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B At KRR R BEA (LC-MS) 7 ik 3t iZ B & B iR 44 A AL 71 3 B AR 34T AF ¥ &) A 40 52 A7 &
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& J0(Colletotrichum fioriniae) 8137 H1 & % 57%-90%. HALE W-1 89 A2 & B2 51 H pHAE 6.5, &
&30 °C. #AYF 5%. 453k 180 r/min; KB HRIKE ODgo 1812 2] 1.93, 5 LB Aah fRAEH KR
ARG T 2.6 45, LB KB RAL pH2.0-9.0 LB AP H EMHAET, FI4LUVC 200-280 nm,
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A biocontrol bacterial strain against Zanthoxylum bungeanum
root rot: screening, fermentation condition optimization, and
preliminary identification of antimicrobial ingredients

TIAN Fengming ', CHEN Qiang'?, HE Jiujun'?, ZHANG Xiaona'?, WANG Guobin®

1 Technique College of Agriculture and Forestry, Longnan Teachers College, Longnan 742500, Gansu, China
2 Center for Research and Development of Longnan Characteristic Agro-Bioresources, Longnan 742500, Gansu, China
3 Prickly Ash Peel Service Center of Wudu District, Longnan 742500, Gansu, China

Abstract: [Background] Fusarium solani is the main pathogen of Zanthoxylum bungeanum
root rot in Longnan, affecting the production of Z. bungeanum. [Objective] To screen out a
strain for the biocontrol of F. solani and provide new bioresources for the development of
microbial agents for the control of Z. bungeanum root rot. [Methods] In this study, we
employed the plate confrontation method and 16S rRNA gene sequencing to screen and identify
the bacterial strain with strong antimicrobial activity from the rhizosphere soil of Z. bungeanum.
Box-Benhnken design was employed to optimize the fermentation conditions of the strain.
Liquid chromatography-mass spectrometry (LC-MS) was used to study the changes of
metabolites in the organic solvent phase of the bacterial fermentation broth. [Results] The
antagonistic strain screened out was identified as Bacillus velezensis W-1, which showed the
inhibition rates of 89% against F. solani and 57%-90% against Gibberella fujikuroi, Fusarium
graminearum, Fusarium syphilis, Fusarium proliferatum, and Colletotrichum fioriniae. The
fermentation conditions of W-1 were optimized as pH 6.5, 30 °C, inoculum amount of 5%, and
180 r/min. The ODgg value of the fermentation broth obtained under the optimal conditions
reached 1.93, which was 2.6 times higher than that of the LB basal medium. The antimicrobial
activity of the sterile fermentation broth remained stable in the range of pH 2.0—9.0 and gradually
decreased after the broth was irradiated with ultraviolet light (UVC 200—280 nm, 100 pW/cm?)
for 10 min. The antimicrobial activity significantly decreased when the temperature exceeded
80 °C. Ethyl acetate was the best organic solvent for the extraction of antimicrobial ingredients.
The organic phase of the extract contained rich antagonistic substances, such as lipopeptides
(surfactants), phosphate oligopeptides (antibiotics), butirosin, polyketone compounds, lysobactin,
cyclic dipeptides, and gramicidin. [Conclusion] B. velezensis W-1 can secrete a variety of
antimicrobial substances and has strong inhibitory effects on multiple common pathogenic fungi
of plants. Moreover, its fermentation broth can tolerate acid, alkali, and high temperature,
demonstrating great potential for application in the biocontrol of Z. bungeanum root rot.
Keywords: Zanthoxylum bungeanum root rot; Fusarium solani; antagonistic bacteria;
optimization of fermentation conditions
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AEHURR T o 2 H 7 Bl e AR AR A el 5 M A
M HEZ—, CAEHORRE SRk T H
B . AR, V257 E XA A X AR AR
R 05 5 Dot DR R AT 4 B M, R T O iR A
(Fusarium solani) & 5| & 16 WU 995 169 L 35 Fh
UL, H R 2R SR S AR B s B 3 1 T 2
TF-Be, (A Bl Al A 25 2o A SR TS
P IFsEm & a4, Mg R L 2 n B
GRS RI A Tk AR T, Mk,
FI TG WA 245 875 16 A6 AR T o 2 R SR AR AR
b % Jee 1) de B RGER S, T AR B T Y G BNCR Bl
FEAC UL o3 A IR T o

ZERAT RN AR BR L TR A B T | A AR
Yy Y BA ARG I VE AT, A B
P57z B B FosE R UYL DL S 2F B R
(Bacillus velezensis)VEh ZF MUAT B A8 A, 763
B SRR g 7 A 2 R A )R B P B R
RUEF=8, FEARAVEYE R ER AR 28,
A E BV 22 A 56 DL 28 FLAT 1 19 F 5
LS, B9 i 2 B 2 R L A #Y DLk 3 2 S A
I FZB42, HIHAHXMSCEA 140 2R, H
SO E 1) DS 2 A I HMQAU 19044 Al
Zheng S5 RS 14 VLS ZF AT 1 D61-A 43531
Xof ¥R T g 9 KRS SORK s 2R 90t R 4 1) 7 42
ROR o 2016 47 DM 27 MUAT 18 9912D #tt il
BRI A TR, R T = R BTG B K %5
W SRS . MRAEAN N . B R N S
g LA I RAE R, 2019 47 DLSEHT
MR B LR S T TR 2021 ARl
AT IE A T A X B 1A e TS R
Joa 1) DL SIS0 28 AT I CGMCC 14384 T A= 114
2RI ECUE Y eAh, DU 2
I AH2 8 AL TP 2 b IF 4 A3 A 7
U3 H AT L DL SR ZE AT B LA T A L
FHHTS . DI 27 M AT TRV S A= W v ) B A )

AR ZGAE B A AL AR g rh AR SCHGE 8 b . Y
I, G B X A ABURR B8 g 114 A 17 BT A b B
[ A 12 7T Sy 5 42 A ABURR B 9 1) 26 9y 1 9] el A
AR BT A S IR 9 A= P IR

ABIFSE G 10 1) DL SRS 2 AT B W-1 230 A
it FE AEABURR R -3 v, AN SOXF FEABURR IS o A
AR, SOl P R, ST
Berg LR A . PR R B R T R, A
HIFFE LAY 2 T 25 P8 5 X JHC G T A T R )
AT % PR BT e BT ST, LU i
B W-1 7EAERBURR IG5 B3 ¥ Hh A 3 2 AR (L
TR BT R FINE F B9 5 S A

1 MHET*

1.1 ##

T AR R A B T aRR X B A B AR AU
LR, HEERE 10em W12 8RR
(Fusarium solani)4y 5 F B R A6 HUR B s #k
YR RO R &N . R . MaEsk
6L 022 A SR A6 R VLV U R A SR
B A H AR S92 R A T 4 °C URF A
1.1.1 EFE

LB 5323k (g/L): RE PR 10.0, MEbEiRH
#) 5.0, NaCl 10.0, & pH{HZE 7.0; PDA ¥
F(g/L): Hi%HE 20.0, 4T 200.0, BifiE 18.0;
NYBD Hi g5 (g/L): 4= iR My 8.0, %Mt 10.0,
FEREiR Ky 5.0, # pH EZ 7.0; Z&af 121 °CK
1 20 min J5 75 o

CAS (3R )R- (g/L): JEmhds R,
HZIHE 100.0, M 20.0, -EKERBREE 0.5,
FALES 0.5, BUIER 20.0, 10xZZ i (E KE)
100.0 mL; CAS Kl % - $% K7 0.06, FeCls-6H,0
0.002 7, RALt ki =H % 0.073, 8 pH {H
2 7.0,
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1.1.2 FZERFIFLEE

21 3 PR 2 R BN &, RARAE AL R A FR
73wl PCR =¥ kvkaifb il &, Mol ;
TREE, KPHS; Hoa i X oy =7 o0t 4
WAL, Mt ISR A IR AR A
BANIE Rt gy, BEELREARAR,; £
SAAT LG BT, RS B R AR A BR A
Al AOREERIR, N A A PR A
SR N ZEIRK A, BIRREITR)
1.2 A
1.2.1 EHk W-1 B9 Bai b FniFik

PRI 1.0 g HHERE S IIA 90 mL B TC R K,
TES R 180 r/min, 30 °CH53% 30 min,
ERRE 10, 107 #110°%, B 100 pL 43 %1%
fiF LB B R, 32 CHHIERFF 24 h 5
PR T TR A TR 55

TEXESFR 7 d 5 B K HiRdtl PDA B3 B rpdT
BUEAE 6 mm BYTEYE, HCE TH% PDA Ak rh
ge, TERERDE 2.0 em AbF4 B8R S IR 0B JO T I8
Fro B8R B 10 pL W-1 538 DAASInE:
TR B EARAE X B, 7E 30 °ClHERGFF
5-7d, B3 RER, WEMER, ME
R (Y)=[%F BEZH B 74 A% (mm)— I 4 T VK ELA%
(mm)]/[%F B8 2H 1 7% H A2 (mm)—6 (mm)]x 1000,
T o A1 TR 238 1 O A O 3 o TR W1
1.2.2 B W-1 WiRREEE 2 H1ER

W REFE 7 d AN B T RCRAE SO 150
PR R T, SR R BRI TR 22 TE A
SIHTTERR W-1 X i K A8 o 22 mir i A= KB 28 1Y
SRR
1.2.3  Erk W-1 &R E

PAER R FATIL AT AL 6 mm BARRI A
P, JCE T PDA “FARh g, B W-1 BEgRiE
T DL IR CE L PDA K30t Ry CHE
AR b, 30 cCHERIEFE 5-7 d, MIEME=E,

FEANKE R 3 REH
1.2.4  E Pk W-1 F=REEk R F1 7= B 5] B A 46

FRIFE W-1 PRk R BE 77 ARG 2 R AR
B, BUS uL W-1 B IR IEFP T CAS #:1°
M, 32 °CPEIREEFE 3 d J5 I pa % i 6l 1 v
OB HAR (mm). B W-1 74F4E R, LT
JOT B I RERE T ARSI Y 2 B R A
Pe, BUS pL W-1 IR R T4 51 . L
TR AN AR, 32 cCERREIE 3 d ),
FELT 2 KA M ARIR LG4 f4 15 min,
NaCl it 2 10 min J5 I & H BB W ER LT
o i AR B 1 Tt 0 s T B 7 AR
125 H#kW-1 9 FEMFLETE

PG ERR W-1 19 16S rRNA JE[H F Befdi i
519 27F (5-AGAGTTTGATCCTGGCTCAG-3")
1 1429R (5-GGTTACCTTGTTACGACTT-3"),
PCR 2 WK Z (25 uL): b F#E514(10 pmol/L)
% 1 uL, BEHR(20 ng/uL) 2 pL, PCR Mix 21 pL.
PCR JZ W £51F: 96 °C 5 min; 96 °C 20's, 56 °C
30s, 72°C 30, 35 ME¥; 72 °C 10 min; 4 °C
f*AF. PCR 34" Wik At s /s B A KL R R
AR RT3 NCBI H BLAST #47
GV 7 40 0 EexsF O 26 R RLRE /= %) TR R 91
MrHCEG R RIFM R R G L FM.,
1.3 Mo @A AL E R W-1 R EABEEY
131 FiEREAREGERZRKT

HI IR TIE 52 NYBD 55 958 5 0 Ak W-1 fix
AR RIS L A 4 TR R XS bR W-1 A=K
F52Im - pH {E LA 1.0 R [RIFEICE 2.5-10.5 3£ 9 4>
ANERIRRRE ; IREELL 2 °CHIRIPEIRE 26-34 °C
5 ARG ; 3Ll 20 v/min R [EIFEIEE
140-220 r/min 5 PN [RGB ; 2R &L 2%
[P E 1% 11%3E 6 ISARRIAERRE, F~ bR
HE 3K, RIEINT WA RETHNE 22 h (1)
B ODgoo TH. , 1 WA A TR e FEBRLR R 2% A1 o
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1.3.2 MR EEMRALER W-1 RS AR RE
£

R HE Box-Benhnken H.0»ZH A M58 %11
B, [R5 G B R R 25, R 4 TR 2 (pH .
TR | BE | ) B T A S AR, i
IAEAZ LA 22 h 1 ODeoo (BRI 5 Kt , ek 2H 105
3HEK . R EIHEE T FEFI A Design-Expert
11 B EAT 00T, 345 W-1 Bl S R e 41
PG ) R AR 45 1 3 2ok B TR 2R a0 O o 245 R o
FPHAERY, R R 5K 1.
14 EH W-1 tEABROHEERERE
1430 E

¥ W-1 BAT Y5 32 F0 T NYBD i A8 37 3
30 °C., 180 r/min £55% 22 h J5, DL 5% (1KFL4
BOREF T 500 mL AR FREE PP RIS SR, 18
MR R 7 d R EIR AR W-1 IR B . K R
RN AN IE R JE AR L 8 (0.22 pm AU E i U8
FEE) e 45 21 0 TR R RV o

1) pH X & B e Pk A I

W R BBy 0 PR PR W (2.0 mol/L) FIA 4
AENZ (2.0 mol/L)JH 15 pH fH £ 2.0-12.0, LA 1.0
MTEIRG, PR 12 AR BB EE , LAARTETT pH 1)
KRR, BT pH AR BERGL T 4 °C
VKA, 24 h J5 U R . pH (E R Bl =2 6.5,
T % G g A ) 41 P 8

2) kR K e e R T e D

¥ 10 mL 5EPUE W-1 59 & BER 43 HIAE 40
60,80 Fl1 100 °CHYZK ¥ 85 Hom#k , 43 4b 31 10

x1 MR EERSKER

Table 1 Response surface factors and horizontal
design

Factor -1 0 1

A: pH 55 65 15

B: Temperature (°C) 28 30 32

C: Inoculation amount (%) 3 5 7

D: Rotational speed (r/min) 160 180 200

30 1 60 min J7, BCHAES BT oK ERAT, LR
TR A B ) & T AE SR %o B, ) X TS R kAR
FIMITE A

3) SRAMANT AR I

B AR ILAS A 10 mL K, T
BT MT 4 (UVC 200-280 nm, 100 pW/em?)
10-15 em ALRYIET I, BREFESEISH 0. 1. 5.
10, 15, 20. 25, 30, 45, 60 Fl 75 min, HUHA
(V] I ) 5 P18 & PR 2 XoF 8 12 S A I T 32
1.5 E#k W-1 mE R RIZE

TEHC 4 B [ A LRI GR C be IE T 1
AMEER 2R CBOVE LI R], #5500 mL
TCH R TR 5 SRR SR BUA FNR G, frE R
B 48 h, 1RGS2 0w = A ML
FKAH o L HUS 9K AR A DA & T e i 78
RALH 40 CUEZRIR , /KA BR 22 Horh A LS
A, A MU TR 2= T4 5 5-10 mL HEEi i
W HAE B B P iy, I X B e geL iy
R, O e R A HLIE R,
1.6 ZEEZERRINB AR IMEF RS
v

X} R & TR B B A HILAH A b 0 TR 3
53T LC-MS ARS8 AQ 2 43 A, DA B A
St AL R AR R A A S, R
¥t Kyoto encyclopedia of genes and
genomes (KEGG)¥(4} /% fil lipid metabolites and
pathways strategy (LIPID MAPS)5 4 22 1 F: 1,
1.7 HiEHH

IREE W GETT R BT R SPSS 17.0 Al
Excel 2007 #{F .

2 HERE5M

2.1 Bk W-1 IO B RSN
PR W-1 78 LB [EARE 3 F R R 36 h e,
WHEASERE, A A6, NEHE 1A), 1
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E1 HHkW-1HEERESHEE A: 36 hJ5
MHEEES. B: AR EMET R EES
(150%)

Figure 1 Colony and morphological characteristics

of strain W-1. A: Colony morphology after 36 hours.
B: Morphology under stereomicroscope (150x%).

PRS2 PR T WL 21 BB 5 3R T T LS 4
R(E 1B), £ LB [ {44537 3 b 5 gl Pk ke sl 26
PARAS, 78 LB WiAsEFREY D, Wk Rm ST
B 2R, WA NIRRT
2.2 Bk W-1 IR R B R RMmE 24
1< HY 82

DIEER 7 d BRI X IR (& 2A), TRIPR
W-1 XS Rz ey B B S BU/E R, IR &N

89% (I&1 2B), WA I it % L5 21 %oF HEUBS B2 i 10
P4 TR 22 15 i S O IR , PZZ AR 38 5T, v
wHENR ., BessaE 20); MR W-1
0 P JE R R A TR 22 i 1 BN L WL
E P45 i T B 42 (6] 2D) o i 26 B R Fk W-1 4T85
B A T 22 19 A A AE B R A
2.3 Eik W-1 EREERAHGER
WRIPR W-1 X 5 FivRe 9 J 218 I 22 1 A
PRI BRI HRAER, XORAS SR IS
RN 57%, XM R 77%, X2
AR AL R 73%, XPRA BT 0 3596 i Al 41
WEH 90%, XfECHRENIMNEEN 83%, H
HORE AR T 0 2876 1 0 i Y s, X R A e

B0 o 4 e 55 (] 3)
2.4 HHE W-1 FFRESR R K RSN RE 1 ROAE
&5 B

EUIRER R/NERW], Wbk W-1 BB AR
A (I 4A)FID iR £F 4 2K (5] 4B),
ERAGIN LT 5t (Rl W-1 v S il A 45
R i, How@eE itk 82 mm
(1 4C), KWW REERRRE T o

2 EHR W-1 B9 E SR & 3 R R SR8 B 22 £ KR R2 I

A: KigR 7 d W) BRI, B TEAR W-1 XF

J& B BB RN TR SOR . C: I AR B MR T 22 3. D BIAR W-1 778 IR B T8 R 0 £ 1 22 iy o
Figure 2 The bacteriostatic effect of strain W-1 and its influence on the mycelial growth of Fusarium solani.

A: Fusarium solani after cultured for 7 days. B: The bacteriostatic effect of strain W-1 on Fusarium solani.
C: Normal hyphal front end of Fusarium solani. D: The hyphal front end of Fusarium solani with strain

W-1.
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3 B W-IX S MENFEREEMIEER Al REMA. A2: B W-1 X R HRIEA0
TR, Bl: MEREGRA; B2: Bk W-1 XM REBRAE RO R, C1: 24098 C2: Bk W-1 MRk
FIMBEIER]. D1 AAEFRIREAL; D2: BEkk W-1 XSRS M BEAE]. EL: BRQARE TR ; E2: &
PR W-1 X 16 o5 2 B4 i 4

Figure 3 Antimicrobial effect of strain W-1 on five plant pathogenic fungi. Al: Fusarium graminearum; A2:
Antimicrobial effect of W-1 against Fusarium graminearum. B1: Fusarium syphilis; B2: Antimicrobial effect
of strain W-1 against Fusarium syphilis. C1: Fusarium proliferatum; C2: Antimicrobial effect of strain W-1

against Fusarium proliferatum. D1: Colletotrichum fioriniae; D2: Antimicrobial effect of strain W-1 on
Colletotrichum fioriniae. E1: Gibberella fujikura; E2: Antimicrobial effect of strain W-1 on Gibberella

Sfujikura.
}i@

A PR B: A LERTERN. C: SRR

10 mm

10 mm

4 TEHK W-1 BN K& P=RE SR F BE AR
EsPAR Rl

Figure 4 Detection of extracellular enzyme and siderophore production ability of strain W-1. A: Detection
of protease production. B: Detection of cellulase production. C: Siderophore production capacity test.

2.5 Bk W-1 ERFIIPTRRZEZER
M

FIFH PCR ¥ ¥4 & #k W-1 B9 16S rRNA & [H
FE, WP HAEKE N 1 423 bp, HFHHEL
% GenBank H4ls /%, it BLAST ikt & BE

ML F 31, R F MEGA 7.0 8 3T 168
rRNA ZEH PRI R GEL TR, &5 R E s
Bk W-1 5 DUSRE ZF AP RO — 3¢, 456 TE
SERE RPN 3 s R, # TR W-1 558
DU ZE B AT T8 (Bacillus velezensis) .
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Bacillus velezensis strain W-1 (CP054714.1)
— Bacillus velezensis strain B268 (CP053764.1)
0.005 2 Bacillus amyloliquefaciens strain PgBES51 (MH144273.1)
Bacillus sp. (MH412683.1)
Bacillus velezensis strain NRRL B-41580 (KY694464.1)
81 Bacillus subtilis subsp. spizizenii (AF074970.1)
99 Bacillus rugosus strain SPB7 (MT554518.1)
Bacillus paralicheniformis strain KJ-16 (KY694465.1)

rBacillus zhangzhouensis strain MCCC 1A08372 (JX680133.1)
100 L Bacitius invictae strain Bi.FFUP1 (JX183147.2)
100 | Bacillus thuringiensis serovar asturiensis strain [IEBC-T53 001 (FJ358616.1)
|‘Barcillus wiedmannii strain FSL W8-0169 (KU198626.1)

I—Bacillus coahuilensis strain m4-4 (EF014452.1)
100 Byciftus sp. (DQ923218.1)

96

100

5 E# W-1ETF 16SrRNA EFAFFHEMARFZELAER 55N KR GenBank & 545 ; Bootstrap
BEE N 10005 20375 FAYEUT 2K bootstrap 1R Fr R EIR 0.005%F 7 41 22 5+

Figure 5 Phylogenetic tree construction based on 16S rRNA gene sequence of strain W-1. The parentheses
represent the GenBank login number; Bootstrap times are set to 1 000; The numbers on the branch points

indicate the support rate for bootstrap; Ruler represents 0.005 of sequence.

2.6 B W-1IERZFHRHBERRRBLER

Wk W-1 1€ pH 5.5-9.5 2 [ 3 e - A=
£, 7 pH 6.5 B ODgoo [HE KK 1.79, ] HR
BB 3 A R TR R W-1 B R %, i pH
il 6.5 (K 6A); 4EFhE N 5%HF, ODgoo (H
RA 177, R (&8 6B); AN[F A
T 85 X6 TR R A RS W A, B e PR 1 T
1, TE 26-30 °CYEHE N, ODgoo (HHLZ Hi 5,
30 °CH} ODgoo fHFX KN 1.84, 1 30 °C L BEWK
[ ODgoo {ELFE & 5B T 0 22 B a3, A
THAEE, mfERBERE R 30 °C (K 6C); A~
i) 4 R B 3 554 B Y ODgoo (HAFTE—EE S,
F£ 140180 r/min YT FI PN, ODsoo 1 Fifi 5 i 3 1)
Thm AW, %3k 180 r/min B ODgo {H %
KA 1.85, 17 180 r/min A F R W-1 ks 5%
) i % (K] 6D)

2.7 MR EGERALE S W-1 RERZEBERYG
BYZE R

M 1 TR 7K PRI T R AEE R LR 2, F
J Design- Expert 11 3w g i r — ik %
JCIIEE, 135 ODeoo (A (V)X pH (4). KFE
FE(B). Tﬁﬁ‘i(@*ﬂ%&fb (D)X 4 NMER
WEIRE A FEHN : ¥=1.93-0.002 14—0.004 8B+

0.002 7C+0.010 1D+0.021 64B+0.007 SAC+0.001 7AD—
0.005 7BC+0.014 4BD—0.013 7CD—0250 24™—0.236 3B°—

0.243 2C*0.252 8D* (R>=0.999 4), i3 3 45 5n]
1, AR 2 (P<0.01), HAHIIA i3 (P<0.5),
RN RUAERE 4 BALA BE m, T
M R*=0.997 2 5% Y E AL R (adj)=0.998 9
P22 <0.2, FKINZIEABR LA B R AT,

H A TAS 2 (0 P e S e (A — 3%, (Mt
Adeq precision>4, % B2 [ AR R A H 0 [ {5
Sk HAE R, TR 2Lt mbk w-1 )
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Figure 6 Effects of four different factors on the growth of strain W-1. A: pH. B: Inoculation amount. C:
Temperature. D: Speed.

x2 WMEERITAEME
Table 2 Response surface method design scheme and results

No. A:  B: C: D: ODyo No. A:  B: C: D: ODgoo
pH Temperature Inoculation Rotational pH Temperature Inoculation Rotational
(°C) amount (%) speed (°C) amount (%) speed
(r/min) (r/min)

1 55 28 5 180 1.47500 |16 6.5 32 7 180 1.438 33
2 7.5 28 5 180 1.423 00 |17 5.5 30 3 180 1.438 67
3 55 32 5 180 1.42567 |18 7.5 30 3 180 1.430 67
4 7.5 32 5 180 1.460 00 |19 5.5 30 7 180 1.431 67
5 6.5 30 3 160 1.434 67 |20 7.5 30 7 180 1.453 67
6 6.5 30 7 160 1.46583 |21 6.5 28 5 160 1.465 53
7 6.5 30 3 200 1.43433 |22 6.5 32 5 160 1.432 00
8 6.5 30 7 200 1.410 67 |23 6.5 28 5 200 1.425 00
9 5.5 30 5 160 1.44500 |24 6.5 32 5 200 1.449 00
10 7.5 30 5 160 1.431 00 |25 6.5 30 5 180 1.924 67
11 55 30 5 200 1.42033 |26 6.5 30 5 180 1.936 60
12 7.5 30 5 200 1.413 00 |27 6.5 30 5 180 1.936 67
13 6.5 28 3 180 1.451 67 |28 6.5 30 5 180 1.928 33
14 6.5 32 3 180 1.44533 |29 6.5 30 5 180 1.931 67
15 6.5 28 7 180 1.467 67
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Table 3  Analysis of variance of regression equation of response surface test

Source of variance Sum of squares DF Mean square F-value P-value Significance
Model 1.01 14 0.071 8 1791.79 <0.000 1 **
A: pH 0.000 1 1 0.000 1 1.30 0.273 4

B: Temperature 0.000 3 1 0.000 3 6.88 0.0200 *
C: Inoculation amount 0.000 1 1 0.000 1 2.20 0.160 5

D: Rotational 0.001 2 1 0.00 12 30.79 <0.000 1 ok
AB 0.0019 1 0.0019 46.49 <0.000 1 **
AC 0.000 2 1 0.000 2 5.61 0.0327 *
AD 0.000 0 1 0.000 0 0.277 5 0.606 6

BC 0.000 1 1 0.000 1 3.30 0.090 8

BD 0.000 8 1 0.000 8 20.64 0.000 5 **
CD 0.000 8 1 0.000 8 18.74 0.000 7 ok
A? 0.4059 1 0.4059 10 127.18 <0.000 1 **
B’ 0.362 3 1 0.362 3 9039.51 <0.000 1 ok
c? 0.383 7 1 0.383 7 9573.26 <0.000 1 **
D’ 0.414 6 1 0.414 6 10 344.11 <0.000 1 **
Residual 0.000 6 14 0.000 0

Lack of fit 0.000 5 10 0.000 0 1.65 0.3324 Not significant
Pure error 0.000 1 4 0.000 0

Cor total 1.01 28

R*=0.997 2 R*(adj)=0.998 9 Adeq precision=113.585 3

0.01<P<0.05, F£REFE(*); P<0.01, FRELEFEE®)
0.01<P<0.05, indicating significant (*); P<0.01, indicating extremely significant (**).
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Figure 7 Response surface diagram of the interaction of various factors. A: Effect of pH and temperature
interaction on response surface diagram. B: Effect of interaction between pH and inoculum on response
surface diagram. C: The influence of temperature and inoculation quantity interaction on response surface
diagram. D: Effect of interaction between pH and rotating speed on response surface diagram. E: The

influence of temperature and speed interaction on response surface diagram. F: The effect of the interaction
between inoculation amount and rotation speed on response surface diagram.
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Figure 8 Determining of fermentation broth stability of strain W-1. A: The effect of different ultraviolet irradiation

time on the antibacterial activity of fermentation broth. B: The effect of different pH on the antibacterial activity of
fermentation broth. C: Effect of different treatment temperature on antibacterial activity of fermentation broth.
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9 FEBENFFRBENBERREAELAMERR Al FEBRAROXIIE; A2: FHk W-1 &l
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Figure 9 The antimicrobial effect of different organic solvent extract phase on Fusarium solani. Al: Control of
Fusarium solani; A2: Antibacterial effect of strain W-1 fermentation broth on Fusarium solani. B1: Antimicrobial
effect of cyclohexane extraction on Fusarium solani; B2: The antibacterial effect of cyclohexane extract aqueous
phase on Fusarium solani. C1: The antibacterial effect of organic extracts of n-butanol on Fusarium solani; C2:
Antibacterial effect of n-butanol extract aqueous phase on Fusarium solani. D1: Inhibition of petroleum ether
extract on Fusarium solani; D2: Antibacterial effect of petroleum extract aqueous phase on Fusarium solani. E1:
The organic phase extracted with ethyl acetate has antibacterial effect on Fusarium solani; E2: Antimicrobial
effect of ethyl acetate extract aqueous phase on Fusarium solani.
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Figure 10 Determination of relative inhibition rate extracted with different organic solvents on Fusarium solani.
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Figure 13 Summary of KEGG database classification. The abscissa represents the ratio of the number of
metabolites annotated to the corresponding pathway to the number of metabolites annotated to KGEE.
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Figure 14 Summary of LIPID MAPS database classification. The abscissa represents the ratio of the
number of metabolites annotated in the corresponding classification to the number of metabolites annotated
in all LIPID MAPS.
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Table 4 Bacteriostatic substances detected in the strain W-1 fermentation products

R R v iL S
Metabolite (ID) PP Metabolites Metabolite abundance
neg_3182 W21k & Macrolactin-Al] 2 032.659 005
pos_5060 WA 244k &) 7-0-succinyl macrolactin APY 5510.821 967
pos_3418 ¥R Jik Cyclo (Tyr-Ala)i®™! 132.503 287 8
pos_6944 S K S Gramicidin SP¢ 522.431 1528
pos_3098 B FF £ Bacilysin®” 309.497 846 6
neg 1137 W2 2 Ik 4i 4E 25 Rhizocticin D 51.485 015 75
pos_6886 FTIEEZ A Surfactin AP 775 637.811 7
neg 1648 Tk TF 1 % Butirosin>” 55.956 298 83
neg 3751 G Surfactin!' 1 088.490 227
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