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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 Danshe root rot disease. Compared to the control
group (CK), the disease incidence was reduced by 50.3%, and the disease index 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, g°PCR and metagenomics 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] These findings provide a theoretical and technical foundation for developing an
ecological and sustainable strategy for controlling Danshen root rot using bio-organic fertilizer.
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RIE RO RR IR A, B nlik 83.5%. FICHT AL A YA HLAERIA RAIEVI K . 033 R AR DA
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WEVEE), Hoh PeEEVA AT (Lysobacter enzymogenes) 1EA—2R E B A BT, 1T AESRIETAED
Bt U & % 0. FL7E 1978 4E, Christensen A1 Cook 7855 23 Ji [F Br i A= M2 K 2 b Ukl
B TP ERIEAT B, B R TR bR e i Rk B, R e A BORMTS bR /1, TR
RO EIE . AE LR L FMEY . Yuen ZBEN I =G LI, DM T7 20
FERRIAAT R 3.1T8 RIEE, TR R TR0 (B i e it i 22 81%. It e, Btk
SEREP PR 2B S 2 Y — R P B AT B OHLL, 1% B8 ik XS Vil =% 6 A% 93 1 ( Sclerotinia sclerotiorum)
HEEHiEE (Rhizopus stolonifer) B # & (Phytophthora capsici) FlURE &2 & (Pythium
aphanidermatum) 222 o J5 i 40 1) 2R 24805 80061, A AEMI AR AT K T BT A B, IR
FFBEEALMEAE 7= TR B S SRt T 5 2 T R .

HRBRARAE VAR 2 T35 SR WA A P B ds R ) ST, B A2 1338095 5L 1 R AE AR R 1)«
G2, M SR R E RS DR T P A, X A T B AR SR AR A T RE K
R KEE, R AR5 R, EREAK . F20 IR, Ui AR AE A
PR IR R T R R Y, ARHIE T B R T BT B A A WU P S AR
KA A SARBR e B E VR S5 M 5 D Re 2, 4 P 2= B A i T SR AR AR

1 MRS 5k

1.1 ik Esk SEk MR

KNI B R — A B TR s 05 30 1) 7 i Tk v 7 et — ot S 1 Bl ) T LA B s RO
MIBERE 395, K0P BT A3 B Ak 7 S 7E 36 B E K AR ARAE B0 (NCBD i e Hp AT AR K
AT IPHI R TH (BLAST) FVEMEXTEL, FRIH T 84E 2% 534 5.0 (MEGAB.0) #K
PRSI ER, R RGKE /0, IRl a7 KA % € T LR ROE S
FO(HAREA, BHNEE) , AL EZEEE T MBS E (Lysobacter enzymogenes), #4
MR 44 Le395 (CGMCC 28570) FIfF Ja #2356 .

FE2RFF 2023 4 5 H Ik 22 B 17 2844k

1.2 FEA TR E B ARSI 5%

N PR BT B AR HUIE, e i AR FUIE ST, AR BURE .. KRG, R,
Tk INEER B AR SRS F AT HERR S 2, 7ERKIE BB K x % x m 1.2mx1.2m
x 1.2m (¥ 5 ANSse e, YRS KRBT E 60% A A HFINEAEFT, Fa8eNIEFHF HK N ED »
HEARHT = RAEFRBHHE— IR, SGINMEAR S5 2 S HEAR A, HEAPUR TR, 28 PRI LA I HE AR
FE, YIRHERELE 50~54 C4ERF 11 d 24 )G IFIE % 30~40°C. 1E58 15 RI%I 2% (FELh) #kkth
FIRFAT ZIRTHE R T, 7E55 30 R ER =G, HRIMIBERHTAR R 2 B0, 535 Hbs
e, REEAGHIE (OF) . RFEAG LRI 2 g, X7 KFELAEE, BT 50 mL KiF
B, IR 8 mL JCRRIE KO R 3 IR B AT A MLIE 19 /K 2 80%, 4 HEA HLAE R &1 1%
PR e BEAAT W, RO IR G, A 5 NELE., 28 CHEREER AR 7d 5,
A 18 mL EH/K, BT 28 ClEERAK L, LI 180 r-min™ #%3% 30 min, #:H 30 min, WH 200
uL JEVE T 96 fLAR . BEARAX L 600 nm A T IO (ODgoo) AL BV AT 1 1LY
DAANEZ ol = B AT (0 B VR A T B, 30 RS ()8 R B S RO B R e o 3 98 s 1) kv B T
65 ‘CHLT 3d, FREUSRE, e P~ AT o0 8 BE HUIE I B 2R . IR IR A3 i Th RE B AR P
o PR A R 1) R T R R

R BT R Y P 7 0 (TSBD KM VAT 14 Le395, 9 2%k 10° CFU-mL™ ¥y Fh
T DA FR IR A B A A AU SR JEoR R & A A HUIE, B R BL 10% 5 &
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WA A I A HUIE R S R, & TS A HLIR R R 3% 08 NY884—2012M i 25k,
RIS AEYANIE (BOF) .
1.3 ZRINEFIT

RIS FEVL I3 48 7 5 T R S AR K 2 1 e Bkt I == AT P SRR 2.5 kg oSS
PR D7 S (R 3k, PSRN 3 A, AR (CK)  BHLIEAE (OF) RIEY)
AHELAE (BOF) , &M4bFE 12 7, &4 1 R, CK: &t LI E 0.1%ME 5T
(B B4 A7 E 15%) 53R TIR A AR ; OF: R A TS & 1% A VUL (A&
JR 4 HE 2 1.5%) 5 25k R A L AR ; BOF: 4 20t 38 S B 1% 1A E HUAEHEEAE,
WAEH. BRT7dE, RAEREHRAEE RIS RAFISREBME LE T, S22
PR R B LR FE N v 1 10° 8. ORI E G, S bR A KAE L, 21 d S
I IR RS SR ARG DL, THEARE AR WG T8 a3 . fx PSR
@R RIRTERE , ¥ H 3o 5 ANEER: 0 BERTRIR RIEREAR K : 1 BRI E IO AR PUR R,
HAR R IAR /N T 25%, M IR 2 3Rt AR, ROy REN, HARRE R
1 25%~50% [i]; 3 ZiRonmt FAhZE, ROy BN, SURAEMEE, HARRBEEIAE
50%~75% [f], WArkhZE; 4 JFRIRH R TR, BAYURTE A, AR, HRRE
AL T 75%LL o 3l T A AR E SRR KRR WS R RS KE
R %=Kb PR AR A AL PR S £ X 1005 i fE TR E= 100xY. (& kB NG S | GHE
SREx B =R TG SR 5 BT AR Y = [ G 175 48 B0 — A BE993 175 18 250) /%o IRV 175 45 4] < 100
[ Fof A AN RO BRI 12 AR, D R R MR e R R e R, DTS B (R AR AL
X

L4 BRI TEMRRESKREREE

B2 NGERR P BEREUH, BRPIIRE, SEME TR RN Db L. AL EA
BEATLR IR RAR B £ VR &0 1 ANREAS, JE3R15 6 IMFEA . M 4% DNA PR B 77 & $2 L
PR EREAHE DNA, FHES T (B UV2401PC, HAREARD Rl DNA K.
P B PCR 5|%)% F] FaeF2 fll FaeR2 (FaeF2: 5°-GGCATTTACTCCGCCACTTG-3’; FaeR2:
5’-AGCTCAGCGGCTTCC TATTG-3") , LABURL & B2 45 LKL X BB A bR, DL FE IR B
HH (CE) JPAsbR, K75 2B F oxysporum (I SER 5% 5% & & PCR Ak ki, w8
WP S AR AL AR bR 13 H F oxysporum [¥1#%5 D14, 75520 %' & & PCR 1 (CFX Connect™,
BIO-RAD A L EAMNY WM, EEAERN 20 uL: GERIEYEL (TB green) 10 pL,
FaeF2 0.8 uL, FaeR2 0.8 uL, DNA 1 pL, dye2 0.4 uL, dd H,0O 6 pL, ¥ #%&f: 50 “C2 min,
95 “CHilAE 4 2 min; 95 “CA&ME 155, 64 TRk 30s, 37 M.

15 BRI
FFEIUE I DNA K ik 2 Eilg vk BUEVIRHCA A A, I8 EEREAS 106G B9 3R BE HEAT 2
LM, 1 pg FEZAL DNA 2t RERR A BT UIMX (Covaris $220, D= FEMIRAT, 5
D BY4), W7 SCEE ) O BEZ9 0 450 bpo BT A FEAISAE llumina HiSeq X 4% #% F LAXLR 150bp
(PE150) #EABEATIF . JE 4G 511 B 4 i Trimmomatic (http://www.usadellab.org/cms/uploads/
supplementary/Trimmomatic) @475t & 12 BY J5 2 B Sk i5 G WAV BT B i I . 8 aed Jog s il ) 3
0, 4R 8 e 4 Bt R 9% 1 EL (BWA mem) 532 Chttp://bio—bwa.sourceforge.net/bwa.shtml )
Fe A 3 R A v YRR o 2 S AR A v BT B P A K (reads) R Tt — AR RE
%o HT. 18It Kraken2 #dE FEXE BT reads - R E-EANRGKEKF G, 17 N H. B &,
MO BORE, ARG T DU TR B 5E (Bracken) B4 8% AN 20 28 KT A AR xR T,
fi ] MegaHit #1“-min-contig-len 500”2 £ B MEA ) reads 413 e S HE (contigs) - Tl
T 21%% contigs HF FFF I 24HE(ORFs), {i ] Prodigal (v2.6.3)i#E47%2K)5, BT ORFs AR T
A ME RN o RN R R IR S B g M R R AR R N BRI AR R T A, R
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salmon 3 DLIRBCEEAN BE DR e I . B, MR A A /I A v e A B A e s BB o B ik [
FRE. B H BLASTX i — B4 5t # RN 5 NA G R2H (KEGG) Hil AT
Eext, R A R LD REE R . RIEFEAN KEGG FIUEEENEIEE (KO) 4551, #|H
KEGG %A% (KEGG Pathway) #3 fi ydBe JE 5 i i i B, 3R U AE A (1 Rr 5 T e
TG . SR 5K T DR B e Oy R ER 41, JF B A DIAMOND 5 Carbohydrate—Active
Enzymes (CAZy) ¥ % Fll eggNOG 4l JFE #EAT E i . R R 155 0 QUME BT o ZFE
PEFRECA R IEEL (Shannon) 7M. VAl N EBERTAF I =R 8 TE A AL . ARAEFE i 7 SR EAL A B
MIEEES, Zeil RS i) 22 5 1) F A8 bR 0T (PCoA) .
1.6 WGZIT 55

REGEPEE T SPSS 26.0 Al R 155 4.2.2(R fl: vegan. picante. ggbiplot. ggsci. psych. igraph-
ggplot2 ) HEAT A B A G it 4r . FE T A —{L ) species_taxa_table [ & 4t £ Jt U7 % 4 it
(PERMANOVA) , FIH R “F& % H %A1 vegan #47 Adonis 7341, X5 (Duncan) % H L
PRI AL PR ) ZE R A (P <0.05) .

24t B

2.1 MHIFIE R EYBHRRERMEESHIE

PAPF AR 95 B0 B A 14 JJ 5 Fusarium oxysporum 220 A5 5, 5% FH AU v i 42
KB AEARPR L rh 73 B 4 PRIGH B AR AT H B BRI (B 1a) , FE | — x4
) o B A BB IS DTSR B PR 395, K B I bR 7 1U4E NCBI #idfs e 2t 4T BLAST [FlJA
PEXTEE, JEFIH MEGASB.0 A R B R, ARAEA LU LB R G R B 94T, e 1%k
J&T Lysobacter enzymogenes 4337 (B 1b) , Kb EFkar 4 Le395 (CGMCC 28570) 1 &4k
R

H1 17l AT 1A Lysobacter enzymogenes Le395 43 &5 H AR b,  HEMI AR T AA 5
GFIISRAIE: o PRI SR BT AKFEREAT o S B RE AT - FOKAREAT L IR — R s AERE AT Ay S5Okt
HEREJE BRI A NLAE, =BG HUAE T 0 1% R =B AT WA 7, FEFFRIE T d 5, e
WAYIE (ODgoo) o M THHEREAT K. SRS EREFT, TR S mE K —H3%
TEREAT Hh Bk Le395 AR KRR BN 3E, ODgoo fH 225109 1.34 1.4 (I 1o) o P BEAFT I Le395
XIS R — B AR A UE M B R i, B3] 24.6%, W& T HAMBFEME (&
1d) o AR RIAEFT B MR ROR, IR FIN SR — 3 TERE FEVE NP7 BV AT 14 Le395
(19 e SR ot
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Lysobacter soli ZS79 (HQ315827.1) (96.27%)
4251—5 Lysobacter prati 24503 (QR431958.1) (95.76%)
Lysobacter tabacisoli C8-1(NR_171474.1) (94.95%)
Lysobacter xanthus U8 (NR_164964.1) (95.25%)
o Lysobacter rhizosphaerae THG-DN8.3(KM035979.1)
Lysobacter_enzymogenes 521(KR445659.1) (98.08%) (94.51%)
) Le395
—
C. 0.005
C) a d) gr
S 1.5 a T °
z il = b
O ey L b
= = 20
i B & <
B 2 g ==
sg100 p, b B £ | 4 d
#H 3 T s = =
ey &
= 53
% = = 10
P Q 0.5 M i
m | -
H-
He
& 0

L KFE mR EK O mER-EAE ME KR W% K s B
Tobacco  Rice Sorghum CornSolidago Canadensis Tobacco Rice Sorghum CornSolidago Canadensis
FEFFFPZE Type of straws FEFFFPZE Type of straws

s Le315: JAFTE 315, Lad9: JAATE 49, Le395: ¥AATH 395, Ls66: AT H 66; /NS FRIFIRAFAHLE P<0.05 /KT LA
BEZER. FH. Note: Lc315: Lysobacter 315, La49: Lysobacter 49, Le395: Lysobacter 395, Ls66: Lysobacter 66. Lowercase
letters indicate statistical differences between treatments at P<0.05 levels. The same as below.

Bl L AT B B vk S LA LI JERH T (a. VAT BRIXT F oxysporum SFAR FE PTG P b. Btk Le395 REK
B . BEikk Le395 FEARIRATAHUEHF ARSI d. Wk Le395 X AFIREH A HLAL fFEAE =D
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)

2.2 A EITEAEALEE ST FHE R B R A BT R

FE TP WA AT N [FI RS AT A HUIE ) B 5 A0 o B 2R i, e B K — R s AE R AT v
MUREEE T, S BC =B AT W 34T IR B 45 LE A LR o 12— DR 28 000 L ot R L Bl
Jita I BRI A= P06 HTURE = b A BT AR JE i A AE (sl o 5645 B R, it =B va AT
WA HUIE XS PHS AR I i B B i B 80k (B 2a) , 52 (CKO A LL, AL (OF)
H5AEYAENIEL (BOF) ¥ 23 HIMHIRE W A& (B 2b) , BOF BRI HE R,
CK 4 KI5 %2 83.3%, OF 41K i % 66.7%. 1fii BOF 41 &0 % 2 33.3%, I T X HEZH(CKD
Jita I A ) A LA 2EL 55 17 i A 3 BRI FLER B BB A I R, B8R 2 1 72.9%, & T
B HUELL (B4 %% 50.2%, B 2c, B 2d) . Bh4bh, HahnAEyA IR KA PUIEA B 2
(o b AR RAEK A T BB M EEER , FFSth Lo e i 2 4 34 T 163.1% A1
65.8%, HLEEVIRE >IN T 147.0%M1 38.1% (% 1) . XE WA HLAEAIE HLAE X
SR I (1) AR B AR B W B R 2R L, LN A= 0 HUIE RS PR A KA ik A5 UR B 3

K & PCR H AN 2 PSR b - e A fa B ) i i B, 45 Rl 2e o, XTREZH R
TSR T M BCEN 1.0X 107 copies-g™ -, AHUELAL (OF) R T H M E AN 2.0x10°
copies-g™ +, ZEMI A HLAE(BOF) 4L 1470 7 i % &4 2.0x10° copies-g™ +, ZE ¥ HLAE(BOF)
MR BRI A B ] 1 A B K A A B o S AR PR AR P ) % SE R 41 reads PR R S8 AR
AKCERIRRT =R BE b R B, AR HLIEALEEZE (BOF) HhaR i 7] 1 & KT R AR K7 (St 7]
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D R A, MRERIEAT BB AT SRR GEBREFTED FRR2E1m (K 2f, & 2g) ,
YLD A=A LA AT S 25 BEAR P S AR B S i 1 e, (RTINS 3 AT 2 B (AR P i B, B 2% B AIR
PIZRIE T KA

a)

b) c) d)
o s 80+ a
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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 rhizosphere soil; g. The relative abundance of Lysobacter and L.

enzymogenes in the rhizosphere soil)
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Table 1 Greenhouse pot experiment on the growth enhancement of Salvia miltiorrhiza with Lysobacter bioorganic fertilizer

Ab b FR A5 B R 57
Treatment Fresh biomass of above ground /(g-plant™) Fresh biomass of root/(g-plant™)
CK 19.6+2.4c 35.9+2.8c
OF 32.545.8b 49.6+4.3b
BOF 50.6+7.1a 88.7+11.2a

e FBIARENG = REFRORAS R Ab B ] 55, 3% 7 57:(P < 0.05). Note: Lowercase letters in the same column represent the

significant differences between treatments (P < 0.05).

2.3 AN EEYBNES SRR E YR ZEMNF N

BT S AN [i) Ak FER R I At A 40 1 7 56 TR 2 A P R 4 TR, %o R o 4 o R0 5L 1 B AT 2 AR 4y
BT (PcoA) , Ul 3a F11 3b fiaw, AHUIEFIAYA HLALAL RS B2 0048 T 405 (adonis 1656 :
R?=0.23, P =0.009) F¥ [ (adonis #:%:: R?=0.30, P =0.007) B4 45 . K4 (Shannon)
TREAEN o ZREPESITIRRR, 25 R WA 3c Fron, 5 CK 4LAHEL, BOF ZH4H1% 1) Shannon fi5 %5 fi
FEIGIN, FE M Shannon Fa40UE 2 FRAK, 13 BH = BREVA R 18 AR 420 LAE (Rt D v 17 AR B 2t 1
I ZAREVE, FIRS BRI T AR P BRI TEVR A 22 R I o 398 B AT 80 R0 581 = B2 i T A0 T D AP R gk 474
r (K 3d, B 3e) , RRIEXNEA (CKO L, EAVEA (BOF) % E4E T 4HEHE
WA ] (Proteobacteria) « B MIEE ] (Pseudomonas) AT ] (Bacteroidota) LA
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95 JE B AR R T 3 5 I &U# B (Azotobacter)  BEINEEJE (Vicingus) B @
(Pseudomonas) 13 # iU J& (Xanthomarina) 2535 MMIIEIe R, R LLWFha] GELE R 1%
FHSAR R R R R B AR
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Fig. 3 The effect of different treatments on Danshen rhizosphere microbiome (a. Principal Co-ordinates analysis (PCoA) of
rhizosphere 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 rhizosphere fungi at the phylum level (top5); f. Relative abundance of rhizosphere bacterial genera

significantly negatively correlated with the abundance of F. oxysporum in rhizosphere)
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BE— R TR KA BIE 1 KEGG ThREVER I MR B B RER Thae, KIUREI 1 7 B i
T B A 06 HLAE S 30 6 4 o3 RN 0 2 AR AH DG B B . B2 2B P& i (Flavonoid biosynthesis)
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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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