides new insights into the disease-suppressive mechanisms of RSD
treatment.

Key words: Reductive soil disinfestation; Facility cultivation; Continuous cropping obstacle; Soil-borne disease;
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1 MRS

1.1 R

H AR TR )1 (YC) FIRAE (WZD) Tl KM b gk AT, 352870 23 0l g E A - AN
A5+ 3% pH 539008 7.98 A1 7.84; H ML 738 19.6 F112.1 g-kg!s BE A 2.19
1.61 g'kg'e RSD ACEEAPELNH REGIRE R Y0bEky, HANR S BN 3478 gkg!, 2AEGE
N 16.8 gkg'le FAKMIF K E CK Ml RSD A4bHE, AEANGEE 3 ANEE/RX, FAVNX
150 m?. 2023 4F 7—8 H & RSD AL, FHky LA 3 t-hm? A I &t A\ L35, HERE 4%
KA, B S A P PSR 7 A SRR (R 0.04 mm) FF4ERF 25d. ALBI[EIFA
Bl 2 22~38 °C. PRSI R PR, LIERIBHRWG 5 d JEME & R 6 %), H
FUKNEEHE. 2024 7 1 HGHERAKHE . RIWEN7E, JFRELIERN . BN DXCRE
10 M HIEFER S A A EE.
1.2 13% DNA RV SMEMEE S

FREX 0.5 g it +, FHIRX7 & FastDNA SPIN Kit #2513 5 DNA. Jiif5 DNA # 5 K
FERATREZ DS-11 EE /OB T, b E T-80°CUkF R F A H . KM QuanStudio
3 Real-Time PCR system X} T340 . R BRI B JE R8T DAL B 57 7R IR gk
fTEESN, MT EEY% 16SDNA (Eub338F/Eub518R). E# (ITSIF/ATS2R). Jfi%
J] (ITSIF/AFP308R). J& & #kJI# (ITSIF/AFP346R) DL K TkE424% (ST-RSIF/ITS4R)
ITS JEK FI 5 R 1 444 2 IR SCHR[15-19].  SJERFIP B R N T 90%~110%2 7]
1.3 TIEFMED SN FE R TE

5 W XK H 515F(5'-GTGCCAGCMGCCGCGG-3") Al 907R  (5-
TACCCGTCAATTCMTTTRAGTTT-3") . ITS1(5-CTTGGTCATTTAGAGGAAGTAA-3") #lI
ITS2(5'-GCTGCGTTCTTCATCGATGC-3") . FWTAReuk454F(5'-
CCAGCASCYGCGGTAATTCC-3")fl REVTAReukR(5'-ACTTTCGTTCTTGATYRA-3"5|#)4"
4T BEZH TR 16S tDNA. F I ITS BLAJFEAAEY) 18S tDNA 741, FH 44kt & AMPure XP
Beads (Beckman Coulter, Brea, USA) Xf ¥ 34/ =# it 1741k, JFH Invitrogen Qubit
Spectrophotometer ( Thermo Fisher Scientific, Carlsbad, USA) AT E &, FEiho 55 BE/RIE
A a7 EEEN . mE s FLE Ilumina Miseq ( Genesky Biotechnologies, Inc.) “F-& I
BT . FHLBEE 4% % NCBI, & 5% 58 PRINA1270774 . J5 46 83E S\ QIIME2( 4 2021.4)
HEAT AL BRI 0 AT o 6PN S AT VP4, IR DADA2 #ifE (A 1.24.00 XM &7
FVHAT L8, 2 AE R E A AT 22 IR AR i 118 7 5128 5 CAmplicon Sequence Variants,
ASVs). 439|%ET Greengene. Unite fl pr2 s FEXTANTE . H A EAEY) ASV HEAT 03K
FERE. KH R 8t “picante” £ “diversity” BRETTH %A Shannon-Weiner (Shannon) ##
B, HTRIEBMEDZ R
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i R BAF (A 4.3.00 F1 SPSS (hiAR 22.0) BTG SRABSIAEA ¢ #5605t
RSD Ab P 5550} 2 18] 1) 22 e AT W5 PR A6, AT 201 (One-way ANOVA) fit 548
BB AR A 2 A A B A B I 22 e (0 R B, XUR R 7 2 40 AT (Two-way ANOVA)
THEAR BT AL BT Y TR PR AN GAE DRE 2 B2 . FE T Bray-Curtis AHAUPEREFE,
K H“phyloseq B 0T AE W V& S5 741347 2 4445 73 it (Principal Co-ordinates Analysis, PCoA),
FFF“vegan” 1B 1L & #: 2 [K K J7 2 53 T (PERMANOVA) ) #4722 57 38 & A 56 . 4 FH“ edgeR”
PR BT X IR AAL B 20 72 57 ASV 40T, 1BId “cortest” BT HAEMIMR . 7B KRS
A PIHFAE 2 (8] Y] Spearman AH M R %

RNEATEY BRI P A EAE S RS, MA@ Bl RAEEVRIREN R

(Community cohesion) #EAT 151200 15 ST I M0 F= /N T 0.02%0K) ASV Bk, 15
R ASV i) Spearman AHICVERIE; i idh 428 il A8 B ARG WA (] IR AH DG EA T A%
THAF B FUIAE S HE 4, 4 52 BrobH D% 14 0 o o 2 ER AR 7 2 1) UUIAH S MR R4S BB 1R 5 1)
FHIAERE . XA ASV 5 HAh ASV 2 [8] [ TEAH SCHN 87AH 5¢ Z 50053 0 SR AN f5 BT 35, AT
BEAS ASV BIE/SUEENME . 25 A ASV E s e LA 5, R 5 Ab s
B ASV ISR AH I, BIEENERT). iR AT
cohesion (j) = ) a; X ¢;
) Z

A, n AR j o ASV BIEEE, a AT i 20 il R @ 1 OTU LERETR H (RAH D 32 BRI 1
oei>0, MPYIENERT: # ci<0, WEATANR ). BEVE SN R JJAIE N B8 EUE S B 7y
AN-1~0 1 0~1, AHFFEH RIS A0, P i MO N R Ty, HHEZ EE
BRI IR IAEN R I EAE, FAEBR S, sy A B OC Rk

2 4 R

2.1 EYKE, FEMLSRE

WK 1a i, 5 CK ALFEM 170.4 cm A EL, RSD ACFH Ji5 95 13 4t 1 T Sk v o 5 3
£ 193.4cm (P<0.001), 3MEHN 13.5%. MHEZRTTZE/5 s, AT (P<0.001) AL E
(P<0.05) Fpfpkmr=E w3 sgm, (AL HAEM . 81 L2 RSD A8 5 3 Atk s
IR (16.7%) M REEE (10.6%) (B 1b). [FR, RSD 4bH 57 Hi7= 2 M CK &b
) 82.1 thm? BFHEME 1292 thm? (P<0.05), EFHEEEAN 57.3% (K 1c). 4T
(P<0.001) FIAIE (P<0.001) $ExfFAiy~ &= EREEm, RO (96.1%) %4 RSD 4
H 5 & A L IE B KT (38.9%) (B 1d). b4k, RSD AbHEE 2 (R 7 &K
RIFGZFE (P<0.001), M CK ALFEK] 32.6%F& % 3.18%, BifESUREZX 90.3% (B 1e). 4F Ty
FO B R R A R (P<0.001), WALEMIAEE, HNE LALLM, 58
X T AR I R 96.0%, #R)IHLX TR 85.7% (K 1),
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: a). c)fle) By CK 5 RSD &3 AR F HLE: b). d)FI ) B AP CK 5 RSD A FLUA & . WZ M1 YC &
FIFIRZEFRN] o *, *RFIR*0 FRIR P<0.05. 0.01 A1 0.001. F[Fl. Note: Figures a, ¢, and e represent univariate

comparison between CK and RSD treatments. Figures b, d, and f represent two-factor comparison of CK and RSD treatments in

two locations. WZ and YC denote Wuzhong and Yinchuan, respectively. *, **, and *** denote P<0.05, 0.01, and 0.001,

K 1 RSD ARBEXHHE K S P BATA I )

respectively. The same below.

Al

Fig.1 Effects of reductive soil disinfestation on plant growth tendency, yield, and disease incidence

22 HIRMEMBEREE o 70 p SR

H2 1 Al A, A ECE R A IO R A B2 R O 35 72 e, SR A8 135 RSD A3 5 5
AR 2 (P<0.05) =1 CK 4. ARAPRITTE - 5 K 9l 7] B SO AE A R AL BR8] 2 57 8

HPA X 13828 RSD MBS R EE (P<0.05) PG, RATHERMBRIIE . JE &

PR 2 M BRI 96.0%A1 91.9%, AR HIE 3T FFAR 98.3%M1 99.6%. #ATM, Hift5 /K

QB %= 7E CK M RSD A FRAH R TE 2 % e

R 1 CK #0 RSD L HIRPYE, HERKEENE
Table 1 The number of bacteria, fungi and pathogens in the CK and RSD-treated soils

Ab ¥ 4l Bacteria B Fungi RARIIE (FO) BRI (FS) Ak /RIKHE
Treatment  /Ig(copies-g’ soil)  /lg(copies-g” soil)  /lg(copies-g” soil)  /lg(copies g soil) (RS)
/lg(copies-g”! soil)
WZ CK 9.84+0.04a 8.83+0.12b 7.05+0.33a 6.18+0.42a 5.02+0.44a
WZ_RSD 9.96+0.09a 9.31+0.12a 5.49+0.67b 5.19+0.06b 5.05+0.06a
YC CK 9.91+0.01a 8.66+0.12b 6.35+0.22ab 6.51+0.36a 4.63+0.03ab
YC RSD 9.77+0.19a 8.75+0.06b 4.31+0.63¢ 4.06+0.48¢ 4.29+0.05b

VE: F—SIARENG FRER R Z 7 52 (P<0.05). FO. FS. RS 4N Fusarium oxysporum- F solani F Ralstonia

solanacearum. Note: Different letters represent significant differences among the four treatments at 0.05 level. FO, FS, and RS represent

Fusarium oxysporum, F. solani, and Ralstonia solanacearum, respectively.

ACERRT FE A0 . BB AR AE AEY) Shannon $8 507045 R K B, RSD AP R (P<0.05)
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A T 4HTE 1) Shannon 1840 (Bl 2a). WHZE G ZoHRH, f1E (P<0.05) Fib#E )y
(P<0.01) #JXF4HE Shannon FEECH B3Es2m, HMHBA L HAMN (P<0.05). HeRE
+ 1% RSD 4b# 5 Shannon ¥E &K 7.27%, TR EETLEEES (K 2b). EE Shannon
fR%4 RSD A5 iR ZF#IK (P<0.01) (& 20), frEXTHICEERm, (HAHE T 25 m
BONRZE (P<0.01), HPi#EREARERN (P<0.05). RSD 4 5411 -3 H % Shannon
FRBFRAR T 39.3%, RAAHIXAHEELEEZER (B 2d). 48 F, RSD A EEZ0m 141
PR TR 1 Shannon T84, (E SR AR RS TE R E 2 (] 2e. B 20).

PCoA £5EH, 5 CK ML, RSD AP MR T HIE4E (R=0.25, P=0.006) Al
HE (R=0.26, P=0.004) HIFEIELEN, HAREMXGMAEMBESWER D, W THEF
%, PCoA1 1 PCoA2 737l fifkE | 41.9%H1 23.9% I HF &AL 5+, Elﬁy@tlﬂﬁ%ﬂﬁﬁ%%? 34.3%
AT 26.2%HI #7442 5. PERMANOVA &5 5K H],  AbFE )7 20 R AR AR W v S 1) 06 3. 35 5 i)

(R>=0.18, P=0.07), {H CK 411 RSD ZH7E PCoA2 A7y &iadhy, XA —EfE _ERSRA
() A ] Ji AR A WA I 5 AL 7 A T R

s ; IR i
2% Bacteria FLI# Fungi J5AE A9 Protist
a * Cc * %
) l— ) 5.0 C); 4
» 6.8 o
3" | macen| | 45 <5
S 2
§ 6.6 = 2 4.0 5.0 T
g O
=
b _ 3.0 4.6 s
2 62 A=
W 25 4.4
6.0 2.0 . 42
CK RSD CK RSD CK RSD
4b P Treatment 4b3# Treatment 4bFE Treatment
b d
) 9T B P-0.014; ALFE: P-0.004: ) 6 i p 0940 438: P-0.003; D 6 . p-o.s32; aba: p-0.89s;
g 8 FLE XALH: P-0.047 i : (o X 4 FE: P=0.017 B X 4 FE: P=0.149
K 5 "
2 7 st
g 6 4t al
8 5
7] 3 3}
fé 4 g
| o3 2 2
V] 2 st
w2
1 1 !
7 - : RSD ¢ - 0
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i osf 1 04t .
025F 4 ﬁ 1 1
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A
= 1 = 4 ! e 1 80
S 000f-==-==-==- mmm————— S H X 02 !
— o oo =-=-======L -4 < ] 1
o s o '8 % e 1
) | o 1 =
g g ’ :
2 —-0.25 | : :E : g 00 ======= :_ _______
S ® YC CK ! g So s 3 !
& A YCRSD | &2 : & A ! A
0.50 [ O wz CK : i 0.2 N : A
A WZ RSD ' 1 1
1 1 1
1.0 05 0.0 0.5 1.0 L5 1.0 05 0.0 05 1.0 1.0 0.5 0.0 0.5 1.0
PCoAl (41.86%) PCoAl (34.34%) PCoAl (37.97%)

" Ela). o)fl )y CK 5 RSD Ab#LZ [MI SRR I B b). d)FI D) Witth CK 5 RSD A F & H: B g)v hyFl )5
FNANTE . B AR A ALY REVE S5 T Bray-Curtis Bi 251 E AR 17. Note: Figures a, ¢, and e represent univariate comparison
between CK and RSD treatments. Figures b, d, and f represent two-factor comparison of CK and RSD treatments in two
locations. Figures g, h, and i represent the principal coordinates analyses of bacterial, fungal, and protistan communities based on
Bray-Curtis distance, respectively.

K 2 RSD AbEEXS IR . H AR A 2EY) alpha J2 beta Z £ R

Fig. 2 Effects of reductive soil disinfestation on alpha and beta diversities of soil bacteria, fungi, and protists
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23 TIRME. BEEMEEEYRITEEM

Jiie 1A R BERT 0.02%0K) ASV Z3#ft CK Al RSD AL B [A] ¥ 22 R il A 2Rt &
iy, A 619 MNHE ASV. 147 DNEE ASV Ml 197 MEAEAEY) ASV FlTiZ0 4. 4557 %
B, RSD AbHE 5 iq4s 7 HIRBUAEMBER R ASV 4. HE 3a ml A, PN Rk 35
W CK & R ASV H 162 4>, RSD BHENIA 147 > Her, #1135+ CK M RSD &
EMIGHEE ASV 43508 187 AN 178 4, REE+IEHA 180 M1 158 4. CK M) ASV H
Proteobacteria (27.2%) #1 Chloroflexi (24.5%) JNAE#T], 1 RSD AbFEEAR T R4 1 2H.
%, HPTE%4 ASV i Proteobacteria 7 LA T Lt (36.4%), 5 Acidobacteria (27.2%) —
[ %A RSD B4 ASV i #17 (& 3b).

WK 3¢ fizr, SEFER)IEAR 3% CK 1 RSD & HEMIEE ASV 2904 74 /Nl 35
A, CK BEEMERERBEL . H, W8)I11+3% CK E4 61 N HE ASV, RSD &4 354,
R4 CK ATRSD & # M EH ASV 2349 31 Al 18 . CK & 4 EL I ASV ' Ascomycota

(37.1%) #1 Basidiomycota (20.0%) AL#HKEHE, RSD 4P )5 Ascomycota. Basidiomycota

{525, {H Ascomycota $U & i 3% L7+ % 55.4%, Basidiomycota % 4% 1.08%( & 3d)

WKl 3e Fron, Witk gd CK &R EAEY) ASV £T RSD, 40514 61 F1 30
Ao Horr, HRIHIX CK =4 66 1, RSD B4 50 1~ ASV, REHLIX CK M RSD 737l & 4
42 F1 43 A~ ASV. MR35 =0 s 2 IR AR AR VDR B T K 3R S Lok E, CK B8R4
W) ASV H, Opisthokonta (36.7%)+ Stramenopiles (13.3%) I Amoebozoa (13.3%) Al
A . RSD 4bFE 5 Opisthokonta (37.7%) {35 A3k, H. Rhizaria (23%) FI Archaeplastida

(11.5%) AR (B 30,

CKEHASY RSDSEASV
CK enriched ASVs RSD enriched ASVs
) i ) — €) e
| =
E =
-— _ _ - = ] L5
«( i M . mam BIEE T |
5 = ) — & =
g B £ ~ E 0.5
= — =
2 E ”._‘. = - 0
@ = #53 _‘kH = -0.5
SN - s =
B — — E‘ ] 1
E = ———— I -15
= =
= g
=NUE C > =N ; =NUE C 5 j
z 3;2 CK RSD CK RSD Z 5%_/5 CK RSD CK : RSD Z 3;5 CK P{SD CK : RSD
= YC WZ ) YC WZ z YC WZ
o o o
4% ("] Bacterial phylum FL#[] Fungal phylum [ 44 4117] Protistan phylum
mm [ Thermi] mm Acidobacteria g Actinobacteria i ootz sidi cota Alveolata B8 Amocbozoa Archaeplastidz
B Armatimonadetes Bacteroidetes Chlorobi EmAscomycola SmBasidicntyCot m—alveo d 5 X K_ ‘“_p e
i Chloroflexi Cyanobacteria s Firmicutes mMortierellomycota m Zoopagomycota Hacrobia = Opisthokonta Rhizaria
mm Gemmatimonadetes w Nitrospirac g OP11 s Others Excavata 8 Stramenopiles MM Others

Planctomycetes  mm Proteobacteria . Spirochaetes
™7 WS3 B Others
1.9%

CK#EASV RSDHEHEASV CKEHEASY RSDEHASV CKEHASV RSDE HEASV
CK enriched ASVs RSD enriched ASVs CK enriched ASVs RSD enriched ASVs CK enriched ASVs RSD enriched ASVs

v B a). ol e)sr 5l hrE CK R RSD AbFEIAI BA B35 2 A . BB AR A A4 ASVs: B b). d)FI H53 518 CK M
RSD JiTE % ASV 7E 1 T/KF LMl . Note: Figures a, ¢, and e represent the differential bacterial, fungal, and protistan
ASVs between CK and RSD treatments, respectively. Figures b, d, and f represent the proportion at the phylum level of CK and
RSD enriched ASVs.

3 CK 5 RSD AbH I 2 i L 6
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Fig. 3 Differential microbial groups between CK and RSD treatments
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WET) (P<0.001) PLRAE-FAEAEMR IENE ) (P<0.00D). [HNR )| (P<0.01) LA
%71 (P<0.001) 4 RSD B3 RE TS, HE-EAEMIENE T (P<0.05) FLE N5
71 (P<0.01) R ZEFE. AR, RSD AFENT = S A 8] 7 N 3R 0 B3 52 m,
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YR EET CK Ab#E,

2 TEWMEVEEEARA. RRERAL RRARAORIGAR:ENES

Table 2 Positive cohesion, [negative cohesion|, total cohesion and [negative cohesion : positive cohesion| of soil microbial

communities

WERTIHE% e
Cohesion index Treat B F p BF BP FP BFP

ment
IENEN CK 032b 039 03% 074b 0.72b 0.76b  1.14b
Positive cohesion RSD 0.36a 039 042a 0.82a 0.78a 0.81a 1.23a
k] CK 024 020 023 047 049 047 0.70b
[Negative cohesion| RSD  0.27 0.21  0.26a 0.53 0.54a 0.49 0.77a
SNEN CK 056b 059 06lb 121b 023 1.23b  1.84b
Total cohesion RSD 0.62a 0.59 0.68a 1.35a 0.24a 1.30a 2.00a
|74 5% J3: IE 9 5 )| CK 075 050 058 063 0.68 0.61 0.61
[Negative / Positive cohesion| RSD 0.74 0.53 0.63a 0.65 0.69 0.60 0.63

i ANFEVNEFREER CK 5 RSD ARFHA| B B 255 . By F AP 0 HICEME. EEMEA LTS . Note:
Different letters represent significant differences between CK and RSD treatments. B, F, and P represent bacterial, fungal, and
protistan communities, respectively.

25 WMEVFHESEYLZRE. FEMERSHHERMNE

i P 4a A] %0, B AI B 1) Shannon 2 A SR = 2823 (41 P<0.01; HIH:

P<0.01) 7, HRFHFEREZE FMIE (4IE: P<0.001; HE: P<0.01), {HFEAEDN
Shannon £ AEPE 5 H I B E A . 4 MR AEEM ) PCoAl Fl PCoA2 Stk IR R A
HEGRICEL, HEM PCoAl 5= & B3 fAHK (P<0.01), R LIBHAYZHEERNRTE
gifgemn THEYERK . ERERIE, MAEMBR Z MR Z TN R e 5/ Mm%, bk
A A AT R A SRR E (B 4a). N 4b-F 4d AToR, S 40 - A AN B - R - IR
AAEDREN RS FEM RO R R EE AR, S ks 2 B3 G, RFFMK
TR PR R A R B AN B RN R A - B S SN SR R R
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i B a)RoRE T spearman AL S BT A R IRAUE TR SHEMIA KRS RISREE .+ FRE R4 IR P<0.05. 0.01
F10.001. B, FAIP HHCEME . AEAEAEWRYE. B b). ofl d)FHFERMFEEE (B). E-HE (BF) M40H-
HE-FAEEY (BFP) BATEE S AR SISHEYERE (b, & (o) ftkE (d) [N, Note: Figure a represents the
relationships between microbial characteristics and plant performance based on spearman correlation analysis. *, **, and ***
denote P<0.05, 0.01, and 0.001, respectively. B, F, and P represent bacterial, fungal, and protistan communities, respectively.
Figures b, ¢, and d represent the effects of the total community cohesions of bacteria (B), bacteria-fungi (BF), and bacteria-fungi-
protists (BFP) on plant disease incidence(b), yield(c), and shoot length(d), respectively.

4 TRAEVIRAE SHEYIIR A PRI S K ORI

Fig. 4 The correlations between microbial characteristics and plant disease incidence, yield, and shoot length
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