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tandem mass spectrometry, UPLC-MS)% & BE& ¥ 69/ o F % B 9| AT 5 %, Jrit— il A ¢z
&F BB ERE MK, BEEEHBEEA P HIRA E LA BCE3 35 4F 3 JoAT & 69 A7 B RZ
(minimum inhibitory concentration, MIC). #xf&7 # /R & (minimum bactericidal concentration, MBC)#=
BF I - 7 4% w4 (time-kill curve); i@ id sk 4 &% BL B% (alkaline phosphatase, AKP) i . &tk &g
(propidium iodide, PI)% & 547, 4B A= & @ i I 52 B A BZOR X 0 e R 41 BCE3 AT 48 ) 4m it B Fe
mRfE ey #rn; @iE DNA SRR K3, 5 EB T4 M 45609 KU K10 BT af 3L ol 52
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and application in rice
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Abstract: [Objective] To study the inhibitory effect and mechanism of a novel antimicrobial
peptide (BCE3) isolated from Penaeus vannamei processing waste fermented with Bacillus
subtilis against Bacillus cereus. [Methods] The small peptide sequences in the fermentation
broth were identified by ultra performance liquid chromatography tandem mass spectrometry
(UPLC-MS), and the potential antimicrobial peptides were screened by bioinformatics. The
minimum inhibitory concentration (MIC), minimum bactericidal concentration (MBC), and
time-kill curve of BCE3 against B. cereus were determined by the microdilution method and
plate colony counting method. Then, the alkaline phosphatase release assay, propidium iodide
(PI) staining, nucleic acid and protein leakage assays, and flow cytometry were employed to
examine the effects of BCE3 on the cell wall and cell membrane of B. cereus. The effect of
BCE3 on bacterial DNA was explored by the gel retardation assay, fluorescence spectroscopy,
and molecular docking. Finally, the antimicrobial effects of BCE3 in rice were evaluated by the
colony counting method. [Results] The potential antimicrobial peptide BCE3 screened out
showed the MIC of 62.5 pg/mL and MBC of 125.0 pg/mL against B. cereus. The time-kill
curve revealed that BCE3 reduced the bacterial count by 86.0% within 3 h (62.5 pg/mL),
outperforming nisin. BCE3 caused damage to the bacterial cell wall and membrane, leading to the
leakage of cell contents. Moreover, it can bind with DNA to kill the bacteria. In addition, BCE3
(125.0 pg/mL) exerted a significant inhibitory effect on the growth of B. cereus in rice.
[Conclusion] BCE3 inhibits B. cereus by altering the permeability of the cell membrane and
binding to DNA, thus leading to bacterial death. These findings provide a theoretical basis for
application of BCE3 in the control of B. cereus.

Keywords: Penaeus vannamei processing waste; antimicrobial peptide BCE3; Bacillus cereus;
antimicrobial mechanism
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WEAE ZE 4T 7 (Bacillus cereus) & — 8 %
5 22 IR PR B IR e S i, Al = A dE R
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FIOI o R rp A, B AR i L ok
ZHROHIE LR, FIHT 2 0 TiEmZE . ;W
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WA 2 FLAT TR 2 ¥ oK IR B H L, SRR
P E R X R ST TS Y R
KSR IR PR . LA R AN A
MRS B JE R) , (H 2 G T 2% X B s
InFa 2 AT R B, SR I B R LA
B PR S il & () 2 A A B2 ) e
[ K (antimicrobial peptide, AMPs) £ % & —28
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(T2 TSR AR Sk FNRE ST AR N 5 & 510 X
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A B 5 308 b B ZEFRLAT TR I L AN Y X R
TR, % T —Mopi BB Ik BCE3, &
PG A 2 AR 1 2 B M AR R A A R TS
R, XFHUEAK BCE3 MM PLELE T TIRA
WE5Y, I — DR R A KRB h i 1 -

AR

1.1 w8y
1.1.1 &k

A ZF F T 7 (Bacillus cereus) i A SR =
(FEERFWEEEMMAEY S TR ST
35 2 ) T A A LA X HR 43 15 S8 IS DR 5
i HE 2E AT 1 (Bacillus subtilis) 168 H1ASSLEG =
JRfts SCIORT, B A TS SR R R SRl
LB }igpdkrh 37 °CHiFR 2XM80H; £k BCE3
F b3 R AR WA BR A F G
112 EZRFFLR

B J% W ¥ (nutrient broth, NB)&5 353 | LB K%
IR B A B ) 22 AR A YR
FRZSHE]; A SE 4] DNA $RBGF & 3 KRR
AR AL RO A BRA s IRYLEL . 10xDNA
AR BRI RE (propidium iodide, PT), {8
Ak, Z ¥ (ethidium bromide, EB)Fl Annexin V-5
F R ¢ G2 (fluorescein isothiocyanate, FITC)/PI
P TR S B A R R A R A
P g R Tt 00 5 6 0 1 R e R AR AR
WG T A R F] 5 KOKR AT PLGN X iR m 1% 57
Yol BT T 58 R T

I, % PR (H DA IRA R
ROBAR A TEAL, IR R () A BRA F] 5
T . ZUIEE RSSO R BT, 3%
AR RBH (P EDA R A A A, I
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VO PR IR R B (R D) AR A T BRI AR R
g8, AR EYRHCA IR A A BEER RE R
WRR RS, R RESARA T,
1.2 KBRS & & P E BRI i ik

K PLAEERTRR N TS A R sk 3
BRI 1:3 (Bt ) MA TSR 280K, T
A T ATEE A K, BT 250 mL HETR AR
HRBEREFRHE . R)G, HEA 1x10° CFU/mL 1
R ZEHIFF IR, R 4%, 37 °C. 160 r/min
KW 3 do KBTS, BURBERCT 3 000 r/min
B0 5 min FEAT IR B IR BB, IR
4 TN 3 000 Da fHE IR A & W 35
PEATEIEAL B, Yo 3 000 Da LAY
g o R e OB 3 - Jo 1 1B ] (ultra
performance liquid chromatography tandem mass
spectrometry, UPLC-MS)4% AR X} & B it 2 ik
P T S L el R A A R
(MaxQuant v1.6.5.0)4# UniProt Penaeus vannamei
B, XA BARRET 51
1.3 HEBKETHIE R & K

F FELR 4 APD3 (https://aps.unmc.edu/)
THE Z IR0 F e ORI K P, I 0 2 1 PR A 2
M+2—+9, BAE 30%—55%F KBS, £k
KB ML G, Agela C18 FE4ifb)S, FI WA
- TR FH AL (LC-MS)il 2 & Rk A 2t T
1.4 #NEEMERYNE

T R5E BCE3 R M:, I A 2
61 FF TR B 5 AIC 4 7R ¥ B (minimum  inhibitory
concentration, MIC) Fll i Ik A& B ¥ & (minimum
bactericidal concentration, MBC)!"™®, ¥4/ K X %k
S TRV (ODygoo 2 0.8) I JC 1 NB 15 5 HE AR e 2
1x10°-1x10° CFU/mL, 7£ 96 fL# ¥ 100 uL
s B JE O TR V5 100 nL AS RIS 9 2 BKTR 538
5], BB 3 AT, 37 CCIRGFH 16 he
MIC 7 SCAAM ] 20 b Al A K i) i AR 22 R B

917 E MBC, ML 20 pL A AR
TR AT . MBC %E CHFEARTE 37 °CIEH
24h 5, TCHEEFEAERKMRMREZIRIkE, &E
S IR ER 2% WP (phosphate buffered saline, PBS)
(0.01 mol/L, pH 7.2; FIE)5E IR &M M
PEXTHEZH , 25 FLEREEBR A & (nisin) (250 pg/mL)
SERIRAE R EYEXT A, LK ERE 3
I
1.5 EHE-Ra & o

g X H5 T ) W 2 FELAT TR (ODgoo 1 0.8)
JC# PBS FifE % 1x10°-1x10° CFU/mL. ¥ ik
BCE3 5 R AR & 2 m AW R 1xMIC
2xMIC, 4xMIC, T 37 °ClER (LG4 T
3 he FEANFIBEIAS(EP O, 0.5, 1.0, 1.5, 2.0,
2.5 f13.0 hy, 43l 20 pL IR AW, T F#E
WSJAT, HHAE 37 cCAALEEFRM PSR 24 h
JE AT VR, BRI PBS SRR G
S BAH X B4, 454 nisin (250 pg/mL)5 HRIE
GAE PR R, SCae A 3 RO .
1.6 BCE3 XJ i ff1BE B 52 M

T VA AR RE R SRR R, SFAT T A B
T YA B 5 R i (alkaline phosphatase, AKP)
T 7 U R R A B0 A R TR
(ODgoo N 0.8)Z% 10 000 r/min 5.0 1 min, JHICH
PBS 74k 3 K, TR K 1x10° CFU/mL,
5 BCE3 SRR A S B L7310 1xMIC
2xMIC, 4xMIC, & F 37 °C. 160 r/min ##F 3 h.
PI4E R PBS AEMBAMEXTIE, AP E T &R
nisin (250 pg/mL)YE A FHYEXT BE . 0% & 45 ) Ja 1E
3 500 r/min 254 F &0 10 min, 3R75 B
PR Tl 0 7] 6 U B A 0 S b T R
H AKP 5 1.
1.7 BCE3 XJ#fi Bl f= B 52 M
1.7.1 Pl &3

K PT Y4341 BCE3 X i # 25 7 T 147 41
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P R 5 1 ) e 0 o o A K I R TR
Bl EEIETIHREE 1x10°-1x10° CFU/mL,
A SR BCE3 EAUE N 1xMIC ., 2xMIC,
4xMIC, T 37 °CH##F 3 h, L PBS Fl nisin
(250 pg/mL)53 HIAE Ay BH 1 X6 BERI B A X B
B4 FHUE 100 pL BA R EO 5 B3, A
S g PL (U E 30 pmol/L) YLk}, YR A1 5 keI
B 15min. WHZKE, MK PBS IHYEIF&E
BE 100 pL, fHZ DR EEAR 0 FE 5 AR
KA 535 nm K & B 570-750 nm Ab 1) 7%
otk .

22 Li P ikt kAT T B KR
ENC G # (ODgoo M 0.8) Fir Ff %
1x10°~1x10° CFU/mL, I A% BCE3 &
YR E N 2xMIC, T 37 °CH% 7 3 h, L% = PBS
YERXTREZ . W5 5 45 R 5 B 100 uL IR A0 A
S hR PI (U 30 pmol/L)Yek}, 25 °CiRfiEiR
A, EEEIETE 15 min, R SE UG VERIFE
B TICW PBS h LBt ay gukt, il sl
Mzt e, vt PLIBEH IR EL .

1.7.2 &EREARMRE

308 20 00 2 L PR A R AR 1 o ) D 15 15
JHI KT 200 B R ) S ) KR B R 1 10° CFU/mL
MBI 5 K BCE3 FIRFUR & 2 AW R
1xMIC. 2xMIC. 4xMIC, %% PBS #l nisin
(250 pg/mL)F3 HIAE Ry BT RECRDBA A X B, T
37 °CHEEIFE, 4l7E 0. 1. 2. 3 h HUFE,
10 000 r/min 5.0 2 min, 3 ] 2 S HERFFR 0
RE L IE W) ODago Fll ODagoo
1.8 AnnexinV-FITC/PI X #Rig 5%

i I8 Ravichandiran 2521 )5 e RS EE ok,
il Annexin V-FITC/PI 4 8 7463 7] £
R5% BCE3 XS FEZFHAT RS2, F 53R 2
Xif #5049 41 B B (ODgoo A 0.8) & i 1 15 &
1x10°~1x10° CFU/mL, I AZEAFIAY BCE3 &
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LR BE R 1xMIC ., 2xMIC, T 37 °CHEH , 439
b3 1. 2. 3 h, IS8 PBS MR G1EN
XTHRAL . 2 ok, e RO A OR T A I 3 ) A i
B T B, FEE IR CytExpert #{4F
(version 2.4.0.28) 1 it =X 40 ML AL 53 #T o
1.9 BCE3 5%k DNA B9#HE/ER
1.9.1 DNA %A P #3258

A& DNA (4 H B 5 A 2R J AT B #2270 T
50 mL NB $5 323+, 7 37 °C. 160 r/min /4
THEE3E 12 h J5, 10 000 r/min 250> 1 min I
1A, 4 BRI TR BE R 2 DNA 42 BUR ) & 388 15 00
A BRAR AN 1 KL 2 DNA. il FiRR 20 6ok
FE N GE B $E DNA By Bk RE A Al B
(1.7<0D360/OD140<1.9).,

2:7% Yang SN I RVEIS B, SR FH B

B WHBE e L TR R BFSY BCE3 5 T 1K DNA 7E4K

AR EAE o AE R B0 4 Bl A BCE3
SRR ZE AT R L N 4] DNA, ZRBURG,
HEE2% 0 0, 10:1. 10:2, 10:4. 10:6,
10:8., 10:10, {RAJEET 37 °C T HE 90 min,
Bt I X5 4% S M TR ) DNA VA A T B I W e e
LYK 43 B, B 8 uL DNA %5 1 uL ) 10xDNA
R MR RETIR SIS, A Bk 1% 31
REWHEERE L AT UK (LR 110 V)43 85 o HLTK S,
HE KU E TR AR AN, TR AMT
TR 20 s BGOSR DNA BERS R L .
1.9.2 5 EBZEHM4E S DNA B AR IELLE

S REPITR R kR, R
BCE3 5 EB s g+:454 DNA 28665 SL 56
#E—2L53Hr BCE3 5E1A& DNA MIAHEAEM .
& DNA P3R5 1.9.1 MHlE . 78 96 FLAR
TS uL #B¢J5 ) DNA (50 pg/mL)AI 10 pL
EB % (100 pg/mL), JREIGE T 37 °CREIEIFH
10 min, {# EB il DNA 45572 i EB-DNA E-5¥).
A A BCE3 229K 73500 1xMIC, 2xMIC
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4xMIC, FHEEARFRICH 281 /K 2 BCE3 /BN
STHRZH, JRAIET 37 °CCREEIFE 30 min, F &
T Re B SO0 FE S AE PR I 535 nm K
SR 570750 nm A5G TE
1.9.3 #FxfiE

BCE3 5 DNA (4> Xf## i AutoDock
Vina #417. WEFEZEAIF A DNA M PDB (ID:
3USW) N #k, EKERECIK. Ko+, A, JFik
HZ 4729, F ChemDraw 21.0.0 344 Hii
KB —4E(2D)45 49, S8 )5 42 Chem3D 21.0.0
B e/ MB A UL = 4EBD)SE M, IR AR 1t
SRT, WE NEAS T, lid AutoDock Vina
AR AR Sy T X B B 2 AR Trp, X
B2k Bl PyMOL 2.5 n] fiifk .
1.10 BCE3 7EKIRFHIN A

W 155 7% 2 6 HO0 ) B A ZE KT TR (ODsgoo M
0.8)] PBS P HEEWE A 1x10" CFU/ML,
SRIGHL 1 mL RIS 0 T MR A e M 28 B A G
KRR (30 g/Bg ), 433 n A SR TR BCE3
BRUNE N 2xMIC . 4xMIC, i B8 4H FH JCTH PBS
B, HEMT 25 °CH'E 8 ho AEfE 2 h FREL S g
FEdl, TIA 45 mL Joi AR 3R KR4 7 3 oAb 3
HUEAT 10 f506 BERR RE , IR I 3 A0 38 I B
BAMBRER 3 A PIT, R
B FREIFR G YA . FrpiRBER S, KRl
5 I T 37 cCHIREE IR 48 h, DIMEREVE A K
JE ST T -
1.1 #HEFIT 4

K GraphPad Prism B/4:(8.0.2) %) £ 48 1
oIt 28, LU P<0.05 NESF B

2 BERE55
2.1 IEBKAYTFIE

T8 3o X6 NLAR YR 6 BN A0 TR FE W 1Y TR 3
i sse, L1538 393 2Rk, FFEER 2K

S B EITE 772-2 881 Da, HLfHCN—6—+2.5,
BK AT 10%-73%. Hih—4&Z k51
GSFRYAWVLDKLK (fi744 & BCE3)/ 4> F &N
1 582.87 Da, HgHLfih+2, BiKMH 45%,
FFA DU IR SRR, DR X 400 1 3 i i
fritk—2 5% .

2.2 BCE3 WHIEE S

MIC Fl MBC 42 2 PFA% T B KOG 40 B B
PO FRSCRCR B WAGHR . K BCE3 XfUEF:
ZEAAF I B MIC 1 MBC 435110 62.5 ug/mL Fl
125.0 pg/mL, T nisin XJ #5HE ZE AT 9 MIC
1 MBC 43514 250 pg/mL 1 500 pg/mL. 455
KW BCE3 X FE 2R FAT B H AT 54T M B A%
W, HAMHI RO T nisin.

38 2oF ] A i 4R 2 — 20 A Uik BCE3 B4l
B, S5 1 iR . SR B A
2 BCE3 2b 355 (1) 5 A 25 AT 17 A 450 e i i ik
/B % IxMIC 1) BCE3 A HUSEE2E AT 1 h
J&, EECE D T4 43.5%; 3h)E, ANEEL
/DT 86.0%; £ 2xMIC i BCE3 4B 3 h
J& , AR TR A BN A SR, MM B R 250 pg/mL

5

—eo— Control
-+ 4xMIC
—+— 2xMIC
- | xMIC
—e— Nisin (250 pg/mL)

lg (CFU/mL)
w
I

0.0 0.5 1.0 1.5 2.0 25 3.0
t/h

1 BK BCE3 355+ 2F 10 4T B BY Bt 8)- 3% 45t %
Figure 1 Time-kill curve of peptide BCE3 against
Bacillus cereus. Data represent the meantSD of
three biological replicates.
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(1xMIC)HJ nisin ZEFRAATE 3 h 5, HOREHER
68.0%. 25 T W] BCE3 X i B 2E F AT 15 A% 1 i1
VR 52 TR B AN (R AR, S Bl AR
SRR T nising
2.3 BCE3 % 4HAEEE #5200

AKP & — 7 T 41 A R 0120 M A 2 (] 7
PR, 8 0 L 5 RS T ™ A el B il 7 41 i
W YA REZ IR, AKP D25t 2 40 i A1
IR RT RI L, AT A I AKP (495 7 H
Wik BCE3 Xof 40 I B (R B IR 1 O o an &l 2 o,
SAYERTRZEAR L, 1xXMIC . 2xMIC F1 4xMIC
Ab IR ) AKP i 743 53 249 8 BR A X BREL Y 1.6
2.5 F13.6 £, iIX—45 R3] BCE3 Al fefEH T4
JRUEE , 175 AN M RE 5 - S EURIN B9 AKP it
2.4 BCE3 ¥4 B i 7Y 22 i

IR RN, PLE—FP (BB 2 52 451 20 A JEE
ERARREE G AR SR AN GIZ IR YLkt , TRt PI
PR SR 55 RERS SN A MRS A e IR AR RS
Kl 3 fits, SxERAIM L, RIRIMREE Y BCE3 fE
T2 3 h 5, HoA s kil BCE3 W B (191

0.5F sk
g 0 4 L deskok
g ' g ook
?Tas 0.3} =
= k%
..%D 02r ==
)
S o1l [
<

0.0

> < < o B
< N v * ¥
Q‘a
&

2 BCE3 MEHZFAMTE SN AKP & AR R
Figure 2 Effect of BCE3 on extracellular AKP
activity of Bacillus cereus. Data represent the
mean+SD of three biological replicates. ***: P<0.001;
*E%*: P<0.000 1.
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—-- Control

-— 4xMIC

........... 2xMIC

o --- IxMIC
~._ — Nisin (250 pg/mL)

—_— —_
o] [\S} N
T T 1
AN

N
T

Relative fluorescence intensity

0
550 600 650 700 750
Wavelength (nm)

B3 BCE3 X{EEREZFAFTERY PR ERIRME
Figure 3 Effects of BCE3 on PI fluorescence
staining of Bacillus cereus.

JOTH Y Jonn 5 T BH A X BE ZH (2% Y6 = F BCE3
(1xMIC F1 2xMIC)4b B2 , FHH nisin (250 pg/mL)
Xof 2 TR A M RS B SR A SR . R PTAE
DOCIRER , TR TR T 20 WA A A A 1Y
PRGN, AR 4 T, SRR 7 B s N A
RS AL B, ANy 240 R A i P A R
BT 8 s 4 2xMIC 1Y BCE3 AR B (9 R
A3 4 B A0 % s BN LT B . 45 R R IR
BCE3 X WA 25700 B 40 1 50 38 M LA IR
YERT, J&XF PI 20 nm B B EEE R .

T 2L DA TR AE 260 nm A1 280 nm
AW B AR AL, B — 20 ARSE BCE3 X 24 i i
SEREPE R . WNE S BT, BN RE ALY
ODqgo TELF1 ODygo ELFE 2 B 8] A9 1% i JC B I8 AR
ft.; BCE3 #FRZH(1xMIC. 2xMIC Fl 4xMIC)
PR . & O R e as A i, 2l E
WlivE . BFFE W] BCE3 REME R 4H i 5 1) 5 2
P, BN R RZERAE A B, Rk
— B HIESE T FARSEER A5 .

2.5 Annexin V-FITC/PI X #Rri2 5% 5 7

214 401 P 200 6 A2 BG4S T 4 R PN

[ 15 B Ik 22 2 R (phosphatidylserine, PS)Zx P
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4 BCE3ERHEHFHNEMNRALEMEIN A MIEANWHZKE. B: XIBAMTOLK. C. Xt
REZH S E. D: BCE3 AbHEAH A% K. E: BCE3 ZbHZH 192¢ Y618l F: BCE3 4bHZH 19 S &l. BCE3

=

AL PR EE Dy 2xMIC

Figure 4 Fluorescence microscopy analysis of Bacillus cereus treated with BCE3. A: Bright field image of
control. B: Fluorescence image of control. C: Merged image of control. D: Bright field image treated with
BCE3. E: Fluorescence image treated with BCE3. F: Merged image treated with BCE3. The concentration of

BCE3 used was 2xMIC.

0.2 &
S
0.1
ool ol HT'
0.0
0 1 2 3 0 1 2 3
/h

0.0
t/h

oD,

7

5 BCE3 M FATHENAERAMESRGB)MRES 2/
Figure 5 Effects of BCE3 on nucleic acid (A) and protein leakage (B) of Bacillus cereus. Data represent the

mean+SD of three biological replicates.
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Figure 6 Effects of BCE3 on the integrity of Bacillus cereus cell membranes assessed with flow cytometry.

<l actamicro@im.ac.cn, 010-64807516



FHERLT %5 | EWEdiR, 2024, 64(8)

2777

Abpl2345678

5000
3000
2000

1 000
750
500

250
100

bp 12 3 4 5 6 7 8

5000
3000
2 000

1 000
750
500

250
100

7 BB S HT BCE3 (A)FA nisin (B) 5 ¥+ 74T 5 DNA B9 E/EA
Figure 7 Gel retardation analysis of BCE3 (A) and nisin (B) with the genomic DNA of Bacillus cereus.
Lane 1: DNA marker; Lane 2—7: Peptide BCE3 (A) and nisin (B) DNA weight ratios of 10:1, 10:2, 10:4, 10:6,

10:8, and 10:10, respectively; Lane 8: Control.
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Figure 8 Fluorescence spectra of BCE3 competing
with EB for binding to Bacillus cereus DNA.
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& 9 BCE3 3 EEA£ZFHATE DNA B9 FIHEEE

Figure 9 Molecular docking pattern of BCE3 with Bacillus cereus DNA.
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Figure 10 The viable count change of Bacillus
cereus in rice. Data represent the mean+SD of three
biological replicates.
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