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i OE: [HRIAHRTPHBAEBOFLEDNY T AR AR E G RGAN R, AE 615K 2 W 157
5] AR AR A A RGBSR e E AT B0 R IAE 3 O 04T B (Bacillus subtilis) M-4 & Ak EL A 85% 6 & g A%
Brde ), MmEACZEA TAAMRETL, [B6] #—FREHEEFRATEH M-4 ARG F
ARENEIEE S, T KARMAESIE 6y L A AR, [ %] RAF/EF RS B /K% & (atmospheric and
room temperature plasma, ARTP)IZ K3t H#k M-4 #HAT5 L, VARIKRIZIREIF T ORI TEME R H
T FeAR, PR IEE R TR, AR BAR K BE 0 T 69 AR B T 2 00 B 05 4647, M w0 05 RAT
HIEE R ERE RS T BB 6L S . UASE R A S AR B TE M R AN 4547, KA %
&R B ARSI TAR A B, KRR EMRAEAAMOREL LA, [ER] mifk
FERREH 1M, EHFE—H G2 REMR MY-4-17, EARH EIRR B 54T T R ARE T4/ 5
534 97.15%, B M-4 9ABE A F I3 T 2.55%. £it 5 RAERIER, REMK MY-4-17 49
AL T M RAF. REM MY-4-17 L BEAG R RIE L LA A: RRLA 4% K4, e KEE
A 45%-50%, B AMER EH 1.0x10"° CFU/L, L BB 13—-15d. sk T2 FREBARM, THARHM
TG AREN A & 980 mg/kg E 22 mg/kg VAT, MEMEEIL 97.75%A . (4461 KA ARTP # K
FREH )R EART AR AEMBAR G F 69408, AR RBEA R TR G L FRESFE .
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Mutagenesis of Bacillus subtilis M-4 strain with high gossypol
degradation by atmospheric and room temperature plasma
and optimization of fermentation process

CHEN Jiarui, KONG Xinru, GAO Tongguo, LI Jia"
College of Life Sciences, Hebei Agricultural University, Baoding 071000, Hebei, China

Abstract: [Background] Free gossypol in cottonseed meal restricts the application of the meal as a
dietary protein resource, and thus the degradation of gossypol has become a research hotspot. We
previously found that Bacillus subtilis M-4 can degrade gossypol and it has been used in the industrial
detoxification of cottonseed meal. [Objective] To improve the ability of M-4 to degrade gossypol in
cottonseed meal and expand the application of cottonseed meal in breeding industry. [Methods] We
employed atmospheric and room temperature plasma (ARTP) for mutagenesis of M-4, and preliminarily
screened the forward mutants with the index of gossypol degradation rate in liquid medium.
Furthermore, according to the degradation rate of gossypol in solid fermentation medium, the free
gossypol-degrading ability of the forward mutants was evaluated. In addition, based on gossypol residue
and degradation rate of gossypol, the solid fermentation conditions for cottonseed meal were optimized by
single-factor experiment and the optimal fermentation parameters were obtained. [Results] A total of
19 forward mutants were screened out and MY-4-17 was identified to be most efficient. In solid medium,
the gossypol degradation rate of MY-4-17 reached 97.15%, 2.55% higher than that of M-4. MY-4-17
showed genetic stability after 5 passages. The optimal fermentation conditions for cottonseed meal with
MY-4-17 are as follows: 4% corn flour as sugar source, water content in raw material of 45%-50%,
MY-4-17 dose at 1.0x10"* CFU/t, and fermentation duration of 13—15 days. Under such conditions, the
content of gossypol in cottonseed meal was reduced from 980 mg/kg to 22 mg/kg and the degradation rate
was over 97.75%. [Conclusion] The mutant screened by ARTP can effectively degrade the gossypol in
cottonseed meal. The result can serve as a reference for the development and production of fermentation

agent for cottonseed meal.

Keywords: atmospheric and room temperature plasma; gossypol; Bacillus subtilis; solid fermentation of
cottonseed meal; fermentation process optimization

W 2 [ IR SR P R A J 3 1 B
BWHEZ, H AR E w2k R
AR, FEEKEHE D e SEaRY, &
TAE 36%—47%", R HARKIF RIS
BB GRDRR TR L SR TATRRR o 1 Ui AR I
A EFAE RGO IS, HR R 2
SRS YRR, 2T AR IR D B
FABY DR, 38R T X AR R A T R AL 3

T AR R 0 FH Yo Rl AR FH 1, 3 il FH 2
T IR

AR W e T 2 H AT RS I, K
SR VR R AR R AR B L 2 Bk T A e 2
MERRR G R BE, XSEkrpr b aT e, FRARPUE
RO, &5 TR ERNE, FE
B 2 V) P bl 5 2 AR T X SRR AT 0 v A R
F (cyanogenic glycosides, CGs)#17 i EE, MiH:
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FiT 90%, Zid KB PGS E IR Y, 1R
VO RRFEOF B AN . A e A 2
RREI G 27 1 32 2 10 R e DR ARG )
VAN 0 IR 3 i LR BT 0 LAk v i A
15 bR, BAREER 2 0 [ G bR HE DR T
bR GB13078—2017 11,

R 2R A B AR HORJE — R X i A8
BRI AR HAAAR YL % R 0 S A
T ARk DNA 147, R 20 i 5 A 5 ki B 38
BREIEE, HHT DNA #ififhkzP B2
R FE o R A IR, 2B U AR AL
AU DT AR AR LA R A AR R R E 18 g
PGSR o TR 2 T 55 15 114155728 (atmospheric
and room temperature plasma, ARTP)# AR K H:
PR R AR R SRR s U T N
TR 4 R AR S RO

e R I T TR PR 1 R RS R O O )
fith, A I A R = I A B AR AR R R KT
S BRAT AR W R T AR M4 AT TR I
H, e — bR R AR R AR MY-4-17,
IR B R 2B bR MY-4-17 & AR R
Wy 1 AR R e o AR R A T AL, LAY SR AR R
FEFE Y ) 0 FH T

1 #RE5xF*

1.1 ##l
1.1.1 HAEEK

M B ZEHURT B M-4 R AR S22 {7 AF
1.1.2 ExRHE

FORA R & B R 2 2k . MiDRT 600 /L, 2K
W25 g/L,
1.1.3 &%

AR RE TR T A S A R R R, &
A TR L ohi B R 10-12 H By AR
Z: R E 5 F5ME GB/T 13086—2020 M7E4 70 52

hn T Ja R Hr AR 8 % 5 980 mg/kg.
1.2 A
1.2.1 £ A

B M-4 AR P I 4 mL, 351 2 80 mL NB
WA R: SR, F 37 °C, 180 r/min £ KK 37,
TG 2 h BURE, DA B I AR ) TR A
JE(600 nm T ACHISAE) . T DL & TR [i] Ay A
o DU AR U B A s il 2. s R
14 h FEAXFAERKBIARI, ODgo FETE 2.32
Zidy, B R AR I Sy f il 75 AR A
1.2.2 BItHiZayiahH

¥ M-4 FRREER NB 5555580, 37 °C,
180 r/min K% 5% 2 X £ A4 K HH AR M (ODgoo Fo i€ 7E
2.32 /647). 4 °C. 5000 r/min &.0> 5 min 4
PR A ) 0 PR VR K R B AT R R R
107, B 10 uL BB AI0R TR, TCHER
FCE] ARTP 5484 rp oAb BRI 25 1% % O 2 mm,
REEN 120 W, DIES R TESRKE, i
4 10 L/min, ZbFEEE] 53507 0. 20, 40, 60,
80. 100 fI 120 s 171548 . WA NE, &
FEAZER 1.0 mL A FRER KA BP &, HARR
P VeI B 100 puL B 511 A T NA B3R5
Tt b, AE 37 °C KR 2B K R R
14 ho KHBEE G ITEBOER, % 3 AT
B R =R &5 72 1Y T T B2 15572 1 T 75 50/
R ZAF5 72 (Y TR 7% < 100%
123 BTE

WEREAACIHE K 80 s, B FRERAEATE,
W 3 M PAT LR TR
1.2.4 KRTIRBIFITH

oI5y 245 B AN R 28 5 A8 PR TR
SR E S 0.5 g B IY 100 mL K551,
37 °C. 180 r/min #& K557 72 h GRAAK K& A BY
THEIRMIRGER BRI AT, — i 3 d 5the
RENRCR), WEERRFRIET 4 °C. 5000 r/min #.0>

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



A B 58 i A I AR AP S S 2 P TR M4 TRTRR I 0 T =i A5 1 T AR AR B R i T 2 Ak 2215

5 min, FIHWH 0.2 pm fFLIEME g, F55ER
W R BT . LA 3451 GB/T 13086—2020"""
A3 R e TR I i TR VR R AR T 1) it AR
R AR AR, UL R AR TRk -
1.2.5 RTHRHIETF

00 7 45 1) 1) 5 A TR R e AR [T 4 e 1
FrFRAkrp ke 7 d (AR AR Mg, PR
i e 7 A BN (R S, — R R TR R 7 d B
M IR A7 i © IR 3 & 1R FR AR E), R
FrifE GB/T 13086—20201 "4l 5 & B Rl Jim 45 35 ik
RO B A T, 3E A TSR R A R 0 e o
i T A R 28 AR TR R
1.2.6 RHEIREZEEZGMIL

FESC Z AR, DA R BRI [ ik
JRA1A, 1x10° Pa ZEV5 KA 20 min J5#F3F &
BERES% , W5 HRR MY-4-17 [ & TERRORA 1Y i
R

(1) TRV V5 X5 AR % T ) 52 i)

[T AR A e 355 o 2 R b A B DR 43 0 R R
4% FE KB . BEEE . REREFITERY, B ECH AT
25 21 A A TR VR, KT, RN B 77, F 30 °C
KWELS d, & 3AFAT, 403 E & BERHE b
AR I 5 A7 1 i TR A %

(2) 7K G305 o X AR & T 1) 52 M)

BEHRIK 4330 1:0.2,1:0.4.1:0.6 . 1:0.8
L1 A 1012 PORRRIEMARRR SR, KB 5 R i
I, F30°C k154, %3 FAT, HBHRENE
R R Sl R B Bl A7 et R A

(3) i X A A R I ()5 T

WIE SRS 98 1.0x10"%, 2.5x10",
5.0x10" . 7.5x10" . 1.0x10" . 2.50x10" Fn
5.0x10" CFU/t R A, 4333 A ki
55 i A5 e Rk K LG AR S A R e R, K
FGEERER, T 30 °C kB 15 d, #% 3 1F
A7, D 2 TR it TP oA P ke A 5 i R A 23

(4) R TR st [) XoF AR % T ) 52 i)

W TR MY-4-17 DA i i 1.0x10" CFUA
N KA e W e RE K B B R R 44 & e 855 5%
B, F 30 °C KB, W3 AFAT, R
3 K, BRBE—K, e HAR B3R A7 & i
FRE i

2 BREM

2.1 HEHREKMZ

A1 AT, BERTE 0—2 h B4 T SE U
2—14 h AXFECERW, 14 h 54 Kuig, A
PR K IAR Y, 16-24 h &b FRaEW . 4L T %F
BOER IR IR TR iR B ey, GRS AR
AT DL B AT 38R
2.2 Ebmhzx

M 2 AT, A ISR IR, TR PR
M-4 BRI HEARE A 80 s I, BEiA
FET-HIK 93.47%-93.92%., — kUL, 243t
HRAE 90%LA BT, TRIPRAETE g LS i HE R 1L )
AR CY{EASK RIAR SN, WL TR ILT
KE] 100%. ZiB%E, L 80 s N AR
1528
2.3 KTHKAITE

T TE 19 B IE 10 28 AR b, LA M B i 2 n
TR, R D ATAL, 19 BRIE 7 58 AR BRI

3.07
2571
2.0t
8 1.5¢
1.0t
0.5¢
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Figure 1 Growth curve of strain M-4.
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Figure 2 Fatality curve of ARTP mutagenesis.

R HIHRERRIRER R AR R

Table 1 Degradation rate of gossypol of mutant in
initial screening

L3R K A
Strain No. Degradation rate (%)
MY-4-1 94.8
MY-4-2 97.3
MY-4-3 97.3
MY-4-4 94.7
MY-4-5 96.4
MY-4-6 94.8
MY-4-7 95.0
MY-4-8 95.6
MY-4-9 95.3
MY-4-10 98.1
MY-4-11 95.8
MY-4-12 97.1
MY-4-13 95.7
MY-4-14 95.8
MY-4-15 96.4
MY-4-16 97.2
MY-4-17 97.3
MY-4-18 96.9
MY-4-19 96.1

T3 o i R 5 M R TR R M-4 29 0.1%-3.5% A0 1
F, K 7 SRR R ) BE RS, 40
B MY-4-2, 3. 10, 12, 16, 17 Fl 18, H &k
PRI IR ARAT 1 K A BB ) B 2 B S W TR R R A T
0, BERC KRR R ARAT = RO M P R A TR ik, T

PR BEZ 7 AR R T 0
24 RLHKBET

TERE 7 PRI AR BRI 2 ZEAR R AR & I 45
NI REfERE ), S5R WK 2 iR, M
22 LA, TEARRA A R I, 28 A8 R MY-4-17
FRIATR T3 R A BE T Btk , AR AR 97.15%,
R T HAL 6 BRI, LiG IR AT
) 05 RN AL G v (R R RE D, PRIDERE SR MY-4-17
RS AR T I SL ISR
2.5 iRHEAREEEZHML
251 ARBKREXIBHEZEBEREZIE R

HIEe 3 AT, SR AN [R] Bk U5 0T A R R TR X
B ASEERISOR, BRIE R 4% REE AR 8 A e o e

F2 RHEKRLENIREEREER
Table 2 Degradation rate of gossypol in solid state
fermentation of cottonseed meal

b 2 e

Strain No. Degradation rate (%)
MY-4-2 95.17+0.78

MY-4-3 94.28+0.48
MY-4-10 94.98+0.33
MY-4-12 95.46+0.32
MY-4-16 94.71+0.56
MY-4-17 97.15+0.34
MY-4-18 96.41+0.16

*3 AEBREERATHIRENRFEFERE
Table 3 Residual stock and degradation rate of
gossypol under different sugar sources

Bk 5 A5 By A B i B e A 3¢
Gossypol residual Gossypol

Sugar source

stock (mg/kg) degradation rate (%)

b 37.24+1.47 96.20+0.15

Sugar honey (4%)

T 20.39+3.24 97.92+0.33

Cane sugar (4%)

TEM 60.32+6.91 93.83+0.72
Starch (4%)

S N 49.95+6.57 94.9140.67

Corn flour (4%)
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B, N 97.92%; BRUER 4% T # AR ) A A %
A%, 4 93.83%; 4 Flvlc IR XA I 19 e ik 32 5
M /N I, 4% . ERE . Tk & E oK
3 Y5 AT 3 O AR R R AR R, IR
B Tl A A 7 v 9 AR (1R, TE R 4% B KM
VE A RR IR 2 LA BRAR A
252 KOWEHREEBEOTIDER

R 4 ATLLE S, RERE K& s
B, AR TR R AR R R B SR A R L
BKHAE 1:0.4 DLEBHAAT K B 204 5547 1 ok
FERCR , R HETE 1:0.6 DL F B b B B A R 1 7
97%LL F, MikRK A 1:0.8 LA E RS FRRHEEA
R, AR TR R BEA ™ . I,
TEFE 1:0.6 B 1:0.7 HPRHK B R BC i & R -
ANFE = L T2 s HE R AR K B X
A, AR A AR & K2 13%, S35,
SEBR AR R BRI RS K SRR HIAE 45%-50%
2 A T IR BN BT 0 K BRI o
253 BHAERAEMBHABRNEZRER

M3 5 AT LAE t, Bl B0 a3,
PR MY-4-17 XA A1 0 K T 10 25 R0 s A 3
i, BB 8 AR 1.0x10'%-5.0x10" CFU/
T, MR A T 5 2 T 3k B A RO,
JEF] 10" CFU/t 8 10" CFU/t (9 FH B HL 7
BCASFHZE AN, T R 04 B R P o mT LG IE
AN T U R R 2 T 55 SR 1 R e R TR A A 1)

x4 AREBIKEAIERTHRIZFEMERER
Table 4 Residual stock and degradation rate of
gossypol under different ratio of feed to water

BEK i B e A ik i 1 I fie 3

The ratio of Gossypol residue Gossypol degradation
material to water stock (mg/kg) rate (%)

1:0.4 51.16+5.39 94.78+0.55

1:0.6 24.2143.34 97.53+0.34

1:0.8 23.5242.16 97.60+0.22

1:1.0 27.83+£2.35 97.16+0.24

1:1.2 28.03+£3.73 97.14+0.38

F5 AREMETHIRIMZFENEME
Table 5 Residual stock and degradation rate of
gossypol under different inoculation quantities

Aot 1 3 5 A o R Ty it %
Inoculation Average gossypol Gossypol
amount (CFU/t) residue stock (mg/kg) degradation
rate (%)
1.0x10' 47.83+4.61 95.12+0.47
2.5x10' 39.59+6.37 95.96+0.65
5.0x10' 26.86+3.24 97.26+0.33
7.5%10'2 24.70+4.81 97.48+0.49
1.0x10" 23.13+2.55 97.64+0.26
2.5x10" 22.74+3.92 97.68+0.40
5.0x10" 22.25+3.14 97.73+0.32

Fihr, REE 1.0x10"% CFU/t YT 7 A
VE MG B R i
2.5.4 KEERTE) X IR A B R SN 45 SR

MR 6 ATLIE , 4R MY-4-17 Xf
PRI T KBRS, K 0—7 d AR sk A7 S RE
(3R TR, YARRER 7 d BIRRRTT
FABY SR A7 N 56.75 mg/kg, K 7—11 d AR

R6 AEAENETHIREXFEFERE
Table 6 Residual stock and degradation rate of
gossypol at different fermentation times

K TR i) i By Sk A B i 0 i 5
Fermentation Gossypol residue ~ Gossypol degradation
time (d) stock (mg/kg) rate (%)

3 698.74+8.23 28.70+0.84
4 409.35+£14.90 58.23+1.52
5 197.08+7.55 79.89+0.77
6 90.55+2.55 90.76+0.26
7 56.75+3.24 94.21+0.33
8 39.3043.25 95.99+0.33
9 32.05+9.31 96.73+£0.95
10 27.93+1.37 97.15+0.14
11 25.19+7.55 97.43+0.77
12 23.234+2.45 97.63+0.25
13 21.76+2.26 97.78+0.23
14 20.39+5.69 97.92+0.58
15 20.09+6.17 97.95+0.63
16 20.29+4.41 97.93+0.45
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BAr AN B —E TR, BERIARE 13-15 d
FE I R A7 it T R B IEAT 1L, DL AR I 5% A7
& 20.09-21.76 mg/kg.
3 Gtk

W& 2T LR, H 2K AR
TR W A R R R R R . R
EEAEAFERARGAFTFERO, BT
X i R AR 1 SRR S e ) A, bk T, PR
FAIEE BT AR PR, A I A I i A 3 % ¢
FE, HULHCh TR T U, M R R
JEAZM, Hoh A Y dE R e &
R ERE N R R, RBE AR AR 9 1Y
WAEYIA Z 0, Bl = ik 22 @ R: CU-3 XA
FEAF R IR 3R 15 70% B0, P ik 22 2 B ZD-3
R P i Rk 88.21% P i PRI & 1E & B 1A
NERF, FETRIMEX AR B & i R AR A B A
N — S A B By, T OREE L e, R
REIAR I 3R A7 i, DRI L 75— 2B 3R T B AR 1A
Ty 86 e %, (T R I J A AVRORTY 8 R B SR 35
BRI PERRAR . A5k MY-4-17 Hi B AR N
97.15%, HDARER & 4 980 mg/kg HIARHIZ: R
R MY-4-17 [ K& W5, A% 5k A7 &
27.93 mg/kg, W HAE A AR RO A 2
TERE, AT AR R A7 i 4 2 8.38 mg/kg A
A, PEBARRIVE o B P imek Rk B i P B )N
A DRI R M R rh i SR EOR AR, I
IR R AE R MY-4-17 & BRI RHT AT LZE SR 58D
()4 U AR S B e 2 RIS R, 78 Tl A
R —NERMHED ., R MY-4-17 &5t
5 WA EA RO st e vk, 2
— MR AR K Tl 3 A P R T vy s i B bR,
Al LA T I S ST .

ARSLE R ARTP 5748, 5748 B[] Fh 300K
Mkt 80 s, X SEHEER LW ARTP

AR AL A 35 s PP FLER AT A9 ARTP 7545 it [i]
160 sPURIR], AT BE 7548 (10 T A A [ S A
AN T8, S5 PO R A R T TR MY-4-17 AT
TR EEZARIRAL, 45 SR IIAS A Bt I 0T A i
IS 22 BN, FE ) I B AR R I BB A B 93%
PLE, WA TS &, 4% F KM S RAR 5
K BERL S K R RITE 45%—50%800E B, B
KAk 5 R YRR, AR T R L % 5
% I8 B A K TR, TR R
1.0x 10" CFU/t B Ry f5cali k5 & [t ) e 4 193 A1
R ff ol R P B RN, 7E S0 R R &
MRy, 3 d SEREIRBIREM AR o fECPRA &
W 7 d A LLBBIREG & & 1 MR A B 2R A7 i
SR, FR T S I A R AN 23 3 R R Y R R RN
N7, T DI e S K e g s () o A 1 AR A R
FE T b M-4 (9 Kk BERT[B] R 14 d, AR SCI R
W 75 Bk MY-4-17 7€ 13—15 d I & BEAUR fc e,
FAB A 60K 97.75%L4 |, IR B R A7 1
21 mg/kg Zefi o TER RN RIAH A 240, &
kR MY-4-17 5 & BERRAH L 7E B AR AR B 5% A7
SO A R EETE, B, 7R XA AR
T3 % A7 i 2SR ™A% 1 & 2 L AR S R 2 1l
FHBZE T, AT ABERE 13-15 d 1 R EEL A5 .
AR WAFASVE T T K W A AP Ak 1 45 2 S A 1 e
fiBE 1 B TR B MY-4-17 3 AR B i 25 T
(BN Y= 3 & = S N 1K i R S
I FH B RHUBE Tl A B B 2 T AR, I A
KETE F5 B 1 07 FF 4058,

4 Hw
A5 ARTP #48, WHGH] — AR
Py R A R B e L (AR HP R B 3 A A 2 AR

AR R MY-4-17, @k REEALAL, 78
B L BESAE T , R & B 15 d AR B
R AKX 97.95%.
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