%4

7% % 63 B Tk B4 Vol. 47 No. 6
2026 4F 3 H Science and Technology of Food Industry Mar. 2026

TEFe, PLSLI, 5K AR, 2. SRR ZF AURT IR S8 2K 1 Tl 1A Tl o 1 B M AR A8 A4 A T P g R (0], B Ak B, 2026,

47(6): 141-149. doi: 10.13386/j.issn1002-0306.2025020192

DIN
App

G Lingling, FAN Lilan, ZHANG Xingqi, et al. Enzymatic Properties of Protease Produced by Brevibacillus borstelensis S8 and Its
lication in Yak Meat Tenderization[J]. Science and Technology of Food Industry, 2026, 47(6): 141—-149. (in Chinese with English

abstract). doi: 10.13386/j.issn1002-0306.2025020192

-EYTRE -

PRI ZEHTE S8 B BEAIEE M R
FERR A PIIRAL B DA

T, LA, KER, P2, RER, KM, 48330°, BRI
(1.BmHEAEKFHFHERARFR, @I KA 610225;
2. 09N Rk K5 RS, vl R AR 611830)

|

A

 E AR ALK AT RATE S8 A& A AN £, WAL FWR, AR B K044 P aiL
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Enzymatic Properties of Protease Produced by Brevibacillus
borstelensis S8 and Its Application in Yak Meat Tenderization

DING Lingling', FAN Lilan', ZHANG Xingi', LIANG Anjian', YE Haixiao',
ZHU Chenglin', ZOU Likou?, TANG Junni"”

(1.College of Pharmacy and Food, Southwest Minzu University, Chengdu 610225, China;
2.College of Resources, Sichuan Agricultural University, Chengdu 611830, China)

Abstract: This study focused on the enzymatic properties of the protease produced by Brevibacillus borstelensis S8, and
constructed an ultrasound assisted enzymatic system for yak meat tenderization. SDS-PAGE was used to verify the
purification effect of protease. Single factor experiments were used to explore the enzymatic properties. Response surface
experiments were used to optimize the yak meat tenderization process. Subsequently, the tenderization effect of yak meat
was characterized by shear force, water holding capacity, myofibrillar fragmentation index, and texture characteristics. The
results showed that the purified protease exhibited a single band with a molecular weight of approximately 47 kDa by SDS-
PAGE electrophoresis. The investigation of enzymatic properties showed that the enzyme activity was optimal under pH7.0,
30~40 °C, and with 20 mmol/L Mg*" supplementation. The optimal process parameters for ultrasound assisted protease
tenderization of yak meat obtained through response surface optimization experiments were as follows: Protease
concentration 2.5%, ultrasonic temperature 34.6 °C, and treatment duration 39.6 min. Under the above conditions, the shear

force of yak meat decreased by 63.3%, steaming loss decreased by 33.7%, centrifugation loss decreased by 52.0%,
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myofibrillar fragmentation index increased by 47.3%, myofibrillar protein was degraded, and the texture characteristics

were significantly improved. This study provides a reference for the development and utilization of protease from B.

borstelensis S8, and also provides new protease resources and technical support for yak meat tenderization process.

Key words: Brevibacillus borstelensis S8; proteinase; enzymatic properties; ultrasonic; tenderization; yak meat; response

surface optimization
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HBERE JT AR ) A K a5 . SRIREEEEE . AT
VR QR M GFAT IR SS, L ZFAOAT e ek
FERIE, ASTHST AR FH I PR S 2R e H A
Z R BE T M 25 A TRURRPE, SRV AE 007 B 2k 2 B
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R, FEFERTRAS  ESCRANME . 72 R BRI
P ARSEINGI P FESCHSR IR, Rk Rk
A FHTT 2 = AR, U Zhang 255U DAL -8
P -A IR I BfFER 5 AL BRAE A 24, {34 E 2R P BY YT ) i
EREAK . APAR DA IS 4 S0 A W AR I G S b 3
XTGP IRE SR

AT 358 BB R HE A ZE AT B T AR I, S5
Bl S PR A 0T, S v N 77, IR e R
A DEARAE P A Bh R e T 28, B4k Rl bse®R
5 i B s 2T . — 7 EAE YRR P AR R
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1 #RERFE
1.1 MRIEEE

Brevibacillus borstelensis S8  PU IR\l K 2441
SEFEPRNG T FEAR IR T DY) 148 AR T R A
FRHE )N ; B2 MR . iR KCL KH,PO,.

ZnSO,-7TH,O. Ilig . B M . 4 iE A L GRiR
# SRR JOKEE, L-BEERR T LR
HEPERIFA RS s DL T HEF I R 4 2l ik
ARG 35 (tryptic soy agar, TSA) | JBREE FAIE K
. A 7 (tryptic soy broth, TSB) W T F & i 14
OS5 S3EE P B RESR R (B RO G R — 4
Z.F%E(Dichlorodiphenyltrichloroethane, DDT) ) , BCA
(Bicinchoninic Acid Assay, MMk H 18 ) 355 & . #i)
BBHEER Sephadex G-75 W Tt 5T = RHEA
BRZNF]; 25 1 B Marker(11~245 kDa) W Tdb 5T R
AR A LB A BR2S 75 28R DN 945 T e 858 i (sodium
dodecyl sulfate-polyacrylamide gel electrophoresis,
SDS-PAGE) el #idFla W _ Lig Y TR
A BRATE .

SB-5200DT MBS IEBENL  TIRGHT Z AR YR,
B AT BRSNS F] s MATTHAUS pH-STAR fi#5 =, pH
M pER 20 77 AR A BR2Y F]; TGL-1650 /5
R AE.CHL DI EEMXES A R F; UV-1900
HUSRANAT B4 0T B2 G ( HI) A IR v
ENS-TDV Fi#g{% dbEt & s B & A BR A
A]; MLS-3030H =7 K27 KB _LIBFRRs A E)
F A RAIRAF; DYY-8C LKA JbasirN—
HEYRHEA R A
1.2 XWFHE
1.2.1 BERIERS ABE B S8 THFIJofE TSA Bid%
I TR gk alifh, PEHCARYEIAP T 5 mL TSB 35
FEFH, 37 °C. 180 r/min YRFHHTFE 24 h, #e ik S
FiAe TSB HALAR 2 kA3 211G 1L J5 14 S8, #4218 10%
B (V/V) B4 RP i 322 FhF 500 mL A KE TSB K537
Ferfr 37 °C. 180 r/min JE%155% 24 h, 1551 S8 K i
WA
1.2.2 HHMEAE b LN E S5
ROy Tk, HU S8 KWWK £ 8000xg E5.0> 10 min,
W I RERRRR M A EE 22 70%, 4 °C & 12 he
KA DL 9000xg B5.0> 10 min WEETTTE, RHBEREh5E
M PBS(pH7.0) E ¥, B TBENHAET 4 C K4 TiE
T 12 he HX 5 mL BT _EAE T TsE4: PBS(pH7.0)
A Sephadex G-75 &EBid UE JZ Ak, Fa5 ) i o
0.5 mL/min. WCHE PRI IEA 748 M IR DN A IR e B e
FLUK (SDS-PAGE), 4B BT 12%, UeAr I Hk
BE 5%, Sy hn 80 V AN 120 V H R, LUK SE R,
IRUHATEEE G (O S i L
1.2.3 HEHEMN I E =M GB/T 23527.1-2023
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KT 300 B 2 SRO) v 58 S0 53516 ' BE VA I o 2 11 g
Wit

1.2.4 FEOABGEGAPEST B AN NS RS
Mk [17] Frid oy, e o

1.2.4.1 pH XJRfgEHGE Smsgm X H pH F2oE bk Ml
AN[F] pH(4.0. 5.0, 6.0, 7.0, 8.0, 9.0, 10.0) &M &
BB HENG J0 o KRBT 40 °C TR IE 3.0 h, &FE
30 min MERFE S LG 100%, 53018 A
Hifi i 2 . pH M pH FasETE

1.2.4.2 &5 FXT B IE 51 052 ) R FE 2k 7E
pH7 514 F , ¥ B W& 53 53] T- 20, 30. 40. 50. 60.
70 °C FRIE 3.0 h, & 30 min IM—REFHE, DL s
S 100%, P5E AN [RYREE TR P9 £ TS T, 353
A BfEAERE M

1.2.4.3 &)@ B F XS S 0052 FlH 2O R
20 mmo/L /¥ Zn**, Mg®t, Nat, Ca’", Fe’t, Cu’",
Mn> BB, T 4 °C 4R 24 h )50 E S 7, I
VIS 4 i 8 S 1 100%, 114548
B4 T AR B AR i T o

1.2.5 JE4RAEE  FEAREILEERIENT . R EH
REFngh an 20 4L, Y) 43 A T 50<30%30 mm PIH,
TIK5#5H -

1.2.6 AR ZE X IR R B2 00

1.2.6.1 ZEFAEGHRES A RBUEARET 55
JERHE A 0. 0.5%. 1.0%. 1.5%. 2.0%. 2.5%. 3.0%
FIBBA W LA 5 g/mL BN X HFEA A HEFT 30 min B
AT

1.2.6.2 S REEXTHEA I B2 e dE
Pi%%(40 kHz) FIT3 (240 W), LA 2.5% & I AR
Ak BRIE A4 AR S, B S 43500 F 20, 25, 30, 35, 40,
45 °C £ FHET 30 min #EFS AR

1.2.6.3 HFEETRIXTFEA RIEUE 952 fE S
P32 (40 kHz) FIEI3 (240 W), L 2.5% 45 B HR
ACPRFELR RIFE S, [RIBHE RS IRE S 35 °C, 435%F
FE2E P EELT 10, 20, 30, 40, 50, 60 min FYAEALLFR
1.2.7 WA e Eies: LU R DY 1 ) ki R AE,
Wit =R 2= = 7/KF Box-Behnken(BB) M 7 i i 5,
ST ZI0 R MNAECFE T RRLE AR R SR E
() (Y PRI 2R, TR A AE2F IR B Bl T 2 S8
A= P BT YT BRI e/ ML, W Rz TR0 R K T
W 1 fims.

F1 A R R KB

Table 1 Factor-level designs for response surface experiments
K
EEN
-1 0 1
A: AR (%) 2 2.5 3
B: HAEE(C) 30 35 40
C I ] (min) 30 40 50

1.2.8 SFIAME  ARdE Ji &0 st DR
LA AL FR I [RIERALAE AR R Xt BR A, SR TA-XT
Plus JE A4 {YBC %5 LPBS-1S % 3k, B & 2 /iy ok &7
2 mm/s, MR EE 2.0 mm/s, M5 E 10.0 mm/s,
JE4EHE 25 30.0 mm, #FIiGfih & 77 10.0 g, TRHAE T
ATMRE 3 RITHCFHIE
1.2.9 A FEMED 2 =% sk e E AU 1Y Oy vk,
K TA-XT Plus BiF{X AL 4 PP75A #3k, LA TPA
PR R BT R 7 SR T I o T A T A R
2.0 mm/s, MHRBEE 1.0 mm/s, 535N 2.0 mmy/s,
TEREES 10.0 mm, [AIBEETE] 5.0 s, fEAT /a8y i
2, T R L gt L SRR L RO R M R R A
SHL, FHARES A T AE 3 IRFFHCFIME
1.2.10 AR E
1.2.10.1 ZEFEPIIR UEFIFREL— & BTt (mg) YA
FEIAZEZ AR P ININZE 70 C, EH AR =
12, W R MK A PR FRE (m) o MR (1) T
e ZEE IR,

AR (%) = T X100

1.2.10.2 .0 =% Zhang 6P 1k, 1
HAFRE— 2 B &2 (m) B9 AR, W2 K 439 FH
IK 449, 5L, 5000xg BS.0 10 min J& FIRFRE, iC M
m, . EOIHISRBIE AR )ITH:

LR (%) = o X100

0

= (D

= (2)

1.2.11 WS EF4E 55 H (Myofibrillar proteins, MP) 1%
PRECSS M E  FREL 3.00 g AL, I A 30 mL
He B 4 20 mmol/L 19 PBS 1 Z2vh ¥ (& 0.1 mol/L
NaCl, 1 mmol/L EDTA, pH7.0)?", HlAkII TS, 4 °C .
6000xg 5.0 15 min, F+5 FIHFW, R EHRPIIK, 15
FPLPEE BT 30 mL K JE A 25 mmol/L ) PBS 1
2% bk (&7 0.6 mol/L NaCl, pH7.0) % i, &5 4 C.
9000xg .0> 20 min, Y& -7, EIfS MP &, RH
BCA 5 &M @S B, T 48 h A, UUEEE
YL A REAAIE O, 2R UL T 435 1 r e B a3 =
1 ng/pL, % SDS-PAGE #HATHLIKMEL
1.2.12 WUREF4E/N J1b$E %0 (Myofibrillar Fragmen-
tation Index, MFD{lI5E S35 EBIFFEEP 13 )7 3ok
#E, FREX 3.00 g RAEEFFNIA 20 mL i i MFT 22 vh
# (KCl 3.7 g. KH,PO, 0.60 g. K,HPO, 1.28 g.
EDTA 0.15 g. MgCl, 0.1 g, XEZL A 500 mL), FE5MF
BEIFE)E T 4 °C. 1000xg 5.0 15 min, B PEET
W TLIEZ 10 mL MFI 22 vhik 85 2 5 ot ik, JE5E
W H 2 0.5 mg/mL, T 540 nm R U@ G,
L5 200 13BN IURELF4E/ Ny ke %5
1.3 #IEAIE

A SEEG AT 3 IRE ., i &t 1BM
SPSS Statistics X5 Kr i 172 & L5347, Origin
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2.1 EAMOBAENER

o T B TR ) B 1 il £ 7 SROBEBE I Sephadex G-
75 JEATHE BRI, AR R, S A5 BN L5l
5.03. 93 17.60%. LG 10711 U/mg FIPEZRIEE
ZRFT AR AR (R 2) . Baifba s mnE BAET
SDS-PAGE #EcARZR, AniEl 1 Fykil 2 s, & H
fiti ' SDS-PAGE HEIAAR = A H B A — 457y, R
LR B L E - BT -BE I JZHT A R BR T 2= A, fHi4R
2 T B pk sl P, @R A AT R R
Sy F Y L) OC R HER, W0 AE i e B Y S TR
M 47 kDa.,

Bl 1 lifkfy S8 H ) SDS-PAGE BEIK HLTK
Fig.1 Gel electrophoresis of SDS-PAGE for purified S8
protease

H: 1. A4 F & Marker; 2: ZE40AYEE FIE; 3. 2R IS HE A
2 S8 HHERH B alifb sy

Table 2 Separation and purification results for S8 protease

alifb LR LEAfG (U/mg) R (%) alifbfirgL
R LW 2130 100.00 -
T0%BR R EIITE 4280 59.77 2.01
Jii R 8060 38.11 3.78
B EHT 10711 17.60 5.03

TE: =" FR I

2.2 EEEMER

pH 2SR I 7 ) G ER PR R, AR el m i 5%
14 ) W IR i 25 TRl 2548 H- S 380k TR o niEl 2A BT
7N, FE—xE pH BN, B A EE J1kE pH 93 K
WK, 24 pH=7 Bl Sy ik 2igfl, H W2 T HAD
SEEGZH (P<0.05)5 XY pH>7 B, B J138MT F I itk
WM B A Bl pH 2928 7, iX T BE-5 TP o0 g
SRR TRIEN T FALIRE T ARG . 20
FI pH ASE ME, A&l 2B, pH7 B ERCR e ML 5+
3 h JEAHXT IS S ER R 80% LA L, B e I AE
ZEFT B8 (Bacillus cereus)S46 5 M B 7E & & pH=8

2026 4F 3 H
A 120
a
100 | b =
o
S 80f d ¢
Ha © f
& 60
= g
= 40
20
O 1 1 1 1 1 1 I
4 5 6 7 8 9 10
pH
B 120
100 = pH4
—o— pHS
—+ pHS8
—— pH10
O 1 1 1 L 1 1
0 05 10 15 20 25 3.0
M) (h)
&2 pH X FABFEM: A0 (A) AR pH Z44 T Bl i b
I 1] A2 46 (B)

Fig.2 Effect of pH on protease activity (A) and the changes
of protease activity over time under different pH conditions (B)

e NR TR RRAATE B3 22 5 (P<0.05), B 4~K 5. | 7.
& 9 [d],

TR 3 h S IER R IEE(55.06%) P,

FE— MRS BN, R T, BRI,
(R v TR B 25 S 3B o A R AL OROAE, (i fil ARk
LU, ANE 3 Fras, 7E pH SN 7.0 SR T, SR
HEfF7E 20~70 °C 275 3 h, 455 17K, 60~70 °C B}
IR B S i, T AE 30~40 °C FARIR 1.5 h A%
Bt 1 4ERFAE 60%~80%, 3.0 h S {/5HER I 5] 40%0~
60% MYREIE 7o 3XFL WP RIS ZEAEAT TR 8 1 B E
30~40 °C 7E [F N E TE R 47, X 5 /g Eh vk vy 4 v
(Halococcus salifodinae) PRR34 A5 0L /¥ 457 14: 271,

1207 = 20C —~+50%C
- 30°C =+ 60C
\ N B - 40 °C

« 70 C

0 05 10 15 20 25 3.0
IRTE] (h)
P 3 ANTRIREE 25 T W B (] Y72 1
Fig.3 Changes in enzyme activity over time under different
temperature conditions

AN TR < i B 1 XS WIS T R MR AT A S 25 5
S B 1 T LAAE A Tt ) e By DR T R A e Tl
I3, F3—I7 AL BEFEEEG R O L5 HE AT 455 (e il
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W HANHICY, K 4 FTLAE L, IORInG: 8 &1
A il 3% 7 SR X BRAH (BT T2 2 100%) , Min™* | Fe*™,
Na', Mg X PR S ZE AT od 2R S ) ¥ B2
FEgRAEFH (P<0.05), Hodh Mg VR H kg i, AT Bl
W5 FTIRF) 141%; 1i Ca®", Cu®", Zn® ) FE 0 BG40
i, NG A ANRIRERE R, AR X 4
J& B IR N IRFEFEZE S, IEUN Majeed 2577 AOAFST
Hr Ca* i Fe*'m] M4 5 Ah B ZF #I T B ( Bacillus
subtilis )BSP & H G, 48 B F45 G mUEiE
XIS RE 2 —.

160
140 b
120 pe [T
100 - d

f

!

Mn* Fe** Ca* Cu®’ Zn** Na® Mg”
BIEET
Kl 4 )1 X meEs 1 a5

Fig.4 Influence of different metal ions on protease activity
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2.3 AREZRIMEFRSETI RS0

2.3.1 FHHAMUEXFEARBTYI sz 5]

VE Al 8 R SRS A SRR, R e T DI RINLA 27 4

FIrs JII RN, BYY) IR BH Y S RS B =0,

B SA AT, Bt 2 B G R, SRR I BY B )
386 YR EA B, AE U Sl 2.5% B BT ) g ik B B AR AE
99.743+0.554 N, £45 FHAHFFIK 32.7%(P<0.05) ., &
P it T AR RIS P i RS0 BT, MM AT 1)

BB EIRE S0 . SR R A TR, HAE

FEA R TP BB RCFRAZ IR, AR AN Bl TR 3

N, BB B RO SRS RCR IR TE, FEAE R

BYY) JI A BRAG . YR BRI 2 3%, SFEA- P BY
Y177 BRET T, FHEI RS B A K R AR PR A £ )

IREEHIT, BBV 1T, X S PMRZE AR [k
LR —3

2.3.2 HEFEERBEXHEAS RIS nsgm S AR

y—FhZE 4 | JOHLES . PR A IR LD, AR

FIYER 1, AMUBEE A E T LA 4E, i REIYE 52 - IS

WL R R, InE 5B FiR, TERGEBHRE T, 4
2 R 55 Y1) g B S TR T i SR IS ERAR ARSI

P TE 35 °C FEEE(K N 67.330+2.286 N, ¢ 20 °C i}
BAIL 32.323%(P<0.05) , XA FHE A Pl as b
RORE . AUARSSONE DA B R0 B e e A PR U, TR] At

PR S, (H T mRL. Y5 A E Y,

BRI B O v 2 T U T VR PR R AR, IR 32

1, [FIBHE R PRI AR AR P P B Y0 7 [T

2.3.3 EFAETEIXTEEA R BT Y) sz dniE sC

T, 5 PP ZEAIAT IR S8 B BN i T S HAE AR PR i i - 145 -
Aeol a b
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140 = S g
120} ] ¢ e
o f
Z 100}
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20F
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Fig.5 Effects of different factors on shear force for yak meat

IS, 78 35 °C S 2.5% B BE S5 F , 4B 4 P BY 1)
JIBERE R R A A A SRR S . AR ERATA]
BegE, WA AR FH 55 88 P 80N Jek s A e], B0l
AR AZBR . Bt 7 I TR E G, FE2F R By W %0
R B4, 40 min i F)IHAIK 52.483+1.06 N, AR
LHREAG 47.475%(P<0.05) o SRIMTHARTALEL(>40 min)
BYYI I T, 5 Lin 5805 FEWFSE 0 858 21 11 e £ 25
AT 20 min A8 AER)S BT U 1 FH S — 2K, 31X
W] R STl e S T RS R R, [FIRHEA
PIHILR £ 4 ik BE R, sz L W4, WL 2R %A
FPEFASEEO,

2.4 Moz EEAIRLE

DV VATIR A SR IV R SRR SPS e oy n)VAEREN} - A npS
LA HAEH, DIEAE R BT Y I3 e AR B H I T
M o TS, 25 RNk 3 .

F A Design Expert 13 4315 2I4E 4 A 85 Y] S
CY)XTEE AR BE (A) . B IRLEE (B) L &SR W] (C)
Y9 YR 2 300 0] U9 75 #2 . Y=53.64+0.1563A+5.15B+
1.82C+0.889AB+0.7115AC+0.091BC+10.04A%+
30.03B%+24.25C2,
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Table 3 Box-Behnken experimental design and results

LT A HE A BERIE (%) B: AR (C) C: ARl () Y: 358171 (N)

1 25 30 50 104.79
2 2.5 35 40 50.88
3 2.5 35 40 50.79
4 3 40 40 98.53
5 35 50 88.65
6 2.5 40 30 110.88
7 2.5 35 40 53.69
8 2.5 35 40 56.28
9 35 30 83.85
10 3 30 40 86.16
11 2.5 30 30 101.05
12 2 40 40 99.51
13 2.5 35 40 56.58
14 2 30 40 90.59
15 2.5 40 50 114.99
16 3 35 50 90.60
17 3 35 30 88.65

[l YA TR Jy 25 53 Fr AN 3R 4 7, XA R ) F=
116.76, P<0.01, AR g 25, JSHII0 F=0.8147,
P>0.05, RPN 35, HeAh, 7 R?=0.9934, 3%
A A R AT (5 R 40 48 B IEJe e R BN 0.9849, 5
R> M hEein, Ui ARG BE vy, v T HUMAE A )
A T 20 AR F A2 K 3R R E)/ NHES
Sy P R B> 7 B[R > R A A B

F4 BRI 2ESHT

Table 4 Analysis of variance for the model

U EA AME ¥y FlE Pl REM

i} 758207 9 842.45 116.76 <0.0001  **
A: MR 0.1953 1 0.1953  0.0271 0.8740
BEARE 21234 1 21234 29.43  0.0010 o
C:lAm 26.62 1 26.62  3.69  0.0962
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Fig.6 Influence of various factors interaction on shear force

of yak meat
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Fig.9 Changes in myofibrillar fragmentation index (MFI)
of yak meat before and after tenderization
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