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Abstract: [Background] Free gossypol in cottonseed meal limits the release of nutrients and
the application of cottonseed meal as protein feed, and microbial fermentation is an effective
approach for the removal of gossypol from cottonseed meal. [Objective] To screen a strain
capable of degrading gossypol and decipher the mechanism of gossypol degradation by the
strain. [Methods] The strain capable of degrading gossypol was screened with the degradation
rate of gossypol as the indicator and identified by morphological observation, physiological and
biochemical tests, and phylogenetic analysis based on 16S rRNA sequences. The possible
intermediates of gossypol metabolism by the selected strain were analyzed and the utilization
capability of the strain for the key intermediates of polycyclic aromatic hydrocarbons was
determined. Furthermore, whole genome sequencing of the strain was carried out to mine the
genes encoding the enzymes involved in the degradation of gossypol. [Results] A strain capable
of degrading gossypol was isolated from a soil sample in the outskirts of Baoding and named
M-15. After fermentation by strain M-15, the content of free gossypol in cottonseed meal
decreased from 882.07 mg/kg to 32.38 mg/kg, which indicated a degradation rate as high as
96.33%. The strain was identified as Bacillus subtilis. Salicylic acid, catechol, and gentianic
acid were the major intermediates in the degradation of gossypol by strain M-15. According to
the utilization capacity of the intermediates in the metabolism of polycyclic aromatic
hydrocarbons, the possible degradation pathway of gossypol in the fermentation of cottonseed
meal by strain M-15 was deduced as follows. Naphthalenes were produced from gossypol with
the binaphthalene structure and then formed catechol or gentianic acid via the salicylic acid
pathway. Catechol and gentianic acid underwent ring opening at the meta position, and the
products entered the tricarboxylic acid cycle to complete the degradation. [Conclusion] The
strain M-15 highly effective in degrading gossypol was screened out. It may degrade gossypol
via the salicylic acid pathway. The findings provided a theoretical basis for the development and
application of microbial fermentation for detoxification of cottonseed meal.

Keywords: cottonseed meal; Bacillus subtilis; solid-state fermentation; gossypol; detoxification
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Table 1 Absorbance values of gossypol standard
solution with different concentrations

e B b VR PV R 2 OD.40
Gossypol standard Gossypol content

solution (mL) (png/mL)

0.000 0 0.000
0.200 19 0.358
0.400 38 0.655
0.600 57 1.072
0.800 76 1.282
1.000 95 1.751
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Figure 1 Standard curve of gossypol.
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UFRITARE, 24 M-15 (3R 2). BEPE M-15 7EA%
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32.70 mg, FEf#ET 93.46%; it BIAKEE 10 d
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*2 MiXERERRE NN ELS R

% 32.38 mg/kg, FEMRHA 96.33%.

3 2 X6 A3 BT R X A I R 7 YRR [ A
P AR R T3 0 R A T 2, T R B 2 bR R A
T AR BT fiE ) A — 2, I HLI A R B A1
I R R 1 R A R 0 BT o TR AR RS R A
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Fe&, AATFRKRELK.

23 HMIAEHRBHEEER
2.3.1 BEEYFE

PR M-15 76 NA Ki 3258 F 3557 24 h 5 W%
(F 2) R FL A AHINETE , 1F 5 2 — 35
AEY], AW HMER, R Z R, B
AALEAR, F5E ZF AT B TR i SLRURRIE
2.3.2 BIR4FE

PR M-15 WAKTE SFHE LI 3 FIE 4.
T WS TSR TR M-15 A TR S AT
AR, ARSI, SCEREEMT, RITPERUNRE
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Table 2 Determination results of the ability of the strains to degrade gossypol

Btk S HORMCP AR B AR IR A I R iR
Strain No. Gossypol content in Degradation rate of

the culture medium gossypol in culture medium

S BREATORA A B 5 A

Gossypol content in

R TR HH A T e g o5
Degradation rate of gossypol in

fermented cottonseed meal fermented cottonseed meal (%)

(mg) (%) (mg)
M-4 35.95+0.36 92.814+0.24 29.974+2.64 96.60+0.22
M-5 121.60+2.01 75.68+0.20 178.43+6.51 81.79+0.65
M-6 105.75+2.98 78.85+0.36 131.76+6.18 86.56+0.67
M-9 54.20+1.59 89.16+0.11 62.11£3.50 93.66+0.35
M-11 117.15+2.87 76.57+0.23 190.66+7.84 80.54+0.87
M-12 116.75+3.01 76.65+0.39 195.24+8.16 80.08+0.88
M-13 74.45+1.74 85.11+0.20 110.28+5.02 88.75+0.42
M-15 32.70+1.51 93.46+0.19 32.3842.79 96.33+0.21
M-20 84.40+2.86 83.12+0.21 99.58+6.88 89.84+0.88
M-44 42.45+1.78 91.51+0.23 72.23+4.30 92.63+0.45
M-57 98.2543.36 80.35+0.37 168.75+6.48 82.78+0.73
M-72 93.75+4.43 81.25+0.48 147.85+6.31 84.91+0.63
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2 EHE M-15 BY T SR 44T

Figure 2 Colony characteristics of strains M-15.

3 HEFREMRTER M-15 BRSHHE
Figure 3  Morphological characteristics of strain
M-15 under scanning electron microscope.

x3 X EREE RS (LHHE

7 ‘\“ ;
L f i o

B4 XFEHIZTEK M-15 BRSHHE
Figure 4 Morphological characteristics of strain
M-15 under optical microscope.

233 HBEEVABRER

XTER M-15 . HIA ZEAUAT IR bR E TR R ATCC
14580 LA KAl 2R AT PR HE TR AR 168 A T4 11
AT, X LA D A A AL RRAE . 255
TN(ER 3), TEMSRRENIA A . JEM K ARIALE | 7
BRREAFIRL . V-P 50, k58 o s ke
fESERAYE, 5 CH LA R g2 T MOl
E [ 2EAAF R 0 2R A AR R A — 3, TR,
VI FIBIR R M-15 J& F2E4F 1 (Bacillus sp.), 5
i ZF AT (Bacillus subtilis) i 1L iz i 4Rl 57
R, BIGEN AW B R — 2P Y

Table 3 Physiological and biochemical characteristics of the test strains

HH Hbk M-15 HAC HALAF B ATCC 14580 R 2EHUAT T 168
Item Strain M-15 Bacillus licheniformis ATCC 14580  Bacillus subtilis 168
iR EH 14 JF Nitrate reduction + + T
% 2 K fif Casein hydrolysis + _ n
JEHM 7K Starch hydrolysis + + +
FriERR LRI Citrate utilization + + +
AL SIS Catalase test + / /
A4k Gelatin liquefaction - + ¥
n5| & 57 ) Indole reaction + _ _
itk &5 Hydrogen sulfide test + / /
V-P i35 V-P test + + +
i £ 1 0 2% NaCl + + +
Salt resistance test 5% NaCl + + +
7%NaCl  + + N
10% NaCl - — _
A KRR 4 - _ B
Growth temperature test (°C) 20 + + +
37 + + +
45 + + +
65 + — _

+o BHME; — FAME; /0 R E g R

+: Positive; —: Negative; /: No results detected.
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2.3.4 16S rRNA EEFFH TR ARG L EHTHY
HEE

PIRE M-15 FE 4175145 NCBI GenBank
FEXT S, R MEGA B R G L B (E 5),
WMEE KB FE M-15 554 5528 #0411 (Bacillus
subtilis) R A —4e . AR A R X Hr, B
Fk M-15 (9 16S rRNA LR F4 5 25 MM R
(Bacillus)HH i i i TR AR AR RUBE 39 7E 97%LA I,
54 B 2E 0 FT 14 (Bacillus  subtilis) i Fr v B Ak
DSM 10 WA E RS, 4 100.00% (3% 4). %5
BB FRE 5 A B A AR E . D025 2 TR
M-15 S — kAl B 2 44T 12 (Bacil lus subtilis).

24 B M-15 £EFHEANFTITER
241 EFEATHEIER

Ftk M-15 SERCE (B 6)iG— P IRE g
A, TR, Hge k44 ok 4 123 640 bp, G+C
RN 43.97%, TNE| ) gL EERECH 4 093 4,
A i 5L R A B BE R 3 620 307 bp,  Fifith ik
PRS- 254K 5 884 bp. W 7 Fisn, Ktk
M-15 5 GenBank H 45 i X ZFAIFF R 1751 7 ANT{H
Fext e & B, H4aIEH 4755 Bacillus subtilis
EEAL, FAUE S 100%, 5 HAh ZEAAT
Pl J& (Bacillus) A Lz s 1 &1 ik 1 51 AR AL BE 15 KT
97.7%, X5 16S rRNA &Pt 4s 3,

Bacillus licheniformis ATCC 14580 (CP000002)
Bacillus atrophaeus NBRC 15539 (AB363731)
Bacillus amyloliquefaciens NBRC 15535 (AB325583)
Bacillus velezensis LMG 22478 (AB245422)

Bacillus vallismortis DSM 11031 (NR_024696)
Strain M-15 (HQ401271.1)

Bacillus subtilis DSM 10 (NR_027552)

Bacillus mojavensis NBRC 15718 (AB363735)
Bacillus malacitensis LMG 22477 (DQ993673)

Bacillus axarquiensis LMG 22476 (DQ993671)

0.001

5 HEFE# M-15 89 16S rRNA EEFFIHMENRFE A B

BT BRR 0.001 LA LEE

$55 N4 GenBank & %55 4335 b

Figure 5 Phylogenetic tree of strain M-15 based on 16S rRNA gene sequence. The serial numbers in
parentheses are GenBank accession numbers; The numbers on the nodes indicates the credibility; The scale data

0.001 represents the evolutionary distance.

x4 E¥ M-15 52 LLEHRAY 16S rRNA E E FFIFHE{LE

Table 4 Similarity of 16S rRNA gene sequences between strain M-15 and reference strains

FP o s RS WG = AR
Sequence accession number Strain Strain No. Similarity (%)
BFAF004589 Anoxybacillus flavithermus DSM 2641 89.68
AB325583 Bacillus amyloliquefaciens NBRC 15535 99.48
AB363731 Bacillus atrophaeus NBRC 15539 99.17
DQ993671 Bacillus axarquiensis LMG 22476 99.78
CP000002 Bacillus licheniformis ATCC 14580 97.73
DQ993673 Bacillus malacitensis LMG 22477 99.78
AB363735 Bacillus mojavensis NBRC 15718 99.78
NR 027552 Bacillus subtilis DSM 10 100.00
NR_024696 Bacillus vallismortis DSM 11031 99.70
AB245422 Bacillus velezensis LMG 22478 99.85
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6 EikM-15 £EFEAEE  RIMEBOMIER AR MBS, AL 5 kbs 55 RIS =Rl
R ERE R EE EREEER, ARFRIBTEARRAERY COG ThREsr2R; SRVMRIYHEFH; T8N (RNA
FITRNA, # R RNA, 2202 RNA; FNEN GHC &, IR EMAFIRIZXE G+C &ritm TIE
HFE GHC &, IR(EDBGR I 5P G+C S RZEFBOR, WEMMNZFTR XX GHC &R TN A1)
VY GHC ot NI GHC-skew, RKEMAER G HHEAT CMXE, 2AMAE CEERT G Ry

Figure 6 Genomic circle of strain M-15. The outermost circle is indicated by the size of the genome, and each
scale is 5 kb; The second and third circles are genes on the positive and negative strands of the genome,
respectively, and different colors represent different COG functional classifications. The fourth circle is a
repeating sequence; The fifth circle is tRNA and rRNA, blue is tRNA, purple is rRNA; The sixth circle is the
G+C content, the light yellow part indicates that the G+C content in the region is higher than the average G+C
content of the genome, the higher the peak, the greater the difference from the average G+C content, and the
blue part indicates that the G+C content in the region is lower than the average G+C content of the genome. The

innermost ring is G+C-skew, dark gray represents areas with G content greater than C, and red represents areas
with C content greater than G.
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1.00
BEEEEEEREEE M-15 (HQ401271.1) 0.98
DI RN Bacilius amyloliquefaciens NBRC 15535 (AB325583) 1 0.96
.... ...... Bacillus atrophaeus NBRC 15539 (AB363731) 0.94
R RN Baciltus axarquiensis LMG 22476 (DQ993671) 8‘33
] | Bacillus licheniformis ATCC 14580 (CP000002) ’

.... ...... Bacillus malacitensis LMG 22477 (DQ993673)
B RN B BN Bacilius mojavensis NBRC 15718 (AB363735)
BT R Baciltus subtilis DSM 10 (NR_027552)
R R Bacillus vallismortis DSM 11031 (NR_024696)
HEEET BEREEE 5.ciius velezensis LMG 22478 (AB245422)
BN R dnoxybacitius fiavithermus DSM 2641 (BFAF004589)
S b EEcEEEH:
EEEg it asagn e

229892°2¢%

g5igig A3°

7 EHk M-15 55 LLEAREY I BR — Bt b xy

Figure 7 Average nucleotide identity comparison of strain M-15 with the reference strain.

2.4.2 ERFABEHS DR
FRHEFE I LH L0 o BT 4 2, Ik M-15 JZER 4]

CAIARIR — M 2,3- XU A 3 2 15 &
TEARA W e i 3 v ) R o ) ) —— 2RO

FRE ARSI 3 812 bp, (524119 0.09%.
HA VBRI 224, JPFIHCEE 2 647 bp, B4R RNA
A 86 > tRNA, 33 /> rRNA (5S rRNA . 16S rRNA
F123S rRNA 45 11 )52 92 1~ other ncRNA , [5 £k
FEPRIZH rp AL F5IE) 5 4 CRISPR 551, 6 DL
(B 121 416 bp). 10 PMEHEFEFEYEKE N
480 518 bp, KK 48 051 bp) . 1 836 MNEBI T
243 INgeEEER

W AR M-15 B 5L 41500 5 KEGG $0s PE
EE XS R4 T D RE I PR R ZIKH%\?E, \\aé&mﬂzi
Vit 2 3805 12
W GEREIR, R M-15 R4 i B E T 4R
KTy 2,3-XUN 4 (catechol 2,3-dioxygenase)
X B GE000308, 2% 3 [ X6 i) KO 25
4 K07104, 251 KEGG A ko00622 .
k001220 . ko01120 . k000361 . ko01100 i
ko00362, Lk I B A% il Ko 05 5 Wi b & 1) Kk 1
(degradation of aromatic compounds)ﬂgﬁiﬁiﬁ%
UL 8.

T RO R g T 457 e DRI Tﬁ{ﬂﬂlﬂﬁ%M 15
A g o BUI AR AL Z 3805 I TF 38, 240K
P93 [F0] 45 - A8 500 JIE 2 1] 57 SFF B3 A8 % A 1 4G 36
Rk At

zi b, ATHEE R M-15 FEAaAR B nl REZ
RRMUEWIE KGR, ZI5 0 Pscisa .
— SR IEIK AR A AR OR T, AR IR ) 2,3-
XU AU AR RIS TF A, d5 i i 2 = SR RGP Y)
WEREfR ;s o — ks e MR g%, KGR
TERRR 1 2,3- X0 A i fie Ak T 2B e IR , e
JIFUPA 368 o (B A7 B e — 2 A (K 9)
2.5 Bk M-15 PEREFRER 7] BE 7= 4 B9 )
N ER
251 BEHRM-15EFRP BT
i8] 7= ) B RE £ SR

s, IR LS TR, IR
b T v AT RE Y O B AR ) A K
iR, AR R . JRJLASER . e AR 4l oK —
iy 131,

el P S
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[Degradation of aromatic compounds)

Conversion on aromatic ring

Ortho-cleavage of catechol
RIMO008

Dioxygenase and decarboxylating dehydrogenase reactions

RN Bergskehyde  Bengoate N0 Catechol (#)-Muconslactone Omadipate
Toluene O————® O———»O0——» 00— PO
Benzylalcahol
nzy Mcta cleavage of catechol
O Formate
Catechol O———- penla 4-dmnoau
Acetaldehyds
4-F1uomcalec]n:l O - »0 »Or La®s -0 heetyl-Coh
3-Fluoroherzoste O———O——W 2 Hydmxsm\wwmu ‘21-H - 1
4 Fluorobenzoate o—ho—b-o 4 Fluorocatechol oxopenfanoate
34Dibpdogberzoste  d-Caborymuconolactone O Pymuvate
Terephthalate O O - »0 Las #-O0—»0 3-Owadipate
3-Methylmuconolactone
4 Methylcatechol O———W O————» 00— »0 A Methyl Toxoadipate
Lo}
p-Methylhenzoate 4 Methyleatechol Forma:; 25
p-Rylene O————RO——> Fetiri
o-Methyhenzoate 3-Methyleatechol -
o-Xylene O >0 0 '-‘% Propionaldehyde
-Methyhenzoate 3_Mﬂh51ﬂmhn] O —»0———» 00— Propanoyl-CoA
n-Aylne O—————#O———»C > » 2-Hydroxy-5-methyl- 4 Hydroxy-
©15, 015 rauconate 2-oxhexanioate
2 Fiuorshenzoate O »O »0 LFl techol 0 i
Ortho-cleavage of halogenated aromatic ring
RMO013
2,6-Dichlorophenol O—————#C—————#0—————0 Maleylacetate
2,6-Dibromophena] O > #0—————0 Maleylacetate
Dihydroxylation and meta-cleavage of aromatic ring
RMO010 /RMOLL /RMO12
Dioxygenase and dehydrogenase reactions OMMhy[pmpamm
» »O p—Cu.llute B > cis-2- Xy~
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23-Diky -
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trans-2,3- Dihgrdroxy- ? Fumarate
sinzinate
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Phenylpropanoate O———— » L ®l
3-Dik
p nylpuygxganmte O Succinate
2,3-Dihydroxy- Benzoate
h:phan
Biphenyl © »C »C
4Chlowbiphenyl O————#0————# 00—
2,2-Dily -
4 chlorobiphenyl O 4-Chloroberzoste

DDT O————»O—»0 2,3 Dihydroxy DDT
2,4-Dichlorotoluene 45-Dickloto-3-methyleatechol
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1,23, 4 Tetrachloroberzene O———w0———0 Tetrachlorocatechol

Single dioxygenase reaction
RGO 2-Amnobiphenyl-2,3-diol

Cathazole O—————————#O———W 0
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Dibenzofirn O———————————— PO——— 0
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Ring cleavage via Bacyer-Villiger oxidation

; o
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PR o
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o i
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Ring removal from polycyclic aromatic ring
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Conversion on aromatic ring
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Figure 8 Metabolic pathway diagram of conventional metabolic pathways annotated by KEGG. Degradation

of aromatic compounds.

9 Ttk M-15 PERRIRED R RERYIRTE
Figure 9 Possible pathways for degradation of gossypol by strain M-15.
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R RIRR M-15 320 21 AR Bk ME— B IR A9 0
PLER AR SRS R, BERR 12 h JCRE, A
Forp R A AEAR LA A A 40 (3 5).

TERE PR M-15 BRI B KR . A%
L, R S R TR AW VS 7/ I N ol PR S
R I LRIR . Ferh & 1 24 ho sl rl A6 1)K
WlR, KW 36 h KLl BIS87K — Wy, KB 72 h K
INE S AR, DRl ST AR M-15 A A Bl
REW KOK IR AP i AR AR, — 2R 2K IR A=

BUABAR s 5 — AR KGR AL O RRIR
B I F— 2D B A
252 EHEM-153F 2 INF IR FEREH E = a9 F
g NMESER

WA B FE R M-15 XA R H 09 F1)
71, RIERE M-15 BRo] R RSB A1, 3807 R H
Z5.KMIR . ABOR L IR LSRR PR IRFRAE A
ME—B AR, ASRERI PR AIAR R — AR
ME—Bc IR A K (R 6)

RS B M-15 1555 R D S 5 IR FERE P B =4 RO AL 1E R

Table 5 Detection of intermediate products of polycyclic aromatic hydrocarbon degradation in strain M-15

culture medium

R TR BT ] PR H R KGR AR — 1 JEILAE R Je B

Fermentation time (h)  Phthalic acid Salicylic acid Catechol Protocatechuic acid ~ Gentianic acid
(mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L)

12 - - - - -

24 - 0.21+0.000 2 - - -

36 - 0.83+0.003 5 0.07+0.000 2 - -

48 - 1.16+0.006 6 0.114+0.003 5 - -

60 - 0.31+0.000 9 0.37+0.002 6 - -

72 - 0.17+0.001 1 0.82+0.000 9 - 0.12+0.000 9

— ARKIEZ Y

—: The substance was not detected.

&6 Hik M-15 ERRRMIBEFEPHEKRIFR

Table 6 The growth of strain M-15 in different substrates

R TR [1] & R BRI kbR AR B BULER Je RER

Fermentation time Naphthalene  Biphenyl Phthalic acid Salicylic ~ Catechol Protocatechuic Gentianic

(h) acid acid acid

12 - - - - - - -

24 - - - - - - -

36 - - - + - + _

48 + — - + — + -

60 + — - + + + -

72 + - - + + + +

+o AENZPI; - RASIENZY R

+: The substance was detected; — The substance was not detected.
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3 itk

LA ) T ks S A R I B 12 o e HL Y 0 1Y)
T, TR A TR TR A DR TR AR ) K T 1 e 2K
IO FH ARG 2 B8 o ) LAl G e Sh REAN R
e TR A e ] B A AR DGR TY  H TR B 1Y
BRI AR F LA T . BRI L FLIR A
MZEAAFIA

ST A AR A — B TR, O T — R L
BT R R AR 3 BE ) W FLIER - BR 1 (Pediococcus
lactis), AR HRAR B 0 0 85 2808 40%. RER
S0 ZE 27 250 i e O 0 0 8 — MR LR TR
PR, TEEARIIER RN 62.87%, BRIHLL Ik
153 3B H A 7 TS PR AT R 22 8 B
(Candida tropicalis) Y42, Y45, 5eiRlEtk(Pichia
pastoris) Y6. Y18, DL K i i £ (Saccharomyces
cerevisiae) Y14, Y34, HFHiM1I LR, AT+
LIRS R 48.72%-485.89% . i B AR B 7
BEAIG 16.32%-71.00%. F SCAF 45 FH 11 55
(Geotrichum candidum) & BEATRT, 7 25 A B I
Kk 90%LA . BTHEEE TR R 22 PR 1 R
B (Aspergillus niger) & [ERRAT, FEfE T KaF&
P, 2 3 BE PR A 0 25 AR 8 R RS e B
XTI TS G A, S T H R RIS B
o PNV SR UOVR R S TS A MR A A FC
(Cyberlindnera jadinii) Fll A B 25 76 FT B & 1% AR
K1, USRI RIE 77.38%, TT 75 MESECPOA
FARG B ZEFF I BLCC1-0039 T A4 T & B
FRFERT, BRISE T EIN 26.96%, TiF 254 M k%
fift 31K 97.81%.

AT e AT — PRAR I B A TR R M-15,
BT OAWE, Wk M-15 - 2R F
(Bacillus subtilis), Hriithsm, m&iEesE, H
TRMEWAE Tl A, BAEE . W
PRI SRS TERAA IS R ERE T, Wtk

M-15 X AR H Ui 25 R 0 R A 25 P 3K 96.33%, 1L
TR T T MEAEOHE (A B 2R B BLCC1-0039
AN R ZER PR, I LB R A R R
FF R 77 25 XA S i 158 04040 B 3% At 1T
PR &R BERAN T2 T4l TARRAR Iy B AR 8 A
Hiff—

R A Yy AR B FAR I3 A ML , AT LA
i AR P T ) R AR SR, HEBRATS B0 R A i 42
rEE A Y VLRSS , DRAIE & AT A 04
BERCR, ] B AT RS AR R LR, BRI
BERICRAT . B IR IHAL R R 2805 ) L A A, X F
R EERR b A2l R e 22 O E L H & T
A AR B R AR AL A gE LD, 20 tHEAROR,
L AR A 2 it 2 8 2 0 sl A 00 e Aot S T ) 5
WEATERIR , B LU AR G R v L R 2 0 34 2 7 A
P A FH T i I e e X ot 9 0 8, I % s A= R
AT T3 A BL A A T, 4% A P AR A 42 VT g
SZERY FUACIARE R | (HIR X bR O F AR M ke
FEAIL R AN I F AR A TAE G A B TE S . AR,
JE A T PN — e e TR A A S T 14 WL 2R 7 740
ACPRER, MW H R B0k T 1 TR AR At P A S5 A
ORI TT IRREE ff s 12 SO BRI 45 i 4%, (HIF:
RN 2 P B T R R % e R 1y 17%) 21 i ik PR AR A 7 R
B, IZBERE TR DA R & TR 8 A A 4 Gl A2 A
PRI = R 58 A Wb . 4 1o 3 o e o
Bl SR DN P %ok R B A T 40T, A0 540 1 o f
HHz kA DI REIE H L 45 A R ik 22
5. GO IERH KEGG 43, HEDTR P& o A A 5
o it e TR 32 800 S A W e RN A 3 2, 4
ARG W T NS B IR B L R T e EL i S
T O A A o SR TT, SX S gH 25 AP F F1 EL A
AR AN 32 S ) S5 A AR AR5 . X
F PR 5 TN s TRE e S 2 (SDS-PAGE) 45 45 TR AL
WA (0,3 - & 15 5T 3 (LC-MS) xf — #k + i &
(Asperqillus terrus) B i & e 1 H 0 25 1 BTk
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T BRI, 43 B 11 Fhnl BE- S AR B AT ¢
EEE, Hd, AREWEBE(xylanase)fl B-1,4-P11)-
A B8 Wi i (endo-P-1,4-xylanase) 7] fE & 2 5 4 My
5 i ib] I SR O R i S S RN AW RS
REAGT . 2= PR A 3 DR e B B A & Bt
A 1k & mE A R 7E 20 F 41 Bk 78 (Rhodococcus
erythropolis) R fife A 13 () 1 i A ke 21 3 Z4E
(B 32 X6 EAAAE FALERAN LARFSY . Zhao Z5DO%%
FRIT 0 IR A R 2E AT B T bk i 40 L L 200 AR N
YR EIE W, W AR 3 B A I O, DU A
ZEFLAT AT R R 4 B T R 2ok W B 5 S RS
PERAERS B AR (AR — DRI R 2
FELAT BT DA ke R A Al 1 ) ELAC A A2 i
X 8 [ (laccases) M ¥2 IR Fig i (carboxylesterases,
CES)F& AR B LR EA TR R 720, A 259
FF T A5 R 2 v R RGN S 2% 5 A 5k DR RN 22 31 05 4
a5 i B DN S5 A A G I DR A A, (ELRAG RE 24
AP T TR Ak o i A 7y 1) D B a3 % % 3= A il
T2 43 B LA FE 7S e A Al 15 AL R A DG B9 B
HI A 1R/ DL A .

A5 T A X T R M-15 B A AR B 64 7 4 B
PR M-15 Rl Z 3005 2R f v a) 7= ) s 1 A 7
AT, HEE AR M-15 AR B IR 2S5 0 4T B
W= E5 , AR SAIE BUKA IR, F K
BRIP40 2R — 1 SO AR , 3 SRR — By sl e iH
BRI RIS FF 3R, Bt N =R IRIE IR T4,
RGBT U — LR

4 Hip

AMIFFE I BEAR B — PR ARAR B TR M-15,
BEBEAAE T AR R B - 882.07 mg/kg
F% 2% 32.38 mg/kg, FEfRFEIEE] 96.33%. &%,
Bk M-15 Sl 55 25 4T 16 (Bacil lus subtilis)., 1%
B EAR 41K K 4 123 640 bp, TJFkL, e
TR R T3 10 55 7 VP G I 21 7K A R | AR 1 Al

JERRFRAE R =4, PIEHEE wibk M-15 [
fAR IR A N Se R R W A 2R S P
KK BRIEAE I L AR AR — I e AR, 2%,
TEABZE " 2,3- XU ARG AV T B 2135,
A ZIRPRIEI fACHE, ARk M-15 1 T
DR AL LR S A 58 5E T B HEAE o
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