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Abstract: Saccharomyces cerevisiae is one of the most important hosts in metabolic engineering. Advanced gene editing
technology has been widely used in the design and construction of S. cerevisiae cell factories. With the rapid development of
gene editing technology, early gene editing technologies based on recombinase and homologous recombination have been
gradually replaced by new editing systems. In this review, the principle and application of gene editing technology in
S. cerevisiae are summarized. Here, we first briefly describe the classical gene editing techniques of S. cerevisiae. Then
elaborate the genome editing system of MegNs, ZFNs and TALENSs based on endonuclease. The latest research progress is
especially introduced and discussed, including the CRISPR/Cas system, multi-copy integration of heterologous metabolic
pathways, and genome-scale gene editing. Finally, we envisage the application prospects and development directions of

Saccharomyces cerevisiae gene editing technology.
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Fig. 1 Construction of S. cerevisiae cell factory.
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Table 1 Application of gene editing technology in S. cerevisiae

Technology Principle Advantages Disadvantages References
HDR Homologous end joining Easy to implement Needs marker [26]
5-FOA/URA3  Toxicity of 5-FOA to URA3 gene  Recyclable marker Long experiment period [27]
Cre/LoxP Cre-mediated site-specific High efficiency, Needs marker removal, loxP [23]
recombination recyclable marker site left on genome

FLP/FRT FLP-mediated site-specific High efficiency, Needs marker removal, FRT [28]
recombination recyclable marker site left on genome

Meganuclease  Meganuclease mediated double High specificity DNA recognition site [29]
strand break engineering difficulty

ZFNs ZFNs-mediated site-specific High specificity, Requiring substantial protein [30-31]
recombination programmable engineering, diseconomy

TALENS TALE nuclease mediated double High specificity, Requiring complex molecular [32-33]
strand break programmable cloning methods, diseconomy

CRISPR/Cas  RNA guided nuclease mediated High efficiency, economy, Possible off-target [25,34]

double strand break

multiplex genome editing
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Fig. 2 Classic gene editing technology. (A) Homologous recombination connection. (B) Non-homologous terminal
connection. (C) 5-FOA/URAS3 negative screening technology. (D) Cre/loxP technology.
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Fig. 3 Gene editing technology based on endonuclease.
(A) ZFN system (B) TALEN system (C) CRISPR/Cas9
system (D) CRISPR/Casl12a system.
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SRS DR i

DiCarlo % & X4l 1 #| ] CRISPR/Cas £4t
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B R M B I e B R R 4, AH4R DNA
FrBeAWA 50 bp TAN, FE—YGERA T CRISPR/Cas9
RS 5 FWEE A AL S A P, Zhang %
¥ tRNA ¥ 524 gRNA HEHE T gRNA-
tRNA-array CRISPR/Cas9 (GTR-CRISPR) #%:,
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JEFE PR H Lachnospiraceae bacterium ND2006
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DNA 50k & & T BF8I(n 5°-TTTN-3"), 7E
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B Z EISL R A g, T [FIERE 3 N REE MR
HE R FRHERE AT 3 A A LR 20 37 2 7

t BRI 1, A e X T CRISPR/Cas9 &4t
it /& CRISPR/Cas12a(Cpfl) F 4tk 1ik, sgRNA
5 EREE R CE LM . CRISPR REC )
N RS . AR NSRS R R, SR
1M, CRISPR Z 4t WM iff 5 K 4 i — L 32 i #E 5K
NG . sgRNA 19 B2 A8 25 & fig 7 FlE S5 M 7
CRISPR RGgHild 2| T EEAEM . Bk, K155
Y sgRNA & CRISPR Z 5 i By fit) 56 4 41
Z—
3.5 {1k sgRNA BYigit

R T AR AR N, T A
sgRNA 73 #r B 29 & LA R CRISPR R4
RO, (R, TS IR TR e A 5 DR 2 i
TEAE—E 25, SgRNA BT A mk o st 326 A1 A K
FEAERIBR M, 7E—E R R T CRISPR R4
UERACR . TR, FRAS AT X 4 25 DR 2E A 3 540 Tl
Bty e g, HeAh, B Cas9 U] S5 A sgRNA A
ZELRIG , [RIRET LR AR DR AR Y S
J&, Pi% sgRNA T2 R, H 0w (i 7E W 455
b, DAX BRI R i A T R4, FE T sgRNA
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XM ZYEE CRISPR fJ &R 4 (Multi-functional
genome-wide CRISPR, MAGIC) & &% k%t H
2 DR A0 5 i e R 42 2 DR i A PO

3.6 MEMmER

B SL g4 25 (Base editor, BE) & F 51%
PEH) Cas9 (dCas9 5% Cas9 VI I/ 5 Mt I 22 il
(Cytidine deaminases) ol i 11 i 2 i il & , XoF 3 K]
0 HEAT BRI 2R AR R H AR A R sgRNA F I 1]
AeS1, ATUAZEARSI A DNA RUEEW 24 P L T XF
H ARG T BT X PR S . 2838 PR Cas9
5 B B R, LR A R U R AU
1, fILHA EFEAR CG AN TA. 5K
BRI 2B (Deoxyadenosine deaminase) fifi 4,
IR k=N =R =05 W (0 = A B~ 3PS
A0 AT ¥R G-Co ) I G 45 25 74 [1)
DNA 5725 £ 28 7 Wi et v 13 2E s . {H2
B g B A AT — i B R PR YR, Horp i oh B3
B ) i H A AR T A [ Ak 2 A A A 4
(Transition) , 1 JG 3% 5 B A [R] i & 22 8] () & 46
(Transversion), E[I'ez H BE I PH W5 IE Xof 15 I i 2 14
Xo WEE A PR ACAR T I 3 S P W K M 4 T EE Ry o
W IE (14 R 7 b — A B i 45 72 RNA K
VDA K A BE PR ZH K- A FTE R e (R B R L o
4 RRERHRBEZENES

FEF e DAL s i IR R R S K2 &
JRS R RERE R T A B SR, el T DU
AR, S5 PR A SRk /KA H A 4 et m ]
REBERR M o AR LS B S 248 DAL G
KA — AR SN L R A4 DL %k, S 3E & W T
PRI T AR R s Hr ) mRm R R R A SR I
BEM 28 I AL FEA LA DNA (Ribosome
DNA, rDNA). & fii 51 Ty ¥l (K 4).

rDNA FIT i PN s IX (5S F1 35S) FIH 4>
At SEMmIpE (NTS1 Al NTS2) 4%, —4> rDNA
BSR40 9.1 Kb, K24yl 150 4% D1 2 P
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Fig. 4 Multi-copy integration of heterologous metabolic pathways in S. cerevisiae.

BT rDNA {7 siny #4552, 28 2 HE L
TR MR . Dai B kIR TS
Panax quinquefolius () PgDDS . PgPPDS 14l B It
Arabidopsis thaliana [ AtCPR1 %t X %% 4 31| i bk
BY4742 i) rDNA i s SE 8L T i A2 2 REM A AL,
FEAE G S PR E K ik . Zhang 200N BT
i T B 3 A8 LA K AR IS 9 4t N 3 4% 4 A )
rDNA {v &5, TREE R SGib SEBL T p-F i BE B A =
AR B, Zhu S5k e TREE bR SGib
TG K P A €8 R P450 il (CYP72A154
CYP88D6) Fil—~4ii i {2 % P450 it J5ififf ATR1 1Y
TR A BN b, A BT H KR . Park
2 99N b8 it o 5 T W A 0 R 2 B rDNA 7
R, qPCR T B 3 ¥ VLR R A,
FEr=aik 227.2 mg/L, ZWAERE ST B R
AR B, R F IR L 0] LI E A 7 rDNA
Mo

PR bR R AE AR LA R ERE I Ty [+
(Ty elements), &EFIIKEEHTE 6 kb 47, P
Uiy WA K24 0.33 Kb (1A ) 42 540, Ty I
Vo MTLRFE, B Tyl 2 Tys, HAEREREIE2H

% : 010-64807509

EPE IR L, ATAE R ML IR A A 0
Shi ZF|H Di-CRISPR & 4K AW 1 #E 14 42 Al
(R,R)-2,3- T WM & ik 2, B 6 3 Ty 5 )ik
T 8 JPH, Sl T R AL IRAE YA s 12 0 =
TAMCEE S . ZARGE X IEH A § 74
DSB, mZH# 4G T 18 1511 24 kb DNA F B,
W98 3R W o I iR A2 78 LRI & T R I TH FE
il (RR)-2,3-T ey &>, LU E#Fse R, 4
SR ik e DR A S ) R T B R D] 4 v 4 DA A
HEERE ), XhFFEREESBEE T A

5 EXEAAEHEARE

F T PR AR I 2 40 R A, SRR
Z SE A I dmB v REFR I T B AR AR T o A )
i 0 o DR A g i R R AT DASE B 2 S [ ) B Bl
DRI ket o b Ah, R e B S5 PR 4 B 2 e £ (R
PTG P B R 5 1, R R TR Z B S et A e B A
T 5%,
51 SREEFRREZA

M SRBEAS i 43 B AR B, BT
H bR Ak A4 7= AR R 8 45 Tl 2% it 32 1 55 2
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H#, #ERREEMH T AR A ™, i,
e BRI WA T R DR A K P s Ak fk, DA
W Tk Ab TR R . SR, AR Gedtas Ty e Tl it
BRI T 4ehe T pyt gt B A sk & gk
PRI S S B R B & i, ZFhm s ik (High-
throughput screening, HTS) Jrik#i A&, LLsiE
T B A S R A KCF E A8 el 200 e A 3 0 g o di
YR T, SRR RRAE KA YR R R A SR,
B AR AN T AR P RO,

X A PR A AT DR A oy s , A
DASRAS B R M 58738 g, P8 ok e 300 o s e 6 AT A S
BUREE HAME G0 oo T 35 S 2 T Pk
X, BHATE &8 T A THYLA G 28 A AR
T# (Multiplex automated genome engineering,
MAGE) 5 i 1k [ 4B 4 R, 041 , MAGE
B AR RN T G A b 22 A DR s A P
ML, LLSEER MU R AR B
HA) MAGE B2 RE RN IR T (Yeast
Oligo-Mediated Genome Engineering, YOGE) #ll
HEZAY L EILF T (Eukaryotic multiplex
genome engineering, eMAGE) 1, )i T T~ i i
B T AL i 5% eMAGE AT 7E AR 54
DSB 15 10 T Yo PR TG P 19 22 5k R 52 IHUAS 1 2 e
Bt o It 7R PRI EE R TR 5 1A S S Rl
HAMOSFEZTIR, ST KT 40%I0 7 SRk
D98 S A8 B ) B 1) 5 K] P 19 22 A7 4 85
TR RAR R SRR O 7 A T 100 TIN5
AR, X B-EAE M RIBRAIA ST . GiiSITHIR
kT, R T B-IIE MR R
THRERER. IEAh, FTF CRISPR R4 CasEMBLR
BORTK R P50 HER DNA Jr B & 31 5L
YRR AL, SE BRI T RR A N 2 B ) TepR il
RPN Liu S3ah T — Rl £ T g R IR Rk
PAFE I 2 22 LAY 5 ¥ (Multiplex navigation of
global regulatory networks, MINR), Ffg# T
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MINR SCEP8 3 i 2 e ol A A W 52 P 52 6
R SR R AR AL 5 T 2 Pl 4 2 W T
SRR A P T B U Y AR RV = T 2 % Guo
S5HLT CRISPR/Cas9 RGEAIHE 1 — A4k 4 3
i, TERF IS T, X 315 AMRFIERE 2 070N
T 1] S HEE 1) B B A T T AEAS PO
52 AI&EREEA

DNA & ALl i i & e, ek T 4e fafk
PN Ty A 3 E R, iR dE . A fbiis
20 B R L R R AL P AT R R AT B0 < A
LA AR R L R Al R (Se2.0) SR —AN
PRIt H , BFEBCH RIS — A58 4 G U T Bk 2
P41 2011 4, Dymond Z5iiF B T 4k A i i
TR RIS R A (synIXR) VIS G @ik
o (synVIL) M a[471ER0%, 2014 4F, Annaluru
SR VBT A A T8 — A o0 R R R e A (K
15 G o 44 (synTIT) , {6 115 e o 44 1< B RS 137 2]
272 871 bp™®™, F H T M 1k, Sc2.0 B b B 4
SERRT syn IR syn VIO syn VIR syn X (106
il osyn XOUOge e ikt . AN, ARk
PRV e Bk N TR A, X AR ke U 5 4[]
BEELAT TS (108 pape vy i B O R 4 T R E A
WY T 4iff T 2 F hRe gkt oy, 4T
TR AR T ) fglot108],

6 RELHRE

PR I BEA D LR A W) 22 S B T A
TR B Py A0 53 I 1 S A . R
DXy E R, H AT T R R
B i B8 A 7 K SPAT AR B B R A AR e ol T 5230
FUAR 0 (4 e 7K P LR 0 6 B, 30 7 29 B LA
B SN o TR, 5 DA S DA g e A g TR i
Z IR PR T S b . B IR R ST R AR Y
Feik o A | FT AR B AR A A
S 20 i R SE N R . BRI R L e
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W R AR FLAZIAE Y, AR 3 A A5 R0 1y
O 245 AT 8K 5 == 75 OB 177 225 180 110 FERL A 3 2o 2 K] i i
RIGHE—2 K S, 2543 R T e B AR I 45 10 A bt
WA TGS e B 4 A4S B — 25 i 82 T

BT g T H AR R, C A K
1 T VT R I DR A AR A R N RCR . S
GiILN A L, 3EF CRISPR RGAYH AL I
DR 24 e R S A 3 3 A 2 2 4 1w L S HR AR
P, AT AR TC e bn e A8 00 T W] B 47 22 5 5 4
B, MR T IR AR AR G AR RLE S
GEAR IR T, ol S R R i PR AR I 45 4 A
LR T RE. EAR, LT CRISPR ZR 413 K 4
BRI AEAE—SE R, 0. YEF X H bR SR
P RRE R, AT R 2 AR TS, DA
PRUE T LA S BLE 0 L R il . DRI, T4t v
2 DR G 0 1 255 R O B Ry e B A 55 (U,
W& CRISPR RGN — Lk, WX Cas &HH
I BRI Z R RIS R Al . Tk Fi s 2=
U T HLA ) g T S

UEAh, 7 AR A e R Hh T X RS 4 400 e
frewuss, M T) A5 BhR =9 ses
F 7= g ik Bl e K, X anfal AN T4 e S 3T
ML BT BOR BT i i rT SE R R T
B ISR, L R A RIS I I R g TR S ML AR
2 B8 SR BB AE LA K . T 2R
W D BR 2 S BT ] A AR K R UE I AR, Anfe]
E YR 2T v [R] B 58 RO B ) SR R G T,
2 S ) 2 LT A R A OB R R
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