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CRISPR/Cas-based genome editing in Aspergillus niger
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Abstract:  Aspergillus niger is a vital industrial workhouse widely used for the production of organic acids and industrial
enzymes. This fungus is a crucial cell factory due to its innate tolerance to a diverse range of abiotic conditions, high production
titres, robust growth during industrial scale fermentation, and status as a generally recognized as safe (GRAS) organism. Rapid
development of synthetic biology and systems biology not only offer powerful approaches to unveil the molecular mechanisms of
A. niger productivity, but also provide more new strategies to construct and optimize the A. niger cell factory. As a new
generation of genome editing technology, the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR
associated (Cas) system brings a revolutionary breakthrough in targeted genome modification for A. niger. In this review, we
focus on current advances to the CRISPR/Cas genome editing toolbox, its application on gene modification and gene expression
regulation in this fungal. Moreover, the future directions of CRISPR/Cas genome editing in A. niger are highlighted.
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Wih# Aspergillus niger & ZE Tl A= AT PRk, YEmENT oL . A, FE
wE, AT ARSI R e g RIS T 00 S EaE R e TR R
MUBRA: 7= i, B Errem P ke RO SCHRErY R kb . Bl YiEe
V. R PR B RS IR A BRAE R Bk 200 5 t, PR RRBRSEL AR MBS AL S A i [k
W5t 20 22590, IFLIAGAE Som ik s g B, WAEFRE RIEIN AL 2 A [ 5 I A s
ML) J5 T, 2015 4E ABR2 R ELp R R e POILPTIL, RHNER RO A R AR RO AR LR H A
25 35 AZRKE o, BB R AR T A R G DIRe o 5Bt 1T ehoxd LAk 4 BR il I 25
A S 5 R e 2 ) A e K, 3T CRISPR/Cas R4t (Clustered

Regularly Interspaced Short Palindromic Repeats
A S =S=h
T4 3 R A EL AT B SRS 2 (CRISPR)/CRISPR associated (Cas) genome editing

FRAGHIE ﬁﬂ%@@fﬁﬂmﬁ‘%%é@ I system) WOEPRZEGRERIEAR . DISIRIEfT2A . 50
K FDA 1) GRAS frill) 25, BAEPEH BRI g gt LS 008 2 AT
RO 2R3 M AE T W, B RRER R 5 AR Cas 2B 767 5 RNA
AT 5 2 E BRI KRB, MR B (Guide RNA, gRNA) 4 35 ot 5 PR 21 o
QAT m s S LR T A s 10 X b0%), P4 DNA WUEEWT %S (Double strand break,
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& 52 Z& 4t o 4k [ I8 2K I % #2 (Non-homologous
end-joining, NHEJ) =i [FJEE &2 (Homology
directed repair, HDR) f3LIE4E, SCPIEL R4 5
fr g, 76 NHE) & 2400, SR Rk
Ku70-Ku80 454 F DSB 1 DNA A, RIGH#i%%
DNA i i) 2 (1 BB 4L 7 3L (DNA-dependent
protein kinase catalytic subunit DNA-PKC) 5
DNA %4 LigD %, #1T58HEE . 51 A
BB IR A BB R, BRI RN A
Jifg  AE7E {4 DNA (Donor DNA) i, i HDR
R LMLIA DNA S E BR 1T RIR R A E K,
AL R S S HEA TRG W A S R 4 . R Cas &
M. 515 RNA 5{t/k DNA f& Bi%it, SkscEl
I R 2 Gt

K% CRISPR/Cas RLrmyths ke, Hihs
gy TR R A B AR R, A
CRETZHEARE RSP RSN, A
CERANF BN R i G TR, DA SCHAE
SR T A g S AR AR R .
Ja, RE T ZEORER M4 T SuE ik
AR SE A T ]

1 #TF CRISPRICas 2 AW E M EXFA
mERA

3T CRISPR/Cas R Gt i L A 4 g H AR v,
o5y FEALFE Cas 1. 515 RNA Hfib{k
DNA &5, AT E stz B 7E R & P i & AR
b B FAZ O HAR BT SR W AT 2738
1.1 CasEH

FKHR CRISPR/Cas Z 401 4H i 5 i Ay 3k
1BV 245, 76 CRISPR J¥4IM5| ST, Cas
F 8L Cas & 118 A WRGN -V B B i SN RAAR
) DNA. A4 Cas £ 15 R 5I1ERMLHI AR,
HHi, CRISPR/Cas R4 n] 4 AWK (Class 1
5 Class 2), 6 I~ A[EZEH (Type I . 1T, I, IV,
V. VD), 55— K3 CRISPR/Cas R G fudff 1 7|
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Casl2a (CpfL)™™ el FH B ol 25 19 44 4 R 4L 1Y
57, Cas9 & 1 ak Cas12a o JE A 4145 1 A7 5 i 1)
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LbCas12a (LbCpfl) [ PAM J£%1 2k 5-TTTN-311,
t, ST AR Cas & 1 HYEEN G £ R
P 2 DR 1 T G R R PR T B R S

Cas 5 [ 1 2 AR UK I 3L 55 A5 W] oy il 26 11 1 il
&, WP RN A S EE S . AN Cas9
A% IR 45 I RuvC 5 HNHI? A 43 i
gRNA () DNA B Mk 5AE B AMESATUIH], 7T
RuvC Z5#435H 1) D10A 28R 547 F HNH 254
Y HBA0A & AE (RT [AR I A Z5 A IR 16, PRI
fii Cas9 B M) 1/ nCas9, [ AT % DNA #E1 7 Hfik
1)#)12 Huang %:ME nCas9 (D10A) (4 N a4
TR AU A B ms iE i 2 APOBECYL, X8 T AN
WA TR DNA (1 2 i 25 L PR A R i 8 2%

TR E T, 57 CRISPR/Cas K 4 4k
HiARR), Cas FEAMEBRTEZELT 3 . 1)
HF Cas B FURIEAN A S0 1, T ZEAR YR A il &5
BT AR AT B D AL AGRIE Cas 2 1/
EH B, 2) BERAgmBEEE THMZ, 1
Cas H M N ¥ /s C ¥ s I & {5 5
(Nuclear localization signal, NLS), #1kJ5F SV40
FETEM NLS (PKKKRKV), LI#iE Cas & 1414 48
M e, 3) HT Cas EARKMBIT, £
S 21 R 8 i 3 7 1 Ptef1® PeoxAl®l ppkiAl®!
4 SOE SN T PglaAl 14 (3 1),
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1.2 3|% RNA

TEANF ST KSR CRISPR/Cas &4+, 5l
5 RNA JZL) CRISPR [541] (CRISPR array) 1772k
fF1E. i, 7E CRISPR/Cas9 #4:H1, CRISPR [
G135 TV 1 crRNA ARG S AR, SR J5 #E RNase 11T
95 5 R IR crRNAREL crRNA 52
7% RNA (tracrRNA) Z55 T2 crRNAtracrRNA 5
)5, B Cas9 HHFHLEAT. 78 CRISPR/Cas9
SE A g AR b, R % crRNA:tracrRNA #31
h— A A S B 51 S RNA (Single guide
RNA, sgRNA), | sgRNA HF#[a] DNA 41 5
S DR 5 0 A RN TS X S SE 3 Cas9ltA
sgRNA 7§ [m] DNA J¥ %) n] | H Cas-Designer

[29] Cas-

(http://www.rgenome.net/cas-designer/)
OFFinder (http://www.rgenome.net/cas-offinder/)? |
SgRNACas9 (https://sourceforge.net/projects/sgrna
casO/) P B R T T, LU R AR

B IEg IS RNA 5 B HLH B985
b, I, SgRNA R 1K ik £ 37 55 T CRISPR/Cas
581 B DR 2H i AR 118 D B 99 ) L %X —
)/, H AT 2SN[R sgRNA 235 5 i il S 9l 41 3
T R RSP RNA B AEFITE RNA
R RT3 T4 S i fh py ek B02520)
(K 1, 3% 1) 7F sgRNA (&SN 3771, Kuivanen
P22 B T7 SR8 TAERAN R sgRNA T4
W, $RIGYS Cas9 FikJiAink Cas9 4 ML
ez B & ORI T S M g (B 1A, R 1), X
— R ALRE T W g4, H. sgRNA TR E 1 5 5%
ARt 25 5 M R TN 2 i st o P

£ RNA A I ATRBI S 870 S ik
INFRIK T T, 5 Nodvig 25 sk B ) 5
2 Aspergillus nidulans [ RNA 4 1T Frisilm
580 5 F PgpdA SEiEAT sgRNA [k (& 1B,
# 1) [Hii T RNA RS 11T/ RNA B st
AT DR, M E 0 sgRNA 5, FH1E
sgRNA 1 5313 55 3"-si s ] {1 A U H 9 #%
it} . i %%, Sarkari 211 % S LISE M, 1L PmbfA
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A F sgRNA AY% 5.

7E sgRNA TR EH, Bk RNA R4 1T
WA R 245, B AT RNA B4 REIIHE S E RS 3
TR E, T RIS sgRNA 1Kk
(I’ 1C, 1), Zheng 2PNt & Bk IR T A2 |
b K B A R PU6 YT SCE B2 albA
FE M RTE , (H DR R IS RO AR AR, (U
15%-36%. Song ZEMPMiiifik T 37 4~ tRNA Ji 3
T sgRNA FXCE, LI (RNASY® LIS,
HAt tRNA J5 3 F Al IH sgRNA 1% 5%, (HEER
FIEHORAE 2%-13%Z 1] . £ XF sgRNA FKikKF
A8, Zheng 2500 U di i 5S rRNA Ji 81
KA lf sgRNA 1946 5%, KELNIE 5S rRNA JH 5l
Tl i A 5 sgRNA [ 8k K -, e i PR B ) 2k
TG &5 100%.
1.3 {#{K DNA

Cas Z[17E gRNA 5|5 74 DSB )&, #7
TEAE A TR R O A& DNA, 7 HDR 24 T,
S PRI DR B4 5 1R A R 0 R 2R B
DNA ) DSB &5 IAERI IR AR s 450 &, [A)IA
FAHBOCRIET 5%, FEfL G 5 N g v, il o
S8 o [ VSR ) R T B g DR AR, HhangE
AilhaE ABAL [R5 A9 B B 100 bp 42
% 1 500 bp B, JEHEBRSCEN 4%iEEE
20%7, Ktk DNA g%, Zheng &1
FL A A A R 9519 — 25 PCRY™ 4 B AT 3%
LR DNA, k3 F|FH 2 F 55 rRNA )
CRISPR/Cas9 #4t, BIMEi%iZ 4 bp Ay [w] 5 7 5
AT NHED 2R T T AR Hh RS T 4 B 0 L mT 43
Sk %) 75% 5 100% (3 1), Vanegas 2 % 3t
Bl CRISPR/LbCpfl &%, 1U%4 60 bp A4 [H I
B JCIR AR DNA, o Rl SEBRDE G R 1 Y 5E A5 4
A (1), BEAGEMLA DNA 4b, 85 0 A8 5%
12 DNA (Single stranded DNA, ssDNA) WAE K
fHEPA DNA T 58 25 1 Bl i g 4 2820 (¢ 1),
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¥ o —
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PtRNA TtRNA

Fig. 1 CRISPR/Cas9 genome editing system in A. niger. Three sgRNA expression strategies have been established in
A. niger. (A) sgRNA was expressed by in vitro transcription and co-transformed into A. niger protoplasts with the Cas9
recombinant protein or Cas9 expression plasmids. (B) sgRNA was expressed under the control of promoters recognized by
RNA polymerase I, and then processed by the fused ribozymes. (C) sgRNA was expressed by the promoters recognized by
RNA polymerase III. sgRNA: single guide RNA; Cas9 RNP: Cas9/sgRNA ribonucleoprotein; HH: hammerhead ribozymes;

HDV: hepatitis delta virus ribozymes.

14 CasZEHES5IS RNAMELAR

AR DNA Ak 28 2 il 5 40 i b 2 st A% ol
B EEERTT Bl EE DNA #5407 = 3 B4 4% 5 Ak
BRI . RFF R SRR SR i
. HET, BAEFUAR L R CRISPR/Cas %k
DR it B A PP ) R B L D735 26T CRISPR/
Cas RGN RIS HGEH AT, DNA 4k
J5 ot 2 R AR SRR AR I 5 1%, AR Al e Ak 2 53
TLHFRAR, FEQFELIT 3. 1) Cas HAFRE
JkL 5 sgRNA ik ok s 1k & A DNA iy )7 (3t
etk 2 EA AT, Cas ZE[1/sgRNA £ IA & AT
BABHENA SgpE T oA A 2 Rl
AMAL 4 Fkr 1B (35 1), 2) sgRNA KM% )5
LI RNA (720 Cas & &1k Boki i 4k 2 J5iA:
ik, sgRNA fEfk et 7776 (% 1), 3)
SgRNA i il R AL S 345, Cas & 138 1 78 KImFT

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

P A T 2 SRR S 2l AE i 4 3R 15  sgRNA 55 Cas
FEHE TR SME S RNP & 51k (Cas/sgRNA
ribonucleoprotein complex), &) A% F1-RNA &
G b 2 A TR T, sgRNA 5 Cas &
A 2 R A e B (3% 1)

Kwon % B27¢ i #1842 55 Myceliophthora
thermophila 1 HXf T Cas 25 [1/sgRNA ik fikiL
AT 0 RNP 25 e Ak Jr Xy AL sk
SR haETh DNA Beib )y N B it 1A 4.
Kwon 25032 5% 10 5ot ok % Ak ) 7 s AE 1A P 2 ik
Cas H 5 sgRNA, T AL F T X A R #E Y 51 1)
SQRNA I RIE kL, HABRIERIA . Bk A K
PRAFIPE S T A% L RNP B &R 7=, &
BRI S SgRNA K45 4 AR 1 SRR X 458 7
AN, KT Cas 2 M sgRNA &R ErE,
FEIRTORLHEAF 1Y Cas 25 15 sgRNA 1] LL7E F140
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J R s T RNP A2 G e A1 PN S Bk A
15, ALBENS BRI g4, EHAL AR AT FEAE Cas
ERTIDYIE AP S R i V& S PR YISE Tk &
I 0 22 FE K, R AL SR, T AN [R] sgRNA
9 RNP 52 5 (A A 2 AL A3 A O A, PR
HOLZ 5 [ G AR B

1.5 MM

F£F CRISPR/Cas ZGEHYHE N 4 A,
BRERAE R, N g OB A X e, (R LA
K (Off-effect) HufEAS5 [ DA CRISPR/Cas9
RGN0, RN AT 25 Cas9/sgRNA &2 41k
H5ENA FHREE RN R A, e,
24 sgRNA 5 R[] 17 51 47 A 55 L L B, #5 Cas9
ATH AT 3 — RS [ A HEA TR, D) AR A
WO Fu 2L B NN Cas9 Al X7 1E
5 A ECHRIE Y AR ] S AT DI E), Bl
(R T AR, o PRI, ool o AR 3 R 00 7 A S5 [R] 2
S i v ) E )

ERT, R AR 00 A0 S55 F E s = 5 O 3ke £
A RBIRE R Cas SEFIRAIA . AT ER
sgRNA ., ¥ Cas & 15 sgRNA Fikhr . SRk
# Cas H 15 sgRNA Wik r=\%. Bk, #*
Cas & [T FRUBI - S T, Kleinstiver 25 P45 ik
AT T LRI S Y Cas9 2828 /K SpCas9-HF 1,
BERALT Cas9 577 7EHE FL kL 1 FEFE ) 2 57|
MIZEE, NIRRT AR . LR, 7E sgRNA
R P 4 et T, TS B sgRNA B3 F sl
R XL RS T A7 A 4 A S 1) 400 A e PR 4 o )
S, A VR PR R R S AR XU 1Y sgRNA
KB i A ) gm0 . LA, sgRNAcas9 4k
PEPAr F sgRNA HR#E [ DNA 31 75 2 R 20
B 78 76 i #8475 (Potential off-target cleavage
sites, POT). Ik, 7E1#4E sgRNA 5 Cas & AY
kT, B4 sgRNA 5 Cas £ 1 ¥
3£ T R 23 ARG JBE S XU 120 Shen 25 0% 1o 347
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T IF 6 B Fe 845 Cas9 & 11%E 5+ 5 B K F
A i 2 PR AR 0K e Je , 7F Cas & 115 sgRNA
MFEAL X7, i ESCrik, Y Cas EEAS
sgRNA FEIRSMNA%E S L RNP &2 AR K 541k
I Et, BT HCON BRI AR, o n] DR
R R332 S A
BN BRI T AR T %

2 RUMBEFALKEIAN A

JLF CRISPR/Cas F 4t iy Hk K g £ AR v] 18
i Cas & FI7EHE A M FEE AL B 5] A DSB, A5
FIAAN DNA B RGE, Al B R | Ak
DRIREC ISR LRI A L B g 6 LA B i R 3 iR 1 428
(R 1) ANTRRNZHORTE B M w5 5L 2H g
5 R R IR PR R AT 2RR

21 ERFEXFESERHERER

JE DR 3% 55 R TR R o 2 Dh R L DR AL A 5 S5 AR
WisRUGE R EE k. T, SRS Al
NHE) RGN SR 5152 HDR RGN Gk
PB4 A — B itk DNARY | 2% 20 17 W ik ik
A5 | A — AN 1L 5 T T R T 2 A A R [ S i
KSZEL (% 1), EEIEHFAgGEE AR, Wil
i NHEJ RGN 31 5 518 5ok e ih HAA Bl R &
RUAR AR (14 J5E PR g I 0 R 21 R SR, s 5
fFEREARE albA EFE (REf1/H a8
O brnA B (B AR TR AT, s
BB T RRIC pyrG JEE T,

R el o 3 R R e S N Al b B AR R R 1 &
K. Holn, Kuivanen 25371 ] 1500 bp [RJ¥E 4
Sy AU A S RSN S sgRNA (1) 5 X0 5f
ZH T H )~ FLBE T BR  (Galactaric acid) 4 fi#i&
R FER I T RbR, S 2 ZUWE /R T vife e i
M OCHERL N (3R 1) Jidb, BEDREFR A Al ik AL
PI#E (Two-CUT)” SRm RSB, BRI (7R)
B T U A B T AR B 8 R A B A
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sgRNA, 5|5 Cas & I 7E L K ) 1 F WE WAL
SCTRIEF AT B, SR J5 ) FH 1) V58 R 20 F il o L ik
. Zheng ZMOF X — “XI# (Two-CUT)”
TN % 48 kb FERBER RS . e
JEIN 9 TOIR AR, van Leeuwe 25POTRLE T i ] 5
B RlA R JCTR AR i AR DNA B G BHR, 7F
NHEJ TG B RE T, AT S BUSE I X 1) TR o 5
Leynaud-Kieffer 2575 5o 72 6 F7 10 pyrG JE K
(9 51— B 300 bp B [H] 1 AL F S, A
57~ J6LFL I R 11 S 1) i e, SEEBRL T 3R R A1) TG i
Br (% 1)

22 EBFEIEA

JH DRI AR 20 T vyt A R TR G
Jr=X, RS OGS DR B AR A 0 A A
PEGHR AR 25 1 B 7 DR il 5 55 o 7 R TR A 2
i A J7 AT, Sarkari 2] il CRISPR/Cas9 & 4i 4%
4 pyrG FiiE R IR A, N7 A E M LE pyrG
JE DRI s 47 A SR L DR 2R 0K 5 1 R TR 47 ARG
Sk 5 T 1 th 25 Aspergillus terreus A2 R4 IR 2 3k
MRia R AE] pyrG fLgs, SRR &R
OARERR, ERUSSLRMAMR R (R 1), 18
LR B9 2 5 48 A7 T , Kuivanen 25BN sl 2 i
K U5 B9 B I R i & (Uronate  dehydrogenase
UDH) Ay 3Rk & H A A 2 F UM R 5 s 2
3 ACEEEE, RUIISEEL T e R AR A SIS R
RHEA R (GR 1). 74b, ERBEMITRAA
JTi, Vanegas 23 % #l CRISPR/LbCpfl %
il 7E albA DK BN ERTCIR 1 A LA E H
(F 1) 9GH 1Y S A fl -5 P S 300 %) 4 66 K] 1)
20 L S SR 0 T AN () 25 T A s PR e R A
1 B AR R,
2.3 WERIE

DRI 20 79 2 1o 56 4 T ok R 1A DNA 1Y)
Wit Cas @A 8 R TTX BRPAS W] 1) 5 20K
SEEL, fEiEaHHA DNA B AL m, o
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&, Nodvig 22 % Bl & A5 278 19 90 nt f) B 2
AT LR DNA RIfE a5 R4 b 5] AfIE %
AE(F 1), JEsk, Alazi PP E A A A g
LR DNA W LI E R SR F GaaR g A
W361R, FHCRKEHFFERIE (R 1). &I,
Kun 205k % B 60 nt f BAEE SER T IR fE 14
DNA Al I 5k 7 XInR 5 GaaR H15] A
SRAR (R 1), fEilid Cas flA & 1Ok AR LN
1 P TR T T, AT AT IR, Huang 204 i
nCas9 (D10A) 5Jiumsng il 2 iF APOBEC1 ¥ filt
A, K sgRNA SB35 (1 i RE C 2878 Sy ik fit
WENE T, YRR ONSS 4-9 fiAYMEERE C, MR
FERANIR], BT R AT 551 47.36%-100%
(F 1.

24 EHREARKIFE

I 5 TR 71 18 1) b, R PR Rk PR
AT mES e EZE X, B TR T
SRR IR E T, SRR R A
A e ) [ 05 K bR R TR A R AR S B
ok HbRsk BE A s RS2 8. Hodh, R gh
I R 4 2 B TR SRR R AR 5 R IR T R A it o A
A F1 )7, Zhang 250N Bt E pyrG LY
TR AL Tet-on S8 3h 7, FIHIARIE
V5N IR pyrG ik /KPR A 19
fER KR (R 1). KM, Cains 210 £
MrT y-15#8E 1 ApID 1R85 B B R B E S
HSWZKEMXFR. HikK, BT CRISPR/Cas
G5 10 SRR AT R dCas 2K 11 -5 7 SR G 4k
ol 5 SR RS . BT, Roux Mg
T B i & P @ ik # dLbCas12a (D156R) ‘5#%
SEIBOE I VPR (VP64-P65ad-Rta) Fild, #v T
RGN AL S ) CRISPRa &40, XMHLT
CRISPR/Cas 4t (1% st i 4% 4 Wi Sy 7% ith 25 4 i
T AR AR R AR A S s SRR Rt T
BORSCHE



~
co
(o}

ME FHETF CRISPR/Cas RFMEHMBEREARBIRA

‘Bunipa aseq :3g ‘Juawade|dal suab 1Y ‘uI-ya0uy auab ;|3 ‘IN0-3I0u
auab :0Y ‘uondnisip ausb :ao ‘adA1 Bunips auss) (g) ‘walsAs Jredal pardalip ABojowoy :HAH ‘waisAs Buiutol-pus snobojowoy-uou :fIHN ‘WwalsAs dredal wNQ (e) 810N

(a1duiL) 9621 I daH 00S T\94Ad
(s19n0Q) %SZ-%ET M daH 005 T\9JAd
%00T IM daH 005 T\9JAd
%007 M daH 000 T\9JAd
[Tel %52 M daH 00S\94Ad 1102 eIYd1IBYIST Ul passaldxa ulsroid gseDd uonduosue.l 01IA Uj
[8z] $5800N3 3g daH (ma)ety/(dn)TeL ydy ‘Tie11-6Seo-TI81d uondrasue.} OINA U]
[ez] %00T-%G' .2 oM daH 00§ T\9JAd ydy ‘Tie11-6Seo-Ti81d uondrasue.} OINA U]
[2€] %08-%0. oM daH 005 T\9JAd ydy ‘T4e11-6SLO-T81d uondisue.) OINA U]
uondiaosuedl 0IA ul YN Bs
[o¢g] %00T—%.'99 oM yaH 000 T\33.4-1aX eI\ ydy ‘14811 -65€9-TJ31d VYNHILL-YNYBs-YNHd
[6¢€] $5900N3 g daH  dSS 09\eaJj-1ax e 9JAd ‘ve|6 1 -6sed-yindd VYNHILL-YNYBS-YNHd
(Vsmia) %E6
(L) %ey u9 daH 009\884J-18) IR\
[o1] %96-%€ET as (IHN \ 9JAd ‘ve|6 1 -gseo-yindd VNHIL-YNYBs-YNHId
(L) %52 as daH ov\udy
[21] %00T as daH ov\udy ydy ‘velb 1 -gses-ve|fd 9N L-YNYBS-YNH SSd
(s19n0q) %E8'Sy as daH or\ydy
%00T OM ‘d9 daH ov\udy
[o1] %00T—%82'S6 as (3HN \ Spuwre ‘ve|b | -gsed-ve|fd 9N L-YNYBS-YNY SSd
[y1] %00T-%Y" L7 ag \ \  ydy ‘TI81L-19N-658DU-TOIFOdV-Ti8ld 9N L-vNybs-9noed
%9¢ as daH ov\udy Spwe ‘ve|b | -gsed-ye|fd 9NL-vNybs-9nued
%E¢ as (3HN \ spuwe ‘ve|b | -gsed-ve|fd 9N L-vNybs-9nued
%02 as (IHN \ Spwe ‘ve|b | -gses-ve|fd 9N L-YNYBs-9nAd
[6] %GT as (IHN \ Spwe ‘ve|b | -gses-ve|fd 9N L-YNybs-9nyd
§$S920NS I daH 09\o34}-1a)Je|N
[t1] %08 39'd9 daH  dssS 06\ea.4-1ax BN 9JAd ‘Ty811-T4dOgT-T4oMd  ENSeL-YNHI-VYNHBS-YNHI-ENsed
susjowolud adAy I Aq panltap uoissaidxa NYbs
[62] %09 39'd9 daH  AssS 06\eali-1axeN ydy ‘Tie11-gsed-Tield  Odal-AQH-YNYBs-HH-vpdhd
[sT] %00T IM daH  (a)ves ((N)os9\oJAd ‘ydy ‘odan1-gsed-yxood  Odnl-HH-VYNYbS-AQH-Viqud
[8] $5900NS as (3HN \ ydy ‘74811-65e0-T48ld AN L-AQH-VYNYBs-HH-vpdbd
susrowoud adAy [ Aq panlasp uoissaidxa NYbS
saoualajey Aousioiy3 mnw _M__\Mw AU wJe A\Mw_m_o_onhwm_w_\,_mv ([0S BEssEs) UEjSeiihie) uoissaldxa wNYb
T . Jredal wNQ uoissaidxa uiaoud sen :
ENELD) WwNQ Jouoq

J8biu v ul weisAs Bunips swousb seD/d4dSIHD T 8lgel

cjb@im.ac.cn

=

010-64807509

e



988

ISSN 1000-3061 CN 11-1998/Q /¥ T Fi%#4i  Chin J Biotech

3 REHRE

[ 2015 4, Nodvig 281 v 7 2 il 25 rp it <7
JEF CRISPR/Cas9 RE:M I A i Hi AR . e
Jg 5 AE(], R R S DR G R 4 R RS DR PR
FERALAL, 7E Cas # . sgRNA ., fit/k DNA 5%
A AT AR IR TSR BT ok ms , 4Tk
TR SRR A B E R bR, R i A LR A4
SRR R NE L SRR L B AR S S B TR
TS SN i S FOR RS ASTER,  HE i A S
FFE T SN T Mg b fit 7+ E 1
HEARTH,

B %k DI pH R 0 L T A BIL R A b S A AR A
TR, TOIREN g . 2R N g R RR
AR 20 %) 47 2 DI gl 2 R IR 2 g e B R 1) T L R
i) TEICIR L gy 1, bt PR A 2 A 40
BRI ERE, TORMAA DNA MR
Sz S DR T 95 4 o ) T B )y e 282938
B ot P o e IR 2 g L R v 4 A3 e R ) R R )
B, AR Cas HEH 5 sgRNA TEMRAME I RNP &
GG, PR 2 R E T S 0 B B 4 4 A i
PR — ], 2 0 A5 RE X AT L 5 A AR X
=B HWi, RAAA AMAL B 18 # TR
Cas/sgRNA ik ki, e H 4 Hin )5, it
TR 5%, R fi 2 4y o4 5% B 1A A RO
TEZ BN gl T, 21 sgRNA RixGmixits
et A 5 o3 2 T g 22 3 IR [R] ek g 1 203 1) B L
S PR U B S, R PR 3k R AN O T
Ja TR R S N R R R i A BOR S, JLHE
FI T Tet-on 1753 5 71314 ] 3 1475 5 0 B9 VR
Al ARAS E L R B LGA K P . 4h, CRISPRa
5 CRISPRIi R4l A] 5k 22 3 A pip [] 2 8 45 1
FmE g, 22 BTk, 2T CRISPR/ Cas £4:
(10 358 R 201 44 200 R 1) AN I 2 JRofg R A A ot L
F S AL S, JFEE— 2 R it A
YiHe T M R G s LA o

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

REFERENCES

[1] Meyer V, Fiedler M, Nitsche B, et al. The cell
factory Aspergillus enters the big data era:
opportunities and challenges for optimising product
formation//Krull R, Bley T, Eds. Filaments in
Bioprocesses. Cham: Springer, 2015, 149: 91-132.

[2] Tong ZY, Zheng XM, Tong Y, et al. Systems
metabolic engineering for citric acid production by
Aspergillus niger in the post-genomic era. Microb
Cell Fact, 2019, 18: 28.

[3] Meyer V, Andersen MR, Brakhage AA, et al.
Current challenges of research on filamentous fungi
in relation to human welfare and a sustainable
bio-economy: a white paper. Fungal Biol Biotechnol,
2016, 3: 6.

[4] sBHaME, A, PAPRE. RENEME A T

WA S HORSER. A9 TR %4, 2010, 26(10):
1410-1418.
Guo YM, Zheng P, Sun JB. Aspergillus niger as a
potential cellular factory:prior knowledge and key
technology. Chin J Biotech, 2010, 26(10):
1410-1418 (in Chinese).

(5] KB/, KBV, FhPRES. T Tl A Y H R &R
iAW . AW TR e 4k, 2019, 35(10):
1955-1973.

Zheng XM, Zheng P, Sun JB. Systems biology for
industrial biotechnology. Chin J Biotech, 2019,
35(10): 1955-1973 (in Chinese).

[6] *B/IHg, skiEsr, THZ%, 4. CRISPR-Cas9 /%
(5L N 20 G B BR A BF SR E e . AR BOR ERE,
2015, 5(1): 1-9.

Zheng XM, Zhang XL, Yu JD, et al
CR ISPR-Cas9-based genome engineering. Curr
Biotech, 2015, 5(1): 1-9 (in Chinese).

[7] Hille F, Richter H, Wong SP, et al. The biology of
CRISPR-cas: backward and forward. Cell, 2018,
172(6): 1239-1259.

[8] Nodvig CS, Nielsen JB, Kogle ME, et al. A
CRISPR-Cas9 system for genetic engineering of
filamentous fungi. PLoS ONE, 2015, 10(7):
e0133085.

[9] Zheng XM, Zheng P, Sun JB, et al. Heterologous
and endogenous U6 snRNA promoters enable
CRISPR/Cas9 mediated genome editing in



ME EH/ETF CRISPR/Cas RFEBHMBEREARBIIA

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

s

Aspergillus niger. Fungal Biol Biotechnol, 2018, 5:
2.

Zheng XM, Zheng P, Zhang K, et al. 5S rRNA
promoter for guide RNA expression enabled highly
efficient CRISPR/Cas9 genome editing in Aspergillus
niger. ACS Synth Biol, 2019, 8(7): 1568-1574.
Vanegas KG, Jarczynska ZD, Strucko T, et al. Cpfl
enables fast and efficient genome editing in
Aspergilli. Fungal Biol Biotechnol, 2019, 6: 6.

Hsu PD, Scott DA, Weinstein JA, et al. DNA
targeting specificity of RNA-guided Cas9 nucleases.
Nat Biotechnol, 2013, 31(9): 827-832.

Zetsche B, Gootenberg JS, Abudayyeh OO, et al.
Cpfl is a single RNA-guided endonuclease of a
class 2 CRISPR-cas system. Cell, 2015, 163(3):
759-771.

Huang LG, Dong HZ, Zheng JW, et al. Highly
efficient single base editing in Aspergillus niger
with CRISPR/Cas9 cytidine deaminase fusion.
Microbiol Res, 2019, 223-225: 44-50.

Sarkari P, Marx H, Blumhoff ML, et al. An efficient
tool for metabolic pathway construction and gene
integration for Aspergillus niger. Bioresour Technol,
2017, 245: 1327-1333.

Song LT, Ouedraogo JP, Kolbusz M, et al. Efficient
genome editing using tRNA promoter-driven
CRISPR/Cas9 gRNA in Aspergillus niger. PLoS
ONE, 2018, 13(8): e0202868.

Zhang LH, Zheng XM, Cairns TC, et al. Disruption
or reduced expression of the
orotidine-5'-decarboxylase gene pyrG increases
citric acid production: a new discovery during
recyclable genome editing in Aspergillus niger.
Microb Cell Fact, 2020, 19: 76.

Deltcheva E, Chylinski K, Sharma CM, et al.
CRISPR RNA maturation by trans-encoded small
RNA and host factor RNase III. Nature, 2011,
471(7340): 602-607.

Park J, Bae S, Kim JS. Cas-Designer: a web-based
tool for choice of CRISPR-Cas9 target sites.
Bioinformatics, 2015, 31(24): 4014-4016.

Bae S, Park J, Kim JS. Cas-OFFinder: a fast and
versatile algorithm that searches for potential
off-target sites of Cas9 RNA-guided endonucleases.
Bioinformatics, 2014, 30(10): 1473-1475.

010-64807509

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

[31]

(32]

Xie SS, Shen B, Zhang CB, et al. sgRNAcas9: a
software package for designing CRISPR sgRNA and
evaluating potential off-target cleavage sites. PLoS
ONE, 2014, 9(6): €100448.

Kuivanen J, Arvas M, Richard P. Clustered genes
encoding 2-keto-I-gulonate reductase and I-idonate
5-dehydrogenase in the novel fungal D-glucuronic
acid pathway. Front Microbiol, 2017, 8: 225.
Kuivanen J, Wang YMJ, Richard P. Engineering
Aspergillus niger for galactaric acid production:
elimination of galactaric acid catabolism by using
RNA sequencing and CRISPR/Cas9. Microb Cell
Fact, 2016, 15: 210.

Pohl C, Kiel JAKW, Driessen AJM, et al.
CRISPR/Cas9 based genome editing of Penicillium
chrysogenum. ACS Synth Biol, 2016, 5(7): 754-764.
Hsu PD, Lander ES, Zhang F. Development and
applications of CRISPR-Cas9 for genome
engineering. Cell, 2014, 157(6): 1262-1278.

Fuller KK, Chen S, Loros JJ, et al. Development of
the CRISPR/Cas9 system for targeted gene
disruption in Aspergillus fumigatus. Eukaryot Cell,
2015, 14(11): 1073-1080.

Meyer V, Arentshorst M, EI-Ghezal A, et al. Highly
efficient gene targeting in the Aspergillus niger
kusA mutant. J Biotechnol, 2007, 128(4): 770-775.
Alazi E, Niu J, Otto SB, et al. W361R mutation in
GaaR, the regulator  of  D-galacturonic
acid-responsive  genes, leads to costitutive
production of pectinases in Aspergillus niger.
Microbiology Open, 2019, 8(5): e00732.

Ngdvig CS, Hoof JB, Kogle ME, et al. Efficient
oligo nucleotide mediated CRISPR-Cas9 gene
editing in Aspergilli. Fungal Genet Biol, 2018, 115:
78-89.

Song RJ, Zhai Q, Sun L, et al. CRISPR/Cas9
genome editing technology in filamentous fungi:
progress and perspective.  Appl  Microbiol
Biotechnol, 2019, 103(17): 6919-6932.

Kuivanen J, Korja V, Holmstrom S, et al.
Development of microtiter plate scale CRISPR/Cas9
transformation method for Aspergillus niger based
on in vitro assembled ribonucleoprotein complexes.
Fungal Biol Biotechnol, 2019, 6: 3.

Kwon MJ, Schiitze T, Spohner S, et al. Practical

. cjb@im.ac.cn

989




@D 1ssn 10003061 CN11-1998/Q ZEHTEA:AE  Chin J Biotech

(33]

[34]

(35]

(36]

[37]

guidance for the implementation of the CRISPR
genome editing tool in filamentous fungi. Fungal
Biol Biotechnol, 2019, 6: 15.

Fu YF, Foden JA, Khayter C, et al. High-frequency
off-target mutagenesis induced by CRISPR-Cas
nucleases in human cells. Nat Biotechnol, 2013, 31:
822-826.

Kleinstiver BP, Pattanayak V, Prew MS, et al.
High-fidelity CRISPR-Cas9 nucleases with no
detectable genome-wide off-target effects. Nature,
2016, 529(7587): 490-495.

Shen CC, Hsu MN, Chang CW, et al. Synthetic
switch to minimize CRISPR off-target effects by
self-restricting Cas9 transcription and translation.
Nucleic Acids Res, 2019, 47(3): e13.

van Leeuwe TM, Arentshorst M, Ernst T, et al.
Efficient marker free CRISPR/Cas9 genome editing
for functional analysis of gene families in filamentous
fungi. Fungal Biol Biotechnol, 2019, 6: 13.
Leynaud-Kieffer LMC, Curran SC, Kim I, et al. A
new approach to Cas9-based genome editing in
Aspergillus niger that is precise, efficient and
selectable. PLoS ONE, 2019, 14(1): e0210243.
Wang Q, Coleman JJ. Progress and challenges:
development and implementation of CRISPR/Cas9
technology in filamentous fungi. Computat Struct
Biotechnol J, 2019, 17: 761-769.

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

[38]

[39]

[40]

[41]

[42]

Kun RS, Meng JL, Salazar-Cerezo S, et al.
CRISPR/Cas9 facilitates rapid generation of
constitutive forms of transcription factors in
Aspergillus niger through specific on-site genomic
mutations resulting in increased saccharification of
plant biomass. Enzyme Microb Technol, 2020, 136:
109508.

Cairns TC, Feurstein C, Zheng XM, et al. A
quantitative image analysis pipeline for the
characterization of filamentous fungal morphologies
as a tool to uncover targets for morphology
engineering: a case study using aplD in Aspergillus
niger. Biotechnol Biofuels, 2019, 12: 149.

Roux I, Woodcraft C, Hu JY, et al
CRISPR-mediated activation of biosynthetic gene
clusters for bioactive molecule discovery in
filamentous fungi. ACS Synth Biol, 2020, 9(7):
1843-1854.

Lian JZ, HamediRad M, Zhao HM. Advancing
metabolic engineering of Saccharomyces cerevisiae
using the CRISPR/Cas system. Biotechnol J, 2018,
13(9): 1700601.

Meyer V, Wanka F, van Gent J, et al. Fungal gene
expression on demand: an inducible, tunable, and
metabolism-independent expression system for
Aspergillus niger. Appl Environ Microbiol, 2011,
77(9): 2975-2983.

(ATt BT



