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Abstract: [Objective] Bacillus velezensis SH-1471 (CCTCC No. M 2022923, Patent No. ZL
2022 1 1479280.X) is a strain that can control soil-borne diseases of crops and promote soil
nutrient conversion and crop growth. This study aims to explore its potential biological activity
and the optimum fermentation conditions, so as to promote the industrialization and
commercial development of this strain. [Methods] A strain SH-1471 was identified based on
the morphological, physiological, and biochemical characteristics and the 16S rRNA gene and
gyrB-based phylogenetic trees. PCR was carried out to detect antibiotic synthesis genes in the
strain. The inhibitory spectrum of the strain was measured by the plate confrontation assay and
the fermentation liquid inhibition test. The abilities of the strain to produce enzymes, solubilize
phosphorus and potassium, fix nitrogen, and secrete siderophores in vitro were measured. The
fermentation conditions were optimized by single factor tests and response surface
methodology with ODgg¢ value and inhibition rate as indicators. The growth-promoting effect
of the fermentation liquid on tomato plants and the control effect of the fermentation liquid on
tomato Fusarium wilt before and after optimization were determined by indoor pot
experiments. [Results] Strain SH-1471 was identified as B. velezensis, carrying the antibiotic
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synthesis genes SrfA, fenB, ituA, ituD, and bymA. It had strong antagonistic effects on 8 pathogenic
microorganisms such as Fusarium oxysporum, Alternaria alternate, and Exserohilum turcicum.
Moreover, the strain was capable of producing protease and cellulase, solubilizing phosphorus,
fixing nitrogen, and secreting siderophores. The optimal medium formula for the fermentation
of SH-1471 was composed of 17.92 g/l sucrose, 16.95 g/l soybean powder, 2.88 g/L
magnesium sulfate, and 5.0 g/L yeast extract. The optimum fermentation conditions were pH
7.5, 33 °C, 220 r/min, and 20-24 h. After optimization, the inhibition rate, ODgo, and potted control
efficiency of the fermentation liquid reached 94.08% (increasing by 15.6%), 3.28 (increasing by
36.7%), and 93.8%, respectively. Moreover, strain SH-1471 significantly improved plant
height, stem circumference, root length, root weight, and fresh weight and dry weight of the
aboveground part of tomato seedlings. [Conclusion] B. velezensis SH-1471 carries rich genes
for antibiotic synthesis, has the abilities of producing protease and cellulase, solubilizing
phosphorus, fixing nitrogen, and secreting siderophores, and demonstrates strong inhibitory
effects on a variety of pathogens. It can significantly reduce the incidence of tomato Fusarium
wilt and improve the agronomic traits of tomato seedlings. Therefore, the strain has broad
application prospects in the biocontrol of plant diseases and the promotion of plant growth.
Keywords: Bacillus velezensis; single factor experimental design; response
optimization; bioactivity
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1.1.2 EBTRRED
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(Fusarium oxysporum). 47 2% 1 (Alternaria
alternate) . K BES B (Exserohilum turcicum) |
FL2E 05 55 R B TR (Phoma matteuciicola) |
A T (Diaporthe eres) . 5 1k JF i T
(Colletotrichum micotianae) . i & B 12 ¥
(Phytophthora parasitica) 1 Wil 3% & 4% 5 &
(Sclerotinia sclerotiorum) i = 5 & 4R b Bl 27 B
LN IRBE TR T 085 . %0 S IRAF o
1.1.3 ExFE

RE I M i IR0 . MR T e B R IR 0L
PR PR R L, R R SR AL, BRIUR
(nutrient agar, NA)Y; 35 5L, & 5% A ¥ (nutrient broth,
NB)RiFk, DA A K B 353 (potato dextrose
broth, PDB), 44452 E g (potato dextrose
agar, PDAEFRIE, WIIRA-WIESRIL, AYqiRiisr
I SR K (chrome azurol sulphonate,
CAS)BUIE A2 s 7 31

AP IR ISR AL 53R A (g/L): HiZEIHE
5.00, fak 10.00, AKAN 5.00, BEREE 5.00, [
R BE OB 35 57 £ (yeast sucrose  peptone
medium, YSP) (g/L): 2 1 [#k 10.00, B2 EEZ Hy 5.00,
RERE 20,00, B5553E D (g/L): EKIER 3.00, i
MR%k 10.00, BERR _ M 15.00, HEHE 10.00. 2
TR 8 97 1 7] 7 W % 3% 5L (nutrient yeast beef paste
dextrose medium, NYBD) (g/L): 4 A& 8.00,
FEERERY 5.00, HAGHE 10.00. FFRBUREFRAE
(NA) (g/L): 4-PH 3.00, EHW 10.00, EfbeH
5.00, 4R FREL(LB) (/L) & M 10.00,
T EHRHY 5.00, 54E4R 10.00, 121 °CK A 30 min,
1.2 E#k SH-1471 ik RS R EE RN &
I ge At )

A B A I N PCR KGN, 2 BRI i i 410
ATS 7V AT o T IR E < (1) ~PARXT
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FARENAEHE B 25 mm AMEFIFERE, 3 ANEK
(2) REERAMEE IR : HEM SH-1471 00T
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IRk iR RS AR
BRI A B R b, 37 °CHES% 48 h,
Ao A 7 W R A 0 B A AR T 1, {8 ] CAS 3L
JZSF- R ARG T T ke ek 2 A RE T
1.3 AEHEFEMENMEEE KR
PP 25 . PRIBURHE PR A7 TR bR SH-1471
V&R T 100 mL NB J AR 723, F 28 °C,
180 r/min #}R3% 155+ 24 h J5 45 H.
SRR AL KiFREE D, YSP,
NYBD. NB fl LB #3554 100 mL, LA
1% R 2D SH-1471 Fh P&, F 28 °C,
180 r/min R 1557 24 h, 3 EE, MEEK
R THEWE I ODgoo fH o W5 FR A WL 8 000 r/min 5
O 2 min, FEF 0.22 pm A4 0T I8 A5 B TR 1A,
K R WA A RIS, B0 DI TR AR R IR RN A i
HiZE T RIIRIROR , 455 TR K ODeoo H.
5 R TR VRORT g it TR %) 400 ) 24 1 ) A i 1 7
Fh2,
1.4 AREWRE. [REMAITHNEMNMAEEK
B =2 Ml
DL 1.2.2 i H 0 de e & e B R S bR , 1%
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B FEIRE, 2 BIINAGRIE: 2 ZF i (maltose) |
FLMi(lactose) . % (glucose) . FEM (saccharose)
FVE R (starch); A : FALE(NHLCL) . BERER
#3 (yeast extract) . filf BR £ (NH,;NOs) . H & R
(glycine). ZE 1% (peptone) . fili iR 4 (NaNOs) Al
Ky (bean flour); JoHLEL: BRIRPH(KLCO5).
fig A — 8 (K,HPO,) . ik R £5 (CaCOs) . A AL 4N
(NaCl) . R — E 4N (NaH,PO,) FIAR FREE(MgS04) .
T 28 °C. 180 r/min #R %1595 24 h J5, WIS
PRABEWE ODeoo H A A I 2 (JF] 1.2.2),
DA 5 o A3 I
1.5 A[E pH. &BE Ff% RN EE K
A

Ay el Bk e B SRS 100 mL, LA
pH: 45, 55, 6.5, 7.5 [ 8.5, #E: 21, 24,
27. 30, 33, 36 fl 39 °C, #%#. 140, 160,
180,200 F1 220 r/min A HEHR , % B H ZiX 5,
DL 1% 3R B4Rl SH-1471 Fh 7, TR H3R
24 h Ja, W ARG 35 5510 T Al A AR K O
(ODeoo), LA B2k T W Xo) 2 FitivAh 22 AT 1 00 1] 256
(171 1.2.2), DA#fE 0046 pH . IR FIEL 3,
1.6 M Sz H 46 328617 1t

T R I S i i aE BT A, LA
PR T ODgoo MRS , IEHCRERHIR EE(5. 10,
15, 20 125 g/L), SMWEL(5. 10, 15, 20 Fil
25 g/L)Ml MgSO, ¥ & (0.5, 1.0, 1.5, 2.0 F
2.5 g/L)i#kfrfifk, 1 F Design-Expert 13 {4
AT IR T 5408, DAk — P15 25 & T bk
SH-1471 R iR idi & I 551 o
1.7 HmEHRREAXERELK
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I A 22 PDB K555k 28 °C. 180 r/min %
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B AU =CxF B ZH 35 175 i 50— Ak P26 5 1 45 250/ % B
ZH T 45 4100

1.9 E#k SH-1471 5%, £ BEWNE
B FENFETE

Z I (AARRRGE T U CF g
R G % T ) PO i 7w X Bk SH-1471
WA IR 252 8 R R0 A F A A R A

Wbk SH-1471 #:FP 2 NB iR,
33 °C. 220 r/min IR E5 5%, UK T XEE
KM 45 ] 35 5% . R TaKaRa MiniBEST
Bacteria Genomic DNA Extraction Kit Ver.3.0 iz
Fl eI BUA MR SH-1471 BJEH4H DNA, %M

16S tRNA KK F41] 27F (5'-AGAGTTTGATCC
TGGCTCAG-3'). 1492R (5-TACGGYTACCTT
GTTACGACTT-3")#1 gyrB JL[H ¥4 gyrbBF2
(5-GGGGTCTACTGCTTCACCAA-3'), gyrbBR2
(5'-TTGTCCGGGTTGTACTCGTC-3") X} [ ¥k
SH-1471 #47 PCR ¥ #% .PCR JZ Wi /K & (25 pL):
Y DNA 4 2 pL, 2xTaq PCR Master Mix
12.5 uL, k. F#ESI(10 pmol/L)% 1 pL,
ddH,0 8.5 pL. PCR i 55fF: 94 °C 5 min;
94°C 60s, 53°C 60s, 72 °C 2 min, 35 PMEH;
72 °C 7 min, 4 °CURAE . 3G W) 2 TR RENHBEIL
HL K AL BSOS, BICILERHE R A R
NI I 435 SR 42 BLAST 3822 (https:/blast.
ncbi.nlm.nih.gov/Blast.cgi)/5 55 GenBank ${ 4 4
HORH DG A 8 R R S A T LR o T, T T
PR E R R AR T AU E N S et &, A
ClustalX 1.8 #1274 Lext, R AR
PS5 Z R ART S AR . RSk & Bt
HEBRBFE SIS 4L, SR ISR (neighbor-joining
analysis) |l MEGA 7.0 ¥ (IR bk 55 L Bk
ZEMRGEKEW. Hrh, bootstrap [HIE N
1000, Hop¥hBRiME.
1.10 HEAIE

Boa R R K 7 2081, WA Duncan’s
B 25 A B A PR ) 22 5 g M L B Excel
1 SPSS Statistics 20.0 # AT RS 1140 br
DL IE AR B e, FH R A Origin 2021 Al
44 GraphPad Prism 8 flill ] .

2 HZRE5OM

2.1 H# SH-1471 EZE R E RGN &
HIngetmzE R

XTRAREA T PCR R 25 R (& 1), Tk
SH-1471 HA5 7™ srfA (1 300 bp). fenB (1 600 bp).
ituA (1 047 bp). ituD (647 bp)Fl bymA &4 %
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IR, SO IR A R BRI T IS AR SH-1471 @ RA AR . 4R . 7
ZURRD], Wbk SH-1471 X AATZME . M B R IR BRI RE 1 (B 3). 5 LT,
BRI B TR KRB TESF 8 Rl ISR AR AN A 0 5 A= B 3 T T HA R R
HAT R RIRCR (8 2), HXEMAZRE R, R A KIR I I 7 55
AR A fe i, 9 96.59% . SHRETH LSS R nl 1, Ty BA ) RE AT AT

bp DL5000 sfp  sifd  fend fenB  itwd itwuC  ituD  bymA bymB bymC

1047 bp 1 200 bp

r—y
]

1 600 bp
1 300 bp

1 E#K SH-1471 i RS M EE PCR BIK=4]
Figure I PCR electrophoresis products of antibiotic synthesis gene of strain SH-1471.

2 B SH-1471 BT N E

Figure 2  Broad-spectrum determination of antimicrobial activity of strain SH-1471. A: Fusarium
oxysporum. B: Phoma matteuciicola. C: Exserohilum turcicum. D: Alternaria alternate. E: Colletotrichum
micotianae. F: Diaporthe eres. G: Phytophthora parasitica. H: Sclerotinia sclerotiorum. EX-1: Flat plate
confrontation test; EX-2: Bacteriostatic test of fermentation solution.
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MELHR
Figure 3 Results of functional determination of strain SH-1471. A: Protease. B: Cellulase. C: Dissolved
inorganic phosphorus. D: Nitrogen fixation. E: Excreting siderophore.

& 3 HE# SH-1471 Th&E

2.2 EFk SH-1471 £ K RINFEE R EEE
Bk
221 AEFHEEFENEK SH- 1471 £K K
DB 78 1 B 52 M

LR RN AR SH-1471 14 A= K 14 5% i)
HA B F 25K 4A), 3% 24 h )5, SH-1471
TERE 355 A LB .NYBD.YSP Fl NA H1f] ODggo
4390 2.56., 2.45, 243, 2.41 f12.31, Hrp
KRk A 19 ODgoo fH 2 & = T HABAC 7 s Wiks
FR I D FIEE F2 5L YPG X B BR A0 2B KA A Y
7%, ODgoo 3% 0 1.46 F11 1,98, HIEFEIE A 40
T, XY S, 18 82.4%, WGERE
BigRIE A VRN HIBR SH-1471 RYFERERSFR3E
222 AEKRE. FEMLHEITE SH-1471
R R HDHE R R0

Hy 4B W] T, 255 I R4 2 A R B
W, FERE AR BRI ODgoo fEf T, 43514 2.62
1 2.44, DIAZ ZEWE BRI, ODeoo [N 1.32;
WAL, DARERE A B IR, TR & TR X 7 A
FIE IR R, 5 84.6%, LA AR
ODsoo 18 5 & WA BETE 1, DATREBE 1 Ay 11 bk
SH-1471 W FERR IR o XA [) 20 U5 0 1 25 R 4l
Kl 4C Fos, SMLAGR WEERT, Bk ODgoo it
B, ik 2,65, HLUCHEERERNY, N 2.49, T
B A, U 0.76, 1 LA G AR K Z IR,
PR R RO I D A 525 84.9% . 485G

&, IEMENEE SH-1471 A I fE R .
WK 4D FrR, MUAGTEREE B IR S 8 1EN
TEWLER VGRS, DARR & B ODeoo 1EL AT 24
s T HAM TCALER I 5 24 DA BREEAE A CHLER AT,
B Bk & B2 ODgoo [0 2.61, IR A 85.2%;
DABEFR S 4 N TOHLERRT, BRIV ODgoo 1B
H2.45, MHIER N 81.2%; 1M LLBRERAN A HLER
B, TR KR ODgoo THIR MR A 1.54, MIEEEN
73.6%. £ LRTIR, DIBRRREESE IR Pk SH-1471
1) 2 TR b 77 3k 0 e AR TOHILER -
2.3 A[E pH. BE IR E # SH-1471
HEREINEEMER S

MK SA fias, 4 pH b 4.5 f1 8.5 0F, &
P2V e B S A AR FE B B, ODgoo TEAL N
2.11 1 2.22, KB pH {E1d 5 -5 AR 2 3 il g
FRIGAE K . pH (N 7.5 B}, K EH ODgoo [ %
BN 2.65 . R TR VRN T A ) I B R e v
88.6%. Zi LRk, Wbk SH-1471 Mo pH H
7.5, H1E 5B AIAL, RN 33 °CHY, PR ARE
T ODygoo [ F =5 4 2.67, HHRN 86.5%. KL,
T R TR AR I R i A IR Ay 33 °Co H 181 5C mT AT,
AN [ 2 S BRI PR K IRV ODgoo (LA B K H AT
ARIEFZm, 2455544 220 r/min F1 200 r/min
If A B UL ODgoo fH AR , (HE% 34 4 220 r/min B,
TVBEREEA, LAy Bk 2 T ) i A 3k
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Figure 4 Effects of different medium (A), carbon source (B), nitrogen source (C), and inorganic salt (D)
types on the growth and antibacterial activity of SH-1471 strain. The data in the figure are mean+standard
error. Univariate analysis of variance was used and Duncan’s new complex range method was used to test the
differences. Different lowercase letters indicate significant differences between treatments at the 0.05 level.
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Figure 5 Effects of different pH (A), temperature (B), and rotation speeds (C) on the growth of strain
SH-1471 and the antibacterial activity of fermentation broth. Univariate analysis of variance was used and

Duncan’s new complex range method was used to test the differences. Different lowercase letters indicate
significant differences between treatments at the 0.05 level.
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Table 1  Analysis of variance for regression model

Soruce of variation Sum of squares df Mean square F-value P-value
Model 0.41 9 0.046 4.73 0.026 4
A: Saccharose 0.082 1 0.082 8.43 0.022 9
B: Bean flour 0.075 1 0.075 7.65 0.027 8
C: MgSO, 0.020 1 0.020 2.03 0.197 3
AB 0.010 1 0.010 1.06 0.0339
AC 0.012 1 0.012 1.20 0.0310
BC 1.690E-004 1 1.690E-004 0.017 0.899 0
A’ 0.072 1 0.072 7.36 0.0300
B’ 0.086 1 0.086 8.78 0.0210
c? 0.037 1 0.037 3.76 0.093 6
Residual 0.068 7 9.758E-003

Lack of fit 0.021 3 7.138E-003 0.61 0.643 7
Pure error 0.047 4 0.012

Cor total 0.48 16
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Figure 6 Response diagram and contour diagram of the influence of AB, AC, BC factors on phosphorus
solubility. A: Sucrose concentration. B: Concentration of bean flour. C: MgSO,4 concentration.
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Figure 7 Growth curve of SH-1471 strain. The
data in the figure are meantstandard error.
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Figure 8 Changes in inhibition ratio and ODgg of
strains before and after optimization based on single
factor and response surface optimization. The data
in the figure are meantstandard error. Univariate
analysis of variance was used and Duncan’s new
complex range method was used to test the
differences. ***: P<0.001.

T FE BRIk 79.8. HR SH-1471 Hi AL AT A % 182
WAL PR TS WG FE B 4.6, BIIARUR
N 85.9%; RAKJE 1) J I Ak B0 1) 3 736 401 v s
I ECH 2.2, BiiaRCRM 93.8%; Ak, Wtk

R2 BERSH-1471 A EHBRE RN EMSEERNZIMFAFERBZHABIEHR

Table 2 Effect of fermentation diluent of strain SH-1471 on tomato growth and control effect of tomato

Fusarium wilt

Treatment Height Stem thick Root length  Root Fresh weight of Dry weight of Disease Control

(cm) (cm) (cm) weight (g)  above-ground  above-ground index effect (%)
part (g) part (g)

After 62.90+1.82a 2.50+0.10a 19.70+1.15a 0.84+0.19a 15.10+1.15a 3.15£0.52a  2.24£0.05a  93.8+0.18b

optimization

Before 58.61+2.05a 1.83+0.22b 17.65+1.22a 0.69+0.16a 11.10+1.34b 2.75+0.83ab  4.6+0.06b  85.9+0.03a

optimization

CK1 38.77£1.99b 1.77+0.16b 12.85+0.53b 0.53+0.04b 8.49+2.11b 2.14+0.28b  10.6+1.65¢c —

CK2 28.35£2.21b 1.39+0.11c  8.99+0.26b  0.25+0.05¢ 6.21+0.29c 1.31+40.26c  38.3+1.58d -

CK1: Sterilized culture-medium; CK2: Pathogen+Sterilized culture-medium. —: There is no control effect. The data in the table
are meantstandard deviation. Different letters indicate significant difference at the 0.05 level by Duncan’s new complex range

test before and after fermentation condition optimization.
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9 EPk SH-1471 X it Zm R BTIER (30 d)

Figure 9 Effect of functional bacteria SH-1471 on pot control of tomato Fusarium wilt (30 d). A: Control
effect of optimized strain fermentation broth on tomato Fusarium wilt. B: Control effect of pre-strain
fermentation broth on tomato Fusarium wilt was optimized. C: Sterilized culture-medium. D:

Pathogen+Sterilized culture-medium.
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Figure 10 Colony morphology (A) and scanning electron microscopy (B).
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Figure 11 Phylogenetic tree of strain SH-1471 based on gene 16S rRNA gene (A) and gyrB gene (B). The
serial number in parentheses is the GenBank entry number of the strain; The superscript “T” indicates the
type strain; The branch number indicates the bootstrap support rate; The length indicated by the scale is 0.005 0
nucleotide substitution rate.
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