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Research progress in the construction and optimization of an
efficient heterologous protein expression system with
Trichoderma reesei as the chassis
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Abstract: Trichoderma reesei is recognized as the microorganism with the most potent protein
secretion capability known to date. It is extensively utilized for cellulase production and has
garnered significant attention in heterologous protein synthesis. Although notable progress has been
achieved in the screening of expression elements, chassis engineering, and fermentation process
optimization, critical challenges persist, and the large-scale industrial application of heterologous
protein expression has not yet been fully realized. This paper reviews the strategies and recent
research advances regarding the high-efficiency expression of heterologous proteins in 7. reesei.
Furthermore, this paper discusses the limiting factors for its industrial-scale application and
proposes novel recommendations and strategies to enhance heterologous protein yields.

Keywords: Trichoderma reesei; heterologous protein production; high-efficiency expression

strategies; protease

W [C KB (Trichoderma reesei) J& T T 3£ H ]
(Ascomycota). K% & (Trichoderma), +&— Fhig
T2 R B AR B e TR R AR
TR ZE BT 1 TR S o, I Mandels %65
T 1957 AR EH IR B E I 448 QM6a. J& K
I BRI £ AE 2R W5 MR RE 0 A2 B2 G,
P i, H QR EE Tl b R 1Y) £F 4 3% il 4 14 RE
1 ATk 100 /L™, 3o 14 43 A Rk 7 B4
E T ROAREEEYR T EZEAL, I
HAE T FI G . HUR S 5 528 A 7 el 45 52
Sl Ak, 20 AT 60 4EAR, HLRARE WL
B 259045 1R (Food and Drug Administration,
FDA)IE A = i s I 048 2 AP (generally
recognized as safe, GRAS)!®!, HRjC 4= £f 4k &
fitg . ARV . TEMEG . BN . RECHE RN R
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FE, RelRAETR, 7ERRE, ARG GB 2760—2024
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A A P HEL R AR % A 7 B9 8L Al 57 (CFS A
Standards, 2024)"®!,
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A BEFLEE, 2007 4F, Mantyld ZU40 8 H
%3 [ (Chaetomium thermophilum) ) N Y] A S il
ERRARFHRERARE, HTHFERIKYEY
B, S5 R R U] ICORER T H T R A B Y A=
7Ee JEAER, BEE RN g iE R IR R R,
ZR R E AR RRE T IRILGER D), ©
& B- AT B . A RMERE . A D Bl DL S FL
Sl A R A JR o o 25 20

AR L GO B HLA i 1 R AR 47 4k 2 il AE
FERE, EAERNMIT) T HTEHEARN
Ay, HEWNIREEAME, SMESE ALK
Vol HBARGR 1) 7EFI B ORERIE RIRE

*1 FREBEERKEPRIELH

H RSB Be, SR A= R T 1 /L.
P, ZE5E 0 R A% HAR D S DA 1 2R 7 BLAE 7
B A AR AT e TR PR, MR AN R AR
AR N R A R ARSE . ANREE e T
TRy . B BISB Ko a5
AT,

A B A WG R — A2 A Bz 3™
IR AR, DR PR T SR A A L OR g
(G WA WK, BRI FE R T Z R
191 1 3o A 2 SR DR 2 R A SR o
PRI 13334 DR 9 DU ek g R
AR B A3 I 2 43007 I I P P 2 1 )

Table 1 Examples of heterologous protein expression in Trichoderma reesei
Foreign protein Origin T. reesei strain ~ Expression system Yield References
P T SP
Chymosin Bovine Rut-C30 cbhl cbhl cbh1+20 aa 40 mg/L [15]
Fab antibody Mouse RUT-C30 cbhl cbhl cbhl 1 mg/L [16]
fragments
Xylanase VI Acrophialophora RUT-C30 cbhl cbhl cbhl 172 mg/L [17]
nainiana
Cellobiose Corynascus QM9414 cdnal cdh trpC 29 mg/L [18]
dehydrogenase thermophilus
Mammalian Human Rut-C30 cbhl cbhl cbhl 636 mg/L [19]
proteins
a-galactosidase A
Erythropoietin Human RutC-30 M3 cbhl cbhl cbhl 97 mg/L [20]
B-lactoglobulin Bovine M1908 SES pdcl cbhl 1g/L [21]
Ovalbumin Hen M1908 SES pdcl cbhl 2 g/L [21]
B-glucosidase Aspergillus niger QMS53 cdnal cbhl cbhl 17.2 IU/mg [22]
Te-cel7A Talaromyces QP4 cdnal trpC cbhl 0.93 U/L [23]
emersonii
Feruloyl esterase Aspergillus niger RUT-C30 cbhl cbhl cbhl 20.69 U/gds [24]
Mannanase 5A A. niger TU-6 cbhl cbhl cbhl 1204 U/mL [25]
Alkaline Humicola insolens RUT-C30 xynl/xyn2  xynl/xyn2 xynl/xyn2  15.7 U/mL [26]
endoglucanase
Interferon alpha-2b  Human M504 cbhl cbhl cbhl 4.5 ¢g/L [27]
Mannanase SA Trichoderma QM9414 pdc pdc ThMan5A 1.6 g/lL [28]
harzianum
Dye-decolorizing ~ Pleurotus sapidus RUT-C30 cbhl cbhl rPsaDyP 55000 U/L [29]

peroxidase

P: Promoter; T: Terminator; SP: Signal peptide.

http://journals.im.ac.cn/actamicrocn
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PABARAR R F5 2P0, BRI, T E AR
P IR R 4 325 (DEETRIAC
PF Ry 1E 5 004k, DT B T+ e s R B IR KO
Q)X FIR A FATEGE , Wl e E SRR
F . Rk Al . oAb F g Ao Wi A AH
KEN, #— 4w I H R E I
RO, [ af O = MR e A e s Q)i & 1%
A, R R R R S EON A — D 4R
AW QU157 Wl | 7 T N 3 = N
3 A7 2R S H L COR R 7 5 IR 1 R 5A8 M
AR T OT ) FER N, IR he &AL H
HI T Im B PR b, 456 N T8 fig(artificial
intelligence, AD)FE AR €l & I BLAR , X AT Hff
BB R g AT B G50 BB HROR & e, DI
H BRI AR & it it 2%

1 RA T LS g

1.1 BaiF

A SR SR B E T, AT HE RNA
KA R AIREE A, oE FEPTE R SRk
S )R FE ks ) A RO B, HLIGK
B AN R PR R GR T T B A 3l 7 M 4l 2 PR e 5
FERLHN AN [] A] 532k 2H B RS (constitutive) 5155 7

#R2 EHRBIT

Table 2 Commonly used promoters

I (inducible) H K250, 20 0 f5 3 7 ELA sk
FUE G SR IE M, FLERIRIKE AN A2 I B IR B
sk TR W, 522X, HSREE 3
TR TR s, "Rier4edR . MmE .
FLWE S Z MO s T, I 32 4 A AT 4 i
P2 e L RCOR B B b AT B
Ketkgadh, wTSCEE H bR EE R s Ak, W A
Bl SR ST LR 2.

B R IB R BT Pons /2 RS
O I B RO N = Wi R A L S
30 R 8 AT AN 0 A ST TR R 45 S S SR
i ACE2. HAP2/3/5 Fll XYRI 21 Zou 21
XF Popns JA S F AT, H4 % sAMHIH -+ CREL
FR) 485 4 IV 5 R 3ol HAP2/3/5 K S50 TR 1
ACE2 W45 A i, 4R, EiHFHHRE
W, BGE S 1Y Pepnme i 319K B 1Y 4% (56
RGN BB AR Py $205 1 5.5 % FEH0HI
BRI HA BT T 7.4 6%, WonB B ENE
IRHETRACR . Sun YRGS BT Poyy AFEIA R
a0 H 25 SRR, K Pogny 119 3 1~ CREI
(5'-SYGGRG-3"45 & i & & # 5 1 4~ ACE2
(5'-GGCTAATAA-3") 45 & i 15 Fl 2 4~ HAP2/3/5
(5-CCAAT-3") 455 5, Ff# 8 1~ ACEI (5-A

Promoter Source gene Type Induction/regulation mode Expression References
intensity
(relative)
P Cellobiohydrolase CBHI/CEL7A  Inducible Induced by cellulose, lactose, Very high [43]
cellobiose, etc.
P.pi2 Cellobiohydrolase CBH2/CEL6A  Inducible Induced by cellulose, lactose High [44]
Pegi2 Endoglucanase EG2/CELSA Inducible Induced by cellulose Medium [45]
- Xylanase XYN2 Inducible Induced by xylan High [26]
P Pyruvate decarboxylase Constitutive  Stable and continuous expression Medium [28]
Popar Glyceraldehyde-3-phosphate Constitutive  Stable and continuous expression Medium [46]
dehydrogenase
Peinar cdnal (unknown) Constitutive  Stable and continuous expression High [18]
P.unipa  Modified from Py, Inducible Induced by cellulose, lactose, Extremely [47]
cellobiose, etc. high

P4 actamicro@im.ac.cn, 7 010-64807516
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GGCA-3)45 G L ¥ B oy ACE2 455 i ki,
BT 2R BT Pepnsea, FRAF 097728 9 BF AR Y
Py 19 3 5o

I RS A B AT o, AT
B AR T B AR R FE s, e e at
SR, 3% S SR WS AR Tl O A A I s L ik
FIWROR o e oKE R IR &5, TR
B Z G, RS EOR E ar S N E N
WA R, KR R AR B E RN, ST
AN KIS = A AR 220N R, X
PR S, R S TR AL I AR R AlE SR
BRSBTS AERIARE ) 5 0 e Z (]
ErEzI i DLE TP
1.2 55K

{55 M2 T A 1 OB N i Y —
B ik, A8 A 22 ke i A R oo, st
I3 IAIARAE T A TR ) O 1 2 0 B i
S I R0 NG K S 3 ERE 0N 3711 SN 1 (e e =
JRAF LA IE 84T & 0T 8 I R A g Y fERE
B 22 R AEFLSh A b, SR fE Sk
A ATE S A Uk 73 SIS E SV S SN Y
FW, HERE BRSO W 2R S kS &
I s L 2 18] B s BE DR R e A 1, 98
111 H N FE S FHILHIE A i A A 21 78 40 T PO

1o 2 3K PN IR £ 4 2R [ A0 £ 4 R K il
fiff 1 (cellobiohydrolase I, CBHD)HI {5 5 IKE #%)
2T 515 R A B A B ROR & /Y 20 W ik
BE MR R, 55 B R e T
HARIR S, 5 R4 A [ 0y 5 08 B bs 2 1 24T
xRl . T SRR HLICR R | M i A
(Aspergillus nidulans) 12 i1 %5 (Aspergillus niger)
3BRZIRE R 252 XA RME T IRERFE KB R
Koy R 15 KAy, bl 17 2R 751
My e DL Rk &, AR — BRI i R
S E R IR B YT B-1,4-H 2R A, 25 W
N, BIRKE Cel74A 755 INRIAM G iy, /&
i i CBHI {55 IKAY 3 %, 4RI, X —45iek
W38 BT HAL SFUR 11 . Rantasalo 074G T

4 B 5 5 W T o W B BE IR B B (Candida
antarctica lipase B, CALB), H i 55U o- 7€ #y il
(a-amylase-SS, AaSS)f5 5 MK F AL T H A5 5
Jik, HE7 A M A1 AR 8 4 [ CBHI/CBHI i
3.6 %5 i 1 CBHI/CBHII 9K 5 it #5 ik S 5L
5o IRYIEIANSE A, AR R ik BRI B A
JER CALB 74k, b2k nl AE 5 & B iR T
&, fil % N T M AE SCRE f# (endoplasmic reticulum
associated degradation, ERAD)FF-F#AK = & .

gE LRI UL, AR5 IR M e 2 52 B R B SR
MIRZ , XA REE T AW R R 2P
Mt L B0z T AN R GOIRAS & A8 4k,
ET R P B LN T HE R B R R S
o P, 55 Ra LR e A 48 Bk %
FELRMFAR B 53 R G B G o
1.3 FEExRE

e W ROR R th b AT S AR AR P2, RS
BeJA B+ W SR AN, e —Fh A8
AR R m A T R E Sk,

Myl G FRIBBUR IS I R RN 2 —,
R FEE D IR R S R IR
G, SRR A RCE B, TERIK
ARBEHVE R FH A3 Wb i e s M 2 4E 258 CBHI AR Ny
AlaRIsTol, HHEG 2 SRR N 3wl
SR WO, MEHA, @it E CBHI-R
EREARAEARC RRIE T2/ EA . Flhn,
R FHZ K W i ZKs Fab HUiR B B e L RARF
(7= o F2 T 50 5 LA PR ok 0 e i ) R
(obestatin) (—Ff1FH 23 N HERR A B TR/ INIK)
(775 24 300 ng/mL #2553 5.5 pg/mLBY,

A CBHI 515 1 2R MR R LK
AReghpyRis, e & RS 17— =7,
B Tl RO MRl G oo i e 9 ik
481 NEEEWR), SWEFEHINFLEKE, 2
mRNA FaEM:, HAF T Wb is i #AE S s 2L
HAT AR, SRt o h 2R H AR 4t
K CBHII [ N i 21 4k 2R 25 & 45 # 3k (cellulose
binding domain, CBM) LA J2 H & KM 1 (ManSA

http://journals.im.ac.cn/actamicrocn
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3 MAND L Z5#8%, Hh CBHII B9 CBM J&
H i C 0 02 2 55 5 AR 11 238 40 W6 1Y) e 1 4K
Al IR EARALG R BT B
Gy, BJEZEIE o T maifb el B AT
T TR 2R, M4 s =l AL eAs .

2 BEEXRAKE

21 ERBEEFEREB

T 2 2R TR0 2 21 24 2R e L IR B 0 W R
F b s HB S 90%, BT S AMNRE 5
BIPR S b e, s hn T R i sif o xEE
JEARION, Chai 251 B Rl 1 T B i 1 S
R P R G M K HE H 9 (clustered regularly
interspaced short palindromic repeats associated 9,
CRISPR-Cas9) AR, 454 uras trid MR SE,
X LR 11 > LT YR R AL (45 cbh2
egll . xyn2. bgll 5547 % 22 I0 IR 3 H ml B
T N HLATL 3 HLALL /) — R A & Bk
U A R R T SR R E R T 52%; 7RI
BLtili b, A cbnl 525 3 TS RIB AN AR
Wi fiff(bacterial xylanase, XYL7). ELE& %815
F (potential pharmaceutical protein, LZ8)F1 A Il
H & H (human serum albumin, HSA) 3 # 5 il £
F, ST R B E T

I R 5% S 2R R R A, 3 W R P 2 B
Jash 73k, 18 A ACIHIBH 1 (carbon catabolite
repression, CCR) #I il &5 &t & (1 fy 7= 4D,
Rantasalo 5507l 1o & i #6354 7 G0 76 i A M8 3%
SRR, I BR 32 B AT 4 K g L A (ebhl
chh2. egll. egl2), SLPL T 75 50 8 H K IF K
ik, 2l HbniE AR B2 75%

JUAE 3R 5 VA AT SEE S S AR Ry ER A
i, AHHBREE E A o W R B B UK o X
s R A R R Z 2 S . B, 4
AR N A B A S 22 0 T, SO IR
A JC R 52 4 U AT 48 25 A 1 I T3 b ik
1, ZIRFFEIIESE T X —H 410,
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2.2 HFIFIEHE

B SR A SR AR AR T R R A O T A
M, BIRREE AR T 29 700 45 s A
T, EEE H i O i D F0 20 5% 5 T 1 D RE
PEAT TSR X S K £ 0 ZnyCysg Al
RPN T, A — RSN Co FETE 4510
DNA 56380 S —A~ B RRAEPE 19 5% S 12549
S, A LR R IR sk - 25 R B D) g
NI, (0 C A 5T 2 B X — &5 R 0]
BRI CE T, #WE G S Ho R i A
(R A 2RO

Sun A5 i p Rk HL GRS P pS3 BERE A
T vibl, WETAGERBEAT . HIMEA
il 75 M AR 70% DL A Avibl 15 5 LA cdnal
JAslFIKE, P VA AR B- b
(B-D-glucosidase, BGLA)J& , Avibl fii F7E FLbE
R SRR 2 BT A QMS3 15 B4R E 17%, H
SDS-PAGE £53 /R 5 5tdk 1 b kL
THTE 30 °CAEHL 4 A J5, WG JL-T- ek,
QMS53 R R KM 60%; HeAh, Avibl AJE
H:Z%1k BGLA J5 ) UPR/ERAD A 56 3t R 4% 5 7k
SR KT QMS3, R H I 7 I I U
o LREERERM, FHRNF vibl BERIR G
BRI [ B 1) 555 2T 24 2R kR B i 5, ARAS R
KIEE . AR JIR . FUR&E ™ 5 m B RoE
PEAR I v Rk, N TR A4l fb il
SRR ZH B PR T R

Wad P XYRL. CRED 80 K 0]
FEUEVRE R S FiE Pk, N AS BRAR Y Rk ik .
fian, A8 Xyrl AR R (XYR1-A824V) ) 41 i
HUFIR TS xynl Fl xyn2 J5 S F LB E K. A
WA Rk, BEA 2T & 50k SR pfif
F, Mt K BR > T3 5 8 Y 4 e
CRE1 & A" AR 1 BELIED (4 A2 00 e S ol PR 1~
TERIRIBEFE R B L DNA 25488 5 80 38 H s 3 1
FAEE A, NI G2 4E R B A () Rk, A
A7 B AR . AW O B R R R S AR
RSO B 2 T T A e e B E A
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AR IR 2 ik, Sk A AR
AR BEIE S ] IR AT 2 R RN, RAS Al
E H@E EI [46,67-68] S

JUAE G S R 7 TR T 3 e 0 T A 2 A
5 5 4 W IO T TN 8% R 4 L RO 85 1) S D B 1
FERW T, (A SZ BT i SRR I 2% 11 5 A= 1 A
ZREME . INTRER 5 4 BN SR A S R R
B — T S5 R s D SIS 7 A B 3 S
SRR DI — RBE 5K T S A 4 e S 0 W
Btk . shsTRis L2 4 EaAgs A, il
SCHUSFIREH MR, FRERE.
2.3 [ERAINEREEX FIEEBRIERE

X HL G AR 2 QM6a 1143 Wb B 4124 43 BT 4
B, HRG R BB ol S50 23k 39 Far i Al
H BT, BFIT RN, SO AT AR P R A
SERPERR A, A OCHE S B UESE 8 A S PR S
21 R VR B BRAICAT AR R IE 2 5 PR 7 A
h IR A B A i R P G R T

Landowski 252758 F % 4 B I e s s, 1
i A R ATE slp7. amp2 SEAENAY 9 4> T H
BB, BT T4 & o-2b (interferon-
alpha 2b, IFNa-2b) (™™ 5 M 0.2 g/L 15 2
24 g/L; 7 1 L KRR RIUAL T 40 70 98 iR &1k
EEBMK NG, e LETE 45 gL,
Sk % fifk A 11 IO B AR S VR AR T A VR A R A R
K, Chai ZFUMH Bk T 2 (1 8§ 05 N T Peal
(tre123125), JEHs HL QAR I A1 o 1 s 1
KT 52%.

JiL 42 A TR R e L ECOR 5 57 U B 2k
M) FEZER N, G AR 35 57 5 R = 40 e o 2%
PERE U, R, wl S B R A
REAIR AV /KT B ) A TR T AR T
BA H WAR AR Ty ), A R R 37 R AT A
PR . BRIRREMEAMKRE SR, 21K
FIG 2 A AE DR TUAY , B — B o M LA AR A5
FROE RO s 256 R it Bk B mT IO S DR A
Ff, (HRTRESZ S SR A . 40 M BE BB A

2.4 FHEELTTS

22 IR EL A B AR BT 0 WA TE I BR AR I TR 22
Tot v fpe R HE %, PR ATHEWT, B o AR Al
() 22 R ELTE T TR 22 T o B G, T REsE A
FITEABE; R, 22K EH & AR
RUAT I BE T 22 48 2, DT B I35 2 W 20
SR R A R

TE MRS JJK 18 18] (Neurospora crassa)™, —Fh
TR BRI meb 58 28R B AR my Al M A G
RET, B KB 22T i £, Hish
EEEPEE T 3-514%, R A 4R B
FEET 20 157, MR SR ES Rho-GTPase RacA F)
racA AT R T 22 N2y 20%, X
szt B A3 B R BUBGE TN 1 T 22 9w ves R B S
SRR B, R LR TE R Il R R
T A ERge M B RRE N E L SN
Rt T RIFS%

22 MR LA B RRPE AR 25 A AT R Y 8 R
SR TR o e R B IR s A R AR
AR A E N B Qi N 2 % NI £ U e - & al )
TR R B TR 4 A5 AR RUEUR Bk
BV T2, PRI T 10 570, JEARF
UL (AR 2253 B hmy al i@ 5 R B E S
S GO EITR S v d 7 i B Uy O 71 (1 13
R HL IR S gull HEDRI AT E o s . [k
M Al R, TR W= =TT AN, Gao
457858 1F RNA T4 (RNA interference, RNAi)
RAF Treotl FERUTER, IIAE B IR i
SRR ELER, BERE T R AELt
Y L 4 R Bl o AR . 2R E R AS
FREAEAR KRR BE e 1 & IR 1) I 28 2 P o
N AR, SR 2y BLIOR R Tl ARk
A S D 2O RV S e A 9 R 2 R
ARG K ETERE, (BEMR e RADFE S5 X
N A SRy O bR A R AT
Raveiit, MIRARRAE N FIRERLREE
JR A 1Y) F2 EE S SR AN & 1 R
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A Removal of background proteins

cbh2, xyn2, egll, egl2, egl3,
bxl1, egl4, and cipl

B Transcriptional regulation
= T &~
\ Reduce extracellular
% AT\ protease activit
/ \
Reduced cellulase
expression \

CRE1 mediates CCR /)

Protease deficient C

pepl, pep3, pep4, pep3, pep$, pep9,
pepll, pepl2, tspl, sipl, slp7, sepl,
gapl, gap2, slp2, slp8, ampl, amp2

“Enhanced
heterologous
protein yield

%

Morphology engineering D

Morphology
engineering
—

gull, Trcotl

silenced
Wild type

Branches increased

Engineered

Bl BERASBEARBEEERIEETREZUERE

Chassis modification strategy of Trichoderma reesei as a heterologous protein expression host. A:

Figure 1

Deletion of the major cellulase genes cbh2, xyn2, egll, egl2, egl3, bxll, egl4, and cipl can remove host
background proteins; B: Knockout of the transcription factor vib/ can silence cellulase expression, and deletion
of the protease activator Peal can reduce extracellular protease activity (CREI mediates CCR to inhibit cellulase
gene expression); C: Knock out the proteases pepl, pep3, pep4, peps, pep8, pep9, pepll, pepl?2, tspl, sipl, sip7
and so on (This reduces the degradation of heterologous proteins by extracellular proteases); D: Silencing gul//

and Trcotl increases mycelial branching and improves the yield of extracellular protein.

3 KEIZ4A4M
31 EFERSHK

LR 2 19 S R 2R R KF B Sk
RUEAP 2 S L9 Ay i 2 o R0 52 i L [COR 85
A WA N 2R . Sun HEPVRGEFR T
B A M A R e R, R
APARBEANEAM . B 4 1iE HEH)RE
R ZUE S A o, X — & B ki o AR A
AR #E A R AL T BRI LAY . Haab 2R
ARG RIFEIESE,, APLEIE ] B3RS T reesei
QM9414 JIAME HARFIITE . Simkovie P2 —
LE T A VLA RIS T 4k (0K B (Trichoderma
viride) 5T MM R A IR S o X BERFSR R,
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U0 SR A BIL AU AT AR A R I A O P 1
FROKNG . Landowski ZEP77E T2 a-2b A=
TR RGeS SR B LR S mg i i ek b
P B O AR RS A ML, & 2 1 il
SE R, SEEL T 2.4 g/L YRR, ZBFSTR
PR IR LA N T S A s SR s U R ek, LA
IR R PR A AT 1 A

IR B P [ FE 5 5 R 3l 2R AUAH UL BC . Li
SFURIH pde IR BT, TERRIEHI R
PRSI T R BRBEBEILAY = 804277 (9 266 TU/mL),
R T RIRFRIRIKE, IE B 2 0 1 Sk o TR
AR SRS R AR T A R T T 25 4R,
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