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#. (&Y AR PR, o i L kAR LiFRWEH XI5k 2 F R 5% 7 8 R
HIBRFELG A LA, A A 424 B 4% (scanning electron microscope, SEM)A= 4k 3R £ 42 44 ¥, 4%
(confocal laser scanning microscope, CLSM)ME F 4547 L L iRst Fg ey oA foTHE. B
VA BR R &R #oR; 8 @ BRI IR N A B A R AR F R a9 A B ROR; 2 A =X Tllumina
HiSeq M A F & #t/TakBAMF. (LRI AN EFTF 5B E —RG28a76 Fg A KGN AER
#IB7, AR THAE LA Fg 3o 3 L 374 & 534 85.23%. Wk JB7 49 L@ LA Fg 7o
FEREUMG, RAEMOE, EREBRFAEQRNOER, FFFgALERAMNER, JIRFgH
LTEMEORA_BREENIENG. ZAKREA SN TG, TR LMk, FREBRM 74K
REGEE ). AR R AR IBT 682 F 51K Lk B R RIFFREK(P<0.05). 22K REF%E
A W B R ¥ 5047 8 (Bacillus methylotrophicus) JB7, Z B AkA B8 A4 12 AN H 6k
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Abstract: Fusarium head blight (FHB) caused by Fusarium graminearum is one of the major
diseases limiting wheat production. Biocontrol has been considered an effective and sustainable
method for the control of crop diseases. [Objective] To screen out endophytic strains with
inhibitory effects on F. graminearum from wheat grains and evaluate their biocontrol potential,
providing strain resources and theoretical support for the development and utilization of
biocontrol agents against FHB in wheat. [Methods] Plate confrontation, spore germination, and
cell-free supernatant (CFS) inhibition experiments were carried out to screen out the
endophytic strains with antagonistic activity against F. graminearum from wheat grains.
Scanning electron microscopy (SEM) and confocal laser scanning microscopy (CLSM) were
employed to observe the conidial morphology, membrane integrity, and mycelial reactive
oxygen species of F. graminearum treated with the CFS. Pot experiments were performed to
verify the biocontrol effects of the endophytic bacteria on FHB. Illumina HiSeq was used for
whole genome sequencing. [Results] A highly efficient endophytic strain JB7 inhibiting the
growth of F. graminearum was isolated from wheat grains. The CFS of strain JB7 in the
decline stage showed the inhibition rate of 85.23% on the spore germination of F.
graminearum. Moreover, it led to concavity on spore surface, cell membrane damage, leakage
of nucleic acids and proteins, and accumulation of reactive oxygen species in the mycelia of F.
graminearum. The CFS of strain JB7 significantly increased the content of soluble protein and
malondialdehyde. Strain JB7 could produce protease, cellulase, glucanase, and siderophores.
Pot experiments showed that strain JB7 decreased the disease index of FHB (P<0.05) in wheat.
The strain was identified as Bacillus methylotrophic JB7 by whole genome sequencing, and it
carried 12 gene clusters for the synthesis of secondary metabolites with antimicrobial functions.
[Conclusion] Strain JB7 could inhibit the growth of F. graminearum and demonstrated a strong
control effect on FHB, serving as a candidate strain for the biocontrol of FHB in wheat.
Keywords: Fusarium head blight; Fusarium graminearum; Bacillus methylotrophicus; biocontrol;
accumulation of reactive oxygen species
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AL, /N IR ERR KB AT 5 B Ak, R4
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SR, RS B ROS &5 R AN i
)W (oxidative stress, OS), HEHifG40 ™, 1t
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LAY oAy /N 715 0 A 9 T 7 9 O -5 10 PR R £
TR RR BT PRI BRI o

1 HE5xZ

1.1 Bk, EFREMRF

B L Fg NS Al R 2HHE
BB WAL ) F—80 °CHEIL IR vKAE H P AT o
Sy EAEPUER A NS e A iR e ik h
ST /N A a3 B B R AR e /N A2
TR, R kA DI 4r
BEAE

Rz FR M (LB) . /NFE 4557 J (agar
and wheat, AW)H T W R 0 AP 2, o
5 B g A OB B 3R L /8% 3% W (potato  dextrose
medium, PDA)F] T H 17 & PR Y A2 1 S A= 1 1Y
W ; 4% GG HRR, HTiAES Fg or4Efl
F R A BEBE RS 5F & (yeast extract peptone
dextrose, YEPD), HT & Fg 4 #+. 405
K B3R AR 5 37 3 (chrome azurol s, CAS). #i%R
Rl TR AL AR YR R R R VR (iR AR
SEUOIEA T A W R A R . AT
ik RN 2 1 RE ) 1 S

JEIHNZH DNA alifbilGil &, HisE iy
YR ARABR 2 F] ;N % (malondialdehyde,
MDA )& R &, e AR ) TR 5 .
1.2 NEFRBRERAEEKRNIFZ

53 R B B FHR AR B0 I /N R 20 ¢
BT 250 mL =AM, SoAIJCEK ik 2-3 Ik
JE R 75%0 SRR 2-3 WK, A E K
PR E RS, REOFES R S AR ISR K, $E
SR TRREERR R, BUR RSSO 107, 10°°,
107 BB 100 pL, Z» 9347 LB, PDA.
AW Rk b, BB R R IR AT 3 P,
30 °CfE| B SR 2-3 d, RIGNAE, HHEEE
2t FE AR BRI [6] 19 BRI VR B 1T 2 ik 4k
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FHHRE Sy 20% 19 TG & H T -20 °CIRFF -

T PN A BT 14 07 e R FH AR IR 35 T
FHEAR 1 om BFTFLAREUESE 5 d /) Fg TADF, 42
Pl T PDA 3538 e, BRIl N A T 4R R
JREE 2 cmAb, VIH4EFg AXTHE, B PR
53R, 25°CHFE T d, B R A H B A T
PUVE 405 -

SR FH R B~ AT IR 3 0 328 R 4 4k 0 T L
AW EREPUER M ER . I i N
A T I B R # Ol 1x10% CFU/mL, 2 BB J7
Y, TEHE Fg BWF 2 em Ab4EFP 5 uL, BFHCE:
T 25 °CIHIRIEFARETR 2N A Fg 22K
JIE, MIEXTHRAH Fg RIVE-FARM Fg RvR%EE
U A R SR B, PR RS SR [12]
T, SANFER 3K,

1.3 FHEiEE Kt E

PSP ARTE LS H280 T 100 mL (%) LB i)
ISR T, T30 °C, 180 r/min 5148 F IRi% 55
3% 24 h & ODggo N 0.8-1.0, 15FIFPTi. Kipb
FWLA 1% 4% R AR F 250 mL () LB AR 77
Fdr ) 30 °C. 180 v/min £EKEESR, BFE 3 h H
I3 ERETHINE ODgoo AEMOERE , ARHEEEFR 87 h
PR 25 ) TR R PR A R T 2K
14 RAEHFEME X E L FE K (cell-free
supernatant, CFS)X K&k JIE 2 FiE &
KB 225 KHI52 00

W 4lAL S ST N A TR LA 1% R b
FHA 100 mL LB AR SRR 250 mL =fii
F1, 180 r/min YRFEFHRZEFZT-H, 12 000 r/min
B0 10 min,  FIEWOAH 0.22 wm 38 PR 8 bR B 15
F| CFS. Fg srAEfFrhles: PRBORS k)
22T A%L SRR, 25 °C. 150 r/min
PRPIEFE 2-5 do BRRl A 2 )2 A kA 7L v,
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B E R, IR A 13104 /mL, 7F

ol F AR PRH T, H BRI 50% A N AEH

PUAIY CFS, DINNSEERY LB WA TR AT
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= AR T A I A TR ER S e

FRPE AT 1 AT 2 735 Fg A i & %
Fl CFS XA 3, HAMER 3 K,

B R R=(fF 1 R BUAT 550 x100% )

A Ze =R R 1 2 22— Kb B 2 2% ) %ok IR 2K 6 < 100%

)

FFAEE Y PDA 5555 5L N AR F5 BT o

IR IR 101 IRASREIARE SR, D
PDA Ki7RJL5 LB KigRIL(AN S B IRA1E ot
Mo PR ARIEBEM T, BUEARAH R B AR AT Hie ]
B B R 42 AP A P SR (BRI — > B F), BR4LAL
FEA 3R, HIEFRIE T 25 CCRRRE A 1F T
B, 2h)EREE AN, HIRAS

THEAGE R,
P R=C IR Fg 7% B 0PE Fg W5 E4A)/Ci IR
Fg 7% HA12)x100% 3)

R P AR X IR B8 | A7 B & B A TG
W IE BN Fg T 22 i ORI e P e ) i
SHR P14 DA 2 TR AR
1.5 AEENMELE BRI RAEIIE
THEBAFRSE N

KA H A W% TBT 4 CFS X Fg 230 A= 40
TRIRZm . %R 14 1 B Fg oy A4+, LA
[ 45 4 RN A C T LB 85 9% 5k B M %o i
(negative control, NC), LIFMEEZR B (1.25 pg/mL)
h B B (positive control, PC), 25°C. 180 r/min
SMFTRESER 12 he KRR HLE 43 A 9EF 8 000 r/min
B0 S min 5, 3B, A 2.5%8 R [ E
4 ho [BEJEMEMTH PBS ¥Rk 3 A, K
WH 50%. 70%. 80%. 90%F 100%Z. Bt &
K, YK 10 min, T-20 °C¥ % T4 12 h,
e 4 TR AR S 4, JRTER T B RUE
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J T VA N A RSB CFS X AR Hi ) B 40
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s PL YRk SE o i 103 i A S, 52 A
LI, KRR IB7 ZET-H] CFS it AZEIAF]
KGRI A TRIFW T, 76 25 °CHKE
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S BHHE X BE R RE SR AR LT R 4 °C
12 000 r/min 5.0 5 min, JHICH A FRER K PEIK
2 &, A AO/PT WYAFI & 4 “CbLiEE
10—20 min, 10 000 r/min Z5.0> 5 min Ji5 BUE &4 B
ERKRRUTTE, PEAIGH 10 uL FEFYLR T3
Ak, FIRILREEFOSE i 4% (confocal laser
scanning microscope, CLSM )W H: & 4 25 4k, .

i TR AR ST FE ODago A ODogo Ab HA
AR A ISAE, DRI, ODaeo Al ODago A AYZAEAL,
A DL WA R A0 1 5 AN B R iR, AT T
WA 5 8 . B 10 mL PDB WA 57
L5 10 mL #5PUE IB7 CFSIRS), A 54K
BHRIIHEFEDE, 5555 48 hJ5 8 000 r/min &5.0
5 min, FIFIBFHRAUAKLI ODago 1 ODaso MM
J¥, A 10 mL PDB AL 3735 10 mL JC LB
IRA R AR T AE R 3 B

10 SRAHRIIEE YA PDA 5 JB7
CFS SRR SRR, , & 3 MHEE., 7
0. 1. 3. 6 F19 h W] 5B G4 E
B 22V T L R T DIPEA, CFS X Fe 1 2244
A R R
1.7 Fg BZEMHESEN

BU#tk JB7 T CFS 4 mL 5 4 mL #Y
PDB R AR FR IR S G IMA 44> Fg Yk, HH
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12 h JFEETF 10 mmol/L BEFRHNZE vhif (pH 7.4)
BRSNS 10 mmol/L 2/,7- "R AN ER
T LRAE(2',7'-dichlorodihydrofluorescein diacetate,
DCFH) T 25 °C2R 5 T 4bH 30 min J5 2663k
REPR BB ALK 488 nm AL FHE K
535 nm F MY, DL 4 mL PDB AR 3R 3L 5
4mL JCIE LBIRGIEE 1 Fg W YHE X R,
1.8 FgiEZF MDA MALAMHERS =M

W R Bk JB7 =T CFS 5 PDB W4 77 3t
FeBARFR L 1 1IR A, 76 40 mL IS 3= Hom
A 64 Fg BB, 25°C. 180 r/min 535 72 h, %}
WA EAFUCH LB 5 PDB WA, 37 Sk fie i
1:1 AR LIRS . 8 000 r/min 2.0 5 min J5 2]
PR RAT R R 22, SRR A Y TR
FEHTRYA B (MDA ) ME R &, FHHai
B E W22 MDA & & . RS SR
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1.9 &tk JB7 BYFREINKARERIE M RIEE
k2 ol

K FBNE BI04 K S g DA R AR A
REJT, LA SME R ISR SR e, DR
SLAT Y RGN AR AN AT 4 K, LAIBREA N
JEE RS I 2 TS 1, AR A BRI RS g5 AL
AR TRV T R s B I, BlA S HoAT 7oK
TG PE R RE T o
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PRIAREERN T CAS [EIRESSRIE I, 30 °CHE5% 7 d,
WELZE 2 7547 16 B £ S B
1.10 ZFKEFRAIE

VEBUBURLARIE 1 s 33 SR P T R
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il A5 PR AT KRS PR IBT 360 = LB Wik
i gkrp 30 °C. 180 r/min 1537 3 d, Fg R
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PERABPUR AHEE 1x10° CFU/mL, FLH
WP R 1x10° 4~/mL,

T/NE 5% BT Bih , RREmSE
B4 1 mL, EMERIEETKRER . JBT i
PREBHEPIA JBT WA, 48 h J5 iR
BRI T, A THERNE 10 d BT
DL GRS R BB B AR, DEZER
(80%, HiE 500 RO N PR AR, DUK R
[ LB R AA S I 5L A 7K AR A X B

INE SR EER(AREA AL 7 ARHE, 0 2
o 19 Mkl AR S R A 14 LUT
2 . MREAER G RREIRARE 1/4-1725 3 J: A
TR SRR 1/2-3/4 LT 4 9 AR
1A A 3/4 LLEL AU
X4 FA 5.

9o 155 18 =2 (B SO AR B2 SR )/ () A B R B < i
HRAH)*100% (4)

B i 280 5 = (T 7K %o R A 155 i 25—k B 40 155 45 650/
T 7K B 175 45 K< 100% (5)
111 AEFEE IBT MEE AN F

R OR-A7(9 JBT T LB WA R 5 mhis AL 12 h,
PR SE M 10 000xg B0 5 min WCHE B4,
Wizard“JEH 4] DNA #ifbifnl &3tk 187
LA ZH DNA. $2HU DNA SR BiEE 2L
WYy 2584545 B2 F] 59 Tlumina HiSeq 1 PacBio
RS II H.5F5LH] (single-molecule sequencing in
real time, SMRT)*¥-&#47IF. FIH Circos v
0.69-6 (http://www.circos.ca)?2 il & K 21 [&l 4]
Wk TB7 FRGE K H AT R DY 2H IR 55 e
(https:/tygs.dsmz.de/) K ¥4 &, & T Ak T bk
IB7 BRI S, #id antiSMASH 6.6.0
(https://dl.secondarymetabolites.org/releases/6.0.0/)
T B 5T U G AN W AR W ARG R TR A A
112 BIES R

FIH Microsoft Excel 2019 #EHI%H; FI M

SPSS 22.0 ¥4 Duncan #6564 7 2 22 S0k 434
(P<0.05). F|Ffl GraphPad Prism 8.0.2 4414

2 EREQM

21 IEMFRER Fg AERNDE

HAYEIRR] 40 BRNVAANTE . W1 AEE 21 Bk
WA FEHUAE N Fe B = AR5 Hu/E .

3 3 A PR G IRF ) 07 12 LT Fg 4 %
RET 50%0) 6 R XFH A KBS T
FE, AERNE 1A R . BRI R A A S
fl, £0-3hWAERKATIREY, AKiFR3-51h
PEAPGEA KLY, IB7, HI7EH;F 51-78 h ik A
W, fE78 hgHE AT, mMJIB2. A, JK
1 HA4 fE55 3% 51-81 h YEAFa @I, 7F 84 h 5T

AT,

T8 PO IR RS Th i Ak JB7 ALFRIY Fg
BT 75 K BARA A 16.45 mm, b5 5 I A3
23k 55.30% (& 1B), H: CFS %} Fg #17F1
KNI 85.23% (K 1C), CFS 5 PDA IRE K
FRIEFEFD Fe Y RVE A K BARIH 25.77 mm,
PR XL 40.26% (K 1D), LI EZEHREH, @
Pk IB7 Xf Fg #EPTACRIL T HAB AL T bk
2.2 REHRIERK IBT TE LSRR Fg &
& BT RO S S2 0

P B RN, BERHRA(E 241 Fg
SR AR, RIRDGH . HEK IB7 1Y
CFS (& 2B)fIPi A R B (K 20)40 71 12 h J5 1Y
Fg o3 A7 ™ B M {ATE o
2.3 RERIEK IBT TE LERN Fg &
PRSEEE M 220

WK 3 R, @it CLSM Mg AP, B
T2 Fg MR IMEOIOEIE 3A), HEbiR
JB7 CFS (&1 3B)FIFHM:XT RE4L (] 3C)Ab PR )5 1Y
Fg 734l 7(B 3B)NHF A AL 6500, ULl
B N A BBk IB7 1 CFS 238 Fg 241 i 32 3 R
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JB7 1y CFS 52 | Fg IH 22 MR s 8, 2
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Y
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J2r ~HI
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b
60} T =
30}
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JK

IB2 IB7 A

o

Inhibition of spore germination (%

H1 H4

Bl 1 HEHERXRE R T E A HIHI R
Figure 1

LA N AR FN 2 1 AN

SR T HL 3R L 72 T CFS X Fe TR 22 4 i
BEERREw, AR 1 R 1A, B
B 97 IS 0] F) A r SR T R, 6P TR 22 4 i
R BLRIR o
B

80 r b a Fgcolony diameter 140
< Inhibition rate

WHRARNA:

CK JB2 JB7 A JK HI H4

Inhibition rate (%)
s

(]
<o
Colony diameter of Fg (mm)

60 - » Fg colony diameter
- CFS inhibition rate

Colony diameter of Fg (mm)
CFS inhibition rate (%)

CK JB2 JB7 A JK HI H4

Inhibitory effect of antagonistic strains against Fusarium graminearum. A: Growth curve of

antagonistic strains. B: Inhibition effect of biocontrol strains on Fg in plate confrontation experiment. C:
Inhibitory effect of cell-free supernatant (CFS) from the antagonistic strains on germination of Fg spores. D:
Inhibitory effect of CFS from the antagonistic strains on Fg colony. The data with different letters on column
chart are significantly different at P<0.05. The same below.

A

2 AEAET Fg 7EBFIAMBRRE

Figure 2 SEM images of Fg conidia exposed to various treatments. A: Sterile LB medium (negative control).
B: CFS from strain JB7. C: Amphotericin B (positive control). NC: Negative control; PC: Positive control. The
same below. The red arrow indicates the obvious wrinkling of the cell membrane.

P4 actamicro@im.ac.cn, & 010-64807516



iR S5 | AR, 2024, 64(5)

1587

A

E 3 FELIEX Fg 4paiRTE MRS

o

i Fe
— Fg+JB7 4
3 b
§ 2+ a
£ b
2
= l_
<
— 3 0
()let} ODZE(!

Figure 3 Effects of different treatments on the integrity of Fg membrane. A: Sterile LB medium. B: CFS from
strain JB7. C: Amphotericin B. D: Leakage of nucleic acid (OD,40) and proteins (OD,g). The arrow indicates

the site of cell membrane damage.

1 JB7 CFS SARBRIVEE T RESFRIIFN
Table 1 Effect of JB7’s cell-free supernatant on the
electric conductivities of Fusarium graminearum
culture

Stress time (h)

Electric conductivity (mS/cm)
0 10.72+0.02¢
1 10.88+0.02d
3 10.90+0.03¢
6
9

11.09+0.02b

11.28+0.02a

Data in the table are mean + standard deviation. Different
letters indicated significant differences among values at
P<0.05.

2.4 REEEK IBT TE LSRR Fg &
2 HBEAE M E R

FIHZEERE DCFH /&l Fg 4 ROS
W . FEEMEAETE N, DCFH &% fb
A DCF, JfRHEREIOE, St RM
Hiy ROS #Z . WK 4 Fin, LREHRTFHI

A

4 DCFH Z&ZEMMBAEE =%

HLBE T JB7 1) CFS Ab B 1Y Fg e 22 (8] 4B) Y 4
IR E R T X B (] 4A), FIAHRE IB7 (19
CFS A A5 Fg I 22 4 b ROS IR R, HIiK
AR N, PREL A AR AR IR AR, AT
il Fg B4 K . A Image J A HTEH, &
it JB7 19 CFS Ab PRI TH 22 ROS ¢ i B L X IR
2 2.99 £5(&l 40).
2.5 WEHEMENk JB7 TE L&/ Fg
B2 S IE R IE MRS

Wi 5 o, 4 JB7 CFS AbFRJS Y Fe TH 22
YL MDA (A)FITRT M8 11 (B) 7 & 55 0 R
HAR LA BIEER T 0.50 £5 41 0.41 5.
2.6 B JB7 FERAINKEEESFI SR AR
HE

mE 6 fin, IBT7 WAREA SRR . 7™
B . 274 R AR MER I RE T o

(=)}

seokokok

~

[S9]

Fluorescence intensity

f=]

CK IB7

Figure 4 Determination of intracellular ROS production by DCFH staining. A: Fg mycelia were cultured in
CFS from JB7. B: Fg mycelia were cultured in LB medium. C: Fluorescence intensity was quantified by Image J.
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Figure 5 The content of MDA and soluble protein in Fg mycelia. A: MDA. B: Soluble protein. * indicates a
significant difference (P<0.05) compared with control; **** was P<0.000 1.
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Figure 6 Strain JB7 secreted siderophores and extracellular hydrolase. A: Siderophores. B: Protease. C:

Cellulase. D: Dextranase.
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Table 2 Effect of different treatments on field
control of Fusarium head blight

Disease index Prevention effect (%)

Treatment group

Water 56.63+0.52a -

IB7 23.15+0.80c 59.13+1.42a
LB 45.20+0.35b 20.20+0.62b
Carbendazim 43.84+1.51b 22.59+2.67b

Data in the table are mean + standard deviation, blank means
no such item. Different letters indicated significant
differences among values at P<0.05.
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B Bacillus tequilensis NCTC13306 (SAMEA104318175)
Metabolism (967 genes)

W C: Energy production and conversion (174)

m E: Amino acid transport and metabolism (286)
m F: Nucleotide transport and metabolism (77)

m G: Carbohydrate transport and metabolism (223)
m H: Coenzyme transport and metabolism (105)

m [: Lipid transport and metabolism (102)

Cell processing and sinaling (819 genes)

M D: Cell cycle control, cell division,
chromosome partitioning (33)

: Cell wall/Membrane/Envelope biogenesis (174)
: Cell motility (37)
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Posttranslational modification,
protein turnover, chaperones (99)

: Signal transduction mechanisms (126)
: Intracellular trafficking, secretion,

and vesicular transport (35)

1,30

Macrolactin H L:

1.00 WV: Defense mechanisms (60)
Unknown g p: Inorganic ion transport and metabolism (180)
LIg M Q: Secondary metabolites biosynthesis,
transport and catabolism (75)
12¢ Information storage and processing (410 genes)
Unknown © B: Chromatin structure and dynamics (1)

J: Translation, ribosomal structure and

biogenesis (158)

K: Transcription (230)

Replication, recombination and repair (121)

Poorly characterized (763 genes)

S: Function unknown (763)
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Figure 7 Genomic map of strain JB7 and phylogenetic tree analysis. A: Phylogenetic tree of strain JB7. B:
Genome map of strain JB7, circles from outer to inner: genome size (Mb), forward-strand genes, reverse-strand
genes, nomenclature and position of predicted secondary metabolite gene clusters, G+C content, G+C-skew
value.
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