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Progress in research on the use of laccase to produce feed from cotton by—products

LONG De-zhi, LIU Zeng-zhao, ZHOU Fei-ran’
Animal Husbandry Station of Hami City, Hami 839000, China

Abstract: China is a large producer and consumer of cotton and produces vast amounts of cotton by-products every
year. However, anti-nutritional factors such as free gossypol seriously limit the use of cotton by-products as high-
value feed. The problems with traditional physico-chemical detoxification methods include high cost, low efficiency,
and potential pollution. lLaccase, a polycopper oxidase with broad substrate specificity and strong oxidation activity,
catalyzes the intramolecular cyclization of gossypol to convert toxic aldehyde groups into stable furan structures, thus
achieving green degradation of gossypol. In this paper, the chemical properties of gossypol and its effects on liver
toxicity, reproductive toxicity, and oxidative stress in animals are systematically reviewed. The three-dimensional
structure of laccase, its copper cluster catalytic mechanism, and its mediator-assisted oxidation pathway are
described. The regulatory effects of key factors such as pH, temperature, and enzyme concentration on degradation
efficiency are summarized. Recent research has shown that laccase treatment can significantly alleviate liver injury
and reproductive dysfunction induced by gossypol, and restore antioxidant enzyme activity. In addition, through
natural strain screening, genetic engineering modification, and extreme environment microorganism development,

the production efficiency and stability of laccase have been continuously improved, and its application in cottonseed
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meal detoxification has verified its industrialization potential. In the future, laccase technology is expected to promote
the utilization of cotton by-products, reduce feed costs, and produce high value-added products, providing key
technical support for the sustainable development of the cotton industry.
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Fig.1 Structure and catalytic mode of laccase™®™
A: DD, D, B D,, D, and D, domains; B: % 51k 72 Reactions catalyzed of laccase.
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Fig. 2 Laccase-catalyzed redox cycles for substrate oxidation

A H KW A Ak Direct oxidation of substrates; B: k2% 1k K #) % fb Chemically catalyzed substrate oxidation; C: 2 i {# JX % fk Multienzymatic
coupled oxidation. red(reduced)$5 2% 2 Hi T3 72 , ox (oxidized ) #5173 2| i, 71 #2 . red (reduced) refers to the process of losing electrons; ox (oxidized)

refers to the process of obtaining electrons.
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Fig. 3 Nuclear magnetic resonance( NMR )spectra of gossypol degradation by laccase

2.3 FEEAXMEYORE

DT AR e A T AL TR 1R IE N BN S B A ERE AT AR A B, OB R S AR pH L IlLBE Ll
JRE RS IO o 1] A5 PR 3R 6T 145 Tl 14 355 1 A B 1) e AL R 3 R I
2.3.1 JRMIEANER O BEERATZ AR YRR A TR 28 B A X B LA AR 2E S . R R A
EWRACEY) E I 2 M RN 7 e Ke B AT . AN AR T — S XU A A W (A L2 B AN R )
T B AL A (1940 2, 6- — Y S DR I R AL B R 199 ) S0 38 A R R IR IO IR A . B4R Bollag 45 1Y
— TR, K B B S LR T L T AR A T R BE A AR A 5 AR i AR B R



232 ACTA PRATACULTURAE SINICA (2026) Vol. 35,No. 7

%’Lﬁt%ﬂ&%’fﬂh%%%?—'ﬁ@ﬁ*E’JZ*Z%IEJ%’% B, SBON L TR B R BT S I T e R TG AN R
46 g Jm BT (U0 Hg™ ) IR 7 AR 40 2R 0] 3 2 H R ot TR A L B 1 2 B 0 A ) A R A — R JRE L 4 T 9% i
{1 35 4

2.3.2 pHAH B IS pH A KR IR AS [0 A I 22 53, — M 4~7"" 0 7E3% pH YW A, 8 18 A Al A 0
 RERE A R HEAR 83 19 70 WAL RO (R 1) .

54

HU

®1 AREREZBELPH

Table 1 pH catalyzed by laccases from different sources

fif} P25 Enzyme source type R # il Representative enzyme pH & pH value
FL A 3 Fungal laccase 2B Trametes versicolor laccase!™ 4.0~6.0
411 T % i Bacterial laccase W0 FLFF B W Lactobacillus plantarum laccase'* 4.0~7.0
filt 2= ¥ % 1% Microbial fermentation IS Bacillus licheniformis laccase ™ 6.0~7.5

2.3.3 RJE B SR R AR R R R R 25 S BOR, AR S R S O I R A AR R G AR
W2 Frm o BUTE R A B0 Je 1 R B 9 PR 9 (55~70 °C) , i A 400 14 i) 10 o 1R, B M1, 24 28 °C . RV 2
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Table 2 Suitable temperature for laccase catalysis from different sources

fif J5 25 7 Enzyme source type S [A i J5 AR 2 ) Representative enzymes from different sources i FL ¥ Suitable temperature
FLTA A W Fungal laccase AR (A B 7] T T, wersicolor isozymes'™ 60~70C
Ze (i, 25 2 [ T Coriolus versicolor isozymes *+* 55~60 °C
411 TA] % iff Bacteria laccase oA L AFT 1 B. Licheniformis™ 60 ‘C4= 45 About 60 °C
o 22 HAUNF I B, tequilensis™ 85 ‘CZE 47 About 85 °C
AH W) B W Plant laccase H AW Toxicodendron vernicifluum"™ 28 “CZE 44 About 28 °C
FEH TR B Genetically engineered laccase i 4 % i Recombinant laccase ™’ 55 ‘CA 47 About 55 °C
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Table 3 Enzyme concentration, reaction time, and conditions for gossypol degradation by laccases from different sources

({303 HARIEY) M Y Pl B2 i pH Sz s [ 5 15 e i 2 RS
Enzyme source  Target substrate  Typical enzyme Tempera- Reaction time (h) Gossypol degrada- Mediator usage
concentration  ture (°C) tion rate (%)
FIVERYSFAUAT R EAR 101.56 U-mL ' 55 4 2 94.57 —
W Bacillus amy-  Free gossypol 98.73 22 B 3-2, A F
loliquefaciens ™ WSO -G-1R ) 2, 2"azino-bis
(3-ethylbenzothiazoline-6-sul-
fonic acid) (ABTS)
AN A Spore  JBISARFPRIBE  — 37 7 1 100. 00 -
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laccase )™’ cottonseed meal
T 4 ZmEsy Iz 50~60 R Il 2 ZHUN A g A A1 i -
Fungal laccase  Polyphenolic Extensive Acidic % Vary from tens of Depends on the en-
compounds (4.0~ minutes to several hours zyme and conditions
6.5)
TR e FikFZR P IER 1000~40000 20~40  — 10~30 AWtk AT e IR e — A% TR
Patented lac- H3 19 Free gossy- U-L ™" Not clearly specified  (NAD) i 4 fb & (H,0,)

9
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otide or hydrogen peroxide
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Table 4 Performance comparison of different enzyme sources

it 5 2 R B 7 B ) Tit 15 1 o JRr R
Enzyme source type Representative strains  Enzyme pro-  Enzyme activity Advantage Shortcoming
duction cycle (UrmL ™)

FHRELE Natural fungal 22 T, wersicolor™! 7~14d 50~200 R E 5 EYT 1% Rich enzyme sys- K, 5 215 357
tem, broad substrate spectrum Long cycle, need inducer

N T AN Genetical- Al 5 ZEFFT 1 Bacil- 24~48 h 100~500 R Tl /B Fast fermenta- 75 R AL 20 W 35 Secre-

ly engineered bacterium  /us subtilis-’ tion, high temperature/alkaline resis- tory expression needs to
tance be optimized

EFEHE Recombinant  E8 R EE R Pichia pas- 3~5d 200~800 AL B4, B4 E PR 55 Glycosylation  JAS 4275 Expensive cost

yeast toris "’ modification, high stability

PSR BEHI bk Extreme W83 ZEALFT T4 Bacil- 48~72h 80~300 it 2 9 (>80 °C) , i 4 Tolk 2 R7 High R4 4 S % Narrow

environment strains lus thermophilus™*" temperature resistance (=80 °C), suit-  substrate specificity
able for industrial reactions

AR G R AR T T ORI T 2 2 4 TR R TR Bl A AT R A S PR B A W . IR R AL R

7 BB EAT 0 S A e LR, AT A AR S R A SRCARCIR S o SR, HE AR o A R R BB AR AR R AN
5 S35, LR 0 BR R ST 7 AT A IS R e R A A SR IR o e DR A AR T ) e A A 2 TR S A R ZE AT
R RO R A TR IR IR R GK . IR R I R, I R, O AT e o R PR R 4 T L R BE
PE TR 52 1, 5] T A% 28 8 10 A7 Wl R A A8 i A 8 i RS e P o (LR RO iy, L 75 00 0 0 3 3K A PR R AT &
gt .

ST, 4% T A U5 ) 4 1 45 5 SE B N P 7 5K, A Wl R o A 7 A\ T e SRR R E R 2 R
(8] 1547 25 A AU
4.1.1 RARW  KAWEEEEAMMEPZE, P AR AR (2 2) RSB B, L REY 2 8K
Rl it RS IR WC Y, e e 2 R AT, BEREAR o (FH™ W PR IR, O 7~ 14 d, Bl AR AR TR i TR R
AR HEAL S R T IR R (A ABTS S AW ) o 22 227 A W B AR 7™ AR I, [R] R LAk 3 A it e (1 o A
P2 Rl 25 AR 1 S — Rl 200 B, B A e 10 A A TR e ki LRGN A T P U B AN 24~48 he b
Bl R 2 T A T A A AR RE P D T R B 4, BRI AE 70 CCRY Rt L S BE AR R B OGP . AR A
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FREF 00T PR A5 BEAE = T N D0 T 7 AR R T T RN
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G 7 o AR LA 7 AR A T TR AR R A R R AR U5 S N Y DA Bl A, LYK R G pH R I B A
K&, TAR A A AR R
4.1.4 o IREETE e AR ZE AT BB T R IR T A — B, 1 28 B 7 A 00 Tl DR AR 5 1 e T PR 58, R AT A v 1) AR
FENE o LRk R A AR R R X 1 A R R ORI PR I BE B T AR B ORAR A I R R A2 R E 0 pH B A
BCREP R R ECT A AR S
4.2 mAEHR 5HR

B0 457 A A v O e 15 B — AR A DE R 2 AT B XP-13(B. amyloliquefaciens XP-13) , 38 i & K v e 4 4
Hor BL, S AR RBERE GS115(P. pastoris GS115) LB R IR Kk o LL ABTS AR IEY) , R AN 6] B 2% 1, F) I
1 R A €233 (high-performance liquid chromatography , HPLC ) 43 A7 8 i X K B 10 58 file 3 SR o 25 51 B iz il 2R
B0 1) BV S MR I 9 pHLEE P XA 1 i AR B

Zhang % b R 5 U8 2 3k HE R 38 T ZEFUFF B AY CotA LK B AT 18 19 CueO FFLAT 14 19 LeLac 3 Fh 40 B A
fitf , FEWESE T E AT AR Y 0 B R BE 7 o 45 SR, CotA VS i 19 % ik BE 0 Sk, 76 37 CRIpHAE A 7. 0 5% 1F T,
5 1 h A RERS 2L 100 %6 1 BE i, ELAS 5 2R N AR JE A Bt o e b, PRS0 AR P9 I 2 TIE 52 , 28 CotA 8 i 4 Ak e
il J LR B 1 T B A AT B
4.3 BA

A B TE I e ] R T R 6% A S S A T, ELEE A i A o R o8 2 T E 4R AT LAGE a R A R T R R S A
B G BB RE o 2R N DA TR KAL) B B (Populus trichocarpa) BEBEFHE R LAC-1 89 5 B 5 A% Rk 5
B H IR Y 91 5 W I (Arabidopsis thaliana ) FE 3 U PEAT HO G, 2 300 JFHCHL A R 1 2 TR 19 3 1 4 25 1 I PR <7 45
A 80, U0 IR W 0 B AL R G A IR ST o RAFHIN E K (Zea mays) H BE (Saccharum officinarum) & #UE 5% & A
B, w5 3 (Sorghum bicolor) fE R [R)BHFE 9y , FEFE Bl AH S AF 58 30 F- 25 1, (5 AT LLHE I LR HE R ELA 2800 1) il &
GO TR AT A SRR AT AR R 24 b A 2 9 TRDRHEURL , TT BB TE 2 Y AR A R P AR R I 38 A B A I A O v AR
R 7 ot b AR 1, A AR R R A B A R
5 BN R A AR AL TR B9 R B BT =

5.1 #S4HE = %EANA

A7 7 A B AR I 7 e e R E H TR I 0 A AR A 1 ORI B BT R B A 3 T o R o R T A SRA
193 1) 7 1 B ARG 4 AR TR PR B8 AL A5 00 A, T SR BB 6% S0 Tl Ak 107 T 4 R e A R 7 o B R ) R
R E i RV Tl 48 R B 00 5T AR BRI B S TR
5.2 BEARAA m T A

A8 B8 %A T3 J5E 75 0 T T B AR AR O T 2R R R BRSBTS — A
AR, B R0 S P e R R BB A A TR RN Y S5 T S IS I 0% 5 L DT e AR ) A A e v
SR 7 1 T 3 A
5.3 FTAIAEAREATAED

VA it Ao FERARS W o AT B A 0 R AL W AR P A T AR T T A BT Xk
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B R AT A2 0 A BRI R Bk EL A v BRI AL P 2 RE AR 24 B Ak i HE— 20 A R AR BT IR A R R AR 1)
A7 WE Y 2R B, A il Ak BRI 2 B0 P Ak W AT BT 1 BT SRR T L RR S AT RO B F O 3 RS B A A AL AR
R AN X B IR AL A TT R EL A B PO A AR AR TG R L T T T R A KSR R R BB R A
5.4 FIEAIFH

VR AR Sy — i e €20 2 W A AL R) AT T Ak B o A v, R R A 1 T R, AN T B A I A2l R S AR
TR Y . 5GBS R T A L R T Ak B T N4 G P AR Kk R B BEOR A B T Tk A 7 X PR
%) 70 T 52 W), SRR I T R (e Ak RN AT R kR
5.5 mREWNLEWRER

T, % T A 0 Ah 385 b i 1 FH TS AL 0 58 ROT e B B L (R AT — S8 ) 25 1 28 49 0 s R R AT 1 I R
40, 7 — S 2 55 = FURE (0 B 5 v, 38 o O £ R 8 1) S I A5 A, 2 S T B 1 s AN L T T A T R A
R FF 28 AR 7™ i o 30K 2 i SR Ay 4 il 7 A 19 4k 28 b 1 T AR I ] B 5 1 A

Wil 5 XT38 A A AL PO TR A 5T, DA B g TR 2 R R T & R, 6 R e A7 B2 i — 25 188 1m0 R I 1) i Th B AR
FE M B AR AR 77 AR DT HE 2598 T 6 A I Ak B v ) BB Tl Ak v o TR Sl o 5 A IR EE R R 45 &, nA:
Wiie 52 R 7 B AE R DL S0 i R 2 AR I A AR R AR B U A e ORI R Rk B R S A ke
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6 HitERE

A% il RS I Ak v g O R B A R A (R R S e A I B T P B AR SO TR T RE 08 A AR A
R B ) R AR W 0T PR IUE P A B AR G R A5 T o A T A I P T AR TR A R 1 B A R i A R UM R
WeE AR T B AR A T 2 0 AR B 0T A2 W RO TS 0 o SR, ) % A Ik 2 o B F S AT Ak T 0 20 B B 3 i ok —
A TR A 50 8 Tl ) M AL D0 P B 28 1 LA R B g 4 TR 1) A P 936 P LA 5 0 4 O A 7 Ak B v ) SRR T
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