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B OE: [#H%] ®&KNEA L I04% 71 H (Fusarium oxysporum f. sp. niveum, Fon) & & N A& 2 7 89 3
AA, PEAMEEBRNGET. (B8] BTAEABRKEZRBOARFENLLE LFR
(cell-free supernatant, CFS) &9 4#7 B A4, A H AR A = b o 5 B -4k 38, [ %]1 AR -F
ATk T 1k 45 40 Fon 89 B Ak, B @K IE L34 BRAEZ R FE ), Jrddafest. &
RE DB R A 0 BACEEF MM 77 R AR Fon REARRANRKARMD FTRFHEHE
M. B T e i R 89 B AL AR 4%, 38 i =X Illumina HiSeq BX& =4X PacBio Sequel | 5 -F & it
ATAKREAN A . LC-MS JF¥e Rty . A8 58 &k 2 %4 54 #H % R #E(UHPLC-ESI-MS/MS),
AR LA R R AR P A e . (4R ] AR GRARIF £ 7542|4540 Fon 49—
HREM T4, 2HRE AL BRAEE RO G EERA 72.6%. 2ALARUFETH Bacllus
methylotrophicus J4, Z BT =& @ . 8. 7 BAEBF A % L0 H 5 bsk Bkt /1, £
FTIAE LA RS Fon B 24 K £ 4 71.87%, H#k J4 49 CFS 1% Fon T R @ W4, B
Hmppte) T8, EaRmMILT. Bk J45-F Fon B 24K M A (reactive oxygen species, ROS)
#9AR & ; BAk J4 49 CFS 5|4 Fon § £ & 244 3L B (superoxide dismutase, SOD). if &AL A Be
(catalase, CAT). iT B ALHBE(peroxidase, POD). Mt Jkif J7 B (glutathione reductase, GR)#& 14, VA
BT M & G Fo A — B (malondialdehyde, MDA)2 2 W2 5 # 5. ZRAWKEABATASH 134 M0 H
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ARG R BARSE F oA B G5, HAk T4 89 CFS T4 K 347 % kb adh, JF X 3 A g kLA 47
%) Fon B4 A& Keae ), ENEAKR 4 LFHRTOITA DO RAFRAFERZE A (iturin A). FRE
(fengycin)Fe & ) /& M & (surfactin).  [£5#41 B 14 A ERAEZRA RO, EBREER
A AR T ZA AR

KB B, BREAERRERTE; FTAEARETRFE
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Abstract: [Background] Fusarium oxysporum f. sp. niveum (Fon) is the causal agent of
watermelon wilt, seriously threatening the production of watermelon in continuous cropping.
[Objective] To screen out the antagonistic strain against Fon and identify the antifungal
components in the cell-free supernatant (CFS), providing a theoretical basis for application of
the strain in agricultural production. [Methods] Plate confrontation was employed to screen the
antagonistic strain against Fon. Pot experiments were conducted to verify the control effect of
the antagonistic strain on watermelon wilt. Scanning electron microscopy and confocal
microscopy were employed to observe the conidial morphology and membrane integrity of Fon.
The activities of antioxidant enzymes were determined to evaluate the oxidative damage. Whole
genome sequencing through second-generation Illumina HiSeq combined with third-generation
PacBio Sequel sequencing platform, LC-MS-based non-target metabolomics, and
ultra-performance liquid chromatography-electrospray ionization-tandem mass spectrometry
(UHPLC-ESI-MS/MS) were employed to identify the antifungal substances in the secondary
metabolites of the strain. [Results] An antagonistic strain J4 was screened out from the
rhizosphere soil of healthy watermelon. The pot experiments showed that its control effect
against watermelon wilt was 72.6%. The strain was identified as Bacillus methylotrophicus J4
by whole genome sequencing, and it could produce protease, amylase, glucanase, cellulose, and
siderophores. The CFS of J4 in the decline stage presented the inhibition rate of 71.87% on the
growth of Fon. Moreover, it led to the collapsing of Fon spore surface, destroyed the integrity of
the cell membrane, and caused cell death. Strain J4 induced the accumulation of reactive oxygen
species (ROS) in the mycelia of Fon. The CFS of strain J4 significantly increased the activities
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of superoxide dismutase, catalase, peroxidase, and glutathione reductase and the content of
soluble protein and malondialdehyde in the mycelia of Fon. The genome of strain J4 carried 13
gene clusters for the synthesis of secondary metabolites with antimicrobial functions. The CFS
of strain J4 contained three peptides, which were proved to inhibit the growth of Fon. It was
hypothesized that the antifungal functional substances in the CFS of strain J4 were iturin A,
fengycin, and surfactin. [Conclusion] Strain J4 had a strong control effect on watermelon wilt
and could be used to control watermelon wilt in the future.

Keywords: antagonistic strain; Fusarium oxysporum f. sp. niveum; Bacillus methylotrophicus

V&AL RIZ#5k )] 14 (Fusarium oxysporum
f. sp. niveum, Fon) & P4 IV 29 1 SO B4 , ™
S AP N AR 7 . TR AR 2 4 H 45
Z RN GERE T, A B R R s AR
Eoaale oV (3K e Y OE S NI S LI S 52 0 E
WA P g A s BN man, AR B
(Bacillus velezensis) HY 19 A] LA R AR Ui %8 3 i Ik
295 1 & 95 %01 Radhakrishnan 28 B 5% & BR
FH 375 2 AU 2F f KT 1 (Baci | lus methyl otrophi cus)
KE2 W]k 2 b ¢ JE5 95 1) 2= 0 B 7001

VP2 2R M W AR B S, e
I e AR AL IR, 8O AR IR )
YN E7 S k1N S Ko A B IO 7I = NSRSy
PRUST gl WEAE 2 AT 1 (B. cereus) MH778713
AP =R 2,4- 0T ORI RE AR UE T 4l
B AE IR XA ) B s PR R TE TS, AR
b 38 2 IR A M P kAR R A R R AR R
5, XS R G 4 (reactive oxygen species,
ROS) i 3k 1 B 1A A BIR 1) Be 4 Ak 51 B 8 22 ]
A5 ED, EIRSR(10,) . BALY
(0,) . 1 E AL H (H,0,) FIFEE 2 A iy 2 (OH ) 7
ROS 7ERHRE T th TR Lbha ik S aser-1,
F i ROS WA 52, A 2s kb 0 &2 2 1
FN AR AL o 4D, 2 ek A Ak s AL i
1 b S A B A AR T
A, N R AR AL 1 A s i
HE b & & s e g, —srg:

7 A1 38 2o 43 BA BT TR IR A 7 175 5 D AT 4R
AEirif . 40, bacillomycin D 7ER A4 )] i
(Fusarium graminearum)®i% S ROS Fl 25
e,
AR ISR R, s R
MEAE BT IR K . RS UK . ik
MRS & AR A S, XA R JEE A=
o8 JERAE AT PRSP i, AR R
M R AR SR 43 8 i B methylotrophicus
BM47, HA AR I 9 4 T 25 FT LA ] B 2k
Wk 1 5§ (Fusarium moniliforme) . ¥ 5% il &
(Aspergillus awamori) . 7 %f [ (Penicilliumsp.) |
i 25 (Aspergillus niger) I 4 & {5 5 g 7R
(Pseudomonas aeruginosa)fit 4= 150, I Z2 04 Ji
R AR AR b g B B — bk A AR BT I
B. methylotrophicus BC79, 22 2 {0, 1% 7 Al 4%
VRN €0 i B A T A v 3 P ) Jo A e Y
LR, WA R R B Bk s o e
L B AL 2= AR A 200, A= AR
W= R RSN BT HAE 2R R AR
) A 7 T RE I 2F SRR T AT IR 2 I bt
5%, DAMEREEAE A A Tl b i
ABIFE L) S5 550G SR T el 25 BT A s i b P R
MR B A 0 P4 TN A 22 5 SO T8 (Fon) A A4 L i 16
540 Fon MUTAPR, 3 74 1 06 9 kL0 ) 7Y
JAAGZERRE J1, FFIFSY Fon ZREETESE PR FRIK
TP T IR AR . B S Bk S
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AL, LUR E 45 L AR AU

FIHN R DhREWI L, A e AR Y A 7= v 5 R 4R
HEPIS P

1 #RE5FE

1.1 #&

1.1.1  #&

Bl 3 S5 RS KT el 2 A s i gt
JAE PG I S G A 220 PO A AR PR -

i IR LT - 7 N AL B4 4 7] 1 (Fusarium
oxysporum f. sp. niveum, Fon)43 &5 T & 75 JTURG 25
WEFERR, SR IR KA A Y AR AR S =
feft, J& TR 2 5
1.1.2 IBHFE

LA A R B e B F7 R (potato  dextroseagar,
PDA); & ENGE##3E (nutrient agar, NA); &
F# 55 9% B (nutrition medium, NB), DA 1532 mk
B IR S AR A 2 S PO Oy T e L
FEZEE 1000mL, T 121 °CK 30 min,
113 EZRXF R

PECHREr 2,7 RN R-T L2,
dichlorodihydrofluorescein diacetate, DCFH-DA),
By A R A E G W2 A Y B
(superoxide dismutase, SOD) . i & 1t &
(catalase, CAT). i 8k M (peroxidase, POD).
2% B H K A8 5 (glutathione reductase, GR).
¥ (malondialdehyde, MDA)F A] %5 1 25 10
ER &, B AU UEY) TR P AO/PL
YA FN &, FigP BT A A F; Wizard®
HEH4H DNA glifbili &, Bl igEas A,
BOCIE R B EE, BIRe-pRx A wl; &
5 R AH (0 % R S8 A R 43 B % BT (UHPLC-
ESI-MS/MS), FEER K /RBHE /A A ; TBS-380
P4, TurnerBiosystems 23] ; Hi #VE R KA
By, KW RS A R AR AXm e

OB, IR AR A A R |] 5 —40 °Cok
b, H SRR ESARAE BTRY,
il ROPAEHAU R AT BR A F] . B R E O LA
e, H(PEYARAFE; Hlumina
HiSeq Fl PacBio RS II .50 F3L A &5 (SMRT)
Wy, EHEAEYRGRHABRAF .

12 7%
1.2.1 {FIEKTEIE

W10 g ARBR T8 T 54 BEFSER A 90 mL 7K
RIEETEIR Y, 780983 20 min, B 1 mL + 35
TFROMAKA 9 mL LK E S IRE 5
2] 107" BB, 2 B R R R AR A
102,107, 107*, 107, 10°, 107", 10°*F1 10~°
(£ HEEVEW; M 1077, 1070 F 1077 IR
3B 0.1 mL & T NA B A, &5
AR & F 30 cCIEEIGFRM KGR 3 d, B4
MR E A 3 IR B I s A TR A S Al )
LRI R R NA $53R3E, BT 30 cClHIRA G 57
3d, FIFHPAC IR % Fon M5 PLERE . H4
i 36 Y B S PT B bRCR TP AR 2R 7E NA Hi 55
5Bk At MERHEFRIEA; A g
R AR 8 I G2 BB I A
122 FEERRTCE L5 &(cell-free supernatant,
CFS)%t Fon HIHIHIZ R

Wi AR 4 FEANEE LB AR 23k, 28 °C
180 r/min }53% 72 h, HHKEFE 72 h WER T
4 °C, 10 000 r/min &> 5 min, W FIHRE,
FH0.22 pm JEREEUE, 193] CFS. L5 A%
[ PDA R 355600 1:1 eRAHS), H%E
(IICIR LB B3 32 FIR BE [ 1 PDA $5 R 5LIR A
VEXT R IRGWABI AP AR (EAE 90 mm), TFE5FE
FLEEE S A Je 3 A Fon B UR(EL4E 8 mm),
28 °CHiFE 5 d; F 728 XA it Fon WV H
7, R A R EFEHUR R TS LIS
IR
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B R (%)=(% B Fon B 7% H 240 Fon 75
HLAR)/ N R B 7% HAZ> 100 (1)
1.2.3 EIEKRERE MR E

5 BL B PR 43 1 2B 1 W (protease) . UE A i
(amylase) . 5 2 Wi i (glucanase) F £F 4 & i
(cellulose) il 2 22 XM PRSI ik s 8k
1A (siderophores) i P 1 & 2 % o KL e %1221
ke
1.2.4 FEHERER XK

WIGREE 2 B, 251k 14 (B
J4+Fon) fl CK (NB+Fon). P4 /A ¥4 KT
10 emx10 cm & RS, AR —HEY,
NI 3 SR, BAEE 10 R, SRR
P — O, J4 b FRAE R DR 30 mL Ak
W (1x10° CFU/mL), }%3% 3 d J5 4 A Fon 1
T-E W 20 mL (2x10° CFU/mL), &afE 7 d 5%
TE—WR T4 THE ; CK Kb PR bk il 4 e it 46
RO NB B35, 3 d J5 F4E AMIE & AY Fon
7R, BEEREG 7 d BERE— R NB B
FRIE, BRI E T HUREPRERAR
(30+2) °C/B M (20+2) °C, AHXHEIE 60%], XL
WA IE H PR, RRRERE & 2R PE AR S5 I, Jo sk
HHEH KRR A R QB AR AR G3)].
IR (Yo )= LR B A R £ < 100 )
B T AR (Yo)= (kT HE A K55 2R —Ab B4 K 2% )/
Xf HEZH A& %< 100 (3)
125 EEAMF. HEBRENRS~HEE
75 B T

5 F} Wizard®JE K 4 DNA 4l fb it 570 & 35 B
WPk J4 BOZE 20 DNA. 4lifb (93 R 41 DNA fifi
Pttt e . 28 DNA 7E Illumina
HiSeq 1 PacBio RS II B3> TS24 (SMRT)
MR JRARTEEEGE T Fastp v0.23.0 (https:/github.
com/OpenGene/fastp)E 17 i = L 8, S BRAK R
SRR DLARAS T 0 B . 208 ) 0 B h

Unicycler v0.4.8 (https://github.com/rrwick/Unicycler)
ZH%%, F Pilon v1.22 #AEAT 56751 HL XS FGR
FEFRATIE . AR Wang YRG5, A AR
LK 40 IR 55 7% (https:/tygs.dsmz.de/ )y B F bk T4
AR B KA antiSMASH 6.6.0rcl (https://dl.
secondarymetabolites.org/releases/6.0.0/) # 1 F
BLAST il G ik i U g A Qa7 i DR 5 e it
1.2.6 Fon &% ROS WA

¥ Fon 7E PDA 55 3E | 30 °CH5 5% 5-7 d,
FFTR 22 AT R AN RE 3R 3L, A VR T S Fn O
(=8 mm)IZFI7E PDA 55573/ —, [R]ihKs 5
Pk J4 HRHE NB AR 37 kb, 28 °C 180 r/min
¥i9% 12 h, 8 000 r/min 250> 10 min, FF4H 14 UL
TEWI (30 pL)BEFNFE PDA K532 54055 — M, 7
28 °CHRZERESE 3 do FHAN S TR M I X (U
KW HE 2, HEET 10 mmol/L BEBRHNZE ik
(pH 7.4, KU R U X245 10 pmol/L
DCFH-DA iR& BT 25 °CF#E 6 E 30 min,
SR B R AR B IR R R R K 488 nm
SR 535 nm FER, X B4 IE AR
KMH L,
1.2.7 Fon B FILEE MR

HU#BE 74 T2 72 h B9 CFS 5 PDB K555
LR —E LIRS, CFS S5EIRILMIARFIHL
rH 0.5:1, 1:1, 2:1 F1 3:1, AHE A LB
KR 5L PDB R G E XS B 7E 40 mL IR A 35
FIEFIMA 44 Fon HE, 28 °C. 180 r/min 15
F% 72 h, S THIERL RS IR RE L, W
SOD. CAT. GR., POD, MDA FIr[ V&M
RAl &L, F454 Wang 205t &
22 SOD. CAT. GR Hl POD i 1 K vl %
PEZE 1 MDA B35

1.2.8 ¥5IERk J4 BY CFS X} Fon 7 FRMALAS
AL
PEEL PDA A EH5 5% 5 d ) Fon B T O
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K, %6 )22SR F 4 °C. 10 000 r/min 2
O Smin, FE IR, REAVIE, MAGEREICH
KA F-BIP, PR = 1x10° CFU/mL
W AR J4 ZET2 72 h (% CFS 5 Fon il T2
FARTURS A TCH 20, T 28 °CH5 5% 12 h;
PIJCH LB 55375 Fon i T2 IR AFURA1E
FBAPEXTEE; DL 1.25 pg/mL BPERE R B 5 Fon
T~ 22 VR S AR TR BV A BH A % I 3 3] T B
RAWHEHEK EXT, 78 4 CUKFE
2.5%)% —WER W [ E IR ORAE 4 h DL b
pH 7.2 BYBERRZZ vhifoRs I 1 - vpidk 2 Uk, R
VOB RE S B TUWE N 50%. 70%. 80%. 90%
F1100% & Pt v JBd K B 48, A 9 K B [R] hy
10—15 min; fizJ& FH 100% 2 850G K B B2 4 25
RFURA WK 10-15 min, B TR HEERE L
R, HHRE 3 AERE ., HEE T B
(scanning electron microscope, SEM) W& I 43t
HE AR,
1.2.9 FEHEFK J4 B9 CFS Xf Fon RS2 MY
=AU

i Bk 1.2.8 B FEND , #2 BR AO/PT WL
R E MU T Y, #£ 4 °C. 10 000 r/min £
O 2min, FFE EIEW; M1 mL CREKEKE B
W3 . N1 mL JCIE PBS 2 W T E 0
Erh, BAEBGE R R TEI O BW A,
o 3 B £ 4 4l B 7B (confocal laser scanning
microscope, CLSM)WLEZL I #r H B A8 b, 2%
JeAE R F AO T 40 i e o, wt Ak RE
(propidium iodide, PT){X {5 £ Jfd JIE 52 451 fr) 40 Jfd 2%
o, PR DEETE R R IR AR, P BA
A AO Yt s Hik, HAg 5%
HEM B Fon #F9; AO Yo & H &k ¢
S, ANMASESZ A Fon f1F4% PT Y (a3 HR 45 1
BAE Y i W N R AR LI ) i

1.2.10 LC-MS IR FAZREZFKEY
S
PEIERE 14 $2F03) LB £33 28 °C |, 180 r/min

KBERIFR 72 h, FF R 4 °C. 8 000 r/min &
0> 10 min BCEIE, ] 0.22 pm A8 A5 8 25
BRok B bk, LAJGH LB RE3RIEMXTIR, Bk
T BIAREM, TESEMUE X E B EY)
BE 2R FRA vl 4T LC-MS HEREACISH2H 27
Mo BEAL, HEAT student’s t K8 Al 22 S A5 500
Br, 22 S AP A 1B 45 5 T i e /DN — 3 1) ik
4r#T(orthogonal partial least squares-discriminant
analysis, OPLS-DA)# %l 15 31| () 4% & A &
(variable information processing, VIP)Hl student’s
tRR I PRI, VIP>1 H P<0.05 L)
2= S A .
1.2.11  E#k J4 B CFS F R Ih RE 4 B B9 4& )

FVEN AN FACR = %) Fon B 224K (19 5%
i), KRR S (A 243518 0.1, 0.2 A1 1.0 mg/mL)
T HEEEC0.2 mL U AT PDA VAR, HRAiSE
HWICHIK R CK1, AR PR . CK2,
EH I EZA Fon HPH(H S 8 mm), 28 °CHiFR
5d; 28 Lkl Fon MR 75 BLAZ, ARYE
AR =P w5, R E
HAWH] Fon fER B

PR J4 4288 1.2.10 fiAKESR 72 h R RS
CFS, JFFEAI 3 A Hok A 4, LAAR A 7
IR 72 h 1 LB Bi5R%E EHBOAX . 2%
Wang 553V Jy 12 (i FRR 0 YA €538 R G R v
4% ¥ % I 1% (UHPLC-ESI-MS/MS) Xt 11 i 1k £+
P74 5E
1.3 BUERSHR

F FH Microsoft Excel 2021 XF i 56 £ 48 vE 7
B AT SPSS 26 # {1 1 Duncan 57 P<0.05
KA kAT 22 5 WEVE A, AU GraphPad
Prism 8.0.2 FRAFVERE .
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2 EREGHN

2.1 11 ¥k$E$1E R CFS X Fon BYS20
IR B 0 A 7R VG AR B i 38+ 53 #k
R FHPEARORT IR A X BT AR X Fon 145402
. KRB 11 AR X Fon 4 KRS HLE A .
11 #RIEPUHEEI CFS XF Fon B0 I &R 40
Kl 1A PR, X 11 BREE R CFS X} Fon #14 #il il
RO, H Fon M 22 HA2 Y B /N F X B (CK)
(A TR 22 42 (P<0.05) , Ho A i J4 1) CFS X Fon
AR R s L iR 3 71.87% (K 1B), U2 148

B

() CFS M %K 71.35%, @itk 137a i) CFS 41
R 4.08%.
22 1 KEREMNEEE S

M#E 1 AT, Fik 152 S HA ek
WAIKMIRE ST, Wk Y1-1 Aresisomng, ik
J37a ANJPRE I . VR . 2 2 2l R SR
fiti; BBk J4. J46. G1-2b, J7. Gl-1. J48. J9a
i Y1-2a A RIFHYT-IER G . 4L R0 . W
RO . B TR AR BRI RE T (R D).

g5 AT, HEAR J4 B PR KR A A Ik
AAKMEE S, HHICH FIH W Fon PN G %

A Fon mycelia diameter

o
(=]

i

L
=

Inhibitory rate of CFS from strains (%)

CK Yl-2a GI-1 G1-2b J52

—@— Inhibitory rate of CFS from strains

60

40

Fon mycelia diameter (mm)

20

J46 J37a J48 YI-1 19 J7 J4

1 11 BRF5IERY CFS 3T Fon A ACHIRNT A 11 BRAEPUR A IO HIH WO Fon I AYTEZS K. B:

11 BRAEPUR A EWBRAINTE LA Fon W22 B AZ. B ARR/ING FERIRTE 0.05 K P T 2R 8%, T
Figure 1 Effects of cell free supernatant from the 11 strains on growth of Fusarium oxysporum f. sp. niveum
(Fon). A: Morphological diagram of inhibited Fon by cell-free supernatants from 11 strains. B: The inhibition
rate of cell-free supernatants from 11 antagonistic strains and the diameter of Fon mycelia. Different
lowercase letters indicate a significant difference at the level of 0.05. The same below.
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F1 11 RERENEEE T

Table 1 Determination of physiological and
biochemical characteristics of the 11 strains

Strain Protease Amylase Glucanase Cellulase Siderophore
No.
J4
J46
G1-2b
J7
G1-1
J52
J48
J9a
Y1-1
J37a -
Y1-2a + +
+: FEME; - B

+: Positive; —: Negative.

+ o+ o+ o+ o+

+ + + + + o+ + o+
+ 4+ o+ o+ o+ o+ o+
I+ + + + + + + +
+ + + o+ o+ o+ o+ + o+

+ o+ o+ o+ A+

+

FETTHE W TR AR T R A, L BE BRI PR 14 H
FIa gLt .
2.3 B J4 AN EERLZHRENEN
YRR 45 d J5, T4, CK P4 Mtk &
WA H 17.6% . 64.3%, T4 RbFRZH PG AL S
e R IR R AT CK 4, bk 14 X 7 IR, 25
5 B AR B RCA 72.6%, ULBIEERE J4 GG &G
il P IR 2290 19 & A= o
24 ERJI4WERG A B 75 AEEEYFE
FEAE B R G A b, E— 20
PRI HEAT T F 00, AR TR AR 04 094 B v
B RTAE S P 45 SRR T BRI ERE, 1931 J4
()4 JE R AL S (B 2A) . IR BRI A L 4
—%5 3929 790 bp MIFRRYL AR AL, G+C & it
H 46.5% PET, ZIEFRAE 3 749 Y
DNA J¥%1(coding DNA sequences, CDSs) . 27 1~
rRNA JEF | 86 I~ tRNA JEH . #4E COG. GO
1 KEGG gk, % myBEH 0510 3011,
2850 12231 4>, fEREHA L E T 9 MEmM
1 2 U 3 51 £ IR 2R (fengycin) . R IAITETEER

(surfactin) . £ IKZEHF 5 & (bacillibactin) . K IR
PN %IV % (macrolactin) H. FF B /i (bacillaene) .
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A: RNA processing and modification
B: Chromatin structure and dynamics
[ C: Energy production and conversion
S S B D: Cell cycle control, cell division,
< chromosome partitioning
M E: Amino acid transport and metabolism
M F: Nucleotide transport and metabolism
M G: Carbohydrate transport and metabolism
I H: Coenzyme transport and metabolism
I I: Lipid transport and metabolism
I J: Translation, ribosomal structure and biogenesis
K: Transcription
= 3 x L: Replication, recombination and repair
3.00 = = 3 X - ) Unknown M: Cell wall/Membrane/Envelope biogenesis
; 1.00 N: Cell motility
[ O: Posttranslational modification,
protein turnover, chaperones
B P: Inorganic ion transport and metabolism
B Q: Secondary metabolites biosynthesis,
Mactolastin transport and 'catabollém'
R: General function prediction only
S: Function unknown
. T: Signal transduction mechanisms
! U: Intracellular trafficking, secretion,
and vesicular transport
. M V: Defense mechanisms
Unknown Fengycin B W: Extracellular structures
B X: Mobilome: prophages, transposons
B Y: Nuclear structure
M Z: Cytoskeleton

Unknown

Bacillacne

Dificidin
Unknown

Bacillus methylotrophicus J4 (CP119299)

Bacillus amyloliquefaciens DSM 7 (SAMEA2272088)
Bacillus nakamurai NRRL B-41091 (SAMNO04450409)

100 Bacillus tequilensis NCTC13306 (SAMEA104318175)
Tree scale 0.01 — Bacillus axarquiensis NRRL B-41617 (SAMNO04357113)

B2 EikJI4MERARIERAZLZENSN  A: Wtk 14 BEFEAEE, BNy SEHE
RN IETEEREN | U EEEE | BB R YN R A B4, . G+C it G+C-skew fH
R 14 FLLYORIEER. B, BT RILHHNFEE 14 KRZEKER

Figure 2 Genomic map of strain J4 and phylogenetic tree analysis. A: Genome map of strain J4, circles
from outer to inner: genome size, forward-strand genes, reverse-strand genes, nomenclature and position of
predicted secondary metabolite gene clusters, G+C content, G+C-skew value and morphological diagram of
strain J4 stained with saffranine. B: Phylogenetic tree of strain J4 based on complete genome alignments.
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X f% Fon TH 22 1)

Figure 3 The J4 strain induces the accumulation of reactive oxygen species in Fon mycelia. A: Co-cultured
plates of strain J4 and Fon (C: Fon is completely inhibited sterile area; U: Sterilization area). B: ROS
production of Fon mycelia in the U region is observed under confocal microscopy. C: ROS production of Fon
mycelia in the control is observed under confocal microscopy.

A
150

vity

~
4

I

Enz

vity

100
80

/ity
H

Enz
(C
)
S

150

ity

)

(

En:

0.5:1

1:1

500
skokok
,L\ 400 + ,—%
1o0f |
CK CFS+PDA 0 CK ICFs+pDA
2:1 150 3:1
%% I * -
& [ ==t
CK CFS+PDA 0 CK CFS+PDA
0.5:1 80 1:1
&k E %
AN - mlm
20
CK ICFS+PDA 0 CK CFS+PDA
2:1 80 3:1
%
—E g 60+ q;
- |
0
CK CFS+PDA CK CFS+PDA

w)

vity

vity Enz

it)

Enz

t)

(

~

e 2
Lo

(
<

5
IS

0.5:1 160 1:1
—E . 140+ L —
10U
1 80 L
CK CFS+PDA CK CFS+PDA
21 180 3:1
koK sk
,— . e 160 - * +
‘ 10V [ -4
1 80 1
CK CFS+PDA CK CFS+PDA
0.5:1 08 1:1
— neak ——
0.2F
- 0.0 :
CK CFS+PDA CK CFS+PDA
2:1 03 3:1
%
L ,—%
R PN
CK CFS+PDA CK CFS+PDA

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



544 (YIS Gk Microbiol. China

0.5:1 1:1 F 0.5:1 1:1

0.8 3 36 15
=) 3k ok &
€ n7lL 1 - &b i e
5 USf 5
Q =)
0.4 : : So ‘ 0 :
CK CFS+PDA CK CFS+PDA CK CFS+PDA CK CFS+PDA
25 2:1 15 **3;1 ’g 15 24 15 Il
= ks S .} &
s 20¢r L5 = 80 ok wkk
e N - E ot 10F -
£ 151 = E
E 1.0F £
g ’ 0.5F =~ S5t 5F
S 05y é
0.0 : 0.0 : S 0 . -
CK CFS+PDA CK CFS+PDA CK CFS+PDA CK CFS+PDA

&4 Ftk J4 REIKER CFS 5f Fon MM SEEE, ATAMERMA_BESEN®MM A-D: it
AACHEE (935~ CAT . POD, SOD il GR). E: Al A & &. F: N B & 5. *: P<0.05; **: P<0.01;
ik, P<().001

Figure 4 Effects of different concentrations CFS from strain J4 on antioxidant enzyme activities, content of
soluble protein and MDA in Fon mycelia. A—D: Antioxidant enzyme activities (CAT, POD, SOD and GR,

respectively). E: Content of soluble protein. F: MDA content. *: P<0.05; **: P<0.01; ***: P<0.001.
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A CFS from strain J4 B

Sterile LB medium (negative control)

C 1.25 pg/mL amphotericin B (positive control)

5 Fon faFRISFETEMEITEK J4 B CFS IR A-C: Z# THtk 14 CFS (A). 14 LB
FRWB)FPIEE K B (C) T Fon fil FRHOWIE AR EBINES. D-F: Wtk J4 19 CFS (D). JCI LB 1%
FW(E)VF P VEEEF B (F)%H Fon 558 5P A5 11

Figure 5 Response of morphology and membrane integrity of Fon conidia to CFS from strain J4. A-C:
Scanning electron microscopy (SEM) images of Fon conidia exposed to CFS from strain J4 (A), sterile LB

medium (B) and amphotericin B (C). D-F: Effects of CFS from strain J4 (D), sterile LB medium (E) and
amphotericin B (F) on the integrity of Fon membrane.
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Figure 6 Antimicrobial substances secreted by strain J4. A: The antimicrobial substances existed only in the
strain J4 CFS. B: The antimicrobial substances existed in the LB medium and strain J4 CFS.
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Figure 7 Effects of six standard products on growth of Fon mycelia. A-F represents the effects of

cycloheximide, fengycin, surfactin, iturin A, malonic acid, and N-acetylmuramate on growth of Fon mycelia,
respectively (P<0.05).

BB AN 4R Fin, RIS A S RS BITEAEMNE TR AR ; i £ ROS &SI
ED% Fon [ 2238 2 38 man i I s e 2 1 & A E P B A AR T2 , 3 BUAR it Ak,
PR AN BE R, SEmsgm A X CFS i B BB E k) MDA, Ml MDA B &
MIBTrE . BEZ5 Y Yin PR Halifu ZPRE FhalOBE & B MDA & 2 1 38 n (& 4F),

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



548 A 2 AR Microbiol. China

- 13.35
A 100 Iturin A ’

80 F NL: 1.13E9
70 miz=1 043.547 6
60 F F: FTMS+c ESI fullms

50
40
30F
20

Relative abundance

13.79 14.95 15.53 16.51 18.15 1941 19.99
L L L L L L L L L i i riidliod=iet I 1 i

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Time (min)

15.63

100
90

80 NL: 6.15E7
701 m/z=1 463.800 2
60 F: FTMS+c ESI fullms

50
40+
30
20 1547
10F 15.24

5.46 | 14.59 i 1727 i 10.8:0

o 1 2 3 4 5 o6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Time (min)

Fengycin

Relative abundance

100 17.85

90
g0k NL: 1.94E9

70k miz=1 036.688 2

sol F: FTMS+c ESI fullms

50F
40 -
30
20k 18.09
10k 17.52

Surfactin

Relative abundance

433 5.52 602 688 747 833 870 1024 1139 | 13.1814.03 14541509 '7#3)\ Y1839 19.97
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Time (min)

100

%0 NL: 2.38E9

80 m/z=282.168 7

70 F: FTMS+c ESI fullms
60 |

Cycloheximide

40
30
20
10

Relative abundance
wn
fan]
T

8.60
052, 215288334 471579624 7.65 788 | M 883 9.26 987 10.95 11.91 12.78 13,64 14.75 15.38 16.61 17.04 17.96 _ 19.64

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Time (min)

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



KUR % | —HRAMFEZERBERGE Bacillus methylotrophicus B97% 1% . X E RINBER S 549

B 100 CK 4.14 g
90

80
0L 077
60 7.01
50k 256 314 4.78
40
30+ 237
20
10

Relative abundance

NL: 4.50E8
m/z=170-2 000
F: FTMS+c ESI fullms

13.34 17.11

123
1446 1531
9.36 1098 11.69 1238 17.01 18.61
b, A ool 1

0 2

1001 4

Relative abundance
h
o

10+ 12.44
10.72 10.81 11.63 12.26
-l 1

NL: 2.33E9
80 miz=170-2 000 17.70
70t F: FTMS+c ESI fullms

30 [turin A
20} C,H.N,,0,,

4 1383 1413
12.91

10 12 14 16 18

Time (min)

Surfactin 1783
Cs*.HnnN?OH

Fengycin
C,.H((N,,O,
15.71

18.09

16.10
_14.51 1481 16.22

10 11 12 13

5 16

Time (min)

8 MOFRXIS=4I7EE kK J4 CFS i) UPLC-MS 7341 A: 4 i, B: TRk J4 CFS RSB
Figure 8 UPLC-MS analysis of four metabolites from strain J4 CFS. A: Four standard substances. B:

UPLC-MS analysis of CFS from strain J4.
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