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Whole genome sequencing and genomics analysis of Bacillus
amyloliquefaciens SQ-2 with biocontrol activity

LI Suran, LI Xue, FENG Jialin, ZHAO Jiangqi, HUANG Lei

School of Chemistry and Chemical Engineering, Tianjin University of Technology, Tianjin 300384, China

Abstract: [Background] Bacillus amyloliquefaciens SQ-2 is a probiotic strain isolated from
commercially available watercress paste, with previous experiments demonstrating its
exceptional bacteriostatic ability against plant pathogenic fungi, indicative of strain SQ-2’s
rather good bio-control abilities and potential application prospects in bio-pesticides.
[Objective] To explore the genetic information of B. amyloliquefaciens SQ-2, and divulge its
antifungal mechanism. [Methods] The whole-genome sequencing of strain SQ-2 was performed
on an Illumina MiSeqX10 platform. Raw data were cleaned using Trim Galore V.0.4.0 and
examined for quality using FastQC. In addition, de novo assembly was performed using the
SOAPdenovo2 package. Genes responsible for the biosynthesis of secondary metabolites were
identified using antiSMASH. [Results] The genome of B. amyloliquefaciens SQ-2 was 3 486 537 bp
with the average guanine/cytosine (GC) content of 46.63%, which potentially coded 4298 genes.
Eleven gene clusters related to secondary metabolite biosynthesis were discovered, of which six
were identified as antifungal synthesis clusters, encoding bacillaene, bacilysin, butirosin,
fengycin, bacillibactin, and surfactin, respectively. The sequencing data from this article were
submitted to the NCBI and were available in the GenBank database (Login No.
JAHXSB000000000).  Ultra-high performance liquid chromatography-tandem mass
spectrometry (UPLC-MS/MS) analysis indicated that the surfactin, bacillibactin, and bacillaene
were produced by strain SQ-2. [Conclusion] This study presents the genome sequence of B.
amyloliquefaciens SQ-2, and it exhibits intense antagonistic activity against plant pathogenic
fungi. The entirety of this genome sequencing study can assist in utilizing known antifungal
peptides and searching for novel antifungal substances to combat pathogens.

Keywords: Bacillus amyloliquefaciens; genome; gene annotation; secondary metabolism
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(Swiss-Prot) 55 £ e 7 BRIk SQ-2 LR DI RE ;
NTRZRFE R SQ-2 AN HLEL , R il antiSMASH
TELR T HXS SQ-2 By i KL DA % kA7 43 A LA 1
FFEVERY ZETRAT R SQ-2 JE LR A YRR T
T2 I PR B JE At

1 MR5r%

1.1 #
1.1.1 EZERFIANEE

P IE R 2] DNA $RBOLH &, g
FORHE AR Hl; DL2000 DNA marker, KH
AR (LA RAF . PCR X, Applied
Biosystems 2\ F]; HLUKAY, JEIiS—AWRHA
/N H]; NanoDrop 2000, FEER G /RBHE A H] .
1.1.2 EHxE

PR FREE . LB B3R LY,

H R EARE SR FE : potato dextrose agar (PDA)
B R,
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F IR LM 1x10° Pa KA 30 min J5
.
113 EHHSELEE

il VE R ZFFAT TR SQ-2 fh T B Sl Hh 43
B AR, HAR B PR A
10 g, BIA%EA 90 mL TR/KMHEER T, F
200 r/min #2 % 20 min, H 1:10 BF R H
B 1 mL, A 9 mL EH /KR,
LA 1:10% P BEVRL s MR L2 4, 43 31 A 1:10°
1:10%, 1:10°, 1:10° PR REW s 5>k B2 1 7
WS e IR WA RS L 250 nL %2 LB P4k |,
25 °C fHIRAA P4 5E 3 d; RBUEAS | Bl
FEAEAS [A] A9 T 7% G T ER AT AR 4P R LB [T A
R HE, TR K, RIS

28 B4 7] %(Fusarium moniliforme) ACCC
36127 . ¥5 % Wl % & (Aspergillus  tubingensis)
ACCC 32407 i B (Stemphylium solani)
ACCC 36456, RO E (Fusarium graminearum)
ACCC 38067 FH R HEHL T 0] W] 2 Uil B0
1.2 7
121 #EYRFREEERZRINE

KPR IR, 7E PDA SF-A ] 43 51 7%
B 5Bk ik ] I (Fusarium moniliforme) ACCC
36127 . & 32 M1 % ¥ (Aspergillus tubingensis)
ACCC 32407 i B i (Stemphylium solani)
ACCC 36456 . R FRAEE (Fusarium graminearum)
ACCC 38067 WP, Xf a4l HAE PDA P-4
DRV EAR N 6 mm BRI, IR TR
X BEZH B BEA b, FEFE BB FR M0 2.0 em Ak
RN HEF R R SQ-2. 25 °C #4557 3 d JaWige ., il
IR
1.2.2  E[FE 4 DNA REUSMAF

Pk SQ-2 AN T LB 15 rh, 7E 25 °C,
200 r/min 5/F T 3557 24 h, FIEFRI 10 000xg
B0 5 min WA, BUAEY) DNA B 5 B i
A7 DNA $& Bualsn) & Fron Jr 42 I, UL Eid

A BRARIE DNA WA, DLAN T %5 5 8 5
) 27F (5'-AGAGTTTGATCATGGCTCAG-3")Fl

1492R (5-TACGGTTACCTTGTTACGACTT-3")
P18 16S rRNA R[H P51, PCR WK % .

2xTag PCR Master Mix 12.5 uL, . FU#51H
(10 pmol/L)#% 1uL, DNA ##z 0.5 uL, ddH,O
10 pL, PCR I 4544 : 95 °C 5 min; 94 °C
1 min, 58 °C 1 min, 72 °C 90 s, 30 M3 ; 72 °C
10 min, HU S uL PCR FEHEAT 1%3 R AREE i
HLPK, [ PCR ™73k 2 Bl 365 A Y R 258t
FARA R, FrisFes7E NCBI 19 BLAST
(https://blast.ncbi.nlm.nih.gov) A1 LPSN & [A %
(https://lpsn.dsmz.de/) A T AT R T 91 EL X,
PAF AR R = W 41, it MEGA 5.0 %%
AR R TR B
123 EFBEEARSEEMEREZSH

Z: M L1 S5 7 R 0T TR AR SQ-2 iE4 7k R 4 41
P R AEYE B, B A
ZH A4 R A A 5 P 91 4H 28 84 SOAPdenovo2
(http://soap.genomics.org.cn/) X — A%l ¥ 5 Y
AL #5172 Kmer S8 PR, 158k
LAY contigs 22645 5 . B J5 4% reads 5 contigs
HEATHEXT, #34E reads 9 paired-end Fil overlap
KFR, XA R /AL, B
A, scaffolds. A Glimmer (http://ccb.jhu.edu/
software/glimmer/index.shtml) . GeneMarkS .
Prodigal 4K {4 X J& A 21 w19 4 15 JF 5] (coding
sequence) 17T . {# F GeneMarkS Fiuiill g
A, #H tRNAscan-SE V2.0 {4 (http://trna.
ucsc.edu/software/)%f 3 R4 AL % 1 t(RNA
P, A LLRTS B A FE AL (RNA
PR RRIT MG E . B T15 8 &K R
¥ {5 B o FIH Barrnap {4 (https:/github.com/
tseemann/barrnap) X} FE K 24 #4115 ) rRNA 1 7
T, RGN AR T A (RNA BFp
X ERT MG R
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124 HIYRDH
F ] antiSMASH V3.0 X # bk SQ-2 Bk 2

TR =4 A 3 PR R A T T 24, 25 B S TR
FEZ5 AR NCBI %4 52 BLAST X 3 A 45
SINTHEAR SQ-2 YR AR ™ v i 300 v 40 I 1
i iy 5 IR %
1.2.5 %% UPLC-MS/MS 434

FENF 5T 5 R 4 )3 51 I SR A T &
WA S, it — P Bk AR AR 7 B A
Yrrb e & S A M SCE RSP i, AR AR
AF 8385 - 0 T 06 FH X SQ-2 1 & I IR R A T 40
IS5 OB B B A A, DAk HE
DR PR SQ-2 i Hh A 1 T/ T 8 i3 - R
B 55 1) 7 R A TR O o A B B A BT
1.2.6 HIEERKRRTHK SQ-2Asrf44

1) I S5 DR o o 28k A 1 ey

R T PG RIAE R GFE IR AsrfAA,
TR srfdd BRI RRR o DA UE B 2 AT T
SQ-2 JE[K 4] DNA Rt (M BN 100 mg/L),
HRSIY) srfdd-1 F1 srfdd-2 (F DY KA
srfAA FFIX B 1 000 bp PCR 4., PCR JZ
MK Z (25 pL): 2xPrimerSTAR Max Premix
12.5 uL,DNA #itl 1 pL, b 514910 pmol/L)
0.3 pL, ddH,0 10.9 uL., PCR S %14 : 95 °C
3min; 95°C 30s, 55°C30s, 72°C 3 min,
30 MEF; 72 °C 10 min. fF 514 srfd4-3 Fi

*1 SKEETRSIY

srfAA-4 PR B srfdd TFIEXIE 1000 bp
PCR =¥, PCR W AR Z RIS 45 PF ] o A
A overlap PCR ##4% I, TURIJE . PUEKE
PUS19 74125 PCR BiAR (M JE N 1 mg/L), it
MR 519 PL. P2, FE4 HOH
FHEPMRN spc, PCR R AZR (25 pL):
2xPrimerSTAR Max Premix 12.5 pL, AEHg(JFk:
PUS19) 1 uL, b F##514%(10 pmol/L) 0.3 pL,
ddH,0 10.9 pL, PCR FZ i &5f4: 95 °C 3 min;
95°C 30, 60 °C 30s, 72 °C 3 min, 30 PEH;
72 °C 10 min, ¥ PCR 4" 4 g 2|10 = ¥ £ R
Wil N VI EE(GR 1) BEDI S B R R e R Uk [
W, A pMAD JBURL 8 AH 5 FR il 14 g U1 47 55
W A K IGFF# (E. coli) DHSa J82 2541 il
25 e F AR 1S pMAD-AsrfAA 453 434t
55 UF JIT 4 8 % 728 AR 7 1) 1) SE ff

2) AR ik

SIBUNGNE S Ay P o A i A SR /S
SQ-2 HIEZ A UEAT srfdA FER B[R IR E A,
WL WAL LRI SR (B 1) TS
srfAA-1 1 srfAA-4 FEad PCR P34 A0 7 A A
srfAA TR GEAE A . pMAD J2 ik B BUS R 28 42 o
wr, AT [ EHE R A R A ZE A R R, i
Fob S A R gAY B-E R BERY LacZ e
K, BT LA 5-TR-4-54-3-15| Wk -B-D-- FLBE T
(X-gal)= A W5 P TE o AL, O P A e TR

Table 1  Primers used in this study

Primer name Sequence of primer (5'—3") Size (bp)
srfAA-1 CGCGAATTCACATACGCTGATTGAACTGC (EcoR 1) 29
srfAA-2 CGCGTCGACATTACGATGCTGGAGAACG (Sal 1) 28
srfAA-3 CGCGTCGACAACTCTTGAATCGCCTGC (Sal 1) 27
srfAA-4 CGCGGATCCTTGGAGGATACTGTGAGGAGA (BamH I) 31

P1 CGCACGCGTTAGTCACTGTTTGCCACATTCG (mlu 1) 31

P2 CGCGAATTCTGGTTCAGCAGTAAATGGTGG (EcoR T) 30

P3 ATGGTCCAGCTCTTTAAATCGTTCGATACGACAG 34

P4 TTATAACAATTGGCCTGCAGTGCTCCTGTTAATA 34
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pPMAD-AsrfiA
4 > S M T
v NURS) u
BamH 1 Miu ] spc P\
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l
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NN 2 e NN

1 RERELHBRERE
Figure 1 Ilustration of the
recombination process.

HURE S, MIEEIRT 30 °C B, %kl
DR AAAE T 2 [CPH S e p dr i b, ook
JT 4 (04 55 DX AT DA 3 2o TR PR e e AR Y R 5
G AT S EE 2 RS 48t 5 T4 I BE T = 2 40 °C
K UL FRRZ RS 5y 5%, Bk, FRPESE AR+
HTfi v e it 30 °C YRR AcHe, 4 40 °C
HIBRLE R . I R A PR 28 AR IR pMAD-AsrfAA
B NKIAFFE DHSo R S MG, K IL R
F4&A 100 ug/mL X-gal f LB “FHe, 30 °C 1%
3% 24 h, AT pMAD-AsrfAA B2 5 70 240 i

homologous

HER KR T S, A MM AT LR A
LacZ 3£, IE-Hi B A H 00 o €0 5 75 St 2 5%
O T G A F o Bk Hh A €0 TR R e B A
TER ZEAUAT IR SQ-2 MR KR IR I, 42 °C.
200 r/min £ R YR 7 55 97 24 h; $ 35 552 R 5 4%
ZHEE 2 50 pg/mLH WA 219 LB Wik 33
e, 42 °C. 200 r/min £ERIR P HFE 12 h;
PETRLEE 5 2 30 °C ZRER 4R KR 7 85 9% 12 he
BAEWERESH 100 pg/mL X-gal Hl
50 pg/mL W R K LB F# b, 30 °C #5355
24 h, BEELAEREE S BT E 3 pg/mL 20
TR LB VA L, PRikar B MUK E ik, B
HFERI srfdd FERGR 2SR R,
SQ-2AsrfAA Hikk .

2 BRS04

2.1 EH SQ-2 MEEME

Pk SQ-2 7£ LB [ElAREF 58 | iR A A
BT, REHKE, AR 2A);
%% (scanning electron microscope) I W 2% F] T #k
SQ-2 WA JATAR, b s S BIICIR (] 2B).

2 Ek SQ-2 ESE

A: SQ-2 HIKIEAS. B: SQ-2 AHTw M AL &
Figure 2 Morphology of strain SQ-2. A: The colony morphology of SQ-2. B: The bacterial morphology of
SQ-2.
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2.2 EFk SQ-2 BINEIEMHLE R

PR &K LA R SQ-2 X 4 Fh L ¥ A
ARG CR, wE 3 B, B 3A-3D
h 4 FhREBE BT IRA, KB 3E-3H AL, X
IRV AR TR P AR AN 41.30, 47.06, 47.51
1 65.60 mm,
2.3 E#SQ-2 MEEREERIRT

K H AR 5 lumina HiSeq X10 X
B SQ-2 MR A ATy . Pasm, 4
SER AT 4 298 MR g ILE , Pk
B 811 bp, HAIERAN 87.04%, BF 47 4>
tRNA K 117 ~H B E K (tandem repeat, TR)/F
G, LA GC &l 45.61%. FFHEK
SQ-2 H:HZHM 'y £ Hi 4258 2 GenBank, g5
i JAHXSB000000000, T #k SQ-2 J [K 4 [ 1%
WE 4 FiR .
24 HEBHIINEEERE

Diamond J&— F = 1 &t X R Y, Al
DNA ¥ reads SC45 6 A i 2% 3 4 SC4 ik
FTHeEs . RIPE SQ-2 LR AEAT 4 298 A~ FE A 7E

3 E#k SQ-2 MimREMEMIEH

A-D: FiEERH

GO. KEGG “FHa 1 5% 2 L i e . 45
S Ty R N B 2 AR O NR 808 %
A 4298 LB RE, o5 DR A 100%;
HWR & Swiss-Prot 415, A 3 653 A~ [H155]
R, IR 84.99%; #2: T k& KEGG,
COG.GO #1 Pfam $4E )% , /074 2 189.3 075,
3018 Fi1 3371 MG RIHAETERE AR, LA
BB 50.93%. 71.54%. 70.22%F1 78.43%;
MTE CAZy B e 15 2 BRI BE K e b, X
A 1354, AR S 3.14%,
241 GO FRBL&ER

PR PR SQ-2 IR T 9 5 GO Fdl kA7
FEXF RN GE it oA, 45 2 B AR D RE L A 1 43 A1 1%
Ol fRVER ZFHIAF TR SQ-2 7E GO Hdls b b
3018 MM ERS] ., GO {FRFR, %L
B Z M5E45 F P16E (molecular function), & [K%%
23765 HAIKZHAYid FE (biological process),
FERHECh 2 1845 /D24 il 4 53 (cellular
component), FEHEECH 1 472 (KB 5). EHT
Rerh i EEWEAEH 5 A, o5lE ATP 454

ARIRIETT TR . RAT B A T R o o T

E-H: Btk SQ-2 XIahi IR . HPERPIRIIGE . AL Bl At B A0 04 52 i 2 R 10 H5 4T

Figure 3 The antagonism of strain SQ-2 against pathogens. A—D: Stemphylium solani (ACCC 36456),
Fusarium moniliforme (ACCC 36127), Fusarium graminearum (ACCC 38067), and Aspergillus tubingensis
(ACCC 32407). E-H: The antagonism of strain SQ-2 against Stemphylium solani (ACCC 36456), Fusarium
moniliforme (ACCC 36127), Fusarium graminearum (ACCC 38067), and Aspergillus tubingensis (ACCC
32407).
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Figure 4 Genomic map of Bacillus amyloliquefaciens SQ-2.
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Figure 5 Gene distribution based on GO classification of Bacillus amyloliquefaciens SQ-2.
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Figure 6 COG functional classification of the strain SQ-2.

234, 155, 184, 41, 101, 179, 61, 815, 127,
34, 50 MIRENERIFEF B-V, Hfdg
295 4~(9.59%) & 5t R i i2 5 A (amino acid
transport and metabolism)JE & 19 1 B 45

234 4~(7.61%)%E 55 (transcription) 3 [F i8I B 4%
s 215 4(6.99%) fitk 7Kt & W ¥ iz 5 40t
(carbohydrate transport and metabolism)JE [A f)
TEREEE AL, 184 1~(5.98% )4t Jfd Fe/ st/ A0 B A e
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i (cell wall/membrane/envelope biogenesis)k £l
MR, 179 AN(5.82%) THLE Fihiza 5%
i (inorganic ion transport and metabolism)JE £
M RREE R, RAK 170 /1~(5.53%)RE & 77 AF 5 5%
{1k (energy production and conversion)Jk [K {4 iF
B R MR 26.50%M LR hREAR A, T2
it — 5
243 KEGG IB&ZR

Ktk SQ-2 5 KEGG $dl b 47 Hot 43
Pr, KEGG @&/ 6 A, KR H i
Z W SREAE R, RS BB
(& 7). X} %] KEGG Pathway A9 2 189 SR
B AETE 206 A CUE B, o TR R R R S AL
1 50.93%; JEHE>20 MICHHEBA 43 41
(% 2).KEGG EHEnHr /R, AR EYS K.
ABC ¥z H . WA R Rk FEK
3 AR, A 1200 114 A1 122 3R
HERRLE L, AL, BERZUV (quorum sensing) .
i 1% 1 (carbon metabolism) . "% BE 10
(pyrimidine metabolism) il & 1% 4t i (purine
metabolism) 5 F# #k & R 20 A Eb B A 4 A0
FHICRE .
2.44 CAZy NEEDHR

5 CAZy Bl EHATX IS, RINPERE
SQ-2 WA 135 A EE R B g i 1Y) & AR BT R
Wi 7K f# i (glycoside hydrolases, GHs)Z ik it
BAR N 23 25(h 44 AR i) . BTG
% I 2 % 14 25 1 (glycosyl transferases, GTs)#{
I3 11 Z5(F 43 DR GRE) . Bk G Y BERG
(carbohydrat esterases, CEs)#% 74 9 J5(h 31 M3
it . WK AL G W45 G 4 1 (carbohydrate-
binding modules, CBMs)# 43~ 2 25(h 2 Mk A
Yith) . ZHEZLR I (polysaccharide lyases)#f 43
2 25 4 A EEE G | A AL 5 (auxiliary
activities, AAs)# 430 7 25(rh 11 NIEH Zi ).,

X R 45 MU T CAZy R
2.4.5 NR. Pfam # Swiss-Prot #UiEERI R

ETCAEE %E (non-redundant protein sequence
database) X4 T — A~ LARZ IR 13 51 Sk S Al 9 58 S
K|, KRR B AR R B ARt ok PO
Pk SQ-2 ZERZH R AT 4 298 LRI 7E NR % di %
133

A 5 S0 19508 T (Pfam) AR 4 22 e 41 L
X AR L R ] LR (HMMs ) K 28 H 53 0 AS [
I F P Etk SQ-2 HA 3 371 N JEHFE Pfam
B AR TR

Swiss-Prot 4z — /M 1 1Y 8 [ 5T 7 41 £ s
B, WISEARIIEE . 45t . BE R &M, R
SRR B SQ-2 AT 3 653 ML W
HEHFYINEELE Swiss-Prot E g/ 58] T
TR
246 FHETFOH

FIEatk SQ-2 myERAL 5 #E 7 I+ 5l E
(virulence factors database, VFDB)i#47 H X} 43
Br, KB 359 A8 1 RS B R (E 8,
% 3), H, H5¥4EEU R 4 (iron uptake system)
MHRMEN R L, B 52 AL NS R, fildn
He Wi R 45 & 25 R fopABC ; HOk & 5P H W
fi& JJ (antiphagocytosis)fH R FE N, H 39 3E
A EIERE, Hrh RZECS RS G i iEA
Ky BT RARIK Z F W (adherence) . & 1
(invasion) . 43 % 4t (secretion system) . [fif 2
[ (stress protein)Fli# 77 (regulation)F& &, 437
A 37.22.12 11 A FEHAS R B 5 7 & (toxin)
FHOC I L A — A, O BT R B 1k g 2 A
cya, AR EASH ATP G MM AR
R 28 BRIk, 31X 359 52 1 B FE R I
EEIER BN, R AR Rk
PR SAE A R, X RS bR SQ-2
WA Y B IR B R e TEE
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Figure 7 Gene distribution based on KEGG classification of Bacillus amyloliquefaciens SQ-2.
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*2 B SQ-2 EFE KEGG HiEE X ER GBI 2
Table 2 Main metabolic pathways of the strain SQ-2 from KEGG database

Map No. Map name Number of gene (>20)
map02030 Bacterial chemotaxis 22
map02040 Flagellar assembly 33
map02024 Quorum sensing 77
map01210 2-oxocarboxylic acid metabolism 28
map01200 Carbon metabolism 96
map01212 Fatty acid metabolism 29
map01230 Biosynthesis of amino acids 120
map00061 Fatty acid biosynthesis 25
map00052 Galactose metabolism 21
map00500 Starch and sucrose metabolism 36
map00640 Propanoate metabolism 30
map00051 Fructose and mannose metabolism 20
map00630 Glyoxylate and dicarboxylate metabolism 31
map00020 Citrate cycle (TCA cycle) 23
map00520 Amino sugar and nucleotide sugar metabolism 40
map00620 Pyruvate metabolism 40
map00650 Butanoate metabolism 24
map00010 Glycolysis/Gluconeogenesis 40
map00030 Pentose phosphate pathway 23
map00730 Thiamine metabolism 20
map00860 Porphyrin and chlorophyll metabolism 21
map00790 Folate biosynthesis 23
map00770 Pantothenate and CoA biosynthesis 20
mapko00330 Arginine and proline metabolism 23
map00250 Alanine, aspartate and glutamate metabolism 33
map00260 Glycine, serine and threonine metabolism 33
map00280 Valine, leucine and isoleucine degradation 23
map00270 Cysteine and methionine metabolism 42
map00220 Arginine biosynthesis 21
map00400 Phenylalanine, tyrosine and tryptophan biosynthesis 24
map00190 Oxidative phosphorylation 34
map00680 Methane metabolism 26
map00720 Carbon fixation pathways in prokaryotes 28
map00230 Purine metabolism 68
map00240 Pyrimidine metabolism 54
map00550 Peptidoglycan biosynthesis 29
map03010 Ribosome 40
map00970 Aminoacyl-tRNA biosynthesis 26
map03430 Mismatch repair 24
map03440 Homologous recombination 21
map02020 Two-component system 114
map02060 Phosphotransferase system (PTS) 23
map02010 ABC transporters 122
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Virulent factor statistic: SQ2

Offensive virulence factors Nonspecific virulence factor
A Il Adherence B Il Iron uptake system
W [nvasion W Exoenzyme
[l Secretion system
W Toxin
Defensive virulence factors Regulation of virulence-associated genes

Il Antiphagocytosis
[l Stress protein

: : Il Regulation

[ 8 Bacillus amyloliquefaciens SQ-2 HIE HEF%&it A: WilitEs JHF. B: dERERMs I+,
C: BifrEsE I 7. D AHOCEE SR AR L. DR/ DR SO 2 2 0 Y 9028, [ 3R T
FRFIRIZ 5328 B IR I o5 A9 AR X EE 431

Figure 8 Virulence factors statisticof Bacillus amyloliquefaciens SQ-2. A: Offensive virulence factors. B:
Nonspecific virulence factor. C: Defensive virulence factors. D: Regulation of virulence-associated genes.

The text to the right of the pie/ring chart is the second-level classification of virulence factors, the area of the
ring represents the relative proportion of genes in this classification.

®3 EHKRSQ2BHETFFRIHE

Table 3  Classification of virulence factor grades of Bacillus amyloliquefaciens SQ-2

Sample name First-level classification Second-level classification Number of gene
SQ2 Offensive virulence factors Toxin 1

SQ2 Nonspecific virulence factor Iron uptake system 52

SQ2 Defensive virulence factors Antiphagocytosis 39

SQ2 Regulation of virulence-associated genes Regulation 11

SQ2 Offensive virulence factors Secretion system 12

SQ2 Nonspecific virulence factor Exoenzyme 1

SQ2 Offensive virulence factors Adherence 37

SQ2 Offensive virulence factors Invasion 22

SQ2 Defensive virulence factors Stress protein 11

2.5 RENKE~IEREREEZES R 2k & (bacillibactin) . 2 i 1 JIK (surfactin) |

HIH antiSMASH V3.0 Xf itk SQ-2 JE[HZH AT 1A & (bacilysin) Ml T B 1 £ (butirosin) H
PR A ™ ) A L R AT 7 30 S 43 v, Clusterl 5 BGC0001089 K514 Bacillus
Mr, BHERE SQ-2 HA 11 ARFAE = ¥ 2 K % velezensis FZB42 [1] bacillaene & 3t K 5 AH
(F 4), HMPERI 6 FEHAPUETEER YT : PEN 100%; Cluster2 5 BGC0001184 SKIEAY
%)% 2% (bacillaene) $E%(fengycin) . LK Bacillus velezensis FZB42 E@T?%?@%(bacilysin)
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® 4 EK SQ-2 RENK M~ & MERFE

Table 4 Gene clusters of secondary metabolite of Bacillus amyloliquefaciens SQ-2

Cluster ID Nucleotide length (bp) Number of gene Cluster type Similarity (%) Similar cluster
Cluster1 102 691 53 Transatpks-NRPS 100 Bacillaene
Cluster2 41 419 43 Other 100 Bacilysin
Cluster3 20 742 28 Terpene - -

Cluster4 41 243 51 Otherks 7 Butirosin
Cluster5 21 884 24 Terpene - -

Cluster6 41 099 58 T3PKS - -

Cluster7 110 406 77 Transatpks-NRPS 93 Fengycin
Cluster8 65 830 68 Bacteriocin-NRPS 100 Bacillibactin
Cluster9 22 632 17 Lantipeptide - -

Cluster10 25374 25 NRPS 39 Surfactin
Cluster11 34 244 31 NRPS - -

-

—: None.

B A AR AH L PE 25 100% 5 Clusterd 5
BGC0000693 K5 1 Bacillus circulans W) T Bt
P % (butirosin) 3& R R AHUPE N 7%; Cluster7 5
BGC0001095 V5AY Bacillus velezensisFZB42
#J Fengycin & i3 K #& A I A 93% ; Cluster
5 BGC0000309 KA Bacillus subtilis subsp.
subtilis str. 168 ") bacillibactin & i & K 7% AH {2
PEH 100%; Cluster10 5 BGC0000433 K5 i)
Bacillus velezensis FZB42 1] surfactin & il 3 Kl
FEAIIE ] 39% . FEXS K BRI R SQ-2 LA 4]
AFAE 5 Fh D BEAR HIH FE 7% (Cluster3 . 5. 6.
9. 11), H:H NRPS 1 fli . T3PKS (type III PKS)
251 Fp . lantipeptide 1 Ff . S (terpene) 2 Ffi .
XERVIERR SQ-2 Hra] BEAFTE G LT 1 I ) ot
MBI , HA BRI I A fEL R0 AR iy FH 7
J1o FEICHTRIBFSE H, Kim 2500885 5 ik A=
(Bt B B 2 1 VR R R iR A i B B
W A, i VE R 25 AT T 0 0 5 1 2 1 AT LS
LA SRS . — ST IR TE R R R
1 Py 3y X A IR A= 2 T R AR A

S AR AT FRATT I AR K 2E A
FFEE SQ-2 #ER Il BE 22 — A RE J2 B At AL 4095 i

L TR P 200 B Bk 2 T T 1) RS s vk

B ZFE AT L % Fl Bacillus velezensis
FZB42 | Bacillussubtilis subsp. subtilis str. 168 Fll
Bacillus circulans A5 WHEIE, XHREFAHEH
NREM LRI 741, S5k 5 Pos, %
PR A R 2 A SQ-2 R W Bk R

x5 RERH-DEREET LR
Table 5 The comparison of secondary metabolite
gene clusters

Compound Enzyme SQ-2 FZB42 B. subtilis 168
Surfactin NRPS 1 1 1
Bacillomycin D NRPS/PKS — 1 -
Fengycin NRPS 1 1 1
Putativepeptide NRPS - 1 -
Bacillibactin NRPS 1 1 1
Bacilysin/ NRPS 1 1 1
Anticapsin

Macrolactin PKS - 1 -
Bacillaene NRPS/PKS 1 1 1
Difficidin PKS - 1 -
Amylocyclicin  RPS - 1 -
Mersacidin RPS - 1 -
Butirosin Otherks 1 - -
- &

—: None.
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2.6 E#k SQ-2 IR MEIE MK (surfactin)E
& % B35 14 b X

4 antiSMASH HiIZ5 SR, Witk SQ-2 Hidf
1 S T8 1% £ BK (surfactin) 3L K #% , UPLC-MS/MS
WIE R SQ-2 A= IR G AR ™ W 5 T bk
Bacillus velezensis FZB42 Fr = IR F AW 5= 4
surfactin HAT [FAE I AEXT 0 F i i . kR SQ-2
A7 TE 1Y) 2 T8 15 PE K (surfactin) 2 K] 7% 55 D1 3
F RT3 1A TG P K (surfactin) F R 7% 4 AH
PIVER 39%. 4 2 AT FR 09 2R TS P IR 2 ]
RSN RR A BN EEB, B xo2.
srfAA . srfAB. comS. ycxC Fl yexD X 6 >3
PRI Ah, HoA 17 A58 R R B i) AH AR B2 341 >68%,
2 TR AR H 2R TS K (surfactin 56 PR H A

o B AR (R 6), HEMIGE R SQ-2 HA
A 6T U5 1 BE (surfactin) AS RE J1 . 1 T I i R
1K B LA B 2 B T 1) o 2 R0 A7 8 1) A ol
1% surfactin AV 2R RZY s FHK, 43
R VER ZE A SQ-2 I A B S B
238 DS 2R AT B FZB42 AR 3 ] A BE
WA A5, HENFEE N EHRGE Y surfactin
[ 53 S A A, H AR [R5 i — 2B I oy 25 li Ak
J& A #r .
2.7 FRIEMZFAMAE SQ-2 FER LMK
SEA KR UPLC-MS/MS &3 #f

S5O R L o DA A SRR AT AL, Hed
o P (] 9) Hb 7 (14 H 4B ] 8—10 min Y m/z
J 579.34. 581.36. 582.36 [[M+H] &2

® 6 Ek SQ-2 5 UK ZFMATE FZB42 REE MR EFE &L X

Table 6 The comparison about the surfactin gene cluster of strain SQ-2 and Bacillus velezensis FZB42

Gene  Protein accession FZB42 ORF SQ-2 ORF aa similarity Predicted function

No. (NCBI) (aa) (aa) (%)
yciC ~ CAE02619.1 425 392 92.2 GTP-binding protein
yx01  CAE02620.1 443 302 68.2 Glutathione-dependent formaldehyde dehydrogenase
yckC~ CAE02621.1 144 143 99.3 RDD family protein
yekD  CAE02622.1 107 105 98.1 yckD family protein
yckE  CAE02623.1 478 471 98.5 Family 1 glycosylhydrolase
nin CAE02624.1 132 128 97.0 Peptidase S24
nuc CAE02625.1 148 145 98.0 Sporulation-specific extracellular nuclease NucA
hxIB CAE02626.1 185 183 98.9 6-phospho-3-hexuloisomerase
hxlA CAE02627.1 211 206 97.6 3-hexulose-6-phosphate synthase
hxIR  CAE02628.1 120 120 100.0 Helix-turn-helix transcriptional regulato
xy02  CAE02629.1 122 29 23.8 Hypothetical protein
srfA4  CAE02630.1 3584 426 11.9 Surfactin non-ribosomal peptide synthetase Sr’fAA
srfAB CAE02631.1 3 586 483 13.5 Surfactin non-ribosomal peptide synthetase SrfAB
comS CAE02632.1 48 21 43.8 Competence protein ComS
srfAC  CAE02633.1 1279 1111 86.9 Surfactin non-ribosomal peptide synthetase SrfAC
srfAD CAE02634.1 143 139 98.4 Surfactin non-ribosomal peptide synthetase SrfAD
aat CAE02635.1 539 434 80.5 Hypothetical protein
yexC - CAE02636.1 456 80 17.5 DMT family transporter
yexD  CAE02637.1 555 179 323 PLP-dependent aminotransferase family protein
sfp CAE02638.1 224 215 96.0 4'-phosphopantetheinyl transferase superfamily protein
yvezE CAE02639.1 215 209 97.2 Yit family protein
yekl CAE02640.1 247 245 99.2 Cystine ABC transporter ATP-binding protein TcyC
vekJ  CAE02641.1 229 167 72.9 Amino acid ABC transporter permease
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Figure 9 Peak time of SQ-2 crude extract UPLC-MS/MS.

%1% bacillaene (& 10A), antiSMASH Tl #H
IR R 100%; XF L 1 H U RS [R] 30-35 min (1)
m/z Fy 881.25. 882.25 AY[M+H] W52 JL2K B Al
FEEk 2% bacillibactin (& 10B), antiSMASH il
FEARLEE R 100% 5 % iz A9 H DA S 1] 20-23 min [
m/z 1 022,68, 1 036.68, X 122 i 7% 1
% surfactin [M+H]'I% (/& 10C), antiSMASH i
DAHRUBE R 39%. AR LA a5 SRl 2% bk
A BE 7 A 8 1 75 Ik (surfactin) . JL 2% ) 7R g 2k
% (bacillibactin) fll 2 /& 25 (bacillaene)iX 3 25 if ik
KhiAE,

I antiSMASH 7F 28 T HL 150 0 2] 3 #k

SQ-2 £ 6 FhT AN Y A BIEEE, H
UPLC-MS/MS HAG oA 2 b iy 3 28, X
B  HEAT BRI AT BEE - (1) 340 3 LR #%
RFIRBR B LA, TR ; (2) UPLC/MS
Ry 2 H B B — 3l 2k AR 40 o A e e
] B J) 58 ik — e SRR, e S T ik —
2.8 EHk SQ-2 B srfad4 EFERRKRTIF
SQ-2AsrfAA HIHES L E

K AL pMAD-AsrfAA T A f#TE
Wy ZE AT SQ-2 Hr, 4ol i A 2 vE AN ik (1 B
five, PREPHPERRE, XA T R 4R IRORT
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Figure 10 UPLC-MS/MS spectrum of strain SQ-2 crude extract.
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YIS, 28 30 °C BUSHe S il Bk 2%, i
et srfdA FERBRIEARR o 4 S8 T IR
T, DLWk SQ-2AsrfA4 Jyfiti, LU
srfAA-1/srfAA-4 . P3/P4 N5 | H1%f 43 J 4T PCR 3
8, FELATERE SQ-2 MEAPEXT IR, i =it v

ERREERC FL VKRG . IR 11 AT, SRAS 4N
srfAA-1/srfA4-4, TERM SQ-2 EAFFIR/NAN
2.7 kb (up-srfAA4-down) i - BE, TEE R SQ-2Asrf44
FAREIR/NA 3.1 kb (up-spe-down) i F Bt 3 R

1 2 3 4 M bp

5000
3 000
2 000

1 000
750

500

11 ZITFEHk SQ-2Asrf44 B PCR MR
M: DNA Marker; 1: DL P3/P4 N5 4%, DIZEAS
T SQ-2AsrfAA JIRERAHE K 7 BE; 2: DL P3/P4
G, AR SQ-2 ity 1y th ok it 7 BL; 3:
PL srfAA-1/srfAA-4 R5180%F, LAFERE SQ-2 AR
PIEGHORI A B 4: DL srfdA-VUsrfAA-4 H51H90%T,
PATRAL - SQ-2AsrfAA RS 3 i) A BL
Figure 11 The results of PCR of strain
SQ-2AsrfAA. M: DNA Marker; 1: A fragment
amplified with P3/P4 as primer and mutant
SQ-2AsrfAA as template; 2: A fragment amplified
with P3/P4 as primer and mutant SQ-2 as template;
3: A fragment amplified with srf4A-1/srfAA-4 as
primer and mutant SQ-2 as template; 4: A fragment
amplified with srfdA4-1/srfAA-4 as primer and
mutant SQ-2AsrfAA as template.

51t P3/P4, TEWEME SQ-2 153K/
9 732 bp (srfAAM B, WkE SQ-2AsrfA4 &
PR B, BRESRYIE R, RASH
SQ-2AsrfAA 1Y srfAA BB 285 mibR, ¥ PCR
FE AL I, B 2 SR — AR S 2 R )
231t
29 FREMZFAMNE SQ-2 HERKRRT
F A B8R & 14K % UPLC-MS/MS tLiR 43 #h
Hyifk— L IR AE BRI SQ-2 BT AR
REEER, ROIWET srfdd 6K 3 bk
SQ-2AsrfAA, FFRI R TIR P 5 A e v e
FYIB(E 12B), SHFAERY SQ-2 Y K& IR 5T 1A
(B 12A)%F oA i, FRATIFARLE 20-23 min &
i surfactin [M+H] W%, X Ui BHRAR TRy A 3R
WG TR, A srfdd JE R B Ae 2 28 A0 7 A
Iy, WAER] T HPAE BRI RR SQ-2 77 AE IR AR

FEYI AL RN PER .
3 W

VFZ i B Gl A 1 5 RS (R R s 7 2 S 3
HEARY R R AR N R BEE AR
AIRREEVE RN B R R H 45 TR, A ke
A% B FATEAO R I 52 2 R A i I
LIRS A, AR 2 i
. FERXFEOL T, AR TE R 2 FAT A
FARARTEAEIONA R, A R A K Y
PR (plant growth promoting rhizobacteria,
PGPR), e H 2F fUAT R 7E ] Fp 2 Aol AR
P o w7 TR AR RS fln, i
) 2 R TR | ) S SR S U s 5 W I A S 2R
PR E N E Z—, Chen E0F5Y & B TE M
R T PG12 W] LUA AU B VA S R s 20w Y
Ahmed 25 & BRUAE FE R 2 FAT B WS-10 ] A
ARG A BRI ok AR SR A=
KB BRANTE . EESL, RFE RS HY
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Figure 12 The UPLC-MS/MS analysis of SQ-2 wild type and mutant. A: The UPLC-MS/MS analysis of
strain SQ-2 wild type. B: The UPLC-MS/MS analysis of SQ-2AsrfAA.
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fRFEEAA K . ZEFEAT IR FZB42 A sk /A i 42
U, BRI R B DY R, fRlE
B 2E AT BO601-Y2 3 n] LAYl /g W i 45 2%
HAHEEDY,

PRI . A5 ihass, e, T5
ME SR EEEY et FEHEY &K%
12 BT AR TR RN Ak, K
SR 00 %) A 0 W 3 1D 2 A BRI R
P IE , R TE R 2R AT I W] DLSE s A P 0 R AR
Vi a i 520 . N, Kasim 280198 & PR
FEMZERUATE 5113 AT RAR 3 T R E T B/
AR, BEWE T T EMAX N KA
FE M Shahzad SEHRIE TR VE R 2 AUAT BRI
RWL-1 X &FhE | (5. 5. 4. )2
P, RWL-1 3458 1Y) 19 2 SRR A 17 Fbi b
K-, HEEERBPEET, RWL-1 8420 7
Py KB

PR IE, fRVER AT B 0] LA SR
Z %Pk (induced systemic resistance, ISR), 5
RGARYEPUEAR, REGEREEDIHEEHR S
L4 M b 3 S AH DG 19 T A AR W Ao A& 1Y), ISR
S 45 th T AR B0 A By 0 a0 0 3 T 34 8 s
RE S0, Debois %578 fff M 25 FOUFT T o 7 A
RS ZR B 3 A A 0 1) R I A Ak A 9 N A 4T 20
W AEYIE A ST L, BFSE A B A
VERY ZEFAT B AT A Mk & TSR LAl yg S A . 43
m, fEFERERATE S13-3 i fE A A
FEAE dturinA 1 S MRS A B AR R
ULAN, ffVE R ZE T B T A S 1 S U A O
(4 B ARV, G o R i A . L L T
Z W AALEEA B-1,3-F R pEEEY . R4 ISR A
JE R VE A SR AT B A EL R B BURE A, (R
LA 9 975 00 v A o S AT Bt g

K H antiSMASH 74k T H I m #& SQ-2
AR A ) L DR, 45 30 g IR 28 AR 2R il 2%

PUAEFIEAFEIL 114>, oA 5 MiAERE M
F [H] 7% (bacillaene . fengycin . bacillibactin .
bacilysin il surfactin)5 H /i & H1 0 HT A= LA
AR 8, 1 B4 2 BE % (butirosin) 5
HATE F 5T A R BE N FEAH R 7%, 18
35 5 NARMINEERY L 7% . Bacillaene fic4))
Bl IR A B 2 A T AR ) — R 5, E
2k R AL 4 1 S AN R A R A R S
4, Fengycin & H AR B 2E FLFF 18 & B —Fh
MR BT, AN LRI R S SN, Rl
o B DAL 40 L 1 A i R AR R
2 H1 L-NZ RN L-Bt 3¢ B 18 3% 2H AR AR A e
I 1 7 R O S €2 £ £ 9 I A DK i I B B
FER =R F A I F9E W, bacilysin X141
T AR 25 % AR W R 28 5 O R IK A
Mt surfactin FLAARSR A FR MG M:, Hgik
P 2 BE 5 A G i BB AR ELAE Y, BRIt
Z A, surfactin ¥ X 1 Z2 98 AE S Y (4 2L IR 92
45 J 95 ) A0 M 7= AE 41 i 2P Butirosin f&—Ff
AR RPUER, XMREME . VIR
A I AR

BrRAEEREDTR AL S P5L, BEE AR
TAEMIRA, — S48 B VA LA P (volatile
organic compounds, VOCs)[ I E# R~ . &
HAIE SRS T RIS Y, fER I
SRS K WTERM, ZEAT R AR VOCs
T 00 A A BT DA 1 A A AL R
(4N, e A BE RS 2 FEAT R NIN-6 G 2] fr)
36 A EMATHLL ST, A 11 Fiba T L
S A MR B A KT, O B VE R 2 AT T
NIN-6 A1 VOCs il 1 I fL i ] B i) AR 1
7 &P BROTELTE RSN, A B B k™
"f9 VOCs ik il LAEGE R, S At
FE EAR BT EER Y Wu 4R 45 T IR B,
fiff VE K 2 FAT T L3 7 AE R A DL &Y

bacilysin
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PR A 2,3- 7T AT A ABL R O AR PR G 3
FRAIR R A, I AR AR 7] I A P E RS
PEB2 xR, SR TER S IRAT I AR R
PEAHL QL (o B AT LR BT RE T BRI 22— ¢

4 EZi

ACHIF 5T 43 15 0 1 1R — Rk ELA L R BT R Y
PR 55 2% [CFHPE lﬁ—ﬁ’i?ﬁ%%i@ﬁ% SQ-2,
A PO IR TR SQ-2 X HR BRI A
S5 4 Tl D EL TR 0 A B ASCR

AWK Hlumina HiSeq X10 =i il
J¥F- 6 XA B AR SQ-2 #EA T4 56 R 4Ll Iy o bt
MR, WRE SQ-2 fA1E 6 Flv i Z A IR BAR
W YIEEINRE , BT 5N 20625 (bacillaene) |
FHZE (fengycin) . JLAS ) FINgE): % (bacillibactin) |
FF B8 7% & (bacilysin) . € [ & 14 K (surfactin)
1T WEFF 1 (butirosin) . BRICZ AN, HEN 7€y
ZERUFFIR SQ-2 BB IR Bz — R PR AR AR i [
L] F 20 L B S0 L Y B i . UPLC/MS
ST R 3 /I\QA%E’\J%?%E antiSMASH
T 3 FhbT e B o —3,
ETT]%)L%%Z@J"?@i%(bacillibactin)\ P2 ES
(bacillaene) F1 5% [ i 4 Ik (surfactin) i§ IKZE Hr 4k
R EN SQ-2 AP ELIE WA I 5 1% 3 M A G
WAL DL BB E AR SQ-2 fefgiE it A
T 00 R 400 3 R A 200 B 7K i il oA S L AR 1) BT
AR, AIRKEL A TT .
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