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Schematic representation of the enzymatic hydrolysis of cellulose catalyzed by a fungal cellulase
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1. ZREEPEBNKRRIHEEMEBEHRRS
Table 1. Lignocellulosic degradation enzyme system from fungi'®”

) B-1,4-endoglucanase B-1,4-glucosidase  Cellobiohydrolase ~ Xylanases  B-1,4-xylosidase Total
Stains GH6 GH7 GHI2 GH45 GHI GH3 GHo6 GH7 GHI0 GHIl GH3 GH43 o
Trichoderma reesei 13 15 3 5 15 51
QM6a
Aspergillus niger 15 20 4 5 28 72
CBS513.88
Neurospora crassa 14 10 8 6 16 54
OR74A
Rhizopus oryzae 99-880 12 6 0 0 8 26
Aspergillus nidulans A4 20 22 5 5 37 89
Aspergillus oryzae RIB4 20 21 4 8 38 91
Penicillium chrysogenum 18 20 3 4 31 76
Wisconsin 54—1255
Fusarium graminearum 20 24 3 8 38 93

PH-1

1 2REFWREREZAR

HAT, 56 a4 AP () J A et 100 F
Ph b, JF H LR P BEAH X 58 3 (http://genome.
jgi.doe.gov/programs/fungi/index.jsf) . i i FHLF
IR FE R LA S AS [l B i s 20 2 o3 b, WF5R
N AT LRI Z R AL 25 B o X 2805 5
PRt 1 22 R BT 3 AL T AR PR T e

A5 L DR e 0T AT AR 22 R LT
WAL TR UGS SR IR, SR 220K E TR 20
ORE B SR AL R BEAG o R4Sk, 2RI
B g R BRI HEM T 282 REw., WA
AL 7 A CaCL/PEG JEA: AL | i 2L,
HEU R R AT E A S (ATMT) IR
S5 ABE R ALy 0 A M RT3 R R, AR
ToRATIAE] 50%LA 1 o S PRI B A R AR
I HAFEmARF L. T, HETKZ
BOS R w e WO 22 R H W R A O i 2
CaCly/PEG J5UA: BT/ FIHUR AT A S

CaCly/PEG J5i 4= Jii {1 ¥ (protoplast-mediated

transformation, PMT)fx 0 TR, 5
257 R IO, P TR S A O R R T4E
HBE W] AR R B ALAE A, IR AT 22008 5
1 B ) 5 o 20 i DG S B A 7 B DR e
AN BRI A RERED | BCREgE
I SR T 5 A B AR ORI R
I A D D 2 B A DA ORI 5 B2 5% Ak 10 T ik
L&

IR AT B4 572 (agrobacterium  tumefaciens-
mediated transformation, ATMT)J& /54L& Lk
() — e T 22 R B S AR o Iy kT A B
2% [RBAMERRIE AR AT A. tumefaciens F1 Ti 5Ok 52
A FHAL o AR R HA KRR AR R, TR
R K ZHO A ) FER 43 BRI B BRI A
Y1, ¥ T-DNA J7 955 a0 i of 45 5 2 L 4
i, AT OSBRI, 1998 4E, de
Groot 55 11 K I ATMT 6 #h R T-DNA LI UL
B AL A 2B & (Aspergillus awamori) K
W H, I HBCREARSE CaCL/PEG JFUAE AL
[ 600 F50, b5 i AR 4k F T HA &R
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M SRR, I 22 Y K A
R PVAE A Wang SEIE R ) A T AR AT B TR A4
SN R RS PR RO ARG oAb LR
ik, ATMT A DURIRE: (1) bz ikdfr
BESRMRIAE , AT R 8 A B4 (2) 50%-80%%
b7 il AR SN EE R 2 2 g DUE L, B
CaCly/PEG JFA: AL AR AR AL 77, (3)
AR, wtetaE, H Ti #UAnT LHGRA R
Bt DNA 741, {HJ2 ATMT Bt A3 AL FERT K Y
B, BACRUE ATMT 5B KA B DNA
AL BEAT LUF e F 5 A B (A5 4 48 R
AT R JEATHE , o ml DAREAL A A 2 15 32 L R 2
DNA |, 2T ATMT L& 2008, i8R
T2 R AW G R e

TEXT 22 R B AT AL B E e B, O e dn
WA A3 =28 . DABRWE g 8 37 ik b R AR 0 KR A
pyrd NARRIVE AR RARIC, DL OB
A amds FHFBVEFFILE AR R B, HE
Tw . R RFE RN NERE L. R
SRETPIIETE B IOR R st AL i i gl iz i, (H
REHS KK Z, HEMBERES, N5k,
ZEHRA AT R ORI A . B FOR G b i i T BB
it PebRiC 2 ) B R IR L AL AL (hph) , ‘B P LU
PUERMER B RANTERESL T, 2
T AEX [6]— R AR AT 2 UGB BRI, B T 0
EFRIC TR R AT &0, B T AR 1Y
E22 NS EIRGIRTIUE TR ce oSl i ]

J34b, Cre/loxP H 4 Gt AT LA R4S B 1k
PR EEFIH, 172 I HEAE. Sternberg
Hamilton %67E 1981 4E & 8L T KIAFF BT P1 WA 14
F Cre/loxP EAIRE RS, flfi 1B P1 WA A
A Z %% DL loxP[locus of crossing over(x), P1], {7
FIERER A TCAR T 9 A , T cre K g i 1) 314k
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HHHE Cre (Cyclization recombination protein)
YEF T A LoxP o7 s 18] 4 55 R 5 4] 2 ) B3k ¢
P LR G IR SN LT R A R R B
Hr A T IR e AR 0 P A Rk R I vk
TERERE B HE SRR T 20 2405 O L s A1)
AP, ZRGMIELRE R R Z N P
FRFER AR RIENG R 3 7353 8h cre ZEIH, 72
P 55t 25 PR EREARIC SR 1 2 R, SR
TR EEH AP, getdigl Aigner AL AR
WEBE IR 3715 8 801 cre TEALBRIEDN , 76 B FOOR AR
S T 2 AR E BT AR S A ] . O
HHTF cre T MFER E S AL G R pyrd FEHN A5
A RESs 1 N ROR s (e AN FE I, Bk, S0
rh [i] B s 4 3 AT D g W) 9 20y AR 58 i 2 AR
PRI R B e 4 cre EEATSER BT Y)Y, BRBL, (LA K
07 AT B 7 2k 04T 1 i, A Tet-on &
g, T2V RIATEREN T A Cre B R
ik, TERPRY B S B T 22 0k KR A v i g i g
KPR SR E AT, R T R A
Cre-loxP & 454,

JTAESE, CRISPR/Cas9 M 4l A & g
WHEBERREER . HTAEREIZE cRNA
trancrRNA 4552 Y G5 IR H Cas9 7E
55 crRNA BeXJ (9 AL i E b4 8y, Y
FE TR TFEXT crRNA T tracrRNA R 700038 , ¥4
HE A — 155 sgRNA (single guide RNA), Tfij
A RNA HA HEFAE R RNA NG T, 8
1K R IE sgRNA Tl 53iE Cas9 HITLiAHIE
Fe, A3 a] DUR) I eIk M 1Y BORL, 5 A% e 20
ffL, (EREGEXT H S A TR, R T B
B R AR ST g,
HI T 220K EL A Y A BB % T 25 B0k HL R
HoAd A PRI E , 7E 220K L b W 4 B I L
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b rp R B R Tl AR W AR 5 BT
JEE R FH MR N RNA RAEE Us I3+,
TE AN 4T RNA #% 5% {7 Bl CRISPR/Cas9 AR,
[ Bof ok TSR 22 R 4 IR, BRI AR
YR MERE S o EBLERE L A RHE R ST
JE R AR B 1 U X Cas9 FE R 25 S T4k
BT AE ORI h #E1T T 3Rik, 454 RNA
AR SNE S S8 Ikt B R AC B 6 R A S A T
SRIG AN 200 bp Y [R] P BIVAT 56 BUA 00 JE R
BRUOT B0k B R B 2 SRR 2 T Sk

2 ZREFERTERBTE TR

W R, LT AEZ K A R vh = A B ] I 5%
W AR T 55 B IRRE G A 4 R W &
FERZEE HEBRILZ AL, RS IELE . M
JeH W SF S A R RO . I, R
IR B R ZEREM S, DA ) 452 41 4k 3 il 5 J
R B ROR B W) — PP T B AN A SR ]
XERG R, ARU A FE bR s AR
DA sk B A B AR VR, ok e S An el
SN TG S B MNIE A AR, Sl Tt
FKENM T, B 2 5o TS REENS
SEFYER A ALH . 1993 4, Kubicek 45
B T 7 FEL PR 7 L A A DN 3 A [ 60 R AR e 1Y)
STAEWE, TR B B RO 200 5 5 T S AR
WA 4E R Is iR, R OR R RO T IR
iz B HIE , Y 4 O £ A A o
(cellobiose permease). [F]H i 12 a4 520, A& P
s ] G e dE T R A S s s g, XUl
Wi i B A e s A 2P 4E S Re . (HIR
PR . LT 4E AT DU e s B

F 2009 4, € [E PR LUH R KA E Y
BT, 0 00l DAP5 B sl 2 4 2 I T &R
Gl 2] N o AR ) A, WG i R AR
B TEVIGHEF 4 3 B I 55 F N Rk i
FREMERT, EBT 10 4 MFS % (major
facilitator superfamily) ¥ iz & H (4 % N -
NCU00801, NCU00988, NCU01231, NCU04963,
NCU05519, NCU05853, NCU05897, NCU06138,
NCUO08114, NCU10021)7] € 5 £F 4 /g = H
Ko MBIz 1 S LM E R W5 1
P 2013 4E, Kubicek %8 MFLBE A BRI 5
AL 14 MEEEN . KIER ARG
MR EE 2 T 1 Trire2:3405 Ji , WK A BEA FFUA
HAEFUREEE SR 551 T R RE S 247 4 R W L R 1)
ik, Trire2:3405 #f Ay 44 N FL BB 3 [ (lactose
permease)*’ i 7E 7 —Fift BLFC K8 PC-3-7 Aok
Trire2:77517 8, Trire2:79202 J5, BHAS T FLBEHIF]
F T 27 e R SE A A 381, 3 TR 2 B A 7E
BRAGE R AR RAEZEE. (AR
0 8 0 AT BNl ok 1 B B 1 S e iE B L TROR 75
Stpl (Trire2:47710)E A W% 28 ). FEJSAE
HLIRATE R Stpl, & BULE LA £ 45 2 Mk
RIRE IR, Astpl 87 RIET 4 Z 18K
S Je L At TG 7 54 R U S0 UE B 1o R B
HRAGHEW I EN, WX 4R
it 5 DX R AR AR , 3 T AT DA v £ A K S A
Britbz Ah, W] AR 25 A6 0 A T2 40, 1
UNTE TS 21 2 28 Tl 7 LE S R Hh B IR 5 A% 33 T Ui
) G & 1. cAMP Fl MAPK {5 5@ 2%, 1A K
07 W BT BAOE ST K B, FE R R ) A% 38 2ok
MAPK {5525 53] T 21 4 R B R 1Y 5 it
R, IF B HLECOR & H Y 3 4~ MAPKs 2 (13
T TH%E, KFL TMK2 Al TMK3 Y25 T 4 fifg ke
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SEHREPEMZERE, Tmk3 B35 mBE Ry,
Tmk2 12 5T IR, HRIH T 24 R B A
AIFEIEEY T Tmk 1 25 25 2 R WP WA TR 702
R FRAT T 4 1 T /% T MAPKs 76 HL[CREEF
ERBIE R ER], HABT T X HES
WA TG, AT B = 21 4 3R WY 5
IR vp 41 4 22 il 22 LR 1 3R 8 32 e s I 1
PR, KR S PR e ok A AR B IR 5 T )
1R 5T, DT R 21 4 2R il 7 A= YT s 4 ol
PN . CAEHGE RN 2 /FEAE 4 AN IE s+
Xyr1P o Ace2PH | Ace3®’!| Hap2/3/5P°) K 2 4~
TP RN F CrelPHil Acel IS HeFgE R
M . BE KB 4 DBOE R T 455 80
Zn(1)2Cys6 RVBEFR R L5, 1 2 Dl s A
%%iﬂjijﬂ Cys2His2 BUSFE 454 o X SLPEFR 454
1 255 B A 2 R L R B oo A SR
ﬂﬁmﬁlw, e 2. JE i B B PR s RO R
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Figure 2. Functional modules in cellodextrin-induced cellulase production in fungi by cellodextrin-transporters.
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*2. ERABPEREATFEAHZBERGSMS
Table 2.
responsible for cellulase expression in Trichoderma

The binding sites of the transcription factors

reesei

Transcription factor Binding site (5'—3’)

Crel SYGGRG
ACEI AGGCA
ACEII GGCTAATAA
Hap2 CCAAT

Xyrl GGCTAA

3OARGHEFUMBENST AT
B B AR 9 5

LT Y R WA PR AR gE R R, &k
PR PR BIR R b, o4 4 R I
DT 7 5 ) 3] 2 24 25 Tl Y AR RO . o TR
Xof AR BT £ 4 R e A RCR LI /D 2 4 2 g
T, SCHRIGE AT DR P A ALV 00 sl 25 0 35 ik
RBRIER P AR RN, T, BT E
TS A 00 RN A il 2 1 TS e vT DA R e Tl
VIS & SN (SR R I AR N e e =73
WAL IR LA K JAS B[R], ) 24 1 A8 Tl 45U 1
Mo B, il i 8 i AR R I X e e &
WA TR, DT A 25 v AR SO 2T 4 25 il i 3k o
AR ERE SR 7 10 . SR, U A 5 5
RIRIER D . AR, BEEMR A LB IR
Cel7A(TrCel7A)H) CBM it , FIF st fns s
B B il 45 2 A, AR BR e ™
PRI 2013 45, 2525 VTT BRMEZA T K @
AR CBM S | 2 NI F IR AR Y31 M
Y32 MBI, SR s AT 2R Al IR
% E UC Berkeley MF}#ZFATTEEE Energy
Biosciences Institute ) %% By &, 2015 4F & B
TrCel7A CBM (1) Q2. H4. V18 F1 P30 A nl G2

i AT, 2016 4 1 = RAER(V27E . P30D
1 Linker)Z€ 48080 /0 T AT 2R 19 AE 7™ H P B,
RIS, AR 2207 W B A BLEROKR % CBHI 1Y
CBM X JE#E T AN [A] i LR s b AT MRS, 1
il CBM KA G HLfF, 45 K B CBM 21 HLfif
FIRY AL S ARt 2T 24 2K ) R e 05 e A T T A
H B K 3R).

1E 20 el 80 4FAR, WFSEA A KEL, 1EEH]
B RGP AR TTLF e R, FEE KR T
Mt BV 5% B D R RS2 PR L A A R
T T 8IS o 3 [ e Aok fe ) TRAL B A 5 ok
WA R, JFEIMAT B-A AT
il LA U/ 1 2 OB B e R IR, AR
5 WA BAAE B FOR B vh S SR8 1ok A T PR i
B B-HIAIVET G, R LCEHE A T RIE R4
w BEIRT A AR I R R 4R S AT
AERWEOBEIVE RS T, DUBI S BLLr 4E R s
BORBIRER o b2 Z0 R E ST 2% Rl S dn o
HEAL MR T B A K R A [T, 38 R I — R LT 4 R
it ) 25 1 T AP R R R BT 4E 2R . 2002 4,
Saloheimo 457E B[R AT R BT —Fh & A AHY)
Expansin ZERUFS GBI, ISHERIRE], #%
AT A SRR AR LT AR 454, (HAN ™ A2 iR i b
iy 44 1% % 11 R I K I - (Swollenin) o 52 56 jiF HH
Swollenin A FERGAGHE . LLIARUHEFIH 0 A i I8 A 1%
LR FRAA, Hor W LT e RELIR 20, X%
B Swollenin &5 [ ] BE ) W £T 4 2% W) 21 4E R kA7
R 2008 4F, HRARFRENAAA UG &,
TEH RAEPILH HIM 3 12K expansin FEH, 4
F2 A eell | eel2. eel3. A& Swollenin, EAT]
WA B LAY CBD 45443, %4 Expansin C
Kumf) CBD &My, HEZEMMeEEARS
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Expansin ) J¥ 5] — 8P 8 8] 25%-30%, b5
Swollenin FYJ—&E(20%—22%)ik B, [HIE, %
JUANE A ZhRE B R ATE 2, 2003 4, Foreman
FRMA 2 AN AT LU A 27 4 R B — i 5
S, It ELURBhET 4k XA BT 27 4 A T A
fift. X 2 MRS BIgM 4N CIPL A1 CIP2™,
i 2B CIP1 5 24 M AE 45+ A AR, CIP2
J&T CE15 ZKIGHHIZERRERNE . 2009 415 fiim
RN AR AR R, SR RGN R RS T
Xt RARA S 2T 4 % A /K e . 5 27 4 i
o O3 [ A it v 2 4 25 il o A e ) vy e EL A LR
TR SCIR S 20l B 18 2 T (LPMOs) 1Y 2 B
Hob i BAC AL R AAI(Z HITFR GH61). 24E1]
S g R 4 M EAE R, @A T
T R B 5 ) s B Gk o i it vl R 2 o i
M 2F 4k — WA CDH 8/ Bd J5 41 He dndt
PR TE ), AA9 M2k | EYI+ Cl .
C4 5 C6 AR FIFAEIE L i+ HE S [FIEH
NAR I HRERIR 2 S EBOE HEATRE
AR FLAERMEAIERT 70 ST P oA,
AA9 FT LIy Ry =P, TR I AR 10 A, 4
FREAIAY AA9 AT AT 2T 4 K (0[] 5 o7 o He
Frafb. BACRUL, TR I A £ 2R C1 AR
Ui )F1 C4 (ARIE A S ) AL L 53531177 A T W T TR AT
4- i BE A A B R Y X A ISR . I L) 2
Ak C1 RN C4 Ak, A OB IR A 4- i
T A EZERETT WLE(S A F] 2010 4E4RIE,
FEHCFREE SRR GHO1A 7EH R AT h &
ik, KIEMFLF4ER YR, 54 T & 3 2F
YRR —2F BB AR K AR
HRARERIE T AFGEYRER AAY, LIS
AT NIRRT, RINEEER T IR
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Gl AA9 55 H AR B2 27 4k R Wi bl ) A0 R 25 S
ROCBETS K32 o X EEAIT [ B sl SN A1 il
FhBhEB W EIREIKIN T AA9 FRES L 4ER
SR AT, B XA YE R A B
T ENEEN, I T LT YR R RS 2T 4 R SR IX
Rtk N, i —SeSNEE A Esin, A B
T RIAHERM A AN, R E, W=
TR AR A 77 A

4 LREWATELERFHEA

ARITEAL, KRILF e R AEYIRE R, #
RECTH 5 65 AT 20 it . Horp, — 5 TR
SRR SR A R 220K Bl o A e Ak
FREFER L, NITKE A SR A w AR 72 )
AN Ol S — 5, R E AR AR
BRI E A LAt i i s . 2 =4k,
DRI R A I e R A T A1 T g 6% Bt ) T sk 26
Yok ek N JE IR JEAMESE A BT, Mk, 2
ARER AR T SRR AR AEY), AR A ™
B MEIE R A 5 2, TR RGE, 2R BT L
B =T W R A = DN S S S e R
6(IL-6), FEALSLHNER Pl TR B s ge R, A
B A M A T i R A A T RERY, (AR IEPE
IL-6 7= it Je AR/ NI (e /K1) , i s fif i 3
DRI Bl B0 5 3 P TL-6 (P 4R T 200 175,
{EETEHEARARAE, 200 5 mg/L™, SEEXFIK
PRI, — AR 2R BT R
R VP AAE R R IR, DR AR 2k
(MG R 1 — R R A . Ry T Rk A [
MA WG E A T 8 R B R R 1 T AR
BAMRS, EEAOBILYRMEDRERE
IL-6, &G 5-15 505, fERERAREH,
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T H AR EASIBEETT . YRR E
UG RS B N B R SE, Nigse
AR B T T S R DR T A A 7 B w55
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Table 3. The production of heterologous proteins in filamentous fungi
Strains Heterologous protein Culture conditions Production level/(g/L)  References
Trichoderma reesei Calf chymosin Fermenter (10 L) 0.040 [88]
Glucoamylase P Shake flask (50 mL) 0.500 [89]
Endochitinase Shake flask (500 mL) 0.130 [90]
Laccase Fermenter (20 L) 0.230 [91]
XynVI Shake flask (50 mL) 0.172 [92]
Cinnamoyl esterase EstA Shake flask (50 mL) 0.033 [93]
Xylanase I1 Shake flask (50 mL) 0.500 [94]
Aspergillus nidulans IL-6 Shake flask 0.100 [83]
?;i etz i;’el”;e’gflee:l ) IL-6 Shake flask 0.150 [95]
Aspergillus oryzae Manganese peroxidase Shake flask 0.005 [96]
Trichoderma reesei Xylitol Shake flask 13.200 [85]
Trichoderma reesei Erythritol Shake flask 0.005 [86]

http://journals.im.ac.cn/actamicrocn



1244

Yi Jiang et al. | Acta Microbiologica Sinica, 2017, 57(8)

%

(1]

[2

—

(3]

[4

—

[5

—_

[6

—_

[7

—

(8]

[9

—

[10]

[11]

[12]

% 3wk

Wang MY, Li ZH, Fang X, Wang LS, Qu YB. Cellulolytic
production hydrolysis
second-generation bioethanol production//Bai FW, Liu CG,
Huang H, Tsao GT. Biotechnology in China III: Biofuels and
Bioenergy. Berlin Heidelberg: Springer, 2012: 1-24.

Garvey M, Klose H, Fischer R, Lambertz C, Commandeur U.
Cellulases for biomass degradation: comparing recombinant

enzyme and enzymatic for

cellulase expression platforms. Trends in Biotechnology,
2013, 31(10): 581-593.

Gu FY, Chen CY, Shi JJ, Qian SJ. Advances in cellulase and
its development tendency. Journal of Microbiology, 2008,
28(1): 83-87. (in Chinese)

U, BRI, O, B, SF4ERMERVIIT RS
KIERAR. APt i, 2008, 28(1): 83-87.

Sanchez C. Lignocellulosic residues: biodegradation and
bioconversion by fungi. Biotechnology Advances, 2009, 27(2):
185-194.

Gusakov AV. Alternatives to Trichoderma reesei in biofuel
production. Trends in Biotechnology, 2011, 29(9): 419-425.
van den Brink J, de Vries RP. Fungal enzyme sets for plant
polysaccharide degradation. Applied Microbiology and
Biotechnology, 2011, 91(6): 1477-1492.

Wong DWS. Structure and action mechanism of ligninolytic
enzymes. Applied Biochemistry and Biotechnology, 2009,
157(2): 174-209.

Martinez D, Berka RM, Henrissat B, Saloheimo, M, Arvas M,
Baker SE, Chapman J, Chertkov O, Coutinho PM, Cullen D,
Danchin EGJ, Grigoriev 1V, Harris P, Jackson M, Kubicek CP,
Han CS, Ho I, Larrondo LF, de Leon AL, Magnuson JK,
Merino S, Misra M, Nelson B, Putnam N, Robbertse B,
Salamov ~ AA, Schmoll M, Terry A, Thayer N,
Westerholm-Parvinen A, Schoch CL, Yao J, Barabote R,
Nelson MA, Detter C, Bruce D, Kuske CR, Xie G, Richardson
P, Rokhsar DS, Lucas SM, Rubin EM, Dunn-Coleman N,
Ward M, Brettin TS. Genome sequencing and analysis of the
biomass-degrading fungus Trichoderma reesei (syn. Hypocrea
Jjecorina). Nature Biotechnology, 2008, 26(5): 553-560.
Peterson R, Nevalainen H. Trichoderma reesei RUT-C30 —
thirty years of strain improvement. Microbiology, 2012,
158(1): 58-68.

Cherry JR, Fidantsef AL. Directed evolution of industrial
enzymes: an update. Current Opinion in Biotechnology, 2003,
14(4): 438-443.

Fitzgerald AM, Mudge AM, Gleave AP, Plummer KM.
Agrobacterium and PEG-mediated transformation of the
phytopathogen Venturia inaequalis. Mycological Research,
2003, 107(7): 803-810.

Ozeki K, Kyoya F, Hizume K, Kanda A, Hamachi M,
Nunokawa Y. Transformation of intact Aspergillus niger by
electroporation. Bioscience, Biotechnology, and Biochemistry,
1994, 58(12): 2224-2227.

actamicro@im.ac.cn

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

(24]

[25]

Davidson RC, Cruz MC, Sia RAL, Allen B, Alspaugh JA,
Heitman J. Gene disruption by biolistic transformation in
serotype D strains of Cryptococcus neoformans. Fungal
Genetics and Biology, 2000, 29(1): 38-48.

Michielse CB, Hooykaas PJJ, van den Hondel CAMIJJ, Ram
AFJ. Agrobacterium-mediated transformation as a tool for
functional genomics in fungi. Current Genetics, 2005, 48(1):
1-17.

Hinnen A, Hicks JB, Fink GR. Transformation of yeast.
Proceedings of the National Academy of Sciences of the
United States of America, 1978, 75(4): 1929-1933.

Ballance DJ, Buxton FP, Turner G. Transformation of

Aspergillus  nidulans by  the  orotidine-5'-phosphate
decarboxylase gene of Neurospora crassa. Biochemical and
Biophysical research ~ Communications, 1983, 112(1):
284-289.

Gruber F, Visser J, Kubicek CP, Graaff LH. The development
of a heterologous transformation system for the cellulolytic
fungus Trichoderma reesei based on a pyrG-negative mutant
strain. Current Genetics, 1990, 18(1): 71-76.

Wang FZ, Liu KM, Han LJ, Jiang BJ, Wang MY, Fang X.
Function of a p24 heterodimer in morphogenesis and protein
transport in Penicillium oxalicum. Scientific Reports, 2015, 5:
11875.
Lazo GR, Stein PA, Ludwig RA. A DNA
transformation-competent Arabidopsis genomic library in
Agrobacterium. Nature Biotechnology, 1991, 9(10): 963-967.

de Groot MJA, Bundock P, Hooykaas PJJ, Beijersbergen
AGM. Agrobacterium tumefaciens-mediated transformation of
filamentous fungi. 1998, 16(9):
839-842.

Sugui JA, Chang YC, Kwon-Chung KIJ. Agrobacterium
transformation  of

Nature Biotechnology,

tumefaciens-mediated Aspergillus
fumigatus: an efficient tool for insertional mutagenesis and
targeted gene disruption. Applied and Environmental
Microbiology, 2005, 71(4): 1798-1802.

Qiao JJ, Liu W, Ma Y, Wan Z, Li RY. Agrobacterium
tumefaciens-mediated transformation of wuracil auxotroph
Aspergillus fumigatus is an efficient method for target gene
knockout. Journal of Peking University (Health Sciences),
2008, 40(3): 330-333. (in Chinese)

Fedt e, XU, D, T, 2. HOEARAT A TR
i Ep iR e o S N (U E S O R | AN
M (EE24HR), 2008, 40(3): 330-333.

Wang JY, Li
genetic transformation of the phytopathogenic

HY. Agrobacterium tumefaciens-mediated
fungus
Penicillium digitatum. Journal of Zhejiang University Science
B, 2008, 9(10): 823-828.

Xu J, Li JE, Lin LC, Liu Q, Sun WL, Huang BQ, Tian CG.
Development of genetic tools for Myceliophthora
thermophila. BMC Biotechnology, 2015, 15: 35.

Ma L, Zhang J, Zou G, Wang CS, Zhou ZH. Improvement of
cellulase activity in Trichoderma reesei by heterologous

expression of a beta-glucosidase gene from Penicillium



WEE | UEYIEL, 2017, 57(8)

1245

(26]

[27]

(28]

[29]

(30]

[31]

(32]

(33]

[34]

[35]

[36]

[37]

[38]

decumbens. Enzyme and Microbial Technology, 2011, 49(4):
366-371.

Wang DY, He D, Li GQ, Gao S, Lii HY, Shan QS, Wang L. An
efficient tool for random insertional mutagenesis:
Agrobacterium tumefaciens-mediated transformation of the
filamentous  fungus Aspergillus terreus.
Microbiological Methods, 2014, 98: 114—118.
Mullins ED, Chen X, Romaine P, Raina R, Geiser DM, Kang

S. Agrobacterium-mediated transformation of Fusarium

Journal  of

oxysporum: An efficient tool for insertional mutagenesis and
gene transfer. Phytopathology, 2001, 91(2): 173—180.

Penttild M, Nevalainen H, Ratt6 M, Salminen, E, Knowles J.
A versatile transformation system for the cellulolytic
filamentous fungus Trichoderma reesei. Gene, 1987, 61(2):
155-164.

Sternberg N, Hamilton D. Bacteriophage P1 site-specific
recombination: I. Recombination between loxP sites. Journal
of Molecular Biology, 1981, 150(4): 467-486.

Sauer B. Functional expression of the cre-lox site-specific
recombination system in the yeast Saccharomyces cerevisiae.
Molecular and Cellular Biology, 1987, 7(6): 2087-2096.
Wieczorke R, Krampe S, Weierstall T, Freidel K, Hollenberg
CP, Boles E. Concurrent knock-out of at least 20 transporter
genes is
Saccharomyces cerevisiae. FEBS Letters,
123-128.

Forment JV, Ramén D, MacCabe AP. Consecutive gene
deletions in Aspergillus nidulans: application of the Cre/loxP
system. Current Genetics, 2006, 50(3): 217-224.

Steiger MG, Vitikainen M, Uskonen P, Brunner K, Adam G,
Pakula T, Penttila M, Saloheimo M, Mach RL, Mach-Aigner
AR.
(Trichoderma reesei) that favors homologous integration and
employs reusable bidirectionally selectable markers. Applied
and Environmental Microbiology, 2011, 77(1): 114—121.

Jiang BJ, Zhang RQ, Feng D, Wang FZ, Liu KM, Jiang Y, Niu
KL, Yuan QQ, Wang MY, Wang HL, Zhang YM, Fang X. A
tet-on and Cre-loxP based genetic engineering system for
convenient recycling of selection markers in Penicillium
oxalicum. Frontiers in Microbiology, 2016, 7: 485.

of hexoses in
1999, 464(3):

required to block uptake

Transformation system for Hypocrea jecorina

Hsu PD, Lander ES, Zhang F. Development and applications
of CRISPR-Cas9 for genome engineering. Cell, 2014, 157(6):
1262-1278.

Zhang H, Zhang JS, Wei PL, Zhang BT, Gou F, Feng ZY, Mao
YF, Yang L, Zhang H, Xu NF, Zhu JK. The CRISPR/Cas9
system produces specific and homozygous targeted gene
editing in rice in one generation. Plant Biotechnology Journal,
2014, 12(6): 797-807.

Wu YX, Liang D, Wang YH, Bai MZ, Tang W, Bao SM, Yan
ZQ, Li DS, LiJS. Correction of a genetic disease in mouse via
use of CRISPR-Cas9. Cell Stem Cell, 2013, 13(6): 659—-662.
DiCarlo JE, Norville JE, Mali P, Rios X, Aach J, Church GM.
Genome engineering in Saccharomyces cerevisiae using
CRISPR-Cas systems. Nucleic Acids Research, 2013, 41(7):

[39]

[40]

[41]

[42]

[43]

(44]

(45]

[46]

[47]

(48]

[49]

4336-4343.

Liu Q, Gao RR, Li JE, Lin LC, Zhao JQ, Sun WL, Tian CG.
Development of a genome-editing CRISPR/Cas9 system in
thermophilic species
application to hyper—cellulase production strain engineering.
Biotechnology for Biofuels, 2017, 10: 1.

Liu R, Chen L, Jiang YP, Zhou ZH, Zou G. Efficient genome
editing in filamentous fungus Trichoderma reesei using the
CRISPR/Cas9 system. Cell Discovery, 2015, 1: 15007.
Kubicek CP, Messner R, Gruber F, Mach RL, Kubicek-Pranz
EM. The Trichoderma cellulase regulatory puzzle: from the
interior life of a secretory fungus. Enzyme and Microbial
Technology, 1993, 15(2): 90-99.

Gao JF, Wang B, Han XY, Tian CG. Genome-wide screening

fungal Mpyceliophthora and its

of predicted sugar transporters in Neurospora crassa and the
application in hexose fermentation by Saccharomyces
cerevisiae. Chinese Journal of Biotechnology, 2017, 33(1):
79-89. (in Chinese)

EIEDY, BB, W, HEDE SRR E R
i Jok 7L B 2 d B 1 R TR R T OB R B R PR
AW T AR, 2017, 33(1): 79-89.

Li J, Liu GD, Chen M, Li ZH, Qin YQ, Qu YB. Cellodextrin
transporters play important roles in cellulase induction in the
cellulolytic Applied
97(24):

oxalicum.
2013,

fungus  Penicillium

Microbiology  and
10479-10488.
Liu GD, Qin YQ, Li ZH, Qu YB. Development of highly

efficient, low-cost lignocellulolytic enzyme systems in the

Biotechnology,

post-genomic era. Biotechnology Advances, 2013, 31(6):
962-975.

Kubicek CP, Messner R, Gruber F, Mandels M,
Kubicek-Pranz EM. Triggering of cellulase biosynthesis by
cellulose in Trichoderma reesei. Involvement of a
constitutive, sophorose-inducible, glucose-inhibited
B-diglucoside permease. The Journal of Biological Chemistry,
1993, 268(26): 19364-19368.

Tian CG, Beeson WT, lavarone AT, Sun JP, Marletta MA, Cate
JHD, Glass NL. Systems analysis of plant cell wall
degradation by the model filamentous fungus Neurospora
crassa. Proceedings of the National Academy of Sciences of
the United States of America, 2009, 106(52): 22157-22162.
Ivanova C, Baath JA, Seiboth B, Kubicek CP. Systems
analysis of lactose metabolism in Trichoderma reesei
identifies a lactose permease that is essential for cellulase
induction. PLoS One, 2013, 8(5): €62631.

de Oliveira Porciuncula J, Furukawa T, Shida Y, Mori K,
Kuhara S, Morikawa Y, Ogasawara W. Identification of major
facilitator transporters involved in cellulase production during
lactose culture of Trichoderma reesei PC-3-7. Bioscience,
Biotechnology, and Biochemistry, 2013, 77(5): 1014-1022.
Zhang WX, Kou YB, Xu JT, Cao YL, Zhao GL, Shao J, Wang
H, Wang ZX, Bao XM, Chen GJ, Liu WF. Two major
facilitator superfamily sugar transporters from Irichoderma

reesei and their roles in induction of cellulase biosynthesis.

http://journals.im.ac.cn/actamicrocn



1246

Yi Jiang et al. | Acta Microbiologica Sinica, 2017, 57(8)

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Journal  of  Biological 2013,
32861-32872.
Wang MY, Zhao QS, Yang JH, Jiang BJ, Wang FZ, Liu KM,

Fang X. A mitogen-activated protein kinase tmk3 participates

Chemistry, 288(46):

in high osmolarity resistance, cell wall integrity maintenance
and cellulase production regulation in Trichoderma reesei.
PLoS One, 2013, 8(8): €72189.

Wang MY, Dong YM, Zhao QS, Wang FZ, Liu KM, Jiang BJ,
Fang X. Identification of the role of a MAP kinase Tmk2 in
Hypocrea jecorina (Trichoderma reesei). Scientific Reports,
2014, 4: 6732.

Wang MY, Zhang ML, Li L, Dong YM, Jiang Y, Liu KM,
Zhang RQ, Jiang BJ, Niu KL, Fang X. Role of Trichoderma
reesei mitogen-activated protein kinases (MAPKs) in cellulase
formation. Biotechnology for Biofuels, 2017, 10(1): 99.
Mach-Aigner AR, Pucher ME, Steiger MG, Bauer GE, Preis
SJ, Mach RL. Transcriptional regulation of xyr/, encoding the
main regulator of the xylanolytic and cellulolytic enzyme
system in Hypocrea jecorina. Applied and Environmental
Microbiology, 2008, 74(21): 6554—6562.

Aro N, Saloheimo A, Ilmén M, Penttildi M. ACEIIL, a novel
transcriptional activator involved in regulation of cellulase
and xylanase genes of Trichoderma reesei. Journal of
Biological Chemistry, 2001, 276(26): 24309-24314.

Hékkinen M, Valkonen MJ, Westerholm-Parvinen A, Aro N,
Arvas M, Vitikainen M, Penttild M, Saloheimo M, Pakula
TM. Screening of candidate regulators for cellulase and
hemicellulase production in Trichoderma reesei and
identification of a factor essential for cellulase production.
Biotechnology for Biofuels, 2014, 7(1): 14.

Zeilinger S, Ebner A, Marosits T, Mach R, Kubicek CP. The
Hypocrea jecorina HAP 2/3/5 protein complex binds to the
inverted CCAAT-box (ATTGG) the cbh2
(cellobiohydrolase II-gene) activating element. Molecular
Genetics and Genomics, 2001, 266(1): 56—63.

Ilmén M, Thrane C, Penttild M. The glucose repressor gene

within

crel of Trichoderma: isolation and expression of a full-length
and a truncated mutant form. Molecular and General Genetics
MGG, 1996, 251(4): 451-460.

Saloheimo A, Aro N, Ilmén M, Penttild M. Isolation of the
acel gene encoding a Cys;-His, transcription factor involved
in regulation of activity of the cellulase promoter chhl of
Trichoderma reesei. The Journal of Biological Chemistry,
2000, 275(8): 5817-5825.

Wang SW, Liu G, Wang J, Yu JT, Huang BQ, Xing M.
Enhancing cellulase production in Trichoderma reesei RUT
C30 through combined manipulation of activating and
repressing genes. Journal of Industrial Microbiology &
Biotechnology, 2013, 40(6): 633-641.

Ilmén M, Onnela ML, Klemsdal S, Kerdnen S, Penttild M.
Functional analysis of the cellobiohydrolase I promoter of the
filamentous fungus Trichoderma reesei.
General Genetics MGG, 1998, 257(3): 386.
Zhang F, Bai FW, Zhao XQ. Enhanced cellulase production

Molecular and

actamicro@im.ac.cn

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

[72]

(73]

from Trichoderma reesei Rut-C30 by engineering with an
artificial zinc finger protein library. Biotechnology Journal,
2016, 11(10): 1282-1290.

F, B, B, EWE. SYEREGE 4R MRS
B kI FREEHES A, FE: CN1034365424,
2013-12-11.

Wang ZL, Xu JH, Feng H, Qi HS. Fractal kinetic analysis of
polymers/nonionic surfactants to eliminate lignin inhibition in
enzymatic  saccharification of cellulose. Bioresource
Technology, 2011, 102(3): 2890-2896.

Chen HZ, Liu LY. Unpolluted fractionation of wheat straw by
steam explosion and ethanol
Technology, 2007, 98(3): 666—676.
Seo DJ, Fujita H, Sakoda A. Effects of a non-ionic surfactant,
Tween 20, on adsorption/desorption of saccharification
enzymes onto/from lignocelluloses and saccharification rate.
Adsorption, 2011, 17(5): 813-822.

Rahikainen JL, Evans JD, Mikander S, Kalliola A, Puranen T,
Tamminen T, Marjamaa K, Kruus K. Cellulase-lignin
interactions—the role of carbohydrate-binding module and pH

extraction. Bioresource

in non-productive binding. Enzyme and Microbial Technology,
2013, 53(5): 315-321.

Strobel KL, Pfeiffer KA, Blanch HW, Clark DS. Structural
insights into the affinity of Cel7A carbohydrate-binding
module for lignin. The Journal of Biological Chemistry, 2015,
290(37): 22818-22826.

Strobel KL, Pfeiffer KA, Blanch HW, Clark DS. Engineering
Cel7A carbohydrate binding module and linker for reduced
lignin inhibition. Biotechnology and Bioengineering, 2016,
113(6): 1369-1374.

Ryu DDY, Mandels M. Cellulases: Biosynthesis
applications. Enzyme and Microbial Technology, 1980, 2(2):
91-102.

Wang FZ, Jiang Y, Guo W, Niu KL, Zhang RQ, Hou SL,
Wang MY, Yi Y, Zhu CX, Jia CJ, Fang X. An
environmentally friendly and productive process

and

for
bioethanol production from potato waste. Biotechnology for
Biofuels, 2016, 9(1): 50.

Saloheimo M, Paloheimo M, Hakola S, Pere J, Swanson B,
Nyyssonen E, Bhatia A, Ward M, Penttila M. Swollenin, a
Trichoderma reesei protein with sequence similarity to the
plant expansins, exhibits disruption activity on cellulosic
materials. European Journal of Biochemistry, 2002, 269(17):
4202-4211.

Verbeke J, Coutinho P, Mathis H, Quenot A, Record E, Asther
M, Heiss-Blanquet S. Transcriptional profiling of cellulase
and expansin-related genes in a hypercellulolytic Trichoderma
reesei. Biotechnology Letters, 2009, 31(9): 1399-1405.
Foreman PK, Brown D, Dankmeyer L, Dean R, Diener S,
Dunn-Coleman NS, Goedegebuur F, Houfek TD, England GJ,
Kelley AS, Meerman HJ, Mitchell T, Mitchinson C, Olivares
HA, Teunissen PJM, Yao J,
regulation of biomass-degrading enzymes in the filamentous

Ward M. Transcriptional

fungus Trichoderma reesei. Journal of Biological Chemistry,



WEE | UEYIEL, 2017, 57(8)

1247

[74]

[75]

[76]

[77]

(78]

[79]

[80]

[81]

[82]

[83]

[84]

2003, 278(34): 31988-31997.

Zeng W, Chen HZ. Synergistic effect of feruloyl esterase and
cellulase in hydrolyzation of steam-exploded rice straw.
Chinese Journal of Biotechnology, 2009, 25(1): 49-54. (in
Chinese)

RG B, BRI, B R G il 0 2T 2k 3 T AL K ff VR A e v h
AR AR T REA4IE, 2009, 25(1): 49-54.

Phillips CM, Beeson WT, Cate JH, Marletta MA. Cellobiose
dehydrogenase and a copper-dependent
monooxygenase potentiate  cellulose  degradation by
Neurospora crassa. ACS Chemical Biology, 2011, 6(12):
1399-1406.

Kim S, Stahlberg J, Sandgren M, Paton RS, Beckham GT.
Quantum mechanical that  lytic
polysaccharide copper-oxyl,
oxygen-rebound mechanism. Proceedings of the National
Academy of Sciences of the United States of America, 2014,
111(1): 149-154.

Beeson WT, Phillips CM, Cate JHD, Marletta MA. Oxidative
cleavage of copper-dependent
polysaccharide monooxygenases. Journal of the American
Chemical Society, 2012, 134(2): 890-892.

Vu VV, Beeson WT, Phillips CM, Cate JHD, Marletta MA.
Determinants of regioselective hydroxylation in the fungal

polysaccharide

calculations suggest

monooxygenases use a

cellulose by fungal

polysaccharide monooxygenases. Journal of the American
Chemical Society, 2014, 136(2): 562-565.

Morgenstern 1, Powlowski J, Tsang A. Fungal cellulose
degradation by oxidative enzymes: from dysfunctional GH61
family to powerful lytic polysaccharide monooxygenase
family. Briefings in Functional Genomics, 2014, 13(6):
471-481.

Harris PV, Welner D, McFarland KC, Re E, Navarro Poulsen
JC, Brown K, Salbo R, Ding HS, Vlasenko E, Merino S, Xu F,
Cherry J, Larsen S, Lo Leggio L.
lignocellulosic biomass hydrolysis by proteins of glycoside
hydrolase family 61: structure and function of a large,
enigmatic family. Biochemistry, 2010, 49(15): 3305-3316.
Punt PJ, van Biezen N, Conesa A, Albers A, Mangnus J, van
den Hondel C. Filamentous fungi as cell factories for
heterologous protein production. Trends in Biotechnology,
2002, 20(5): 200-206.

Bischof RH, Ramoni J, Seiboth B. Cellulases and beyond: the
first 70 years of the enzyme producer Trichoderma reesei.
Microbial Cell Factories, 2016, 15(1): 106.

Contreras R, Carrez D, Kinghorn JR, van den Hondel CAMIJJ,
Fiers W. Efficient KEX2-like processing of a
glucoamylase-interleukin-6 fusion protein by Aspergillus

Stimulation of

nidulans and secretion of mature interleukin-6. Nature
Biotechnology, 1991, 9(4): 378-381.

Chen X, Liang Y, Hua J, Tao L, Qin WS, Chen SF.
Overexpression of bacterial ethylene-forming enzyme gene in
Trichoderma reesei enhanced the production of ethylene.
International Journal of Biological Sciences, 2010, 6(1):

96-106.

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

Steiger MG, Mach-Aigner AR, Gorsche R, Rosenberg EE,
Mihovilovic MD, Mach RL. Synthesis of an antiviral drug
precursor from chitin using a saprophyte as a whole-cell
catalyst. Microbial Cell Factories, 2011, 10(1): 102.

Dashtban M, Kepka G, Seiboth B, Qin WS. Xylitol production
by genetically engineered Trichoderma reesei strains using
barley straw as feedstock. Applied Biochemistry and
Biotechnology, 2013, 169(2): 554-569.

Jovanovi¢ B, Mach RL, Mach-Aigner AR. Erythritol
production on wheat straw using Trichoderma reesei. AMB
Express, 2014, 4(1): 34.

Harkki A, Uusitalo J, Bailey M, Penttild M, Knowles JKC. A
novel fungal expression system: Secretion of active calf
chymosin from the filamentous fungus Trichoderma Reesei.
Nature Biotechnology, 1989, 7(6): 596—603.

Joutsjoki VV, Torkkeli TK, Nevalainen KMH. Transformation
of  Trichoderma with  the
glucoamylase P (gamP) gene: production of a heterologous

reesei Hormoconis resinae
glucoamylase by Trichoderma reesei. Current Genetics, 1993,
24(3): 223-228.

Margolles-Clark E, Hayes CK, Harman GE, Penttildi M.
Improved  production  of  Trichoderma  harzianum
endochitinase by expression in Trichoderma reesei. Applied
and Environmental Microbiology, 1996, 62(6): 2145-2151.
Kiiskinen LL, Kruus K, Bailey M, Y16sméki E, Siika-Aho M,
Saloheimo M. Expression of Melanocarpus albomyces laccase
in Trichoderma reesei and characterization of the purified
enzyme. Microbiology, 2004, 150(9): 3065-3074.

Salles BC, Te’O VSJ, Gibbs MD, Bergquist PL, Filho EXF,
Ximenes EA, Nevalainen KMH. Identification of two novel
xylanase-encoding  genes (xyn5 and xyn6) from
Acrophialophora nainiana and heterologous expression of
xyn6 in Trichoderma reesei. Biotechnology Letters, 2007,
29(8): 1195-1201.

Poidevin L, Levasseur A, Paés G, Navarro D, Heiss-Blanquet
S, Asther M, Record E. Heterologous production of the
Piromyces equi cinnamoyl esterase in Trichoderma reesei for
biotechnological  applications.
Microbiology, 2009, 49(6): 673—-678.
De Faria FP, Te’O VSJ, Bergquist PL, Azevedo MO,
Nevalainen KMH. Expression and processing of a major

xylanase (XYN2) from the thermophilic fungus Humicola

Letters  in  Applied

grisea var. thermoidea in Trichoderma reesei. Letters in
Applied Microbiology, 2002, 34(2): 119-123.

Broekhuijsen MP, Mattern IE, Contreras R, Kinghorn JR, van
den Honde CAMIJ. Secretion of heterologous proteins by
Aspergillus niger: production of active human interleukin-6 in
a protease-deficient mutant by KEX2-like processing of a
glucoamylase-hIL6 fusion protein. Journal of Biotechnology,
1993, 31(2): 135-145.

Stewart P, Whitwam RE, Kersten PJ, Cullen D, Tien M.
Efficient expression of a Phanerochaete chrysosporium
manganese peroxidase gene in Aspergillus oryzae. Applied
and Environmental Microbiology, 1996, 62(3): 860—864.

http://journals.im.ac.cn/actamicrocn



1248 Yi Jiang et al. | Acta Microbiologica Sinica, 2017, 57(8)

Genetic modification and application of lignocellulose
degrading fungus
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Abstract: Conversion from lignocellulose to biofuel with enzyme hydrolysis will be beneficial for sustainable
development. Most microorganisms used in the industrial production of cellulase are filamentous fungi. However,
isolation of cellulase hyper producing strain is limited by the lack of proven technology on genetic modification of
filamentous fungi and the mechanism of cellulase synthesis. In this paper, recent progress in the genetic
modification of cellulase hyper producing strains are summarized. Specially, we discussed the influences of signal
induction, signal transduction and transcriptional regulation on cellulase synthesis in filamentous fungi. Finally, the
industrial application of filamentous fungi was also introduced.
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