afX £

Synthetic Biology Journal z21.2(2).274-286 2021 4 % 2% % 2 38 | waw.synibioj.com

S N B DOI:10.12211/2096-8280.2020-078
R TR IR

CRISPR-Cas £ 4t g 5 22 0k L 1A 19 35 e 5 Bk %

HEs, XE®K
(LEBEXBAFEGRFEAFR, REARBERELLIRE, HFARMBERATHFERGFREIRE, LE&
200240)

BE: «RERR—XEEAD . EHEREAENES . MBS RS mEEE2FRNMEN, XTE
MNNSMEMANBRRYSERRERGFETS . A, LREENRER. B2 RIREASEEEE
FIRCEZ SRS R AEXEMEMRANEARIEF SR . TF%K, EF RNANSHICRISPR-Cas
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Abstract: Filamentous fungi are a group of microorganisms that play important roles in producing proteins
(enzymes) and secondary metabolites as well as treating environmental pollutants. The basic and applied research on

filamentous fungi, including identification of gene function and activation of silent gene cluster, relies heavily on gene
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editing. However, the apical growth, heterokaryosis, low efficiency of homologous recombination, and the lack of
selective marker pose challenges for establishing gene editing platforms in filamentous fungi. In recent years, the RNA-
mediated Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR)/CRISPR-associated protein (Cas)
system has been widely employed in engineering filamentous fungi. Due to its simplicity and target specificity, the
CRISPR-Cas system has assisted gene insertion, gene deletion, base conversion and transcriptional activation in this
species. The edited targets can be single gene encoding a marker or enzyme with known or unknown function, and
multiple genes as well, and the editing scale varies from one base to 48 kb. Furthermore, the CRISPR-Cas system
allows precise modification at target site by introducing the cleverly designed homologous recombination donor and
disrupting key genes in the non-homologous end joining (NHEJ). In this review, we comment research progress of the
CRISPR-Cas system in gene editing for filamentous fungi that has been achieved in the past three years, with main
focus on the delivery of CRISPR-Cas, in vivo expression of Cas protein and guide RNA (gRNA), the design of
homologous recombination arms, and host modifications. The low efficiencies in both gene transformation and editing
are still main challenges for CRISPR-Cas assisted gene editing in filamentous fungi , which is expected to be addressed
by breakthroughs in fundamentals such as interactions between genotype and phenotype to discover genetic

determinants.
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Fig.1 CRISPR-Cas system assisted gene editing for filamentous fungi

(RNP—ribonucleoprotein; BM-RNP—biomimetic mineralized RNP; PEG—polyethylene glycerol; AMT—agrobacterium-mediated transformation;
DSB—double stranded break; NHEJ—non-homologous end joining; HR—homologous recombination; APOBEC1—apolipoprotein B mRNA editing
enzyme; VPR—VP64-p65-Rta, a tripartite transcriptional activator domain; CRISPRa—CRISPR activation)
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B 15%~23%. fAIT38 K BLF) FH R 5" o [X 38 1)
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B2 CRISPR-Cas G0/ L2 R FUR K N 3R IA Mg
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ear B H BT YT DD Ak KA AT R 7% gRNA 55 5%
Fig. 2 Strategies for in vivo expression of the CRISPR-Cas system in filamentous fungi

(For in vivo expression of Cas protein, strategies include codon-optimization, adopting constitutive promoter for driving the expression of Cas protein,
and incorporating intron sequence at the 5’ end of cas gene. For in vivo expression of gRNA, strategies include adopting polymerase 1I promoter
together with the self-cleaving ribozymes for gRNA expression, adopting polymerase III promoter for gRNA expression, and adopting polymerase III

promoter together with the self-cleaving ribozyme for gRNA expression)
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L\

e BAMRTE, MATRTE T = BUER I I XUEE DNA
Pefk, AR o E) 2 P 0% bR ad BE ] hygB, A
AR B 452 39 bp,  BEESTII14373 9 0 bp 1 kb
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DA i 266 R0 26 B vy o AU ATD A 00 DR DR A 56 R Y BRI
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Oligo2, 74355 CRISPR-Cas % 4t #L ] 1) yA & [ (¥
ROSUCEEFIIE SCRE B AN, RO T AAC R
TAA [ 8 LRAF . TG ¥ 6 GE-Oligol ik /& GE-
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—— = s
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B3 s E AR i
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0.5~2kb, PREAQETHEIR D, BEEFZERR, H T RALLL TR PAM 2 [ B A il 7 bp)
Fig. 3 Design of homologous recombination donor
(For linearized DNA, it is flanked by 39 bp HR arms, which are within 5 kb from DSB as generated by CRIPSR-Cas. For circular DNA, it is flanked
by HR arms with the size from 0.5 to 2 kb, and a selective marker is usually contained in the middle. For oligo, the intended mutation and PAM

sequence are interspaced by no more than 7 bp)
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W BB 3 S TR H i B ok A 2R T R T — O AR
th, H&AEHAMAL R AE S, RILK— TR E
B, X 60 bp K & 1 B E 5E A% HF B B 0T A b B
CRISPR-Cas RS kG HE LR B M5 (4. niger) HIHE
FEA, AH T BRI, Kun %5 9 3 56 R A &%
T+ 1 90 bp 1) HL5E 55 1% 1 8 12 2 CRISPR-Cas & 4t
PIE| i B S T gaaR B, ZAUAGE T
Wi &b p5 A% . — Kb & CRISPR-Cas & 4t i 1l 1
PAM; 7 —A4b/E HH B PAM 7 /5 52 bp [ 5RAF . 18R
(1) 2 FH 2 B4 3 A0 3R A5 1) B A T R AE PAM A7 558
RAETRAE, BERHE MR IFRARE, R
FRE BT, o S A% HF 18 B K B2 3% n 2 200 bp 1)
SRANRESR S U AR A, XU B X S8 R T R &
HAAR IF A e M AN RIS O . STk,
Kun &5 F % 11 7 K E A 60 bp B 5 4% L At 44,
W PAM LTI 92 78 47wt 1 P 25 48 40 48 7 AN O
PRI SAN AL b, 4N R4 T AR, X
HIMNEALT RRET PAMAL SR, flf1iE
Wit T 75— 60 bp M B RIEAMEN, B 76
i Bk 2 AN RAZSN, FEEE R PAM 15 bp J [H DL &
BT Shb A ERALBRELT) S N AL T,
FIREA 4D #R A T T 7 b et 8 . 28 1, #FA
FHEDBE 5 DSBs 5" ui AN KT 12 MR R T4, H
A0 ) A S [ 905 2 4H R AB A AR B

1.4 TEERIE

£ CRISPR-Cas % 22 IR FL B W L Hp %1%
16 F oE R FL A 2 L. W ET ik, NHET A
HDR & 1 F1& & DSB 1 W Fl 20, 00 1) 25 il
NHEJ /& K42 & 15 = HDR ()6 R skmg, W2 H Al
338 I e 1 S 4 SR 4 =1 CRISPR-Cas % 7 2
i 22 MR I R R R ) P — SRR o T AT
fii Fil NHEJ & 18 2% 35 1 22008 B B 9 A8 R o8 R B
Pk, % CRISPR-Cas &4t ", {H&, tHWHWR
R WLAE NHEJ ¥ 8 40 1) i) 22 4R B bk F,  CRISPR-
Cas R4 5 1wk [5) 5 26 20 [5) °F g v 2k dth 2 A
(KD, XRBATAGAFAEA S NHEI T H 2
PR BB EIRAE . Wi S i 326 DSBs 47
BEAMAEE, W] REIE T MO CRISPR-Cas 5 T H B
JefENT R B P A B E AL, A TREER
1T 2 U HE W

2 CRISPR-Cas % ighifa 22K EL 7 ik
A el BE AR DR 514

CRISPR-Cas R 4t U8 | AR Fr BUAE 2 IR LT
RS T ANUORIR B = 22 Pl 2 5 ik A
HME 4 nidulans) . BIRAKRE (T reesei) 5t
DR g 1) 0, B A S T AR G 5 VR TR IR dn 1
AL AR W A R AR R AR R 2 (G lucidum)
SERREHERE R e O . Rk, CRISPR-Cas
RGH A BB HMNIR B A 22 R R R
AN, g 4R 2R AR & CRISPR-Cas £ 4t 7E JE A 5
ZORE WP R S — KBk (R D, AN
B S A e Bk 5% 23 A1 AT B DR DR S B L XS R D A
DISE

2.1 HEHEER

22 1R TR ) A B BE 2 MR IR A U DNA R B A
NATAEAT: DL 25 4 200 J0 BE %) JiR A= B AR A Oy 52 AR 52
HMIR B, T AR A A PR AR R PR T Ak
R SR R AR T TR AR TR R 1 1 AR A
By 77 sCn] e e — B v 07, 3R] DL G A s
EeEm Bk T WA R AP RS B K. 1E
2015 FF g —Iw s b, BT W T R4
SR, A o b B AN B, &
T BB AR T AT % R R A B AL, gRNA
A1 Cas &5 [ 78 I B AT DL JE [ B A B2 3dF N 31 248
to MHZITi%, Han%§ ™ i #s CRISPR-Cas %
Gridik B 7 2 M au b, LR HE T Gl bk R
ML ARG T4 . BN, 1A H AR S MR
Yoo RA R Y, WA R E A AR
TR A AR AR i AR v Bk T 10, HOG B AE
TRGE R LR AR E S o, B
TSR, BT 28 5 AR Jo 4 7 A0 B ) 1 e A ke
248 BRI A B
WREM R e S A RCR . FERTSCH R E], AMAL
& A e — R B EE S o, ARk
HERIEEME (4 niger) MFALRIESEE 10~
100 55, 0 7 7 & (Penicillium
chrysogenum) ST iy 250 1) 55 DR R o 2
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1 CRISPR-Cas R Zi 4 22 IR FU R ) S AL ]
Tab.1 Examples of CRISPR-Cas system assisted gene editing in filamentous fungi.

CRISPR-Cas

7S PR 36 3% 75 50 Fik Rms [ 905 2 20 ik A 15 F i et 7 SRR
et 9o B RNP B BEER S RS IK IR B R — — NHEJ, ' W1 %% i3 Sytalone
(Magnaporthe WALRIGNKIIRL 7 DL RNP dehydratase [1] sdh £ (1) 3% )y
oryzae) 7K HRNP 5 Jil 20%2
A AR IR
IR 8 P 975 T J L PEG Mt 3 /1 WIRFRIEKAEE T — — NHEJ, RNA B A&THE AR5 T
(Fusarium SR A R AR B RS TG ) Cas9, I b P B U Y O AR GE
Sujikuroi) I F RNA 5 & iy 11 7Y gRNA I, A #2315 Fusarium cyclin
JAEh TN B IR IR C1 4 TG KL R fecl B3 Rl 4 48 98
Wi ff 77 30 RNA B &g A5 fA 5 FH RNA JEA 8 1115 U6 Al
111 % U6 5% 5S rRNA i 5STRNA B F3IL gRNAKT, fecl
BT AL gRNA TR R 37.5% 179,296
WG IS 4L B PCR ) PEG /i 5 1 WEREHE R PCR W M SEiE — HDR, % % 5. 35 K ) 30% h
(Myceliophthora JRAE RS 1 Cas12a 7 U6 J5 3 CRISPR-Cas Y] I 4k 43 90% ; 4 5 2 A RIS, B
thermophila) FIKENgRNA KL 7l 47 500~600 bp (1] 7] KR Gn O N 13%~
PR v B L M 41%05;
bR R R IE &
L L PEG /it 511 FIH® HEEHIF  RLIENABEHENE pprG RN 85 1 pg DNAKE 2 E IEH
(Aspergillus JRA SRR L R R R KL 3% % CRISPR-Cas7EFEHZA L Btk BATRRMEIL T
niger) CRISPR-Cas % 4t , F=AY)CIMHTmFENEE,
RNA R GBI G W I 8 w0 7 M
TN B XK IE  CRIPSR-Cas AFIEH 4 I
gRNA VU X 35— 3501 spacer
ok Ji L — Rl 21 K U Al — — H 3 DR H R S A 5 D M s
(Aspergillus e i 24 ¥ rAPOBECI . WE 28 Sy ) R 0 , 0% 47.36%
niger) i 2 D T AR A 1 ~100%"*!
nCas9 F1 R 185 W i 5 4k
i, FK i U6
EFIREN gRNA 1315
w2 ih A JR L PEG it &1y FIABRMEEMT  PCR7W . Wun Ml kusABRki  HDR, 2% 33.3%~100%"
(Aspergillus JRAE AR AR A6 1Y Cas9 A N R CRISPR-Cas V) L14b7r  BUE B
niger) 58 rRNA 5 K J5 3 F 5147 40 bp ¥ [7)5E
UK gRNA 1875
ith 8 JR L PEG /t B 11 FIHE EHEEHIN 60 bp 19 FE R kusABE  HDR,XE N 80%
(Aspergillus JRAE R AREAL 5k %% 3 CRISPR-Cas BE , R AT A7 55 F1 PAM TR bk
niger) R4, MR IL Cas9, MIEEESAEIL 15 bp
I I (RNA 2 [H 5 3)
TIRZ gRNA [ ik
S0 1t 7 J kLA PEG /it 51 WIHEREANELT  PCRY; FilmsEilr — HDR, 5% 4 95%~ 100%5
(Aspergillus RNA JRAERAREAL AL Cas9 IR 4% CRISPR-Cas B I14b %)
fumigatus) 3% gRNA FH 35 bp Y [FRE
HAE JR R AN PEG t B 11  WIHEXZXREKAKE  FRELMHAMCRISPR-  LLEIE HDR, Z I —AMECE I
(Trichoderma RNA JRA R ARTEAL AL B Cas9 IR S E CastIIAb 53 200bp  CasO B 5= % #2 [ 55 5] lael B9 2L RN
reesei) KA gRNA 1) [ RN 93%1
i3
RZ kL PEG + &/ FIHARZHLF  PCR =9 F o Al — HDR, 4 %5 41} 4 2 P450 4
(Ganoderma JEA AL 4K [ Cas9 TN I8 U6 CRISPR-Cas ] 114k 43 HiEh 3 [K] cyp 5 15018 (193505 4 e
Iucidum) JB B F YR B gRNA [ 517G 1 kb 1 [RI P8, 10 3x107 AN JF A SR AR R4 2 N 5
FIE, 7E gRNA 35t i 8] Bk 2% AL 5% PAM 72 N ] i 8 T R 1)

A HDV

f18 bp I 5l A& 1L
45 TGA
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2.2 RIENEE

CRISPR-Cas % 4t 4 5 — L& 22 IR B0 1) 380 3R 458
i, Arae A AR LR : 25—, CRISPR-Cas
RGRAE T RE AT $2 & Cas 25 [l gRNA [ B i3k A
[F] — /N4 f % 5 DNA #E AT UIRR, 1R 2 2R B A
B, H W R — AN A ) R R A Bk
A2 MR ) R TR R R A R W, IR I B
PRAEAE R A ATS SR B A 12 JE R 16 Th e T AS 9 0 3k 3R
3 B, Z2IRECEE N IR I 97 AL ] PHAS CRISPR-
Cas RGHE NG, 5=, 2R EHE NI BHEHL
il LG T F1 155 K I a5 98 R RNA U Bk 55 1,
] 7 CRISPR-Cas R4EHIG /), FEHI i CRIPSR-Cas
RGE HENTA WAL, EAEA G AT E
B R/ EIThRe, R BRI T g AR .

BT — R, @ T B A T BORTS K
BRI IR R, DU R AR AT S R g A
B — PR R I BT ER AR =N, TH
B B4 M 22 WK T B 1K) 22 ol 1N VRE 907 0 A S 0 G
o IR AR Il 2 B . T IE RN AN 2 B
AL S B AL B 7, SRR 2R AW
MR TERR S ERm. T, MR
S 0% FMH I IR 2 220K B A I 4 2 DR 4 5L TR R
RABMPE, RIS RAFEEIRTIENERDY, K
A R i BT 5T A LI e

3 REiEEE

22RO AR R R B R, X2 R
WA T £k BEZE L R AT N
FAMME S I S8 EFH . CRISPR-Cas R4t T
A AT Al 5. R e e L ES, AR AE
% P 2ORA /B8 AR 2 22 0K 3 B A5 Bk b 22 1
N F . 2T CRISPR-Cas % 4t JT & [1) 22 4K . 14 2 K]
g AR T SUELHE R B AL SRR N B Bk P
B BV RV SO B iR BRI R T 5 T Ik
(i L R 1Y, ARG bR 1 A Th e R R
B RThEE AR ", [RGB 1 5 AN P
Y R 1 R AT DA AR 1 AN B, e DL
RKAKIE 48 kb (UFE A% V7, fE AL b, i by

T 32 NHEJ 1) 5% 5 5 PR FIORS 20 1 [7) V5 =8 2 43t 4k 1%
T, fd73 CRISPR-Cas % 4t Rt 7E 4F i€ A s 5l N4
1, $ i 7 o AE IR HEE .
CRISPR-Cas F GLifi SE 4 e 1 AN b 22K U1 1Y
AR B A%, 72 LB PR P AR AL F 100% 1Y 9
WA, WA TIRERICHE A, ik T X M
A= eT A F R AR A D PR B SR, EERE
AR A AR E B B, CRISPR-Cas % 4t 1 5 K 4
WRCR IR A m T, R AT AR B O AT X
HMEERAE W18 £ AR . PR AL SR A R,
i AN H 2 1A 3 RF S 1t BR 1) CRISPR-Cas I g (1) &
GERZ . w22 pr bR i), g A 2 R 4H Y [
F1%) 55 R M7 5 A A 2 K O it 13X — JE At R 2 1)
B LAl o 0% T Ak DR 4L Y L ) R AR AR
AT H BT O AE — 258 50 220K I W Aspergillus
nidulans ", Neurospora crassa " % G 2|75 .

Bogt: Rt BB R E R K1t X7 (2018YFA09
00600) . B K B % F % & 4 (319713144 F1 31600071 Fo
BT B SRR & 4 (17ZR1448900 F7 18ZR1420300)
MHHEEEEWRE . RMt LEXBAFHETLHR
WX FOE EITE.
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