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Abstract: Proteolytic enzymes and lipopeptides contain broad-spectrum antimicrobial activities, which
have great potential for research and development. A microbial strain X49 obtained from protease
screening plate showed antifungal activities against six fungi. Biochemical analysis, 16S rRNA
sequencing, API identification system, and electron microscope analysis were carried out to identify the
bacterium. Azocasein method was used to analyze the protease activity. Lipopeptides were extracted for
antifungal analysis. The result indicated that strain X49 grew in the range of 10-50 °C and pH 4.0-9.0.
Moreover, it survived in 10% NaCl, showing good halotolerance. Strain X49 was identified as Bacillus
velezensis. Genomic analysis of B. velezensis X49 revealed eleven genes encoding serine protease. The
ID 1 894 belonging to S8 subtilisin family was 99% similar to the serine protease with known
antifungal ability. On the other hand, thirty genes encoding non-ribosomal peptide synthetase involved
in the lipopeptide biosynthesis, including surfactin, iturin, fengycin, bacitracin, and gramicidin, were
identified. Part of the extracellular proteolytic activity remained under high temperature. After
co-fermentation of B. velezensis X49 with Zingiber officinale Rosc., the antifungal activity of the
lipopeptide extract from the co-fermentation was greatly improved. In conclusion, B. velezensis X49
showed clear inhibitory effect on both plant and human pathogens. The active substances co-fermented

with Chinese herbs and microbes can be utilized for further drug development.

Keywords: fungal; non-ribosomal peptide synthase; protease; serine protease; Bacillus; Zingiber

WeIITR (Fusarium) J&— M FE I3 A 1Y
FURR, BT TR P 7 A B O RA I 7 W o T TR R
AR E TOKRERRAY . AR b AR I
SOMA NSRS P A R, 58 2 S EUR MYl ™
B R 2 T R B A m N A HGE AR,
R TR 22 P 1 BRI R AL 35 R AT B D 1R
SRR T R R A R R A R Y, R

&: 010-64807509

FRAR HA v LR LS BOEOKRZE I . B
ARG T (Fusarium verticillioides) (Fusarium
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BN MV R A BE FE I AE TS B B AR Ik
£ 20 Gl A W b B 0] v e LT 5 T A SR Tl
HEAT TS . SR, R TRUEY R AR E B
BT A PR o B K A AR A AL 3 PR AL s Y
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A TR AN A BRI, B TR AT T

2SR BT BT PR T R o 0 AR o D R
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A TERRALE, [R5 AR P2 30 R B IR, 1R
BOT R IR L AL, o ke B v 28 2 T i
SRy HLAT W S 8 400 ) 7R S 38



RS F/NRGFRTAENERENREREAS R 2295

WL

1.1 SRIH
111 E#k

A 5T T F B H BR ik D B (Fusarium
moniliforme) CICC2490 , 5EXHHEE (Paecilomyces
variotiiy CICC40716 . #AR ¥ % (Penicillium
funiculosum) CICC40279 . P #IE (Fusarium
concentricum) CICC41030 . 85 [N A [H (Hypocrea
lutea) CICC40381 [ B HE: (Aspergillus niger)
CICC40374 W [ v [ Tl £ A P T8 Rl O 7
¥ fr (> (China Center of Industrial Culture
Collection),
1.1.2 EFRE

T4 B A g B FR L (potato dextrose
agar) MR EH A BN (potato dextrose
broth), W A" ARG BUEDFHA RA A

LB WA 32 8L (g/L): BRAEF 10, BEh)
Sy 5, FAALEN 105 AR SRR 20,

iR R KR 2 3508 (tryptose soya agar), Il
F g2 e AR AR IR A A
113 EEZLFFNEE

gH P AL R 2H DNA fh#23057 & . SanPrep #
3 PCR Wy alifbilfl & . PCR 9745050 & | 5l
Wa s, WAETAY TR (B RHAR
Al AP AU, W A AWty Bk I 0y
ARAE; BAREA . 8Tk ih& & O
(protease from Aspergillus oryzae) W H PH#%3S
WIEHEE (R ASARAF,; SR, T2,
FERL. NI, phis . )8R . AT R, 1
B At st R s rp 2 A R A

PCR, C1000 TOUCH, Bio-Rad 2A#]; &
HE LML, MIKRO 220R, f# [ Hettich B}2#Y
AR E; FEIREEFRHAE, THZ-98C, Liff—
fERR AR A R vl s R T L, EYELA
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PDU-1200, ZRutBifbastibRalotts AkAY,
Tanon EPS 300, BEMZHUE4L, Tanon 2500, I
W REERIH. AR/ A s pH 11, NanoDrop,
Thermo Fisher 23w ; BEAR{Y, SpectraMax, 32
oIS (B ARAH,
1.2 LWIHE
1.2.1 BEHRFIERERKFES

I E F KRR IR 5L (LB ZUR 57 2k
L V%S RE WA ) O ek B AR g4 BT )T | A
AN . WL BN T2 B LA
(27 S A vl B i G Sy N S 7 SRS N
(F. moniliforme CICC2490, P. variotii CICC40716,

P. funiculosum CICC40279, F. concentricum
CICC41030, H. Iutea CICC40381 K A. niger
CICC40374) £ PDA BifiR¥EFR 3 ik 4590
Bro GRiE R EA I P SR R T R MR 24
X49, FIH] LB MMAKEFEL, 7ERIKEEF4E
(150 r/min) X55%, &% HASE] A9 85 5% 1 5 & pH
EHHFATIRVT o [RIEAC S5 A ARl NaCl ik B 1Y
LB [ERRE I, R RILR 7 17 o bk 5 57
U =38
1.2.2  16S rRNA E R F

FIF LB KRR 9% X49 witkfE, B0k
LR, ] DNA fih$2i0 & 617 5 DNA i
B f# A 16S rRNA ZEH#E 5149 (27F: 5-AGA
GTTTGATCCTGGCTCAG-3'; 1492R: 5'-GGTT
ACCTTGTTACGACTT-3") #47 PCR §'14, ¥~

W4AE. 95 °C 5min; 94 C 30s, 55°C 30s,
72 °C 90's, 35 MEH; L 72 °C 7 min 58
SEf, PCR SEM S 4lifb)E, MR Anl T
DNA ¥ . il 12 MEGA %450 #r 16S rRNA 3
R RGEREW, BRI 520,
1.2.3 BEAMISN

ZACIE T B SR G TR — i 1A o i ik
FrE M. B X49 HbkEIR1E LB F
e F, FIAR4A Quorum PP3000T (Quorum
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Technologies Ltd.) HI4AHHE T BMEE (FESEM;
FEI Quanta 450 FEG FESEM) 43T X49 AR
EA . BAEFREER T HRA I, 25
FE-200 ‘CF, it 12 min FHEE-90 C, )5
W4 . MR EZ A 15 kV (1) FESEM
(FEI Quanta 450 FEG FESEM) FR154E 5 B4 .
1.2.4  API Uik

FIF 3 FHR4E4% (APIZYM, API 20E, API
50 CH) A& B ik XA [6) e 4 g A Qa1 00, 4
PR PR RE IS B X49 BRI 7R AR PR R S 3 IR s
IR FE AT RIS SR, RIS TSR A, 24 h
J5 1) FH b P BB — T s R L T AR
K, WRATIRS), FEIMAGRAS T, ®EA
B4, 4h. 24 h ok 48 h J5 AR AR A B (o
AR, AR €8 A5 A ke ) W S 5 T A AR AR R
1.2.5 ERE BN FFER

FFARIF Y X49 AR B B, FIH =
I (next-generation sequencing, NGS) J7
Bl AT . EEIR I X49 AR K A
DNA, 315 H: DNA ) OD;60/280 7 1.8-2.0 i [l
N, SRJE K DNA ZHEEMER Al (JrH) ik
FPSCHEREE . A DR Z 0 3 Fn 3 DR 4 A 015 B
ST WAL f# A Tllumina Novaseq 6000
(Illumina, 25 [F),ffi [ 2x150 Be XA 4% (PE) i
T ¥ . Prodigal B A 4 i FE A g 48 R 1O
#F— 2L fdi ] BLASTP £ NCBI %4 22 8 22 gk
o YIREYEFLIN R gene ontology #EA TR,
g4 W B KEGG (kyoto encyclopedia of
genes and genomes) TR, F K 4 AD ) &K 1
Jitif 14 COG (clusters of orthologous groups) %X
PEPEIT RGERE 535 X49 TR SR 417
B FA&%] NCBI %idiE e, Bioproject 45N
PRINA769515, Biosample i 551 SAMN22138608.
1.2.6 ZEAKREEEDH

Z M Azeredo &5 17 VL IEA TR SR 4R 119
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P, B30 wL AORR SR kR B A BRI
FiH . 270 puL 50 mmol/L WERRZE v (pH 6.0) .
250 uL 7% 2% 8 U & 11 1Y 50 mmol/L B R 2% v
W, WA), 37 C/K¥ 30 min, HIA 150 uL 10%
AL, BB, TE 440 nm A0 EE A
g . o oK A TR A 3G 95 AR R 2 v
HEC o R FHOBH MR X BECS UE oK il & R A
(protease from Aspergillus oryzae) (Bi% 1R
500 U/mL), FEFBENIL ODo, HIVEPRERE
o TEMAME I SEa b, SOk
N Fs2 1 T B R A7 28, 11 T P A3 A
127 HHHELEREFEREREREE YR
SHERd

HUE e 25 B B ARy, FRER 2 g INAHETE
A, A 50 mL Z8087K, BHKH . #2611 100
AR, 150 r/min . 30 CH53% 10 d. 2 #8 Chen
I Juang (975 7 POSR OIS BE S B B 16 9 J5R
W e TR U JE R VWO bR TR R, R
IR VEW pH EIER 4 4, JFHAE 4 C
TR 24 h, ZJFE.0(4 C, 10 000 r/min,
15 min) WEEDTIE, RWIHETEIGRREICS, LK
15 B BRS04 4 o o BRI o 4 U () g
JRZSHU B TSP T, i AGE & AR F L s
fff, B HCEC AL R 10, 5. 2.5, 1.25 mg/mL
BV, THZ 022 pm CEIIERSIE, Lo
A 2 g HEGAIK AT 50 mL ZE MK R BRZH , w5 s
KB JE W BB, He DL By kA ali v 24 $2 5
Y, SRJEECHI AR R MR R BV, AU 0.22 um TG
[ZSpUR/):Er SuR/i
1.2.8 MEEFEMESH

¥ F. moniliforme CICC2490 7t 4% B 4
WEBNE R R RIS, I S WA R
FIHCEAR F R+, IR E ODgoo 20T
0.1-0.2 Z 8], 7E 96 FLARAIIA 190 uL B
10 pL AN RV BE 0 R AR B W, Bk
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JEWEE 3 AT R, B—He 96 FLAR, 433l
T 190 pL BRI 10 pL 46 25 $E B
VE R X BRSZ 5, [ i i B — A4 BF 4 X B 2
(190 pL BN 10 L B —H I TIRER) . %
96 FLARIA 25 CHEFRAR 357 72 h AT U%E,
FKEM ODgoo 1E. o

2 ZREAM

2.1 EHRFERERESF SN

AW AR A )T A A SR N TR
VLT . VLPY A M s B B2 A - S 7 2
215 BREPE, R R mE r 35 55 B 5 HOE
L, NEE IR n] 75 H DR 0 i AR R AT s O 2 1
K fRmEE Y, HAH T 4 BRItk aE W EEOR,
HiEWIE Sk AR AL 3 5. [RBbE
4 BRAMHITHIEE R, KBER X49 A
B WER M E BHE R, X F. moniliforme
CICC2490, P. variotii CICC40716, P. funiculosum

Fusarium moniliforme

Paecilomyces variotii

CICC40279 , F. concentricum CICC41030 ,
H. lutea CICC40381 J% A. niger CICC40374 #\ A
B W s BTER (| 1. Bk, X49 BFRTE
10-50 CHJEEINBI AT LIER, £ 35 CHik
e K®EE (B 2), HAE pH 4.0-9.0 J5 Bl N
BB AR AT H AR EAIRE (1%,
2%, 5%. 7%M& 10%) () LB FHu k37 % b
B g B, 45 B B R X49 T AR %R 8 ve
[ 38 I PERCSR , 7E 10% NaCl ik T 4734k Bk
A K
2.2 X49 BE#k 16S rRNA ERENF RS
SR

ffiF 16S rRNA LR E 59 31 X49 1#
PRI 16S rRNA L[N, 255 R a9 34 K%y
1.5 kb KB DNA F B, 4 DNA WJF 5,
ik NCBI %4 1T BLAST 204, /R X49
5 Bacillus B )& R EME 5 o 3F— 8B Bacillus
AFFAB AR ERZE LT (& 3), Xt

Penicillium funiculosum

1 X4 EHRESFARERESRERTERETRERE LERSH

Figure 1

: 010-64807509

Antagonistic analysis of Bacillus sp. X49 against different fungi on PDA plate.
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2 X499 BHETEEE (A) RpHB) £HTEFE 2 FEHEKEKEE
Figure 2  Cell density of Bacillus sp. X49 cultivated under different temperature (A) and pH (B) for 72 h.

90 | X49
70 |1 Bacillus methylotrophicus CBMB205 (EU194897)

44 Bacillus velezensis CR-502 (AY603658)

Bacillus amyloliquefaciens ATCC 23350 (X60605)

Bacillus vallismortis DSM 11031 (AB021198)

Bacillus subtilis subsp. subtilis NBRC 13719 (AB271744)

69 Bacillus subtilis subsp. spizizenii NRRL B-23049 (AF074970)
45— Bacillus mojavensis IFO 15719 (AB021191)

Bacillus atrophaeus JCM 9070 (AB021181)

100

Bacillus altitudinis 41KF2b (AJ831842)
9% Bacillus aerophilus 28K (AJ831844)
Bacillus stratosphericus 41KF2a (AJ831841)
100 Bacillus safensis FO-036b (AF234854 )
99 Bacillus australimaris MCCC 1A05787 (JX680098)
55 [ Bacillus zhangzhouensis MCCC 1A08372 (JX680133)
57" Bacillus pumilus DSMZ27 (AY456263)
Bacillus sonorensis NRRL B-23154 (AF302118)

100 l: Bacillus aerius 24K (AJ831843)

Bacillus marisflavi TF-11 (AF483624)

98
{Baci!lus aquaemaris TF-12 (AF483625)

Bacillus methanolicus NCIMB 131137 (AB112727)

—_
0.005 0

Bacillus shackletonii LMG 18435 (AJ250318)

497‘: Bacillus acidicola 105-2 (AF547209)

3 X49 Bk S5 REM Bacillus B E#KEY 16S rRNA EFH &% 4 &

Figure 3
X49.

16S rRNA gene-based phylogenetic tree of different Bacillus type strains including Bacillus sp.

http://journals.im.ac.cn/cjben



RS F/NRGFRTAENERENREREAS R 2299

iR WoR X49 WAk S W AR SR I 2R AT A
(Bacillus methylotrophicus) CBMB205" f [ 514
IO . XA49 TERTE LB AU SRk F 2 L
FLHESNIL, AR L B AT HAMIDEZS (K 4),
PR R IFR, HKR/ANAR 0.5 pmx(1-2) pm,
A F 5 P A L T ok DB B HES L DU
FLaEHRS
2.3 X49 EHREBRE WS

X49 itk B. methylotrophicus CBMB205™! |
WM ZEEFT I (Bacillus zhangzhouensis) M Fd
W MAF B (Bacillus australimaris)*? () API
ZYM SR HEATRTEE (3R 1), X49 TR il i
MR . WAME C4. ZSNRMREE C8. F1Z MR I e |
JBEBEFL A I . PR IE R IR N . 4% 1y WA /K it it
ou- 78] 20 W I - e AR Y A 2 3P A S
T B. methylotrophicus CBMB205" 1
WEAG B Z MR IEIETE. AP 20E 0] 2
A VTR PR £R K W S BRBHAYE S . IAh, APL
50CH P /s H BB . L-FIRLAAmE . D20
D-AME . D-2EFLME . D-#IZEHE . DS . D-T1 R
B OWURS . T EREE . LANEE . B Ak -o-D- i IR A

19 HV mag O
PM 10.00 kV! 6 000 x

WD spot| det ————20
7.8 mm 3.0 |[ETD! Third institute of

EMET . W AA . BRI . L RATE IR
KT . D-2F4E 0. D-Z ZFHE . p-FLbE .
D-% T WE . D-JEHE | D-TEEONE | 49K . D-FA B
D-HTHE . DERY . M. AOBERE & D-JE 1B
S B FHAE S o
2.4 X499 HiRERENF S

X49 WIRRASLNAM)S , Hek45 23 318 120 4>
reads J 3 483 188 362 /> bp ( 2), ¥ HIATHF
B2, HA 31/ contig, E/x DNA P 5E 5%
FERR . G A E BT, X49 WERIER A
4K J 3929913 bp, A 3766 PMIEA, G+C
T i N 46.55%, AT B. methylotrophicus
FKM10 & B. methylotrophicus B25 #R4¢ ML .
IEAh, X49 FERRAESTS RNA 80 189 4.
SRS SR LEAREAH & 3) &
AL G U (R 4), @PRERILEIH 114
Gt 1) 22 S PR AR U, b S S8 M RLAT I
EMZ % (subtilisin family), S1-C W5 %
(subfamily), mZIEEFAZ K (thomboid family),
V8-like Glu-specific N ik (endopeptidase)
ATP-dependent %5 [1/K i (protease). AR#EIE

9/12/2019 HYV |mag O WD |spot det 4 pm
12:19:43 PM10.00 kV|24 000 x 7.8 mm | 3.0 ETD._Third institute of oc

4 X49 FHK7E LB FRIEFE EMARBES
Figure 4 SEM analysis of Bacillus sp. X49 grown on LB plate.
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R1 FATE X49 BRS FRETEEE EROREE LR

Table 1 Phenotypic comparison among X49 strain and other type strains of Bacillus

Characteristic X49 1 2 3
Pigmentation Creamy white Creamy white Creamy white Light yellow
Growth in 10% NaCl + - + +
Maximum growth temp (°C) 50 45 45 45
Minimum growth temp (°C) 10 15 8 8
Alkaline phosphatase + + + +
Esterase (C4) + + + +
Esterase lipase (C8) + + + +
Lipase (C14) - - w w
Leucine arylamidase + - + -
Valine arylamidase - - w -
Cystine arylamidase - - - w
Trypsin - - - -
Chymotrypsin + - + +
Acid phosphatase + - + +
Naphthol-AS-BI-phosphohydrolase + + + +
a-galactosidase - - - -
B-galactosidase - - + +
B-glucuronidase - - - w
a-glucosidase + + _ _
B-glucosidase + - + +
N-acetyl-p-glucosaminidase - - - -
a-mannosidase - - w -

a-fucosidase - - - -

DNA G+C content 46.5 45 41.4 41.3

1: B. methylotrophicus; 2: B. zhangzhouensis; 3: B. australimaris. +: positive; —: negative; w: weakly positive.

T2 FHRE X49 BRI E XK B. methylotrophicus EE HF 5 E
Table 2 Summary of the genomic features of Bacillus sp. X49 and the published B. methylotrophicus

Category X49 NKG-1 FKM10 B25

Total reads after quality trim 23318 120 - - -

Total base after quality trim (bp) 3 483 188 362 - - -

Total number of contigs 31 - - -
Genome size (bp) 3929913 4197 217 3928 789 3 862 757
Gene annotation 3766 4432 3783 3679
GC% 46.55 47.06 46.49 46.7
Total ncRNA 189 228 - -
References This study [23] [24] [25]

http://journals.im.ac.cn/cjben
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K3 FHEHE X4 EHRPHLEEEEAQR

Table 3

Serine proteases present in Bacillus sp. X49

Serine proteases Gene ID  Amino Homologous Protein identity Homologous species
acids accession number

S8 subtilisin family 1_499 319 WP_014304883 319/319 (100%)  Bacillus sp.

1_894 442 WP_024085327 442/442 (100%) Bacillus sp.
S1-C subfamily 2 85 398 WP_015387437 398/398 (100%)  Bacillus sp.

2563 396 WP_060387189 396/396 (100%)  Bacillus amyloliquefaciens
Rhomboid family 6_121 199 WP_057080626 199/199 (100%)  Bacillus amyloliquefaciens
V8-like Glu-specific endopeptidase 5 221 303 WP_003155497 303/303 (100%) Bacillus sp.
ATP-dependent protease 1_541 698 WP_043867039 697/698 (99%)  Bacillus velezensis

2 621 198 WP_003151513 198/198 (100%)  Bacillus sp.

3250 420 WP_003152620 420/420 (100%) Bacillus sp.

3251 552 WP_003152622 552/552 (100%) Bacillus sp.

8 4 810 WP_007410388 810/810 (100%) Bacillus sp.

EWER K G B () 0 B B, S 30 A4t 1)
AR RR G il , o 5 A RETEHEER
AR . IR L TR S AT R AR
IR, 55A 10 DR AZS 5 MR AE 2R RR 1Y)
Gt LA
2.5 X49 HHREHEKEMEEES R

R A BH P %o BRCHEA 7 AN [ e 3 7 R A 1 T
PEbRMERNZE (B S), K X49 BERRIE AN 75
B U/mL, 4550 BRTE 15 CRF 72h 5, H
Pk 16 S IR e, HC AR LR AR Tl T 1 A
RS (K 6). AR pH &4 FH:E 72 h,
X49 THARTE pH 6.0 2514 T A= 4 i Tl 16 1 doe s
16 pH 4.0-5.0 2 pH 7.0-8.0 51F T 2 T ita#,
pH 3.0 % pH 9.0 ¥i5# kP A K 72 h J5, WA
AMHEYE . B AHRAEF T LB ARG SRS,
T 15 CHIFREE PR SE 72 h, I HAE A [] R B 4%
PF T B IR SR N BTG M, 25 R SR il
HNE FUK R AE 45 C 2 T it s, Bl
JEFE R 55 C, HIGTERERRAE 45 CEAMUET
1 91%. 4 S ot B2 B 4ok 70 CEAIRT 15 CH,
TEPEA RIE T FE

&: 010-64807509

2.6 X49 EHRABREMMIMERIEES

W X49 Wk SR h 23 R I, R E
B w b g Ikt &%, LA 38 B X
F. moniiliforme CICC2490 A=K i il /& F 1 7
YT, 45RBoRfE LB B3R 3 KL W iy HR H
Wiz B EAA B R I EIE R, RS SR Y
W TS, MR EEm (& 7). H1E
55 3 RIEFRIE 0.5 mg/mL SLIHCY) 140 T A< 0] I
TRE 15%, AU EE AP0 B R T B
10%. MAh, X49 WHRSHR . T2 .
JUBL, TG . TR . AT SRR SR SR R
By, ZMEE k|, dirh2y T2 0REY
FEMRER 0.5 mg/mL B, 255 2 RIGEFFEAR
A ULR RIS BRI R, 5 3 RIEFRE N 5E 4
REMEIERAE S, B X49 kIR,
0.5 mg/mL #2EITES 2 KEEFHRIGIEF] 78%H)
R, 5 3 REEFR G W AR MR 74%, 1
0.062 5 mg/mL k¥ FER, X49 Wtk 5 TEILK
PR HCI AN R JE S LB B R 3E L e $2 L
Yty 4.5 ff. Hoayrh 2l e b oy i 4 i 3
WHERBA LT 2 IhRCE A, E— 20 X49 TH
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x4 FETE X49 Bk RYIERE RIS BB
Table 4 Non-ribosomal peptide synthetases present in Bacillus sp. X49

NRPS Gene ID Amino  Homologous Homologous Protein identity Homologous species
acids genes accession number

6 1 654 SrfAB WP_046559337 654/3 586 (18%) Bacillus velezensis

6.2 1278 SrcAC WP_044053264 1 278/1 278 (100%)  Bacillus subtilis

63 243 SrfAD WP_014304324 243/243 (100%) Bacillus sp.
Surfactin 71 2613 SrfAA WP_057080002 2613/2 711 (96%)  Bacillus amyloliquefaciens

13 1 2610 SrfAB WP_101311882 2 610/3 586 (73%)  Bacillus velezensis

13 2 649 SrfAA WP 139885552 649/3 584 (26%) Bacillus velezensis

18_1 414 SrfAA WP_219194687 414/3 584 (12%) Bacillus velezensis

1 995 2617 ItuC WP_173602848 2617/2 617 (100%)  Bacillus velezensis
Iturin 1 996 5362 ItuB WP_173602849 5362/5362 (100%) Bacillus velezensis

1.997 3982 ItuA WP_173602850 3 982/3 982 (100%)  Bacillus velezensis

4 367 2 552 FenA WP 201488931 2 551/2 552 (99%)  Bacillus velezensis

4 368 2565 FenB WP_073982297 2 564/2 565 (99%)  Bacillus amyloliquefaciens
Fengycin 4 369 1173 FenC WP_208557787 1 173/1 173 (100%)  Bacillus amyloliquefaciens

121 2201 FenD WP_215601758 2201/2 201 (100%)  Bacillus velezensis

12 2 1422 FenC WP_215601759 1 422/1 422 (100%)  Bacillus velezensis
Bacitracin 14_1 1414 BacA WP_139891865 1 414/1 414 (100%)  Bacillus velezensis

2 565 219 LgrE WP_088005439 219/219 (100%) Bacillus velezensis

337 177 GrsT WP_079979109 177/177 (100%) Bacillus velezensis
Gramicidin

7 114 2 442 GrsB WP_164691742 2 442/2 442 (100%)  Bacillus velezensis

14 2 977 GrsB WP_208557997 977/977 (100%) Bacillus amyloliquefaciens
NRPS 1_1021 1267 NRPS WP_069013589 1267/1 267 (100%)  Bacillus sp.
NRPS 11022 1293 NRPS WP 101311967 1293/3 591 (58%)  Bacillus velezensis
NRPS 2 895 2375 NRPS WP_052586507 2375/2 375 (100%)  Bacillus amyloliquefaciens
NRPS 339 1371 NRPS WP_213403547 1 085/1 157 (94%)  Bacillus velezensis
NRPS 7109 2206 NRPS WP_069013416 2 205/2 206 (99%)  Bacillus velezensis
NRPS 10_43 834 NRPS WP_024084831 834/3 568 (23%) Bacillus amyloliquefaciens
NRPS 15 1 670 NRPS WP 131258854 670/670 (100%) Bacillus velezensis
NRPS 24 1 189 NRPS WP_225046443 187/189 (99%) Bacillus amyloliquefaciens
NRPS 25 1 202 NRPS WP 227560965 181/183 (99%) Bacillus velezensis
NRPS 30 1 93 NRPS WP 222122394 92/93 (100%) Bacillus velezensis

?Homologous gene of Bacillus spp. with whole genome.
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Figure 5  Standard curve of protease from

Aspergillus oryzae (Merck), which is used as a
positive control.

5 TR L R R TR R 2, WA
X49 WtkZal 10 d HRE, WK ALY
5.6x10" CFU/mL.

3 itk
AT E R L L 16S rRNA #5143
Mrfa, i F MEGA #ff, SRH4B4% (neighbour-

joining) HIEM@E ARG L TR, GE5FEH,
X49 WHRTERG KT L3RR T2 A HE . X49
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= ~ 57
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£ E
= 5 4¢
z -
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b= z
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b g 2t
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o 172]
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AR S E R B. methylotrophicus CBMB205

B. velezensis CR-502. fARIEM ZEMFTE (Bacillus
amyloliquefaciens) ATCC 23350 MACT-4F %M
¥ (Bacillus vallismortis) DSM 11031 254
K, WoRHFEIIRARRIE, Hr X49 Btk 58X
¥k B. methylotrophicus CBMB205 AIAILLE JL-F
A 100% A FERE B. methylotrophicus CBMB205
JCAE T 4%1%) NaCl 3355 R A KPY ) feflifk
A KR H 28 C . pH A 7.0, TiAHFSE I i
HoR B R X49 Xt NaCl AT 52 BE 4w, IF
HARB MAERKIEE .. HIEER/NFIE SR
E Pk B. methylotrophicus CBMB205 ((0.63-0.64)x
(1.8-2.7) mm) AHL, FfLAER— B RERT A9 TR AR 22
Mo TEFEXT APLZYM AEAL N -, X49 Btk
SR AEREC AT, BB AR R 2 e &
PR g LR . BRBEFLAR M R M R T M
P71 % BTV 4 FWEEIS L. 72 APL 50CH
o3t 49 Mok A& P AGRTE DO, & B X49
BRI PR RE 5 I H b i 30 RO RIRK AL B 40

SRR LI B R, B. methylotrophicus
K B. velezensis J& T 574 (heterotypic
synonym)*"!, AR FEI A A0 Hr, 1 2 AP
MREIFER A 22 57 A K, B. velezensis MR I

[5)
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60t
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Figure 6 Protease activity of Bacillus sp. X49 cultivated under different temperature (A), pH (B) and

temperature of enzymatic reaction (C).
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Figure 7 Antifungal effect of the extract of the co-culture containing Bacillus sp. X49, LB medium and
Zingiber officinale Rosc. on the growth of F. moniiliforme CICC2490. The 2 d-Zingiber and 3 d-Zingiber
indicated the fungal inhibition rate by the extract of Zingiber officinale Rosc. against F. moniiliforme
CICC2490 at 2 d and 3 d incubation. The fungal inhibition rate of 3 d-Zingiber was 0%.

B. methylotrophicus A4S R, A kkAT
54N B. velezensis X49. 3£ BN,
B. methylotrophicus B PR X T 95 J5 B8 2 61 4 4
(Fusarium oxysporum) % /R Wil [KH & (Ralstonia
sp.). HEMRMEEL R (Meloidogyne hapla) BA
B S RS PUVE ™, I HALE T — R i KR
FEl 4l (plant growth-promoting rhizobacterium,
PGPR)®Y, BR T REA &0 e R Z 40, X
P aErE AR A BT B, B DA R A g
FEEPNE R T o Ao R X49 TR XS
THY) (F. moniliforme) & NZJ& (P. variotii)
3 it T A AR S 2 A AR

C A Z 0 WA FEUESE 22 4 R 48 1 i WA 4L
FLRRE SO0, 438 X49 B RRIE R 4L 224
MREE AR I, HIEH 95 1 894 J& T S8 #fi#
FEE AR GEN 2 ZARE AN, WA 442 1
FIE, 4 TRWUMG N 48.2 kDa, 5 Ji %P
e 18 B A P E R RE ) B 22 AR E A = b
99% AR ALLBE o % B 1 26 S B UF S X T SR AR
JRILTA B. cinerea HAT W W iy HiI/EH . 2 &%
B R 5K PRI EAE R, ik
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B BORE AR AR A A X
KRN 22 AR E M H A —1> peptidase_S8
I T RESE M3 (functional domain), i F4&H
152 2| 437 PR AERA NG, JEh FEZF AT
BEHEA TS R . AR A mEAMNE R
W) A3 AT IESE T X49 TR PR 1Y 2 1 K fife Bl
It B IS E K g BBTE 45-55 CRMFET, D
A B RS, X5 00 SEBVR B IR R
2 B R E A MRS R . A, AR
R X4A9 TR AR A M A1 A 1K A i 2 52 BRI 55
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fiff Bt ) T PR R B B v, XTI F RS i R
BRI, AEARHE—2L LR T X49 TRk anfer 545
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BRI 2 A T B IR A 7, A
AINHIPEEE . AN AR SE 2 R
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K 30 NGt AR A IR B e, Hh e e
MBRMEER . FMEER . FIEER. HE
R B SRR KRR IR AL B, RIEHER L P
Hili B TR 3R K A IR R S AT I (Bacillus
subtilis) Wi Z IR IKRIAE AW . FimnigE T
EE oA R 5 R 7 N O N D oS e e I B
IR bR THiREZAh, KGR RA
VI BURREE . BUAR . UM A G R A G
PECS G T 2 R T A AT R R
IR BB BE 25T AR, TRIRE LA AE AR Y 4
FH o PR B T 2% 91 T T A 1 AL TR 2 A 6 i
R, B SHEEREERAEY,
i, AR R E R N LAY, FEEN T L
T AN [) P49 3 it 200 T R JEL TR 1 0 o s 2 A I
X AR K 28 1k & W X Al TR 28 Y e B ek T
(Micrococus flavus) . 3 FRATERFTIE (Citrobacter
freundii). KIFF B (Escherichia coli). 3§~
W AT (Alcaligenes faecalis) . * Jit V0 55 KA
(Serratia marcescens) . 5 il 28 L (Proteus
vulgaris) M= i BmIAKE (Klebsiella aerogenes)
S5HEWERMNEBKRFEE (Penicillium italicum)
KIVHR 1B (Fusarium culmorum). B. cinerea .
FEIR I (Magnaporthe grisea) N /N KR E
(Erysiphe graminis) #5578 WA & A 307 P
Bacitracin & Gramicidin ] HA HiH AL . X
BERRAIE 0 3R B 25 JR A T 7 B 7 R RO Tl
{HAFRAMMN S . 4G Chen Fl Juang AYBFFY i
RO B T VE 6 B R ZS Ak & i $2 R
AR 53%, FAIRIEIZ I AT /N 1
BUR L X X49 R IET IR KRS P 1R
B, IR Tht R E R 45 R R BLAE R
LB 5% X49 WL EI XS T F. moniiliforme
CICC2490 HAT W il VR o Britb=Z 5k,
h X49 WHREA FEMIERS, FIHAEH X49
AR S 2 R R IR, BER T AR A R
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NEREAL B Z 48, i n] 3 ol % i 2 10 A= Y
b, REEZHEAEY, REhiEf . f
W RN, Wi ZERIAFE (B. subtilis) 5 50 Ff
e kSRR, HAEM . BIRE . BT
WS, EARIT L ERELRRE, HIE
RE S A R B0 AR SR T
AR IR, g L JTRER . AT =
KW IRG, MET LB 53R, S5 TEK
WG 97 5 i P O s A B A R Rk,
FWHRER, TEIAEMH O EIGR CO, %
UG, B 0 MBSO, (HAEARR ST
PIBRUTIEALHE, XFF F. moniiliforme CICC2490
TC R E I RE 1, (A2 i X49 BRRR RS,
IEIWROE AR 2, X RY] X49 Hikaef
T2 AT A AL, AR
TR T4 R, X R WAL S AR IR AT —
RIS R stk S oA, DR ARSE
YR -
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