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Abstract: High-throughput genome editing is an effective approach for rapidly analyzing the function of massive
genetic mutations and to perform genetic breeding. Compared with random mutagenesis, the Clustered, Regularly
Interspaced Short Palindromic Repeats (CRISPR)-based genome editing is more efficient and programmable. High-
throughput genome editing and screening is enabled by the design of guide RNA libraries targeting specific genes. In
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recent years, the high-throughput genome editing toolbox is enriched by various CRISPR systems and CRISPR-derived
technologies. Here we review major CRISPR-based high-throughput genome editing methods, including CRISPR-
assisted homology directed repair, base editing systems, and prime editing systems, and discuss their applications in
different fields, including industrial microbial strain breeding, functional human genomics research, and crop
improvement. These methods have been applied in improving the production capacity of microorganisms in industrial
breeding, analyzing the functions of disease-associated single nucleotide variants (SNVs) in functional human
genomics research, and enhancing the herbicide resistance of plants in crop improvement. Meanwhile, we also discuss
limitations of these methods, including the limited species applicability, the low mutation diversity, the narrow editing
window, and the difficulty in multiplex genome editing. We further provide prospects to address these limitations,
including: firstly, expanding the applicable species from model organisms such as Escherichia coli and Saccharomyces
cerevisiae to other important industrial microorganisms including Actinomycetes and Pseudomonas aeruginosa by
using related CRISPR systems; secondly, increasing mutation diversity by developing more advanced editors,
particularly base editors; thirdly, broadening the targeting region of genome editors by using PAM-relaxed or
computationally designed Cas variants, as well as novel base editor and prime editor architectures; fourthly, scaling up
multiplex genome editing for more targeted sites. With the development of artificial intelligence and automation
platforms, as well as the continued rapid advancement of CRISPR and its derivative technologies, we expect that more
advanced high-throughput genome editing technologies will emerge.

Industrial microbial Functional human
strain breeding genomics research

Keywords: CRISPR; genome editing; high-throughput; homology directed repair; base editing; prime editing
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KL [R] 20 24 B0 43R S — Al A 10 o) 4 i Ak ] 41 o
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THRITIRE . AT HRRAE . A EIE A BB
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SnE I YamE D SR, SZBR TN R A e o E 2H
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r P R0 AT DL g ik R 2H S AR SCFE 1) TS % R &
gr Yo B SR R 2H g 8 3 AR T AR LR 5
PR e, T EAIREE IR . R BOR
T RE RSN DA% TR Tl DL A 1 B ol e L[] S L 5
51 (clustered regularly interspaced short palindromic
repeats, CRISPR) /CRISPR #{ 5% & 4 (CRISPR-
associated, Cas) R%i. HT7ERD L FEMEF T
B R #H, A & % ik CRISPR/Cas & 4 .

CRISPR/Cas 52 4t /& 4H T FH i 41 T IR 5T A0 K AL 1R 1Y
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L. MAINVAD fm228 (BT VA #
gr . AT AE R B RS2 RGAK
ik &% 2R B8 1) T 2 CRISPR/Cas9 & 4 ™. 2020
A DURM KR R I T2 R G M L HAE &
AN i B 2R U ) BOR R ANME T TR E R
% Emmanuelle Charpentier fl 32 [E £} %% X Jennifer
Doudna. fEIX D RGH, Cas9 & H/EH.[4F RNA
(single guide RNA, sgRNA) 5] 5 T ) B A 41
FRVREE AL R (FRON R IR XD, iz m AR — A
Ji 8] & X AH 48 % ¥ (protospacer adjacent motif,
PAMD, 5 sgRNA 15 S P FIAHILE . B )5,
Cas9 & [ fif e H b5 DNA XUk, 3t 1738 i RuvC Al
HNH ¥ IR il 45 43803 D1 0U5E 7 42 DNA XUk
Br%¢ (double-strand break, DSB) (& 1). DSB &
— P EEH P H ) DNA #7475« 7215 £ 40 B an K
v BRI R A AL AR B S, BT L@k
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NHED 8 [A i & 17 &2 & (homology-directed
repair, HDR) X P Ff 1& & L il X DSB i 17 &
52 el RbE AT DUOR) B NHEJE & R B AR 4R
RS NBERL R AR HEAT L DR R B, BRI FH HDR ) 5
PR TR VAN N 7 1) 1) HDR ASEAR S IRE 1 TEAL IR RN
AR, AL 4 H A T2 5 CRISPR/Cas F 4t AH 45
%> MM CRISPR/Cas 4= B 4L 1] DSB (I fE /1, figitt
TR EEREAT N E I & v BT HDR ) R AR 3L
F Ry S R T S
CRISPR/Cas & P59 8 £ R K e i F v — A%
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2/
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El1 CRISPR/Cas9 % %1% DNA
Fig. 1 Schematic of DNA cleavage by the CRISPR/Cas9 system
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R B R R E R I EE AT B, BOR(RIET
Bl 2R iy B T R IT A AR T R
FEY) o R 55 S PR B H o

AR R NI VEAN AR 13 5 T 45 A CRISPR
R miE RN H w7k, FERE TR
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Fig.2 Workflow of CRISPR-assisted high-throughput genome editing methods
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it sgRNA 541, CRISPR/Cas % 4t A] LATE 45 5E 7 1
FIANDSB *, fEAFAEAMEAE AR TSI, 4
Al HDRBRHEATIE S, M SRS 1R F 5 R 20
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Fig.3 CRISPR-based methods for introducing point mutations
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CRISPR-HDR# A, it KA G & B AR
f) HDR #4% DL & AH B FE sgRNA e it, A Szl 3T
HDR [ 538 2 L D5 4

2014 4F, Findlay % "% & I7E N 240 M & Hp L
F] CRISPR-HDR # AR, FH sgRNA 5| 3 Cas9 #£17
FERAYIE], FraE RN R AR TR ST R, S
BT NI R A gm . )5, 2 T 78 7E I 3L
W4 5 ) CRISPR-HDR 43 AR AT 7 HE PR 20 [X
S 1 VAN G 4 R K A Th B8 23 B B0 Wl LB W
Jifd # HDR Bt FH )18 2 1008 75 22 600~1000 bp
(O TRIE A B, DR A (b A S5 A SC 2 A 2 ) e AR
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L8 S A A T . h4h, 7 CHAnGE :fii I,

AR R 5 f 3l T & 1) CRISPR/Cas9 1 [ Y5 & [
B2 4B M a4 R (CHASE) i ] PAM X
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W A B g, AT SE B C-G B T-A B B .
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2017 45, Gaudelli %5 " it — 5 JF & T ABE, ¥
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BlGr, AT RAAY 5 N A I o AR K S, JEAE
2 J5 ¥ DNA S il F rp gl 5 51 oy S EEnsy WA SE
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MNMRGH )L FAER—BRIF & T 241~ DBE #4t. i
U, Zhang % ¥ CDA Il ADA [F]F 5 nCas9 il &
{55 HLREAE [ — 3B 47 3 3 2 CBE A1 ABE ) Difig. H
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ssDNA NJEY 5| N 4if . Cas9 751X — i F2 A2 2
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FHRE PO M 2 AR ARG S, BL A H B
ARG E R E T KRE TREREE, #7782 RE
PAfE ). Zimmermann £5 " FEERERE REh T R T
ff ] 1-E %Y CRISPR/Cas % 4t #k 17 J& 5 ¢ 4%
(CoMuTER) 77k, & Cas3 5+ i & Eg k&
AJ 50 A Cas9 4% sgRNA 4 8 o PRI, Sl
Tl ke o ke [R] 2 DX 9 ) v B A R o Gawlitt 55 T A
K FF # R R B PAM S8 F Y ScCas9 4 & 1
ScBE3 #%4t, nGRAVEEY R BT IXI, L
BT A B DR A KT ) 1 3 PR O A

Y, Ligk U KRG IR R T i R )
WOYE M % AR 4 4B 8% (STEME) , ¥ CDA
(APOBEC3A) #1 ADA (ecTadA-ecTadA7.10) LA
ANF IR B AL A B nCas9 N 3, SEEL T WU 3 4w
. BE— 5 i A PAM BURA ] Cas9 58 45 {4
Cas9-NG 1 sgRNA 3L £, STEME-NG % 4t it U
¥ osACC =R iy Mtk . tb4h, Zhang %5 7
FR T ZEIELHAERE RS (MoBE), #id
it sgRNA B 4 IEAZ 230, fEH R 48 5 7 ADA
(TadA9) AICDA (CDAL), WfE/KAEHSZI T &
1A £ 35 R 2H OUBRH 2 G 4

1.3 CRISPRH#EIRISISRIER R
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WA DSB R 4 gt 5, H—NEARE S
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(HB40A FRAF ) F—A 55 I C i fil A (1) 10 % 5% g
SZERIE: pegRNA S'ui AL 4, 3% & A 519
2575 (PBS) A A kAR (RTT) . W 5T

AR G| NB) H AR RALNL T RTT 30 5% S il
PAMCAARAR, DA nCas9 i 1) ssDNA K 51 P k47 1%
sk, M RNA B RAE 5] N 2 5L K 41 DNA #
[E3(c)]. 5 CRISPR-HDR #H[7], PE W i#it AT
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MRAR Y H A, KE T A pegRNA L
LA K 5| 5 i B 28 AE 2 AN Ap S EL T e
DRl 2H g i

Xu%§ PHEKRE R TR T 5 S 9RESCEN TN
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MIFNRAE (PLSM), IXJ2 B A% pegRNA 3 5
R B RS PR, BRI S KM & B
pegRNA. 7EMIFLZN 4N+, Erwood %5 " 3R
5 PLSM AHBAII S lE , JHF K 111 5] 5 9 48 07 1%
SPE. Ji 8:45 W 70 % pegRNA XCEHE— 54k, JF
R SCRE 5] 3 4 48 07 % 77 15 PRIME 7, 5] 5 4 4
AP IR X 380 7 ¥ PEER-seq U 4% . PEER-seq
FE 5N H bR RAS I AR AR AL B AT [F] i 50N — A
B3 (1 [R) SCTRASAE g B bmacd A5 AR PH A2 13 250k
DT 625 1%, GRS T 346 T HRTH
pegRNA SCHERJE R, Hsu%s " R T H TR AL
RAEM 2 BEAL S R RL T (MOSAIC),
FH Rl & PCR K VR A B 225 s T o B ol 1) A% 1 TR
M5l N & 2 PE DNA Jr Berb,  w) B PR b i
pegRNA SCFE . At A8 ok 3 Fb vy 38 & o 4 v,
— X PBS/RTT K JE (g &4 G347 70K, M
1M Xt PE ) 2 45 0K SEBLAR 4K - Cirincione £5 ™ U]
R THT s R R R mE RN PE &, Eid
M2 24 T TRE4E pegRNA  (epegRNA) 13
JE (StopPR), #E[EZ)1.7 AANHN T, kil T

1149 AN FEBE K. %07 0] DLAE — 2 F2 B Lok b
DNA B Z T, it — D% miE = PE /7
PAER R E AT gmiE e . R iHh, Niu & Y
FER T ET 5 YA ik J7 % (PRESENT),
fd 5 29.79 J3 A epegRNA 1) 3C g, #ELJH HCT116
R 3644 AR I g R, JF 45 G LA
SRR A ME B2, KRG T F X
RAR MM AEKK W, 1k s T NFHERH
) SCERAR T REFIAL G -

ffi Fl PE#H 7 il B R N A g 4B, =R
pegRNA Bt H ARME FER iy o FF%FIX — ] /@, Park
2 W 3 T — K pegRNA SCJE it T A SynDesign..
Z B AT DL H s 2 R 558 A8 14 A il pegRNA SC
JE, TN AE R [F PE 2 45 K 41 o S 2 v ) 2 2
2., [A]i} SynDesign 2 & T 5 [7] LR A7 ic DA
P i g R AR IR B AR TR A . 2 TR
A BT R FH PE AT i@ s B R A g, ik NS
T AH G FE R AR S AL S5 R

b = 2 i R IR A g R R A R BOR
I B TR 1,

1 CRISPR % Bl ) w5y 38 5 3 D8 2H g B 07 7%

Table 1 CRISPR-assisted high-throughput genome editing methods

YR T T AR Y Cas HHH PAM HMNEH i;
CRISPR- Saturation editing it L3N 20 SpCas9 NGG — [38]
HDR CasPER iRV P B SpCas9 NGG — [43]
CREATE KIGHF & SpCas9 NGG — [44-
45]
CHAnGE TGP 7 1 SpCas9 NGG — [46]
MAGESTIC FREG 7 B SpCas9 NGG — [47]
CRISPEY R e SpCas9 NGG — [49]
CHASE R 7 1 SpiG(SpCas9 RAFE) NGN — [50]
CRAIDE iR SpCas9 NGG — [52]
Base editing TAM W L) ) 24 At dSpCas9 NGG T B 2B AID-P182X (AIDx)  [63]
CRISPR-X L ERZIEYE) ) dSpCas9 NGG T B 2 AID/AID*A [64]
BARBEKO Wi LA 2 nSpCas9 NGG JHEF B 28 Anc689 APOBEC  [65]
HACE W L) 4 24 it nSpCas9 NGG Jif 1 24 B AID*A [66]
fi HER PcrA M6

MACBETH B AR IRAT nSpCas9 NGG M TF B S i AID-P47S(AID™)  [68]
CoMuTER FREG P R Cas3 AAG Jitd 5 i & i rAPOBEC [69]
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