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B4R T I E AR 2R L RIS B AR
B, VU0 A5 A 1) 2 2 J (AL e A
RS,

1 ETHBN e LR HEXAR

I BN B A% BR N U N £ AR B AR A TR T
(zinc-finger nucleases, ZFNs)FIZ4 SR 3E R 734
M. ) ¥ B2 T (transcription activator-like effector
nucleases, TALENSs), iX 2 FiZ RN UIEEAR R H
DNA 258 AZIR N UIEE Fokl ZHAL, 7EiX 2L
FIVE T B JeIE BUAGE W %4 (double strand broken,
DSB), #RJ5 i i 5 E [R5 R 3 % 3 (non-homologous
end joining , NHEJ) ¥ [A] Ji & 4 (homologous
recombination, HR)YFA 7&K . ZFN 1 Jc i3
TAE. SYGEmRIEL I wH, R 5K
pE . R DR PEGEL B 4. B
(IR TK) . e . '), ZEa
A TALEN BORWAEREY) . /DL, SRS 5,
A4 e N4 e s S B0 T 6 R IR A s 0™, H
ZFN Fll TALEN $ARTG 20— 5 R i ik
et GMmAs 2 Mxmi, BrRE
% RCREBAR, TE—ERRE L2y T RS
2013 4 Zhang 51 K- CRISPR (clustered regularly
interspaced short palindromic repeats)/Cas9 £ A Jij
T FLah P A i 3 R 4w 85, it CRISPR-Cas9
TR AN — P BE R g B HOR T8 2, %
HORERVERI B e ethom, (RS A JLAR I TA] B
CATEAMRAM . /N KRB, M FHuik
LW Y. A R R P RSB T
X BEE R Y SE ) iR, H RTNZ RO © 20 L
R 4 4 11 T AR

2 CRISPR/Cas9 % %ty 4 R X AE A
HLE

2.1 CRISPR/Cas9 RS

CRISPR & Mt B 7% 1Y [) B 6 o] SC & &2
(clustered regularly interspaced short palindromic
repeats) TR AR, IZZEIFH) IZAFTET 40% A TR
1 90%H i M, JEAE AL HERE TP LAY —Fil
RAGE B FRASER T R GE, AT R AR 9 5 8K
ki DNA, 46 A SIEE A T MR E A B
LAIXHTI%SME DNA BT AGRE), CRISPR i
JE PR ST 1) A P 9 R 5 4 AN ) 114 1) B e 471 <8 B
S 2H R AR H AT EcH A9 43E , vT#% CRISPR-Cas
ARG PRI, A5k 6 RS 19
Fift iy R, AR R ) CRISPR/Cas R GEHTEE —
RERYZEAL I RYEBGE TR 11 B CRISPR/Cas %
48 LU HAt CRISPR RGTH R, HF2E Cas9
(R ) R crRNA (CRISPR associate RNA) .
tractrRNA (trans-activating crRNA) % RNase I1I 4 Fift
Y14y, RInIXHRES P50 R SME DNA #4750 . 839
P11, Jinek SEiE— A5 AN 1Y 11 7 CRISPR R4
AT T el FPE AL 8 crRNA Fil tracrRNA %% 1%
— A4S 5 RNA (single-guide RNA, sgRNA),
fE sgRNA 15| 5 F 0] @2 3 Cas9 £ 1% DNA
(5 s BRI S 2 R AR TE 2 R A%
Py e 8y S BT X s TR A 4 A (B A IO I R A
A T B R B DR 5R) B [T I ) 22 A B A Y
AR E, LT T A AR R I T T
CRISPR-dCas9 £ A 5L H ki #"1, 5E sif
FMBAL 2B K Lin 257 4 (035 (R PR
AR AR 2 05 T PRI R
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2.2 CRISPR/Cas9 RS HME LI

CRISPR/Cas9 ZGE M A 2 5k T 75 A0 T Aty
AT CRISPR/Cas R GUAHIC I ETAF (1 BL il 4
Pr2Eir e, Bz RGN VE AL T T —
B, MEFE Rk FEAHE 3 P8R (1) i
B DXy 2 AR A - 2 A/ A A B s S5 42 4 4
)5, CRISPR R4 St (protospacer adjacent
motif, PAM)F%1|, Casl-Cas2 2 & Y(1E Lt
15 O T 3 A5 HA Y B 7 ) 2 5 8 A1 58T 8] B
N T A B AR SE R AL SR u I EZ A2
(], X 5 (] B 3 47 0 (] o) 0 52 PP 90 B O, DRAIE
T CRISPR RZiXT H 5574 FSME T4 By AR
HI5(2) orRNA -G B I IR S s 1
BRI AR IZ A A IS, CRISPR 16 5 5 )7 4]
554 AT R PP 51— % 5 pre-crRNA HJ4%
A, MR A A RIFEFSIE crRNA, i
— 5 tractRNA 2552 il crRNA-tracrRNA & &
f&; (3) CRISPR/Cas9 45 UL Bk o 8 T4t .
crRNA-tracrRNA (sgRNA)E &K iE—4 5 Cas9 &
A% crRNA-tracrRNA-Cas9 & 51K, 7£ sgRNA AJ4
FT, Cas9 HAREY SRALAIFINE S, X
DNA WU #1785 Y] . Cas9 1 &4 HNH Fl RuvC
PN CEREEF IR, 433X DNA BP0 55550175
D), HNH S5 AEGXT 15 crRNA B4 DNA 5
HATEIY], RuvC Z5HIATI8T1 5 orRNA JEH
#MK DNA 41, ML, sgRNA i3T5 PAM i
REWRR 20 AT IR TS, Cas9 B 17 50 PAM
FiF 3-4 bp AL BT YN MV R dw o AL,
CRISPR-Cas9 R4 LA 2 I BEFEJE H sgRNA 7
SR 20 nt & PAM FFAI3E R e E Y

Pk, 4R SME CRISPR/Cas9 REHET:
ANZARANME, H sgRNA PUEEFR( &, Cas9
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Tk DNA BUESA TR, A a] LIA A &
 NHEJ il HR 2 Z&AB 5 iR 42 % %45 DNA BEAT{E
o WFFEE AT LIARSE AT T 22 Al i b 5 A B
DNA F B, anbotk Ik N /28 68 (L &, Jim] s
IR X L PR 114 2 1)

&

Iy

3 CRISPR/Cas9 % 475 B8 B FF 3¢
B 4% B o R 3t K

PTILAFRARZ AT FEHE K CRISPR/Cas9 $ AL
TR B EE(Saccharomyces  cerevisiae)3E K I fig
AT FE R, (o R A i A 2 D 0 R 28
fem, JFSEH TR RLEE R B ER . 40 DicCarlo
S5 JCFIH CRISPR/Cas9 FiA, fif B Ko WA 0L
BRI RECR A B R 2 5 R 130 15, J340H
T sgRNA 5k 5 {114 DNA (donor DNA)# &
T AR BIFRIEN Cas9 4 T Al {41 {A DNA 1
[ LR 100%!"). Ronda 5 F|H] CrEdit
(CRISPR/Cas9 mediated genome editing)$ RZE &
LD IR A, FERIRE I8/ 2 60 bp I Al {4
FEHMRIRACRHER 100%; 73456, FIFZE ARSI
XA 2 AN B AR Jakocitinas
I CRISPR/Cas9 RGME— AL [R]
SEML T ERESEE AL 5 M g, Yu Sk
CRISPR/Cas9 5 PCS (PCR-mediated chromosome
splitting) . RAH4S &, EE57 T CRISPR-PCS iR,
123 AR G AR W 24 (chromosome  splitting) 550 3%
S 200 f, SEBL TN AN G 0 A [R] IR T
5544, Hao % FIH] CRISPR HARSLILT 1L
45 1) Latour system B = A9 56 R gm0, ol )
BRKT 30 kb MR BEIEEP, thtknr 0L, 7ER
T I B % CRISPR/Cas9 A HU AL 5t i 35 (K 44
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AR R T H SISO, JUHAE R I 4 4
ZAFEEI R T SR

4 CRISPR/Cas9 ZS& 4K EH
FHAERBEFHARGEE

TELZR TR BT S AT 5 CRISPR/Cas9 &I
g A R ORYWT T 4R B E R P 7R i &R
(Aspergillus) . B AR FE (Trichoderma reesei) . £ K
¥y W (Ustilagomaydis) . /K T #5 & W &
(Pyriculariaoryzae)3(F 1), HRITEIZ IR 5T
H B R TAEA YA 7. CRISPR/Cas9
PR Z I AL DR G 03 55 7 T 40 Nedvig 55
TEREE R 6 DR ST T CRISPR/Cas9 £
iR R, X LE W) R EE K 5 B (Aspergillus
nidulans), EVUMEE (4. brasiliensis), BB
(A. carbonarius) . M (A. luchuensis) ., A%
(A. niger). EEMBL(A. tubingensis)5, HA1PTEE
SERIECARAR R AT DU AT B R S, e
T %t A FE R Y () B 4 2 Fuller S5 76 00 H 5 (A
Sfumigatus)tL 7. T CRISPR/Cas9 F:[H gmiBik R,

FIFHIZAA 001 J8 68 3 5 IR A8 118 D B R R SR 5
WS N (pks PR R AR BB 25%-53%; ik
T Cas9 LR BRI AR KB FEE 138 0
W, B TIZ R G0 0] LU 05 T8 B0wW AL 9T
FEH Sh BE M BF 5T P Zhang 25 s 7E AW Bh B (4.
fumigatus)FHEL T L CRISPR/Cas9 Hi A JyKLfii 1)
T R VEREE 4 5 Y 2K 3 1% 4% (microhomology-mediated
end joining, MMEJ)#EJER 2848 R 5t , AT
R e R RERE D e, AT AE [Vl 35 bp
8 5 PR ) S 803 R 35 95%-100% 2, Liu 554
H R KE (Trichoderma reesei)@ ;. | CRISPR/Cas9
RGE, AT DU A0 ) 251 T S B SE A
FRCEIEIRE L, AT I R R T R B 4
#8524 Schuster Z57E T K BBMYH (Ustilago maydis)
#2377 CRISPR/Cas9 1R 5, fdi{AtiaCHIIE K Y- 34 2
BEAOR IR 170%™ . Arazoe S5 LE 7K e I
(Magnaporthegrisea) 8 57. | CRISPR/Cas R4,

FITTE 2R FL 0 v B B 1w 47 7Y Cas9 B . N
A9 RNA REH I, U6 Jo 3 T-F1 RNA R4l
11 E ) 8 F3%15 sgRNA (single-guideRNA), Jf
BIUE Tz R G LIRS HARFF S | i 2 3 A )

F1. ZREFEPS2IREF A CRISPR/Cas9 2 E X 4548 B9 ER 5> 2451

Table 1.

Partial examples using CRISPR/Cas9-mediated genome editing in filamentous fungi

Species Genes Transformation efficiency/% Screening markers References
A. nidulans vA 70-80 AN argB [21]
A. aculeatus albA, pyrG - hygR [21]
A. niger albA - - [21]
A. luchuensis albA - - [21]
A. brasiliensis albA - - [21]
A. carbonarius albA - - [21]
A. fumigatus pksP 25-53 hph [22]
A. fumigatus pksP 95-100 hph [23]
T reesei Lael, vibl, clr2 =93 - [24]
U. maydis bEI, bW2 70-100 - [25]
M. grisea - - - [26]

The lines in the table indicate that the related data are not shown in the references.

http://journals.im.ac.cn/actamicrocn
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HA 7 RS, B2, BHEifE L
EL P IIFE A R KR, A CRISPR/Cas9 43
{18 5 D) 2t 5 R T A 280 % 22 R T TR ) B R
PEATgtR, R FIZAR R AT LIXT AN B S
PEA T, Xt SE R KR . 34 3k B 88 R AR
T3 % P 8 2 S TR R AR T G

5 HY%EEEF CRISPR/Cas9 3
BB RARANME T R REARER

ARG 2 %R FH RNAG L #1035 DR R B 4 AR
A3 0 KRB T L R Dy R A R B, AR
G B A RCRARAR DY AR AT RE S h AR IE 4
F T S DB 2 1) JL A AR T R o 30 A e
122 1R7E T K K BEHE # H 57 CRISPR/Cas9 JE[H]
GEERG, PR T L RER P AT ZIAER
P SEA R AR AR S R IR, MG R R 2
FEUT LA (1) #i5E sgRNA EiE& . sgRNA
FKik&EMEET . gRNA, sgRNA scaffold 51 il
LKL, Hrp, kS8 sgRNA P51
PRE B g B 5 R YOG 2R, B e T
#FR DNA X1 548 PAM (protospacer associated
motif)/¥41 NGG/NAG, £ PAM J¥41 LiiF 20 bp
FEATEHIRIA sgRNA JPF, 2 Ja i 2 7E 3 R 241 5L
P JEH RGN sgRNA #781 f R Sk . H RTAO AR 5%
W, BWFOEISAH 11-14 4> C/G, AT
5l C/IG ik A 4y R4 o mT 4 s 4T
sgRNA JF 4 A3 S pPAik i o 7 A B s
S8R, U1 CRISPR Design, ZiFiT. Cas9 Design .
E-CRISP, CRISPR-P. sgRNAcas9P" 143 2),
TIAh A B B R 0 sgRNA RIBMIAEK,
H ATFE 2R B R IR 2 U3, U6 %,
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(2) Cas9 RikGMLLFE. Cas9 HIARRIBRIER
S B RE DR R T AR I e 2R, i A
IR RS B, 40 gpdA JE BT MR R
pkil B8 FUO%, BRI Caso B8 PRI
At ] {2 4 i Cas9 25 1Y R IA B I 4 i R R 21
HAR RO IO, IEATXT Cas9 B I 148 2 1Y
&4, WA INAZ € 07155 (nuclear localization signal,
NLS) sl % 2 11 (GFP) 35 LA 41 =y 5t [H 2 2 48 0%
BTG, (3) PUHARICHYIRIE . TE22RE
AL AR T e R, RESIAFRIEEH N K
1 % (homology-directed repair, HR), %5 ASZIA4
i ) 50 S P R R R B TR ) [ U
B, BETE PR IC SR B SR,
FI SR FH B4 [ P58 4 B — A 200 bp 2= JL+ bp A
o (4) ZIRRER: . B ETTEAE YN )5 L i)
4 Cas9-sgRNA . [F] 5 Kotk D & S8 IR 1) 14
#5}, Overlap PCR FIARfEZR— kiR, ZJqE R
I N 2R LY S5 A B ep i Hotk & or74E
i e R E [ v | a8 SPR R SR Y S N

6 FALEZ

CRISPR/Cas9 45 iy HL P 4 G i HR K 4
FREHE LR P A e sgRNA, R AT SZ B 3
HE S g, SRR RIE . mRk
WAVET . AR, AR E AR A —E 1 R R
P, FLERMAELL I WA 5T = (1) FAAEREERON
A RE G| I R A AR ) S A, HETEE Y
B AR BE R 2 b, NI AN T B A SR
AHENE s (2) BRI g A RCRATIR AR . th T
T 22 R LT P 2 B R B P R ) i T G LR
B, BETTEAR Z2 b i 2R 2 7 s i) B DR G
R, BHE VW RTEIL IS AT 2 77 2R
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F 2. sgRNA gt 5 it ¥R A0S 1 £ 51 14 BY 3B 43 L 451
Table 2. Part software examples of sgRNA design and off-target effect evaluation

Names of software Research institutions Internet sites Application scope and function References
Cas9 Design Engineering College, Beijing http://cas9.cbi.pku.edu.cn/ sgRNA design and transcriptional [30]
University efficiency assessment in 10 model

animals including mice, rats,
zebrafish and so on

E-CRISP http://www.e-crisp.org/E-CRIS  sgRNA design and off-target effect  [31]
P/index.html assessment; "Paired-gRNA" design
Cas-OFFinder Laboratory of Professor Jin-Soo http://www.rgenome.net/cas-off Searching for potential off-target [32]
Kim in Seoul National University — inder/ sites in a given genome Or user-
defined sequences
CRISPR-P National Key Laboratory of Crop http://cbi.hzau.edu.cn/crispr/ Selecting sgRNA in plants and [33]
Genetic Improvement at College marking comprehensive restriction
of Life Science and Technology in enzyme cutting sites for each
Huazhong Agricultural University sgRNA
CHOPCHOP https://chopchop.rc.fas.harvard. CRISPR/Cas9 or TALEN [34]
edu/index.php system-mediated genome editing
technology
CRISPRdirect http://crispr.dbcls.jp/ Designing special sgRNA [35]
COSMID https://crispr.bme.gatech.edu/cri Identifying and validating [36]
spr/ CRISPR/Cas off-target sites
CRISPR Design Laboratory of Zhang Feng in http://crispr.mit.edu/ sgRNA design and off -target effect [37]
Broad Institute of Massachusetts evaluation
Institute of Technology
CasOT College of Life Sciences in Beijing http://eendb.zfgenetics.org/caso  sgRNA design and off -target effect [38]
University t/index.php evaluation
sgRNAcas9 National Key Laboratory of Crop  http://www.biootools.com/ sgRNA design and off -target effect [39]
Genetic Improvement in evaluation

Huazhong Agricultural University
and Laboratory of Huang Xingxu
in Shanghai University of Science

and Technology

SSFinder https://code.google.com/p/ssfin  sgRNA design and off -target effect [40]
der/ evaluation

GT-Scan http://gt-scan.braembl.org.au/gt- sgRNA design and off-target [41]
scan/submit prediction

flyCRISPR http://tools.flycrispr.molbio.wis sgRNA design and off -target effect [42]

Optimal Target c.edu/targetFinder/ evaluation

Finder

Off-Spotter https://cm.jefferson. sgRNA design and off -target effect [43]
edw/Off-Spotter/ evaluation

CCTop http://crispr.cos.uni-heidelberg.  sgRNA design and off -target effect [44]
de/index.html evaluation

AMFZERINZS . (1) QRIS Al 22 R R Imly BEA B THGE, f Cas9 AR FES A UIE
H Cas9 filf, BF5EE Al IR R ZAIR R W IF A% DNA ¥, $2mHE S, Q) X Cas9 TN E
FARALH) Cas9 i, oiEMEAT Cas9 EEALHIENT  (MFS, ARUBIES Cas9 A AZ S H HAE2

http://journals.im.ac.cn/actamicrocn
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RE MM N FER R IR . (3) X AR IR 1 %
FlUS shF-(Hehn H1 3 3h+ . miJT Ue Jagh+ . 4
U6 Jazh¥ . UBI jagh+. 35S JAal+5%)r4t
PRI L ORGHE RS RN R IR, HGE A T BRI
WIS (4) SExT—2RhRE . 2R
A PR A R, T BE R E XF 2 A AR SE 1A
PR TOmAR  sgRNA ik, X FERRATAT LAKT A
PR . AR A B Zh BEAH DG 1 24> Bk K] [ g
PEFTA3HT o (5) Jnfuf 7 Xof JI A4 7 J T, PT DA
P CRISPR/Cas9 (G 7 i FUE B, E 7 X
BSOS A T AR A IR A R, BRI
RS AT REAEAE R EAEALY , #2815 CRISPR/Cas9 fHF
SRR RCE

MK, CRISPR/Cas9 R G1E 220K B ik
DRI 201 2 564 1 o P 7 TR A TR0 R B, B AT 4R
EWALRTILAYFh S, A ar 8 AR B R
T H 5 N A A TG B VI B Rl h, 2
A ] LA AN R BR T A SR YR 38 T Cas9
SgRNA J IR g A 22 , anfny 41 o5 [ U5 E 300K
Q] E 1o e A RN B R 1 A0 TR e B )
T R R AR . B ST Y2 8 LT ) e PR 2
FERITTJE , TEAN I AR R A BEZ R T LA 2
AT ANRIRIEEE . ShP e 5 . A e )5 E
[N 3 RE N I C T MRS A UL L i G e T iy
R,

2 % X W
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Research progress of CRISPR/Cas9 system in genome targeted
editing of filamentous fungi

Xingchen Liu, Shouqin Gu', Jingao Dong’

Mycotoxin and Molecular Plant Pathology Laboratory, College of Life Sciences, Agricultural University of Hebei, Baoding
071001, Hebei Province, China

Abstract: CRISPR (clustered regularly interspaced short palindromic repeats)/Cas9 technology, established in
2013, guided by special RNA and initiated by endonuclease, has been developed into the third generation of
genome editing technology, which is widely used in genome editing among varieties of species including animals,
plants, bacteria and fungi with high efficiency and specificity. This review briefly introduces the characteristics and
the application of three genome editing technologies based on endonucleases, describes the composes and
mechanism of CRISPR/Cas9 mediated genome editing, summarizes the application of this tool in Saccharomyces
cerevisiae and filamentous fungi in genome editing. In the other hand, we put forward the protocol about using
CRISPR/Cas9 technology in filamentous fungi, such as the design of sgRNA cassette, the optimization of Cas9
cassette, the screening of resistance marker, the selection of receptor, and so on. Furthermore, some suggestions
were given about the problems which often encounter in practical application, such as off-target effects, the
addition of Cas9 nuclear localization signal, the selection of promoter, and multi-gene editing, to provide a
theoretical and technological references for the beginners in filamentous fungus gene editing field.
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