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Inactivation of Bacillus subtilis Spores by Compound
Antimicrobial Peptides in Thermal Physical Field

ZHU Gaili, LIU Yichang, TIAN Peng, ZHANG Haojie, ZHANG Zhong"
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Abstract: Bacterial spores are common microbes in foods. They are difficult to be inactivated because of their extreme
resistances. The synergistic inactivation effects and mechanism of Nisin combined with e-polylysine treatment on Bacillus
subtilis spores in thermal physical field (80, 90 “C) were studied, and a more effective method for food preservation was
provided. The changes of OD ..., ODyg 1o ODygq 1 values were used for characterizing the inner membrane damage and
intracellular components release. Scanning electron microscope (SEM) was used for observing the changes in spore
morphology and structure. Fourier transform infrared (FTIR) spectroscopy was used for analyzing the changes in lipids
phase of spore inner membrane, the secondary structure of spore proteins, and nucleic acid backbone. The activity of
Na'/K'-ATPase was determined to evaluate spore's metabolic condition. The results are as follows: Under 90 C treatment,
1.59 1g CFU/mL or 1.22 1g CFU/mL Bacillus subtilis spores were inactivated respectively with addition of 0.5 g/L Nisin or
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0.25 g/L e-polylysine, while 4.28 1g CFU/mL spores were inactivated with combined usage of 0.5 g/L Nisin and 0.25 g/L &-

polylysine. After the combined treatment, SEM images indicated that the aggregation of spores significantly intensified.

The 2,6-dipicolinic acid (DPA) release raised up to 76.03%, indicating serious inner membrane damage. FTIR spectroscopy

indicated that the lipids in the spore inner membrane changed from a gel state to a liquid crystal state, nucleic acid backbone

was damaged, and the content of secondary structures in proteins changed (P<0.05), the a-helix and f-folding content

decreased, while the f-turn and random coil content increased respectively to 43.81% and 35.37%. In addition, the activity

of Na'/K'-ATPase significantly decreased to lowest value 6.53 umol/h/mg (P<0.05), and the energy metabolism of spores

was severely inhibited. The main mechanism of synergistic spore inactivation by Nisin and e-polylysine was as follows:

Nisin destroyed the inner membrane structure of spores, which resulted in core hydration and release of key components

such as DPA. e-Polylysine penetrated the damaged inner membrane, entered the spore core, destroyed DNA structure, and

finally caused spore inactivation.

Key words: thermal treatment; Nisin; e-polylysine; spore; sterilization
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M ESEA K kA = —1 s 2R kAR K S
5 | e S WAL o e B YA, (I U g AT B A L
ZEFE AT L AR S B AR, [RIEE S HAT R A AR
B AR AESEERP T b rE S
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HEAZEAE PN ERIOEE —IE R LR, 2y MaE E 2
JEAA AR, [RIAT A S /D B R R AR K A A4

ARSI, B Tlk A ZEH K0 B2 R I 58 B
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4 1 g/L e-PL ALFH 60 min Ji, Al 55 2R FRAT B 25 9007F
TEUE R T 2.18 1g CFU/mL; B4 ARUS 05T & X,
200 MPa-75 °C 7] %K 1.52 lg CFU/mL A3 ZE HUAT
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1.2.2 #AE] e-PL I Nisin &b FHEAL & 25 AT 1 27 H
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1.2.6 ZEFEESN Yy Bt R B a9 E B S mL
AL FEET S BEE 5L, 7E 4 °C. 9000 r/min 25.0> 15 min
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1.3 B
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Fig.1 Inactivation effects of heat combined with compound
antimicrobial peptides treatment on Bacillus subtilis spores
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Fig.2 Effects of heat combined with compound antimicrobial
peptides treatment on the ODy, value of Bacillus subtilis spores
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Fig.3 Phase contrast microscopy images of Bacillus subtilis
spores after heat combined with compound antimicrobial
peptides treatment
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Fig.4 Effects of heat combined with compound antimicrobial
peptides treatment on the OD,, value of Bacillus subtilis spores

0 CK

== SN

0.25 g/L &-PL

mm (.5 g/L Nisin
0.6

== (.25 g/LNisin-0.125 g/L ¢-PL
mm (.5 g/LNisin-0.25 g/L ¢-PL

: : a
0.5} : :
: : b
04 i :
: : 2
g ™ -
02} d {
01f g i 4f
0 |_I-| : :
80 90

CK 90

AEHRE (°C)
K5 IS E A DU IRAL PR, B 2F IR 2 1

ODZSO nm HKJ%Z ﬂ[ﬁ‘]
Fig.5 Effects of heat combined with compound antimicrobial
peptides treatment on the OD,g .. of Bacillus subtilis spores
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Sy BN T 0.25. 0.29; 90 °C 454 0.25 g/L Nisin-
0.125 g/L &-PL ZEWALS, OD,g) oy IEHNT 0.425,
454 0.5 g/L Nisin-0.25 g/L &-PL & &bl )5,
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AY 2 BN 2R 5 N IR 19 it U B (P<0.05), H S
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&l 5 GG Nisin, e-PL RHE 5405 %
AR 2 ST B 2R 1 B e i B R, SRAL B
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B, ] Nisin XAk 25 A0 i 2 8 itk im A
. 90 °C 454 0.5 g/L Nisin-0.25 g/L e-PL 8§
0.25 g/L Nisin-0.125 g/L &-PL E-&WAb ¥, 2Efs:
TP ODogy o ST IIIEHN T 0.442 F1 0.384, 33X F2HH A
254 Nisin-e-PL & A9 40 FEXGRS 5 2E 0T B 2R LY
PR EA UREIVE A . B IR A Nisin-e-PL &
G BE B v, AR it ST R, O HAR
JoT it ek (AR Al A 34 5 S B RSOR BAZ AR A A8 1k
FaF R —F . Nisin Fl e-PL & AT 4E ] T 2F # P9
Jis&, Jrh, Nisin GBUSIS i S5 HA, BRI Y Se 3 M,
1755 Ml PN ) SO T s e-PL DU ok 55 47, 1) 2 i
T ARt 43 2 A A B AR, 15 S i fl, 5
B AT A% M AL N ) BT ER P00, PR A AR
A, o 210 PN RS PR R B SRy P o, 2B R 2 N
AZIR 55 8 B T, AT ZEAsET -, Fiksh
ZKH], Nisin 5 &-PL W HESHI: ZF /04t iy s e,
B A EAA PMNEER
24 ¥ALEE Nisin,d PLREMNHEFHRTFEIFE
DPA TSN

DPA JEZEENREA PR, 7 588 8784
JERARE I Ca* -DPA 2854, AiFs ZEAAZ.0 Ik
Sy i, AN IR 4 25 530 DPA it i, #Emi5]
HE 2R COR AL, BRI ZFHII A KPR

oS 28 Ak PR AR B 2P AT TR ZF A S SE K, T
DPA itifi. FRd 90 °C #4LHE 30 min /5 2F 18 DPA
AL, SR, 24EHI Nisin, e-PL 2B 7] S84
Kix DPA i, H B PO B Ik BE (34 i DPA it
T WA (P<0.05) . 4Nl 6 I, 90 °C Ab¥s
DPA HRR{H 10.6%, %8l 0.5 g/L Nisin 3% 0.25 g/
L &-PLANH 5, DPA I 3 43 31 3% Jin 22 54.88%.
43.17%:3 90 °C 454 0.25 g/L Nisin-0.125 g/L e-PL 8%,
0.5 g/L Nisin-0.25 g/L &-PL ZbF 30 min J&, i &7 2F
TEAT B 2 16 1 DPA I 543 5 34 0 22 71.5% F0
76.03%, X —45 L 5 58 S sy B it s A A

= RN = 0.25 g/L Nisin-0.125g/L &-PL
e (.25 g/L e-PL 0.5 g/L Nisin-0.25g/L e-PL
= 0.5 g/L Nisin
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Fig.6 Effects of heat combined with compound antimicrobial
peptide treatment on the DPA leakage rate
of Bacillus subtilis spores

FR NG5SR E T Z A AR . DPA {if
TR AUAZ O X R, Ht i 2 — 2 UEse 1 W Bl
T Nisin Fl e-PL BERS IR ZF AL N B 4544, 308
TN TR BRI, 42 UK AR BE I e 24 il
ZRASET Y S PAG I ZF S A BB 5 T L, A
BT 2B ST TSR AT .
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SHIRR
ZFRIE S G AE A ] S BRIRESE ST kAL B

FEFFERYSZAE O, F P BERENS EOULIS S B AL PR AT
Jr ZFHUIERSE N AL e . & 7 SHASTRIAR B A E T A
FPUAT R ARSI R B A R

LAy

FAPESZEA(1 pm)
Fig.7 Morphological changes of Bacillus subtilis spores after
heat combined with compound antimicrobial
peptides treatment (1 pm)
H:a. CK;b. 90 °C; c. 90 °C-0.25 g/L &-PL; d. 90 “C-0.5 g/L
Nisin; e. 90 C-0.25 g/L Nisin-0.125 g/L ¢-PL; f. 90 “C-0.5 g/
L Nisin-0.25 g/L e-PL,,

DA E A R L s 2 SR T DL, A A B ) A o 2
TEAT B ZE R TAD T, TERLEH 585K, B SEAGIERIR
2 90 °C PAEIE, ZFEHISREFUA 1 BURE 4 . [MTRE S5
&AL, £ 90 C 454 0.5 g/L Nisin 8§ 0.25 g/L
e-PL ALFHS , 27 ff 3 10 W15 5 ™ H, /D i 25 HY
1, T 90 °C 454 0.5 g/L Nisin-0.25 g/L e-PL E-&54)
ACFRE, ZEAIMIBEE R i 22, AR B B R, ZRHIAR
M RESF LS T BBEIR, I W W i SRS FIDRL 22 30
% X FRIYSIN Nisin-e-PL &4 W) GEA R4 5 sk
HRXT ZF I A G e IR o 4138, Nisin 38 ok H
N it 9 P 2 R 4 5 I8 BT 11 4355, AT Hf BT Ik 2R
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PRI -G B R, P 20 BRI Ak, [RIE e PR A
ZEARBA T e-PL HOVEFHRE SR PIRSE, i —28 e
T R AIE S EAR R, eAh, B R, $uk
HEAT LB AR ZEAIAC TR (B 45 4544, SR HL R )
B8, MM Nisin Fl e-PL BENE RS Z R ZEAUAR, VE
T2 SRS RN IR, S 2 2RI TR, X
DS WURFSE RIS T e-PL AT kL B9 2E F AT 12 2546
A0 EE SZ R, JEMIBEIR 2R At i SE R . £ LT
R, A FBES Nisin F1 e-PL &4 W Re A S0 AL
T ZEHAT DR 2R SE R 2 A, LR R ST AR
GRS
2.6 HELES Nisin, &-PL BRI EFRTE
A FTIR 434f

ZEFR P AT AL AT BB 5 Y BRAR BE 4T I 25 e
AR G A —3 N TR g et & 2 &1t
PRUIRA B ZEAE P AT R E F, B X 2R 56
B R Sy FrsE ], SR T R AR 2 T AR
X ZEFERE ST TR ST . FTIR SGiSHARBeE A
SRS AL BEET f& 2FEA PN A R T IS AL, R
JE PR T . A% R K B 5T A5 S ER ) T Y S5 A e
ARG 3E i TR A2 32 P S B AR E 2 A I A7
B IR IESR BE ARk, nIHEN NG, & S HUR IR BT
ZEESCHEY) B IS
2.6.1 AbERAT IS A ZE A B 2E AR S Y FTIR
El 8 W~ T LA iR K (Nisin-e-PL &2 & 4) 4b
B A R A AT B 2 A AG (8 L AR e 21 A1 S 1%
(FTIR) 3% Kl . faEl 8 AT UL, Sad ANIEIAL B /5 27
FESL Y FTIR SGI5 EIGIE | o 3 K Gy ik A= A8
1k, IR #EECT 3000~2800 cm ™', 1700~1600 cm™' |
1300~900 cm™" = MEME BB HEAT50HT, 43 B A T0F
Y IRGE G B0 TR A B S R B ZESEAT TR 2R N B IR
JoE | B T SAZFR AR AIE B

90 C-0.5 g/L Nisin-0.25 g/L &-PL

90 “C-0.25g/L Nisin-0.125g/L &-PL

80 °C-0.5g/L Nisin-0.25g/L &-PL
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Fig.8 FTIR spectra of Bacillus subtilis spores after heat
combined with compound antimicrobial peptides
treatment (4000~500 cm ™)

2.6.2 IMLES Nisin. e-PL AT PYIEBENE 2T 152
M 9 AN R AL B S AN B ZEFAT R ZEFAE 3000~
2800 cm™' YL PN FTIR Y&idk &, RAE T - AN IR S

JRIASAE ., 2872 Fl1 2962 em™' Ak B WK DI 43 51 % 1
P 4% -CH, 19X B AN S XSt FR i 4 U= 30, 1 2854 I
2927 cm™' Ab P I ACIEE DI] 433 R AN -CHL, X BRI I
XTRRMGEPR BT -CH, FI-CH, PR 8h 1925 fkas
W5 A PR AR BT Ay HERR AR A A DG, TiT-CH, 3k
PR B0 ) B e IR B A 5 R Tt sl i A OGe)
FH &L 9 AN, 55 AR PR AL B ZE AT B ZEFUAR L, 28
PR IS, ZEFTE 2927, 2872 cm ! Ab I IR g A
A AN RS, TSI Nisin., e-PL ADFR S, W i g3
o, MRS EE R . LA, 90 °C 454 0.5 g/L Nisin 4b
B, 2R 2854 cm ' AbAWIKIIETERS 4 om . BN
Nisin-e-PL & & ¥Ab B 5, BEE 1R 09T, W s
ISR EH I, 80 °C 454 0.5 g/L Nisin-0.25 g/L e-
PL & 54 EE 30 min J&, ZEAILE 2927, 2872 cm™!
Kb R IR A RS 5. 4 em”!, TR EFFHET % 90 C
J&,2927. 2872 cm ' AR BYIIKIE ST HIEERL 7.5 om Y,
LT WSO 1 i B A TR i, SREAPLIRARE &
PRI IS B 2R AT R 2R A N B — 25 A2 205, N
JEWERR /7T L5 MR IR, S8R FH I R 2 T AR
FOMERR, ‘B BEFH 2 16] SAB R FH 55, NS e Rh s s
G R A 2R, WEBENEAH S FH BRI A AR A AP
W WAL 588 R 1A A A R T A B R sl A b (A e
HARA, TR AR AR NS 35T 25 T inAS
FaE M, Nisin 38 1 55 40 g 8% (%) v (8] 444 )53 -Big It
I 455 TE KT )5, BRI RESE A4 ; e-PL D038 3o
FAVE S N R EEEI 45 5, Tl A B IESUZ S5 R BT
K EBEEIAT T HES, T AE PE BT AR, B P AR
Bl MM, S EAEE H g,
— CK
— 90 C
— 90 C-0.25 g/L &-PL
— 90 C-0.5 g/L Nisin
— 80 C-0.25 g/L Nisin-0.125 g/L &-PL

80 “C-0.5 g/L Nisin-0.25 g/L &-PL

— 90 °C-0.25 g/L Nisin-0.125 g/L e-PL
— 90 °C-0.5 g/L Nisin-0.25 g/L &-PL
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Fig.9 FTIR spectra of Bacillus subtilis spores after heat

combined with compound antimicrobial peptides
treatment (3000~2800 cm ")

2.6.3 4k Nisin, e-PL &b 3T 4% B F IR 28 0 R
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FOLTAM GRS E], SR EERAE T 2R AUAL IR 4% FIUIKR M)
SERG AR L, Hirr, 1232 em !t b BRI A R iR —
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Fig.10 Second-order derivative FTIR spectra of Bacillus
subtilis spores after heat combined with compound
antimicrobial peptides treatment (1300~900 cm™")

tiEEE A P=O AOfR4EIR 3N, 10 1072 em™" &b A i
S IKERBE C-O-C XTFRANZa PR )y, IX el (1 A8 4k Sz il
T AT B 2R IRBEIZ 5 R BAE  SRIR A5 HT
A% PR AR SR WH O S5 4 A8 4k, X 1300~900 cm™ I B
FIFTIROGIHEEHR A T T — 9 S B #1L

Zead e S hTR RAE RS, 7E 1300~900 cm ™' P
B2t FTIR S5 i W e ides s 25 Ry i 2 A= I i A8k .
SRAERLAAR L, X 90 °C ARHES, 1232 F1 1072 cm™’
ALk IR WRT DG4S ¥ 50 B 2 o HH B BH S AR Ak, ST Nisin
B, e-PL ACFHS, 7E 1232 F1 1072 em™' Ab iz e idsin
FERGR, KA S5 80 °C 454 0.5 g/L Nisin-0.25
g/L e-PL & & PUEd IKAL T8 =, 7 1232 F1 1072 cm™
Ab RIS B RS 4.5 em !, IEE TR E 90 C
J&, Sy RHERL 5. 6 ecm ™!, RIHINGE A5 S PUR IR HIL
TR T ZE6 AR 1 AR M, T B AR IR, RSP
JEEEA I FRE P RRAR . 2 2 RN A M R =2 ey
JRERMERE 1S, IR ERBELE R RS T 2 I i A4 P e
2 A E Y, 2 AR RS BOFR 2 M2 BB IR,
ZEFERT A AL ERAG TR £ SRR, AT 2 A o 25
Gy K . Nisin A FBEEE N5, {2 e-PL i
AZEHIAZ A, R DNAZSRY, i#E—20- 530 DNA Wi
UEEBHR BE AN B e A B AR BT AEU 4 IS A B, SR
G e-PL AL R4S B ZE AR FT B 256 P9 ISt AT B IR,

&-PL PEAZEAZ.C- 55 DNA 280k, iX 5 SCiFoe 4k
R —EH.
2.6.4 HeES Nisin. e-PL ADFHXT ZEF00E 1 Bk — K2k
HRsENE AR H-LTIMNEETE 1700~1600 cm™ FE:
PR I A e 2 SERANE B (BRI 1 A7 i AR Ak, S8 Ak %o 7k
i 1 AT IS AL & 40 AT AT LIS 38R 1 o — gty
ErE AR,

H RS e e T AR FEDIEE, 21
SR AREE G R R A B S A B ZE AT B 2R T
REEMF AR . R VT, Sead AN E S Ab PR
Jo, A AT B 2R PR s A A AR L
(P<0.05), H 245 & B A8 b S5 8 Gk e in
B EE T a2, HARR I - 1805 | p-r&
Tk, W B-FE A M TCHNG SR . s
RACBHLAAA L, 3 90 °C FALHZ J5, a-1805E . p-3T
B E TR 23.93%. 27.12%, -7 £ F1JC 2 ith
FrE AT BN A 32.58%., 18.61%. 4rHI¥sH Nisin
B¢ e-PLAL B 5, B-%% A & 4 43 ) 3F — A 1 =
38.36%. 35.29%, JCHLE ih & o ik — 2B Hm =
22.24%.20.61%., 80 °C 454 0.25g/L Nisin-0.125 g/L
e-PL G5 WIACBR)S , B-5% £ Ko JCHR ) 45 | i 25 1 43
AN Z 41.44% ., 28.23%, T FF & iR JE 2 90 C ),
THEGEH IR 43.50%. 34.15%, FEHAHEE
G2 GPUREIRAN IR S 30 i R EEH R, AT
AN TCIPASFE AR, 86 (0T i Fa e PR REAIR, 225 117 5 i
HIHENS, ZEAIAR ) BN MR AT, 2 H s
) [0] TC P AR, ZFEFAER BT 48 2544 2328150
i, 3 37 5B D RE 52 401, 922X Nisin Fl e-PL REZ
3o 32 R ZE A AR T A O X 38R, VB A T 2R N SR Y
FEARAT,
2.7 #HEES Nisin, e-PL A IBXTZFALMAEAE Na'/K -
ATP Eg5ESIRIS200

B SCIY BB 25 SR O R ARG, & 2 S P b Ik 2 ik
PRZEA NI, Na'/K - ATP BEAE A —Fh S5 0% 240 i 15
fifg, HCHE P T BeA 2332 2] PY A0 19 52 i, 20 SR 2
TSNS TR B IS G, I 4E RS

1 ARG DURIAE B AR, 25 FUAT R 2 F 8 1 o A S

Table 1 Effects of heat combined with compound antimicrobial peptides treatment on the secondary structure
of Bacillus subtilis spore's proteins
. ] TYEEH (%) A
o-12TiE P& i T

CK 26.24+0.02° 28.49+0.01° 31.05+0.02" 15.45+0.01"
90 C 23.93+0.02° 27.12+0.04° 32.58+0.04¢ 18.61+0.06¢
90 “C-0.25g/L &-PL 20.64+0.05° 25.86+0.06° 35.29+0.05° 20.61+0.06
90 “C-0.5g/L Nisin 18.49+0.07¢ 22.57+0.04¢ 38.36+0.05° 22.24+0.05°
80 °C-0.25g/L Nisin-0.125g/L &-PL 16.27+0.03¢ 15.12+0.01° 41.44+0.01¢ 28.23+0.02¢
80 “C-0.5g/L Nisin-0.25g/L &-PL 14.51+0.02f 12.85+0.04 41.724+0.01° 33.25+0.02°
90 °C-0.25g/L Nisin-0.125g/L &-PL 13.34+0.058 10.47+0.028 43.50+0.05" 34.15£0.04°
90 °C-0.5g/L Nisin-0.25g/L &-PL 12.48+0.06" 10.12+0.02" 43.8140.06" 35.37+0.05°

T A RNG PR 7R 28 5 .25 (P<0.05)
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AFRINRE AT B SCHE IR,

WE 11 s, REAPEZEHL Na /K -ATP ff
1% 71°A14.18 pmol/h/mg. BfE AbFRIE & FIHT B AR
FEFET, Na'/K-ATP NG 77 535 (P<0.05) T4, iX
Al g 5 AR AZ A U, 90 °C 454 Nisin B e-
PL 4t 3 30 min/&, Na'/K'-ATP [ 7% J1 43 %) F [%&
T 2.3, 1.75 pmol/h/mg. 80 °C 454 0.25 g/L Nisin-
0.125 g/L &-PL 8§ 0.5 g/LNisin-0.25 g/L ¢-PL Z-&¥1
KA FR S, Na' /K -ATP BFik S5 3 FFET 3.93.
5.58 umol/h/mg; 90 C%4%54 0.5 g/L Nisin-0.25 g/L &-
PL 2 5HUH KAL), Na'/K -ATP BS54 2 F A%
{H 6.53 pumol/h/mg, THE GHLRIKIE—EWIR T N
MBS %) Na™/K*-ATPREFG 71, ATP JoikG ki, #Em S
FCEFRR R CIHAZ B, X S RTIASE P 2 SPURIRGE
P IR ZE AL Y B 2 SR — 380, BemT U7 WF TR R B
G G o-PL A0 PRAN B 2E AT PR 2R M s, ZEAE K
FE - Na'/K'-ATP W75 1 235 TR, KATO 259§
i, Na'/K'-ATP B J1 1P [ 2 S350 4n i i
S HBREE I 25 5, JEm e A 4n i i vk . LA
HLilE ARG WS 4E R — 2. el W, g G
Nisin F e-PL & -G ¥% 24607 A e E T & 2 07
T, 5 T X 2R A 0447, B dsxt ZEfae E R
10027 N8

— CK
= RN
16 _ =2 0.25 g/L e-PL
» a . i =m (.5 g/L Nisin
g14r M L B3 0.25 g/L Nisin-0.125 g/L &-PL
2 pl : == 0.5 g/L Nisin-0.25 g/L ¢-PL
‘B‘ .
ERU:
2 8f
£
2 00
o 4r
CK 90 80 90

ARFRELEE (°C)
FE 11 ESEE AP RS PR 5 2 AT 7 254
Na'/K*-ATP BT F1 500

Fig.11 Effects of heat combined with compound antimicrobial

peptides treatment on the activity of Na'/K*-ATPase
in Bacillus subtilis spores

3 #Hig

TEHA HEIZ b, Nisin 1 e-PL fEZF 1 2 H1 27118
A TR ZEF A W 2 I PR A KR (P<0.05), HIH
A B ZEAAT B 2R A BV E R 22 7 1 1, BRRER
T ERTRM SRS, A T R s . RGE S
EYUR RGBS, FELS 7T, 2R KR A B AR 2L,
ZEAIACER (R LS 1Y BRI RESZ A, PO BBt 5
FOHGE P IR BRI, ZEAAZ O i R A TR G
B ST T, ZREAE PR R R 1] O A AR,
W AE H AR AS A T H e eE & 4= 2161, DNA &4
AFPE, Na/K'-ATP s J1K . ASUFoRRT T 4k

B A PURIRAL BT 40 R 25 R AR A LB, S Bt T
MERBE T B AR AR TR . AT T
R MEZSARAE AP Al A ZR FR I R HHAECR
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