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BT R, PR R AR PR R A BT B R, RIRHRE TARPR S RS S AN, P2 T RBRHUR IR AEAHDCT)
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Abstract: [ Objective ] Salvia miltiorrhiza Bunge, commonly known as Danshen, is a perennial herbaceous plant that is a traditional
and widely used medicinal herb in China. Intensive cultivation has led to frequent outbreaks of soil-borne diseases, notably root rot,
which significantly limits the yield and quality of Danshen. [ Method ] This study compared the antagonistic abilities of four
Lysobacter strains isolated from the rhizosphere of Solidago canadensis against the root rot pathogen Fusarium oxysporum 220. To
identify the most efficient fermentation substrate for the selected strain, microbial solid-state fermentation was conducted using
tobacco stalk, rice straw, sorghum straw, corn straw, and Solidago canadensis straw. Based on the optimal fermentation substrate, a
bio-organic fertilizer (BOF) was prepared. Subsequently, pot experiments were conducted to evaluate the effectiveness of this BOF in
controlling Danshen root rot. Finally, based on metagenomic sequencing, the key microbial groups and functional genes enriched by
BOF were analyzed. [ Result ] The results of the study demonstrated that the Lysobacter enzymogenes strain Le395 exhibited strong
antagonistic effects against the root rot pathogen F. oxysporum 220. In the organic fertilizer raw material screening experiment, it was
found that the optimal fermentation substrate for strain Le395 was Solidago canadensis straw. In the pot experiment, it was observed
that the application of the BOF effectively controlled Danshen root rot disease. Compared to the control group (CK), the disease
incidence was reduced by 50.3%, and the disease index was decreased by 50.2%. Additionally, the BOF showed significant
growth-promoting effects. The above-ground fresh biomass of the plants treated with BOF increased by 163.1%, while the
below-ground fresh biomass increased by 147.0% compared to the CK group. Finally, gPCR and metagenomic sequencing analyses
revealed that the application of Le395 BOF significantly decreased the abundance of Fusarium and F. oxysporum in the rhizosphere
of Danshen. It also increased the abundance of Lysobacter and L. enzymogenes, while modulating the rhizosphere microbial
community structure and enhancing the abundance of disease resistance- and growth promotion-related functional genes in the
rhizosphere. [ Conclusion JThese findings provide a theoretical and technical foundation for developing an ecological and sustainable
strategy for controlling Danshen root rot using bio-organic fertilizer.

Key words: Danshen root rot; Lysobacter enzymogenes; Solid-state fermentation; Bio-organic fertilizer; Rhizosphere microbial

community
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PR S RE )5, FLRE 7> I 22 Pt Ak 28 ML A K i i
it 2 i I L BT R A0 BT 38 LA T TR ) e
BHAFTEE ( Lysobacter enzymogenes ) fE—ZEH %
AR AN A, T4 R R GUAE W By 4 ST 4 520G T
HL7E 1978 4, Christensen Fl Cook!'7£ 5 23 Jii [ by
WA R e R TP BEA AT, X R
A TR B - 98 v g YR 43 B AR A Y O B Tk 5 H R A
BRI RS HURE Sy, AT RO LTS E . 40 AL
HEZFHAY . Yuen PR EIRB LI, L
REAR BT I BEHA R 3.1T8 LI, nIAf
JRPEAEIIG B B P ROR A & 2 81%. EINIBETE
A UAROY 2 A PR 2 e ™ A AT TR
OHI11 , % I #k XJ I 3¢ W 2 4§ B ( Sclerotinia
sclerotiorum ). HZE KGR H ( Rhizopus stolonifer ).
BMUZ R ( Phytophthora capsici ) 1A JE 55 B
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m, F AR AN E 600 nm KR B OG
( ODgoo ) RIEF=“BHAFF BB A Wi, DR EERR ™ fiff
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WA MR E T, S BHE 2.5 kg LSS
D3 52 f R 3, KPS AR 3 4, e
X (CK). AHLEALEE (OF ) FAYrA HLAC AL B
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i 1% AHIE (ARRTRERA DS 1.5%) 54
Hk HIRA ML ; BOF: 4340t FH 3 ST & 1%
YA PUERSEE, HREE, Bk 7 d)5, R
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B 45 41 A SRR
14 BHEVRELIEELAXESHFERES
P2 DAk Bk BU . RREIRES, &
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1 DNA, e 0L (BE uv2401PC, H
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YR FaeF2 Ml FaeR2 ( FaeF2: 5-GGCATTTACT
CCGCCACTTG-3"; FaeR2: 5-AGCTCAGCGGCTT
CC TATTG-3"), VAR A5 B 45 DUEICH X550k Ak
b, DAASHR RS BEAE AL (Ctfl ) A\ sebr, Hat
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LU R ST 2 R [ A BEAR B - h R
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Connect™, BIO-RAD /Al ) L% AN LT,
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MEF
1.5 EMBEESW
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bwa.sourceforge.net/bwa.shtml )25 [ 17 3 FE K 4175 ¢
IR BT i B AR A5 g o ft AR PP 91 24K (reads ), JF
T A Y S0 A o 8 Kraken2 ¥4 %
A reads 732K 2 T DRGERF KB T 4.
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Prodigal (v2.6.3) #17RE)E, i ORFs A T
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Enzymes ( CAZy ) H(3iFEFl eggNOG ¥dig 17 e 2 4 R
B, HA RIES TR QUME #4047 o ZREMETS
B ARFEEL ( Shannon ) 38T, 4G S R BERY & 2.1 EREERAEMENIEEREESHE

BERZRETE . REAE I LG BiE s, 2 L2 AR I 0 SO T AR Ak T Fusarium
il 4 AR RE AR 0] 22 7 1) F AR BR 48T (PCoA ) K. oxysporum 220 KX | e FHFAR KT U X6 M 22k
L6 HiRGIt ST — AL ARIR L AN BE 1 4 MRV AT AT

R B SPSS 26.0 Ml R &S 4.2.2( R U BRCEIEAS (F 1a). e et g fuiE 7 i A
vegan, picante, ggbiplot, ggsci. psych. igraph, A BERFEPIRCR TR 395, K IU)T Ir 15 Ak 1y 51
ggplot2 ) MEATALBIRGEIT 34T FEFIT—MLi species ¢ NCBI B4 b4 BLAST [RIJEHERT 1 . 3571 A
taxa_table HUEARZICHZT (PERMANOVA ), Fl MEGAS.0 S EE 2R 50 & B, AR AR UM Ho A R
M R G R vegan BEAT Adonis 2047, A1 RS % BF 0, XX W WE T Lysobacter
( Duncan ) 2 5 A6 30 325 6 30 b B[R] 19 22 5 10 355 enzymogenes 533 (Il 1b), KGR BRAT 4~ Le395
(P<0.05), (CGMCC 28570 ) JHfE/G2Li5 .

b)
Lysobacter soli ZS79 (HQ315827.1) (96.27%)

89
—%ELysobacter prati 24503 (QR431958.1) (95.76%)
Lysobacter tabacisoli C8-1 (NR_171474.1) (94.95%)
Lysobacter xanthus U8 (NR_164964.1) (95.25%)

97 Lysobacter rhizosphaerae THG-DN8.3 (KM035979.1)
Lysobacter_enzymogenes 521 (KR445659.1) (98.08%) (94.51%)

Ky Cl o8 Le395

~ Fs66

— 0.005
a ) %_
a T
T b

% o\c 20 L . I

c 3
o 5 - b =
e 10 b b = g d d
KRS T = - -
#'g S
B 5
Ey A
K 5 w 10F

g 05 -
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d.JE
0 1 L 1 1 1 0 1 L 1 1 1
JH IKFE 7o S Tk MR JHE K [ Tk MR
Tobacco Rice Sorghum  Corn Solidago Canadensis Tobacco Rice Sorghum Corn Solidago Canadensis
FEFFAIZE Type of straws FEFFPIZE Type of straws

FE: Le315: WHTFH 315, Lad9: AT 49, Le395: AT 395, Ls66: WATH 66; /NG FHEFR AR P<0.05 BIKF-
THEBFEZES. TR, Note: Lc315: Lysobacter 315, Lad49: Lysobacter 49, Le395: Lysobacter 395, Ls66: Lysobacter 66. Lowercase

letters indicate statistical differences between treatments at P<0.05 levels. The same below.

BT AR R LA MU ERY T 1 (o ISFFEXT F oxysporum W FARFSHUIGYE; b, BIkk Le39S RAELEM; ¢ W
Bk Le395 7EARFRSFFA UL B AL B DL d. BIRk Le395 XbA[RIFEATA HLAL AR )

Fig. 1 Screening of Lysobacter strains and organic fertilizer carriers ( a. Antagonistic activity of Lysobacter against F. oxysporum; b.
Phylogenetic tree for strain Le395; c. Growth of strain Le395 with different straw substrates. d. The degradation rate of strain Le395 on different

straw substrates )
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i FreBHAE T # Lysobacter enzymogenes Le395
Iy S AR BRI A A FE B T A R
it R BUR RS R . KRR FE . SRS FE
FORFEFE RN S K — BB AEREFE R BORE, e IR 2
PRAFA LI, 42 FEA DL 8 1 1 %450 7= B AT
P, RS AR EE 7 d 5, D2 40 A= 90 ( ODggo o
A TFIHEFREFF . KRG FORFS A FURSAF, £
KRFEFE 5 ISR — B AR AT PR R Le395 A K
BT B2, ODgoo fH 50 1.3, 1.4 (A 1c ).
PR FF R Le395 X higs K — B s b AS FH I 2 A HL
HEF it R e v, R E 24.6%, B T HAGAS AT
B (B 1d). ZEA A 904 9 i RIRS FF R4 3L
R, BRI K — R B AR AR N 7= A AT B
Le395 By & B JsURHEE ot
22 AEHEEAENASRERIUMBHERLR

BETF 7= B R OGS TRV RS FF A LA A B4 i 3 0
KRR, BRI ER R SR AL
B, B REAAT AT R R B % R WA Pl
RE o i — 2 R A e Ll e ot R L B it i A ML
JIES it Jan A= A LA = o b R P S AR T 0 2 A 1Y
S, RIGEE RN, N A AT I AR A AL
X PFSARE R B A BB R OR (E 2a), 5t
el (CK) #EL, AHUIELL (OF ) 549A HLALdL
( BOF ) 4 52 9Lt 400 AR B o s ka5« (&1 2b),
BOF AbFHAIMURE B3, CK KM R N 83.3%,
OF A &KHHHF N 66.7%, il BOF 4L & F N 33.3%,
AR T XA (CK ). i A= 448 HLAE 20515 45
B AR LR B A B R, B iR
KF] 72.9%, mFHINA AR (BiESCR 50.2%,
2¢, [ 2d). BEAh, JtinA A HLIE AL EE K A AL
FIE Ak B FF 2 0 1 L4y FIAR R A K = AR T
EUEFEF, FH2Hb b o0 ek I 4y 3 T
163.1%F11 65.8%, MREFY) B /303G N T 147.0%F
38.1% (3R 1), X ZRBHt N A= YA HILAE FnAs HILAE X
FE2 W 9 00 [ A B A ROk v B W G A A2t A
A, Lt A A HLAE X PS5 A KA RO T

SR FH A2 1 PCR AR I 22 S-SR P 4 498 v A £t
T RIBCR , 455K 2e TR, X HRZH b4 7]
H BN 1.0 x 107 copies-g ' +, AHLIEL (OF)
H S F AR ] TR OB N 2.0 x 10° copies-g ' 1, A=)
AU BOF A TN 2.0 10° copies-g !
+, AEYAEPUIE (BOF ) ZHAR BRI f 8 7] B B0

FAR T A b HR L A AR PR R A W Y 2 S TR A
reads Y0 BB FIRI KT AT 32 B A BB, A=
YA HEZ ( BOF ) HAR PRk JT B & AT Fi
KV (RAGRIITE ) £ B ERIK, RREHFEE
K KBRS (=B FF B ) 355 1 (& 2f,
B 2g). Ui Bt A= 90 HLIE AT & 25 B AR S AR bR
o B TR A B, (T3S S A 25 TR ) AR B B e

I LA S AR R I 1 K A

x1 REZRRB~HBATEREYENRBIASHREE
B S
Table 1 Greenhouse pot experiment on the growth enhancement of
Salvia miltiorrhiza with Lysobacter bioorganic fertilizer

o A ) RAE ) o

b
Fresh biomass of above ground / Fresh biomass of root/
Treatment

(gplant™) (gplant!)
CK 19.6+2.4c 35.942.8¢
OF 32.5+5.8b 49.6+4.3b
BOF 50.6+7.1a 88.7+11.2a

E: FAARNEG FEFRRAFLFEE B FEZER (P <
0.05 ). Note: Lowercase letters in the same column represent the

significant differences between treatments ( P < 0.05) .

23 BHEEVEVEXNASRERMEMEESE

al:apAl|

FE T XA 7] b BRAR P ik A 4 1) 7 L R A i
FEAE AL, X AR B 4 R R L R 7 AT R AR AR A BT
(PcoA ), il 3a F1I&l 3b Fras, A HLAEFIAEYIA L
A b P 2 2 O T T (adonis K355 : RP=0.23,
P=0.009 )FIFLIH( adonis K% : R*=0.30, P =0.007 )
BEIE S5 . RAEA (Shannon ) FEEUER o 24
P brfetn, 25 R 3c Pizn, 5 CK 414 Lk, BOF
HANEARY Shannon F8 5 E I, EEFAY Shannon
TEBCW EREAR, X W17 B AT 7 A 08 ML 1) it
TN S T AR AE R A TR B 2 e, RIBFREAR T AR PR
FLRTETE I 2 REPE o 35 EUAH TR AN B TR = BE AT LA )
KPR ot (& 3d, B 3e) , G5 AMEGXT
M2 (CK) tHEL, W AVIEH (BOF) BEH
T AWK TP SIEET] ( Proteobacteria ) | fRH
fd ] ( Pseudomonas ) FIHLIFFE ] ( Bacteroidota )
LR AR 418 1] ( Basidiomycota ) F1Zf
#2177 (Blastocladiomycota ) . WKl 3f i, JKJE
FLRAAB R JT 1 B 5 B AR 8 ( Azotobacter )
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Fig. 2 The control effect of different treatment groups on Danshen root rot disease ( a. Growth and health status of Danshen; b. Disease
incidence curves; c. Disease index; d. Biocontrol efficiency; e. Quantity of F. oxysporum gene in the rhizosphere soil; f. The relative abundance

of Fusarium and F. oxysporum in the thizosphere soil; g. The relative abundance of Lysobacter and L. enzymogenes in the rhizosphere soil )
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Fig. 3 The effect of different treatments on Danshen rhizosphere microbiome ( a. Principal co-ordinates analysis ( PCoA ) of rthizosphere bacterial

community; b. Principal coordinates analysis ( PCoA ) of rhizosphere fungal community; c. Shannon index of rhizosphere bacterial and fungal community;

d. Relative abundance of rhizosphere bacteria at the phylum level (top5 ); e. Relative abundance of thizosphere fungi at the phylum level ( top5 ); f. Relative

abundance of thizosphere bacterial genera significantly negatively correlated with the abundance of F. oxysporum in thizosphere )
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Fig. 4 The effect of different treatments on Danshen rhizosphere microbial functional gene expression (  a. Flavonoid biosynthesis; b. Type

polyketide backbone biosynthesis; c. Polyketide sugar unit biosynthesis; d. Tetracycline biosynthesis; e. Indole alkaloid biosynthesis; f. Flavone

and flavonol biosynthesis; g. Relative abundance of microbial functional genes related to mineral adsorption function significantly negatively

correlated with the abundance of F. oxysporum; h. Relative abundance of microbial functional genes related to biofilm formation function

significantly negatively correlated with the abundance of F. oxysporum )
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