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Tools for large-scale genetic manipulation of yeast genome
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Abstract: Large-scale genetic manipulation of the genome refers to the genetic modification of
large fragments of DNA using knockout, integration and translocation. Compared to small-scale
gene editing, large-scale genetic manipulation of the genome allows for the simultaneous
modification of more genetic information, which is important for understanding the complex
mechanisms such as multigene interactions. At the same time, large-scale genetic manipulation of
the genome allows for larger-scale design and reconstruction of the genome, and even the creation
of entirely new genomes, with great potential in reconstructing complex functions. Yeast is an
important eukaryotic model organism that is widely used because of its safety and easiness of
manipulation. This paper systematically summarizes the toolkit for large-scale genetic
manipulation of the yeast genome, including recombinase-mediated large-scale manipulation,
nuclease-mediated large-scale manipulation, de novo synthesis of large DNA fragments and other
large-scale manipulation tools, and introduces their basic working principles and typical
application cases. Finally, the challenges and developments in large-scale genetic manipulation
are presented.

Keywords: genetic manipulation; genome engineering; large fragments of DNA; yeast; synthetic
biology
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1 EABNTHAREREEN

LR R E A IR — 2R, AR
LA RIRFER DNA 4, JRfEiZFs L A4
DNA FEUIFEIFACH:, ISR 2] DNA [
B, 4L, BIEMEGRGERES, SRR E
HRGRH B mos s, 1EER TR
x1 EHEBNSHAREZRIN

AR Tz AR N B e B A
AT 53 R T A PR T A i AN 22 A PR B A . e DAERY
HF 5 P 7 IR v T ) T 24 R 2 A SR
PEH RS A Cre/loxP, FLP/FRT. Vika/vox .
Dre/rox Al Rei/sfax101 &4, A ¢C31, ¢BTI,
R4 il BXB1 %5225 % 5 21 iyt A e B p o o A
(1.

Table 1 Large-scale manipulation mediated by recombinases
Technical name Technical features Main application References
Cre/loxP Recombinase recognition of loxP sites Recovery of gene tags, exploration of [20-22]
mediates gene inversion and deletion gene and chromosome functions
FLP/FRT Recombinase recognition of FRT sites Controls deletion of DNA fragments [23]
mediates gene inversion and deletion between recombination sites
Vika/vox Recombinase recognition of vox sites Binding to SCRaMbLE controls deletion [24]
mediates gene inversion and deletion of DNA fragments between
recombination sites
Dre/rox Recombinase recognition of Rox sites Controls deletion of DNA fragments [25-26]
mediates gene inversion and deletion between recombination sites
Rci/sfax101 The recombinase recognizes the sfax site  Controls inversion of DNA fragments [14]
to mediate gene inversion with almost no between recombination sites
deletion of the same site
¢C31 The recombinase recognizes the Deletion and inversion of DNA fragments [27]
¢BTI1 corresponding attB and attP sites and between controlled recombination sites  [28]
R4 controls the irreversible inversion and
BXBI deletion of genes between the sites
through the directionality of the sites
SCRaMbLE Heterozygous  Rearrangement of synthetic and wild-type Increased strain tolerance to caffeine and [29]
diploids and yeast haploids to obtain heterozygous heat

cross-species
rearrangements
Multiple rounds

diploid and cross-species diploid strains

After one round of rearrangement, the

of iterative high-yield spores were screened for the
genome next round of rearrangement to quickly
rearrangement  accumulate a large number of
rearrangements
Circular Circular chromosome formation by
chromosomal  telomere excision genomic rearrangement
rearrangement  of synthetic circular chromosomes
Invitro DNA  Ultilizing the interaction of Cre
rearrangement recombinase with DNA containing
multiple loxPsym sites, efficient
rearrangement of DNA can be achieved in
test tubes
Integrated Integrate exogenous metabolic pathways
genome into yeast cells and optimize the chassis
rearrangement  through rearrangement

Increased carotenoid production [30]

Increased production of pro-deoxyviolet
violacein, increased alkaline tolerance

[31]

Exploration of gene function and
interaction in B-carotene metabolic

[32]

pathway

Increases production of violacein and [25]

beta-carotene
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A7 25 S A B B A0 ) A AT A 4
G UIEIFE 2 DNA S5 ML RS0 TR
SRR AR, I A LA, DS S A
M REAE A T K BE DNA FOING: . 5 o7 ) 2 45
e, RS BR RE LR A 3\ . T
WETE K P1 Y Cre/loxP R GE(F 2A)FEBERE Y N
FA+43T 12 . Akada Z2°1E B PCR 5] A Cre/loxP
ARG T DNA F B 7 s F S PEMBR o wF9E A
DRI AW AR B & 514, 7 PCR S 94
H E BRI DR I, SR 5 R % B R i — 4
LMk DNA 431 150 F 20l BB 20 i o ok 1)
A AL A, T LS BG4 3 RN B AN
e [T DA T & B 1) T B A 25 1 38 R 4t
Delneri 25224 2 4> 1oxP o7 54 A R[] e (o,
b, SRIGTEA Cre BERHE SRBE R F5S 2 4>
loxP JPHIRYE L . HT3X 28 loxP i s 40 A T
ARGk b BT EAR S8 2 Kk
(][ DNA K Btsg . F B Cre/loxP 72 4t {15
T P B 7 A T Y o AR B B8 5 AT 7 2B 18 22 8 1Y
FEHRBAMER, R)E, R ARFHRGED
2 1)y % 3 B 3 R AU RN R A T T IR A 4
Mr, BN ERIP EEEE AL ) SC B R R A, A
TR 2% T 3 o (1) A 51 G 5 119 5 i L K . Naseeb
SRV T YRR IL R X e Y | A ol s A
RIS Cre/loxP REHME T —A 818
FEEEI BRI SOE, 774 TEK 800 kb HEHY
I, TR AR, RIS IR 1 A
— 7 AT BB R B AR R 1 B g, - H— &
AT AR, SRR S 2 28 7= 5

FRT Cre/loxP ZRGLAM AL f e FPE 4
ARG AT TERE L UEA 7 I8 R 3 5 RN R B 1 081 o
Park 25V F 1 BE &) oP R A FLP/FRT 41
FEAR BRI B R R SE , N7 T 25 3 A
INBR R GE . X RGAEHF3RE 9 h Ja B HEPIFRAL
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KAl PLiAE] 96%. Karimova Z5PURE T —Fhgr
PR R PER AL SRR R YE B RS, FRA
Vika/vox %, Vika BEEFZE—FP45H S Cre
PRI T, BRI IRBIAZS &3] Vox 751,
HAEAL 2 4 Vox JF I Z[E] ) DNA F 4. ZHF A
i/ Vika/vox RGN IEAT THFEmA . &
RN B SRR AT, I L A UER BN R RIFE
s AR S 1) DNA 81 . 55 Cre/loxP REGEAMH L,
Vika/vox FRGETEMRSNFIA PN AR 3 B B 5 1 R
St B R A0 ZH AR R IR R T O
Liu 2% Cre/loxP. Vika/vox. Dre/rox B¢,
AT DAFEREE LS B A BT 2L, FFAEAS [ JE R 4
X Sl [ #2053 4 e B, DT S B0 05 R 40
Heo XFIRA AT DAY AR Bl K i i st A 2 A,
e 5 PR PG P A4 LA A W) 25 42 AT LA A AN TR
AR =4, AT B G-t PR A 66 R 20 ) T E A
HAEH.

DNA St j—RtHEHAMIEN, Bk
S i) DNA F Befedi e i r i B . X
Tt S e 8 B DNA B AL 58 1, & 137 8] DNA
eI EBTEH: DNA 70 F Wi, 1S DNA A
BAESE 0 T i 7 8 S % . DNA S —
WEM LN EH LR, 7TUERT R RE &
il DNA J¥41 | 185 DNA #4755 J7 i &k 45 /EH .
Han 2T AN KSR 19 Rei BALHEA sfxalol
A7 s Rei =20 il A9 o 1o Ak, 07 6 205 Sk
FG 1 Rei8 58 AR (AL TP P B ke A i e 5
Pk DNA ¥ R4, ZARS HA SR AL Z 8]
DNA R BRGNS AL S 2 6]
DNA FBHIMMBR. 3T Rei8/sfxal0l ZELthyet
1 RO SR S DNA RO 2RSS, K% DNA
F R G2 Mg R - TAERERSSZEL 500 kb R
FERREIN S . Rei8/sfxal0l RGEHIH LY @ T 47
SRR EER A RGAEEAZA Y RN, SRR
FEA BRI T4 T H.,
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B 1 TR P Bk A AE A 1 PR TR B v o A
AN SR S A R A T DAL B ) 481 ¢ Flickers
2 B3R i e B G BB (Yarrowia — lipolytica) ' [)
PRI T Cre/loxP R, I X IE S BL T 1

RHRFC R RE 2 N A DLk Bk . Song Z5P*7E

Z & DL b BE +F (Hansenula  polymorpha) W1 |
Zeocin Fl MazF AU HEFR iC B SEI0 T X% 2 T2
HEDPRE £ B DR 1Y JEIRE RS o Cre/loxP 22 5t 56 T 41 il
IR EE B R T B AR AR MR i
NHFEE TR PR A ) R R T A
(e8] P R A S PR A 5 4 2

AH LG T i 28 R T 2H il , 22 %4 R o 20 e I B
R AR T80, AT SR R R 22 2 1R o 40 it
BRosmV, DL THRS A O RE X LR
TS A AT Thomason 25| ¢C31 7E5E
T 2458 W EE(Schizosaccharomyces pombe) P i1 T
FER AR A S, Xu P8 E F Rk b R AL
T ¢BT1 R4 FlI BXB1 %5 22 24 R B 21 ilg ] it e % .
T 22 53 R H 40 it AT LAY R A A0 i ] DNA
F B MNBR o B SRR, B i S e s
ARG HEMAN A EIER, AR TR
S SRAt © ZREEERE
1.2 EHAMNMSHMAILEAAREIRE
BN

DR ZH S5 40 78 S — B — > BT PR Y
A FE U, AR A I R AR A th B ) T
XA SR, R ek, 3k 25 AR
S SR B A BUATY SR A IR S o 5k PRI 2H 1) e e ™
AR Kb HiE Mb ROE @R L, R
Bt DNA ke | A, =R . FIEMEA0,
N LA g € A TR T 1 B 1 o B AR 58N B
AT LA ol P e DR 2 o A i R A 25 4 A8 S
SCHE . PR LR R 2 3R] (Se2.0)F , BFFEA
SUTE N A B0 R T T B e £ AR 3 0 7 R PR 2%
1E#RFJ5 3 bp ARSI loxPsym 7 45P%, il
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1) Cre FE A1 FE4E MR BI FF A T A8 [F] loxPsym fif
Bz A TEAHE 2B), @ T AT YL
A T V7 T £ 5 A 41 5 HE (synthetic  chromosome

rearrangement and modification by loxP-mediated
evolution, SCRaMbLE)™", 4 Ht FA£ 55 loxP {37 5

loxPsym v i P A5 R XTFR, 2 1> loxPsym v i
Z [8] i) DNA S5 R BR FRISHE AR F Y, 724
ARG (AR L ABCAH S loxPsym 545
S0 PR A e £ A LA B HE A B AL R RS
P, il SCRaMbLE Z %5 AJ LIS 42 B R 47
FEl N loxPsym {37 )5 0] /Y DNA FBekde . f6A .
HE BB, XA R R HA 5
PR 50 0 2 R 22 B v 1 T Ak R T RE B
SCRaMbLE R 4t fi4 7 {15 i B 5L DR 241 R RUBE
M RE A BTGB

7EFI ] SCRaMbLE ZGtift 47 K R JL H 41
W 3 R A R DR R N B 2 S B R BB T
Shen Z5PHE 1K S N T A B o4 fr) R P
R AR 550 I B TR AR T2 1 B A 7 R T e 0
A B2y S R R ARSI, 3R AR T 24 A A5 D
PEYIRD AR XA HE R 4 S AR A
5 YR SR A EHE , LA T RERRAR R R
JE R T T BN B ARSE T T B R A5 AR
FER A FHE, AF 5T N D3 LT AR A o R it 32 14 4
T T HE TR AR , I 435 DR 4L 00 AN IE S 6 78 07
1) 15 o R RS 2 4 B T S IE L, Ak, 28 h
TR R s P I DR 2 SR s AR R T A5 #] T
Mif 5% 42 °C = il B EERE R R yYW 166,

Z 5o A E HE RE R 252 9K sl B Ak DA T
AR R LR A2 L. Jia 250 —4e B HE
Je U 6 A5 80 ) 4R 7 R AR T B 1 o A S
T A B A (R PR AR B AS L, FREAT
— ARSI T HE , SXFE ) ZH G AT LA AR 2R
Kimg . @l X XEHE 7 YELOI3W ik
KX TFETHIEAE bR R A R, A
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B SRR T 38.8 fiF. & 5 iR EHE
ST 2 Yk EmH A T T 500 kb (15
DRI 2 72 A ol 2 7 TR R DR A

T FEEFAS 520 2 A 1oxP 7 s 22 0] 1) 28
[EOZRH, 2P R L, IOE G (o (e T HE
ZREME T T 0] RE A R A —FRIRCR . Wang 2501
XFIIE A B VS et pR E 1 T 8 HERT & 3 5 26
PEA VS G a A, EHEE IR A
B DNA LRI . 5 ek s,
A RIATE Y RGN KB 2R KR 1A
PLE o ek, B oI Y o R £ 5 R 24 F kT
R A T AR A TR 1 B A BB BRI e
o A 7y e DR 4 B HE R R T DA S R R G £
PR GE F 28 S W FBCRI B o X 5 A B R A
V5 G AR I 25 AT R R AT AR (purple bacillin

precursor, PDV)A: 7 F i T 2485 7 HHE, —It
153 53 B AE R I L 29 A i 4
PSR BIBRIE EE B PDV i3 174y
3.48 i, RUIIOIE Y AR FHE ™ L 1Y A 4l i A2
55 PDV 7 & EFA K,

7. SCRaMbLE # % 'h E 2H [ Cre (1% L4
FHAR R 2234 7T e 2 B IE R 4 e Pk o ZE AR
A4 T 20 SN BRI Rk X — [R]#L, th4h, DNA
SCERARS M PRI T — Ry SE R R R AU C R
BT, XA A s e a0,
Wu PR IF & T —FhA4Sh DNA EHEHER,
I Cre EALIHE 5% 21 loxPsym {375, DNA
PR EAERT, PTLATEIRE N S DNA B S R0E
Heo W E R4 Cre T AEEXT gt 21
loxPsym 37 5 ) DNA Z5 #4547 3L T EHE 4k

A loxP
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Figure 2 Large-scale manipulation mediated by recombinases
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W EHEARBE T 94 AN 40 I B 5
M, XEEEERIL T crtl, crtE | crtYB Ml tHMGI
TENIY 4 DFEFFETF 24 loxPsym o7 5 & HE 17
FIIAS A S HE SRR o R RS SR B b
PR PG P B A AN, A58 T AR MIBR . SR N
SHITEN 17 FEEny g b R AR
Gkl AT p-ETE PRUREIM T 5.1 4,
FERIT crel FDRIE 2 AT i S SE A
LR B 5 A SRR AT LA g bR e
P, Ay bR S R S DA A I A LA B AL T
— A RO

BT R B B B LR T RS,
AMIREE R 51N T A B o A I B 1) 2 HE I 72
A DL B AN EAC AR RIS S LA ik . Liu
FEPGFE T —Fh T EY A4 S LN HE
H AR (FR R “SCRaMbLE-in”). TEMRAMEIE T I0
| e AL &S DNARG S, WY
JUA RT3 2o B 2 A R A 5 DL AR
— YRR AR R . BT 15 B2 P 4 FHE 4
A 2 B AR AL G BN T A Y (o (AR R L R
A, [ o 2H AT I A A K A R 2
FHE, A SCRaMbLE-in A] L H 5 5 W 45 g
N, 3 B[] s S B R R 3K 1) 22 R AL RIS £k 2
ML) TR ROR , PR 0 Ak 18 3= DUSE G b 3
IS IR A AR DL A A A IR AR A I P 3R
I 2 S PP T2

2 ERENTHARERERI

BT LR N ) il 118 5 DR G 5 AR A0, 975 01 8
12 N VI (meganucleases, MegNs)F A . 548
HE F IR (zinc finger nucleases, ZFNs)$i R | %
STV TR FARE RN, W) % iR (transcription activator-
like effector nucleases, TALENs)4% K fil CRISPR
FASEHAGEN s 2o X H AR 3 B 47 s il
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5 W24 (double strand break, DSB), #f i xJ H itk
T S N A 4% . T DSB 7EEEREH HA S
firtk, 78S BOBUEE WAL A Y T 1 15 2 ) A A
REIE AR K. RUb X Sy vk #e b ] B i
TEAR S B M X H AR s JEAT RS A el i, JLp
MegNs + R Fl CRISPR 5 H; A it 1 52 81 i £
SRR REHRINCE 2),
2.1 MegNs TSR AREIEEEZREN
MegNs & HA BRI ASFRRAE 1 B8 A%
WEAZTR VTG, LT SRR 14 B30T 3L
HE DNA J751, QiR ek i) 1-Sce 1 AL TR
PTG AT LIRS 18 bp (81, Sk T s2 8t H
P 35 DR P S, 3 R T N U A R P U iR A
B SE5 I AfE E Y Ek BFrOE , BiS MegNs
AFESE R B RS a5 1A DSB, ET$
FER R HEACR o Kuijpers ZEF F 1-Sce 116 B ix
G RO 5 ABUEEIRT L, T 35 kb FEP
B4 3 H AR AL RO BB A RORAE R &
Mitchell %" F i 1-Sce TIH H A% 2 N VIR 175 T
REFH TR I BE Y5 U 7728 i ““telomerator ™,
Hrt 2 1-Sce T IHSEAZTR A UI BRI 55
58 U J5 R B A et 7 it i b 2 8 HH R (&
3A). BFX—3 B A RN YL R4 E 7 B ]
DK FRBR G o A 2 M Ak DT A 5 e 0 (AR A2 78 it
1, AT & H o —FmT AFR I Y e fhkoihr . &
24 07 0V RS 0 A5 T RE O AR 22 [R) 0 2 ] 6 2R 1Y)
B H,
2.2 CRISPR/Cas /T SHIKRE RN
CRISPR/Cas BE[H g 4B H AR 2 A 24 Y Hy
/NGFF RNA i3 14— i) i DR 20 4 5 99 42
AR BB A M ) 35 K] 4 i 114 — b 5 6 i
BRI % . CRISPR/Cas Z 40— i M
FERGE, U540 P A T R SR A R 1
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Table 2 Large-scale manipulation mediated by endonucleases

Technical name Maximum Technical features Manipulation effect Main application References
edit size
MegNs 35kb Homing endonucleases Accurate editing and Multigene assembly,  [45]
introduce DSBs through target  high efficiency but lack circular chromosome
sequence targeting by of target sites linearization
recognizing specific DNA
sequences
CRISPR/Cas Polygenic 8genes  Targeting multiple genes in Editing is precise and  Increase the [46]
inactivation tandem with tRNA sequences the application range is  production of free
and multiple gRNAs to generate wide, but needs to fatty acids
DSBs construct multiple
gRNA
Integration of 35 kb Introduction of double-strand Editing is precise and ~ Genome integration of [47]
large breaks on target chromosomes  the application range is  carotenoid
fragments by the cas9 system facilitates wide biosynthesis pathway,
multigene assembly and targeted glycolysis pathway,
integration etc
Multi-site Within 10 Argeted by nCas9 at the locus of Wide range of Increase the diversity  [48]
mutation positions interest and gapped, Pol [-5M applications, good base  of endogenous genes
synthesizes new strands and diversity of editing
cleaves displaced strands with sites, but narrow editing
low fidelity window
Loss of 20 kb Targeting a chromosome in Multi-site editing can ~ Obtain a large number [49]
heterozygosity heterozygous diploids using be achieved but the of rearranged
PAMs polymorphisms between  editing efficiency is low phenotypes
two homologous chromosomes
Production of 600 kb Generation of DSBs mediated ~ Large editing scale and  Synthetic X [50]
aneuploidy by CRISPR-targeted wide application range  chromosome
pericentromere elimination of eliminated
entire chromosomes leading to
aneuploidy
Karyotypic 10 Mb Reduction of the number of Large editing scale but  Provides a potential [51-52]
restructuring yeast chromosomes by high cost and research model for

CRISPR-mediated end-to-end
chromosome fusion into

chromosome loops

time-consuming

studying ring
chromosome

disorders

EREDE LN

&: 010-64807509

HAT, A TR R 25
JEDR AR AT LIF ] CRISPR/Cas REESL B,

CRISPR/Cas Z&eiliid THILAYHEES T RNA
(single guide RNA, sgRNA)5| 5 Cas ¥R EFR
WIEBUEE Y, DT Y6 1] B 1y 5] & O ik
(protospacer adjacent motif, PAM)/¥ 41 -{i% 3 bp

AEHIFEIN A, &

A

IE H N

A DSBP7, Y4{it{k DNA 77755
FE[R 20 DNA [EJE 4, R T A ] i ok
DSBS 8% 5 DX 40 1) A e P 5 TR e o
CRISPR/Cas A SEBLEERE K B DNA BRI
AL EIRIE RS | SR AR | AR AR A
7 A2 DA K e R AZ A i (181 3B)
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FI 1 CRISPR/Cas F 4t A LA S BT 146 47 45
A 195 250 % R TR i B JE DR R BE DNA R4 7
B141, Jakogitnas ZEPMIF & T R 2 BE L
ZH 2 FE N BRI CRISPR/Cas9 R4, wZ AL
XS 5 ANAS RIS R 2 s A T sl o am a3t
54k sgRNA ORI I R 2l B, A
A2 5 AN RCRIAE] 50%-100%,
THREFEHKF R & AR RS T
4115, Zhang %MK (RNA P15 24~ gRNA H
B¢ HJ # T GTR-CRISPR (gRNA-tRNA-array
CRISPR/Cas9) R %: , [ i @bk 8 L HH 355k
F| 87%, MR = T R GBSO PR T Cas9
SN, TERERE A Cas12a o A] DASZ IR A BeRY
T4 o Li 259U i} CRISPR/Cas12a (Cpf1) & Gt
TR A BRI 2235 CrRNA 441 I PR T it R
AR FMHRR T trm 10 1 rex4 3% 2 AR 22 6] 1) 38 kb
HHE LR KX DNA hF B, UER] CRISPR/Casl2a
(Cpfl) R G v] Fl T BT R A R 4l 1k

CRISPR/Cas R4t R " A= #E 7 s 1Y) DSB 45
HrieEE A B[R R AL RE ) M SR i B DNA
H#& 4, Eauclaire 29 F| ] CRISPR/Cas9 24
B 17 DGk p-E1 % DRGSR A Be—
PR B R i BE LR 4, AHAR DNA R Bt
XA 50 bp HAM, IEW] T CRISPR/Cas9 Z 4t 57
JR A AL A A R . Verwaal 55 i Bl
CRISPR/Cas12a RS [RIAHE 3 2R 8 N KL
FRMERAF] 3 A ARRAIEHE AL, b,
CRISPR/Cas FZtid AT L) 1] 2 A5 2 PG 1 B
AT YL A, Postma 5512V R SE PRI % £E iR
KRR AL RE T S48 T W S e ik, 5
PR g R VE R HbR, — AT 16 4
DNA FB#y 35 kb BIMEfRIEAE LA AL R 1
YGRS, e 1-Sce 1, CRISPR/Cas &%¢
T 15 [F] U 20 3503 1 W) B e S 267 A5 TG IR

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

MRS A, Nz,

02 2= AT 0 4%y A 7 A A 0 2 22 B TR ) )
VEFH, TR 22 30 o G 0 18Ry A A D5 [ e 4
LRI, 2020 4F, Tou ZEUSI7E i i
#5377 yEvolvR (yeast EvolvR)Z& %L, WFFE AL
EHRTF CRISPR Hi AR 5 5 R 45 % DNA R4
S5, RSB DR 2 Hp R 67 a5 AT A ) 1)
2. % ARG gRNA E LA,
M nCas9 & (A1 HFRIE R EE F I Ak 11, FF-ph
B 1R 545 % DNA KA [l Poll 4 A - D0 #1
B EE , B BRI AR AL S T 12 434 1%,
yEvolvR HiAR 57 — AL = BB A5 AT 202 = N U
R ZREE , 24 gRNA SBR[ URA3 F canl
HISAET , AR URAS W TE XA FFAE canl
ERG

GIER A EmHH R —FE, CRISPR A pli
AR S0 0, S A 42 G P2k . CRISPR
R H GG TR SR AR A G F A5 ik
%S DSB. 7£ Sadhu "5, gRNAs #ik
TR [ 2= 6 A R i — ZR e e fA, (5
SR AR 2 A1) PAMs 2 5 PE A4 1)
DSB A LAEA [A] B 584 s 75 AN R (R 2 1
FRFAF . WFFE N G [ P 2R L et A
VI Z — 2R 1) 95 4~ gRNA, 3R15 T 384 4%
HUEBR R, T 12 BORFESE T AR K
AT DR PRI R it i 28 e SR AR KR
R Rk

o R 2 18 ) R ROBE SR (AT A AT T 4
ARSI T RE M BRARIE— 25 IR, ZE R s
Bl Cas9 A LAy AEBEAEH A 7 A T Lt AR A 7
MeiE . Xu 2505%# 53F CRISPR-Cas9, #UE 5 228
JE L7 e A R 22, AT LA 305 e i I A T Y e
BEYeafi, /X CRISPR-Cas9 Yt fAiKs)
RGERIMEERESE R, A B ERR L AR X B
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Figure 3 Large-scale manipulation mediated by endonucleases'’. A: Telomerator technology. B:
Mechanisms of CRISPR-Cas9-mediated large scale manipulation of the genome. Various rearrangements

(deletion, inversion, duplication and translocation) can be induced by CRISPR-Cas9 through HDR or
NHEJ repairing.
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SEATHER, T A SOt E IR A S A
FF U 2R A2 LA AR B AR B e (iR X 75 DA
W, RS T e o B At (e fe e PR ST SR AL T
(¥ T H A J7 3% . Shao 4§ Fl Luo 45 B2l
CRISPR-Cas9 [N FHAT Ji 2 e B iy % T gl i i
BB 5E N B RESE S CRISPR A S Y YL £ 14 s
@G, REEE RIS 16 S5 3]
2%, HEE 1k U, R EREERE B
RUBEHE— DA, A B IR A

B 1 IRER R R A% R 41, CRISPR/Cas9
ARG RE SR B ALEE LR () SR A RBR A2
B R g R AT L DR A el o 7 B A RE N I )
(Pichia pastoris)H, Weninger 2 Ui FAS[A] 1 )3
A XL RIBKF- . Cas9 FH S RNA
) B AT RN 2 i i (5 A A B 55 D TN A Ak, AT
DA S BT 2235 DR A 1) [R] B g ol XA AL
T, BETARREA B 51 MG A B 5L/
RORHET 100%. [AIB, CRISPR/Cas & 4t fEFLIR
o, B YE B (Kluyveromyces  lactis) 48 15 3|
TR kR s o o, BF SR A AT
CRISPR/Cas9 RGLMIHAE 6 1> HHE RS
BT 3 AEE RN A b, AT SRS Bl R & e
G DR A O T RELOY, AN, fEZTB I
P 6L, Numamoto 55 £ ] CRISPR/Cas9 R 4E
AT ZE LN H g, WA TR sh 1R S
] 7 i 208 e B v %) 1 28 7 B A 1 6
I F] (DNA EEE . R 4R %R
B, kR mg  B0 2 H D3RGk Y 3 i
97 mg/L, W HA 38 DL B JE Rl T AR
21 57,

3 AX&B AR B DNA

L 2 Pl A TR A 5 Y R UL 3 A R T
LA ) T S FE DR 2 Rt B oA 7 e, X A
Xt T3 R 2H Y O SRR B T R AR R R

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

A AR BR . 4Rk, BEE DNA &4
ARFNR 7 B B B W & S AT A5 Sk 5 R
F Bz DNA B8Ry %) 5 R 20 2546 AN D) REA 55 1 4208
JraU, kA Bk A BE DNA 4846 T —Fh A E
TR TS N TACEE R AT Re , BFE A 5L
A LASEBE Hl A BT, 3R 0 0 77 51 RN 254 4
B, LR A eI B s e BE A 45 o kB R
BX DNA i B S P DR 2H RO S5 A FIIRE L
B IR A TR AT IR IR S 5 275 (3R 3).
3.1 ALEAERERESGRE XK

N LA PR 1 B 5L DY 4 R (S2.0) 72 A
B R Be DNA — MRS+, %1l B
T RT TRTPY i B A L DR 20 A7 OB B S Ak
P, B S8 N LR IR 1 4 g (o A S0
A fir R G IR A TS 1R ) T H AR
SEPLERIB I RE 12 mb AR TG, X2
N5 — 2 B 0 kg RIS 1) B DR 4 9 Ak 2
i, FLIERE SC BRI A R A s B R R EE
N T A BB B, mid A Rk oh e
WA, ARk, CIhETH S A U 8.5 4%
ST N A e 41K (synl, synll, synllLsynlV,
synV, synVII, synIXR, synX, synXII)!*7¢),

Sc2.0 Wt H R 2 B MNHE S B iR AR
WERREEDN A, H AR e PR 5 B AR B TR R R TR
A BEAEARL A AT T B e 25 R A A P AN R TSk
2 H s R B AR E FATER TR , ke
JEET- . tRNA FIESR AT, ARk ik K s
PEo AN, ¥R A 275 % (RNA B AR
SRR RS, JFEHUE MRS 17 MZ YR
b A BT R M B AR g O st AL S A AL
FEFNAEG B A3 L 4 R G, Se2.0
I R FH [v) SC 25 B~ 03 G A% R0 v AL ) ) SL 5%
T e A S T T 1k o A, TES R
WERRE i b, AR TR TR 3 bp
P E 2NN loxPsym {37 519 il 1 1k Cre B4
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B, S LAY G AT LR REAIL YR, TS
]Iz B T O o X — BB P B AR R T
Xof P B A DR 2 A ) RUBE , %) T i S I BB [
ZH AT AN B TR 1Y T & B B2 Dk

TESE N TR A B B3 T e , R A B
KM DNA MSkE AR . KB DNA
A HAR Y O e 5 Rl S BORTF IR 34T A
TR ARk . Boeke 1B & T —F
PRUEALTZ AL AN, A A5 R DNA KRB
B f i AR e R R BT T8 77 0 25 il 1 240 i
FAGH L, 2R N T A MG K 3R %
BV o Y AR S SR AL RE SR W, TE A LA
PREE R P 52 BT X G (AR [F] X R Be DNA
AL 4B, ) FH T 0 e €0 A 5 SC 46 ) A
BEGMFY), REBGRIG RN TG0
A SER N TR RIS, BF5E A
PEAT T REDRZH DRI 2 i 38 5 4 i PRI 2H 00 e
S DAL, R R v A R A AR R
(high-through chromosome conformation capture,
Hi-C) 47 Y € 1A F G 478 4R R AE JE [F 20 = 4 45
o RIS T AEA [F) LR K ST X G iU
B bR AT, DA R SE A KOS . 7
synX Yu @K W) GG BTG e R v Y B R A
BeRE, Wu SR AR 25 2 50 RIR 1A S s )
T IR T PCRARSE E RLVE” LARE (L AR A2 ki B
o, JFSZ I OR AR B AE P B IR . Xie
e VS ARET R T 34 AR,
WAL BG . LRI CRISPR/Cas9 %
WAEIL 22, AR —HREAT SR
Fe 4 B AL B (O R Y BT R, TR EAN [R5 57
ZAF TR RAFA5E N M . Shen 45U it
“I-Sce 1 YIHMEE 0I5 L SC 80 T A B 11 45 4
OARRYBRFE 21 1E

TEBAT N TG IR 7 e Bk i R 2 3 o) ok 7
RBUMIERT T R ER TG B, X LA
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PR LU e PR i T 56 DR 445 B ) RE ) AL 71
NI RER 2N ER 0 Sc2.0 S5 I R i
NRESE N AR ST, Tl 1 IR BEAE N 2 X TR
FOEBRINR BRG] , S8 5 B AR A DFE | A
A M BRSFERAE , AT LSS B REE IR 20 A0 R
FA R, AT AR A AL AR
BT PR A A U AR 2R R A S R G
ARSI R A R . BEE DNA 5%
FCEARBIAWIR T, FER AT E 2 et
PRI ) B, O AR ARk U i
— AT T B AL
3.2 SNREREMAKREESR

PRl I BE R RS L RE ) s ok, RS
HA B i [R] JRFEALRE T AT LB B MR [
(445 Shao SRR T4l DNA ZHAERR10HT
AL T IR AT TSN DA RERG i i T e B Y
RN R IREE A — 0 R 4 R A ik 4E . DNA
e T LA SORL e R G (o f b DL e ok
UEINRENE D-ANEA BRI F KB TG
wAE, BT 29100 kb iy 8 DAL A —
oo WOMMEEA BAED Y, AU TR REREAN
BT AR AR ) T H . Kutyna F7I5E
N B X T R AN [ i 2R A B R A Py S A
FEEAI T, FEA I Z ML TR AR g o
Jrik, BT — AR AR xRkt
1Ok BAREIRE RS R AOEEE R, IR T
FREIFZHNE . NG @ Aad al Lo i
75 S B AR A M AR St — P IR PR A e 2
FETES

4 BEEMARERHATHE

B T bR RE SR N 2 i T A, S At
R JE AR\ T H AL REAE 1B 5 R 2 224> s itk
FromiGR 4). B, mTLGRIRAEYA B B [R5
FAH A B HLHITIA RN, L5 AT
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Table 3  Synthetic genome and yeast chromosome

Technical name Maximum Technical features Advantage Deficiency Main application References
edit size (kb)

Synthetic 700 Stepwise replacement of Large-scale High cost and Rearrangement of [69-76]

Saccharomyces wild-type chromosomes with transformation time-consuming artificial yeast

cerevisiae synthetic chromosomes by chromosomes

chromosomes chemical synthesis and provides a rich

homologous recombination in
yeast
Artificially 100
synthesized

DNA fragments and vectors
use homologous

€xogenous gene

plasmids or integrate into the required

genome in Saccharomyces
cerevisiae
Artificial 200
synthesis of sequences to form a new
yeast chromosome

pan-genome

Low cost, no
additional

recombination to form circular auxiliary tools

Collected 8 yeast pan-genome Large-scale

transformation time-consuming

yeast chassis

Self-recombination Integrated [77]
ability pathways for
xylose utilization
and zeaxanthin
biosynthesis
High cost and Expanded range of [78]
available carbon

sources

Bl 5 AL Y SEAZ T IR N R AL U . Church
FRZH O & T — R TR P B v phy PR SE A% R
A FEHARITE, AT SRR
2] T #&(yeast oligo-mediated genome engineering,
YOGE) .. 1 il B 18 £ o R A S A DKL ] mind
Flmsh2, 13365 DNA B fZ3 254 RadS1 (K342E)
il Rad54 H17, FFEXFAZTRRICHE | SEAZTT
RIS LSRRG, 75 3 B[R] A
TR SR SE R ZH AT TIEM(E 4A). FFH.
YOGE ] DLHATIEACHRAE, A48 m] 2 10 41
PUFERIZH SO, MR T2 EBE . 52k
L B 2 & H 34k 5 ] 4 T2 (eukaryotic
multiplex automated genome engineering, eMAGE)
AITEANSE DSB A B0 T XS BRI e B0 22 3k [
PR 6 g AR A (1] 4B) . 38 Ao A PR e B e
FIAS SIS J5 BsE B AMY SRR, SEBL T
KT 40%HY P SMBHR AL . Z2 U AGER (7] i L 11)
BN AL i i 1 TRE R MR R ALRR , %
JREFAE T 100 TTARAENR. X p-01% MR
WARRYR BT | Gt PP S AL 1T A T g, 2R

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

BT S P EEAFEMN TREFE, T
FERTT IR A 207 5 g T B e g B0 b
WA S, (AR RS DNA ZEA%
TR 28748 7 4] iy 1 i i e AL L 27 7 22 X
230 5 i A BR R 1 AR ] o

T7 R A MoK 5] 3 5 2 1Y 05 g i
(APOBEC)fgfEAE i fth 4’ DNA J¥41, S8
Pl CRISPR MYRAZ S &M DNA R .
Cravens 2R T T7 RNAP S2FLHE [ {4
N Z#E4k (targeted In vivo diversification enabled
by T7 RNAP, TRIDENT), Xf&— LT AR
FEAEE R 100 JT SR 238 28X B AR 2
PEATHE ) . RREL RIS S 2R & (B 4C).
TRIDENT i 5 T7 RNA BEHRL G, BiAw
ity B0 e AE A A SRR 2, ZERR ) T7 SR BT
AR S 7 HE SR AR 11 o 2 A T I SR 8 58 A8 o7 a5
i) DNA 1& 52 Rl - RE ] 7 L 1) X3 1) 28 48 Z2 4
P, MRV G RENS A T 4 Fh DNA 1R
PSSR 1, FL 9 A0 S A, REAS 0 T4 o 19
BEXTF 40P AR 2 A 250 o A LT B SCiR I
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Table 4 Other large-scale yeast manipulation tools

Technical Maximum Technical features Advantage Deficiency Main References
name edit size application
YOGE 10 kb Increased oligonucleotide Many editing sites Editing is inefficient =~ New tool for  [80]
mismatch rate by knockout of yeast genome
related mismatch repair genes engineering
and overexpression of developed
recombinase genes
eMAGE  More than Synthesize mutant ssDNA with Fast editing speed The target sequence Carotene [16]
60 sites  modified annealing protein, and and many editing needs to be close to metabolic
then anneal and integrate the positions the replication origin  pathway
mutant ssDNA into the genome optimization
TRIDENT Within 20 T7 RNA polymerase targets  Precise editing, It is necessary to Enhancing [17]
sites the target DNA, and the large editing insert a recognition yeast
fusion protein composed of ~ window, and good site and a termination pyrimethamine
modified cytidine deaminase  base diversity at  site before the target  resistance
and adenosine deaminase editing sites region
mutates the target region
A Oligo pool B ¢
— Ori Marker Target loci
—
w DNA replication | . (;Iiélozzl
e ? 7 RNAP—,.
YOGE T uuuy
Y \ 4
//* \ A/ —
L 4 T 4 | pT7 Target gene —

==

P AR,
/ \\fd \ ‘_/
Integration & Recovery

AN

4 BEEEARERHITR

Figure 4
technology!'®. C: TEIDENT technology!'”.

yEvolvR i % TRIDENT H47 5 K A4 4 4 7 11 A1l
SRR, AT AR e B R AR  (H
J&, TRIDENT A9 fefi 75 2478 S48 A7 U HT A T7
KA BN, TEGE I AL DN Xl 32 R

5 RES5RKE

B[R 2 R R A% S O HAT FE 2 i B A
ISR (R, DAy T B e DR 20 ) BE A5 11 A 0 ol 3 <5
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A: YOGE # AR,
Other large-scale yeast manipulation tools!'®'*” A: YOGE technology™".

]
[ RN B |
v onen ]

Precisely edited variants

B: eMAGE # A" C. TEIDENT # A
B: eMAGE

GUR A TT A SR T E ORI ). BRI A R
%, IR R R RO AL BRI S AR e 51
PR FE IR 20 0 531 ) e A 2k A jﬁi‘%rﬁél
T 55 R 27 ] 1) 5 2% A LR 9 P AL i i A3t

BB, FE T A E’J%E&HﬁﬁﬁﬁT,\oMﬂj
FFRERTE , I EFE DR 21 K R 1ot AL S A G4
AR B Tolk BB AL P A AR B 7ok
AT RUHFH 2 S AR A S sl 7 2 B S 3 AN 7]
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Tk FREE T BE TR , i v R AR (Y RCR AR
o [, PRERE I DR 2 R RS S AL R A e AR
ok A B8 A 2 R R 2 1R 4 S Y i ki 1 A
JEPRAE T mE AR AR

FEPRAT JERE DR 20 K RO i T EL AP, A
LSRR R RSM CRISPR A R gEAT
FEIR R A BEREBR E AT e s, oesb, A
PR B BF 17 B 5 oK i [R5 B2 2H B8 0 mT LASE B
ANIEFE R R R B B DNA R4 36 VL 34, FERR
W LE P ) MegNs F1 CRISPR 25k K] i i 1
HLAT DA — D32 R G 3%0% . #E A F CRISPR £
RPEAT 2280 5 kT gRNA B0 o34 ina] LAy
R AL AR W) 20 S SR R, Church 25
FIAL 7 43 4> gRNA B3 B Bk 20 2 48 1 I
FLh A i 33 Az, WER T E RS
20 v B 4 A RN o R 2 g R I T AT M
CRISPR %5 AH AL AR 54 T 2258 551 gt 4 A O % S i
AT kA B e AT LS ek R Y
DR 2 R T B AT o g e e 5 DR 4 2854 A
g, N T A B o AR R gl FEHE T L= KR
JEE S R A S5 A A8 S SR, AR ISk B UK B
DNA 55 0N 1 3 AR BR ) 1 JH IR {5
Fo RERE AR A R b 52 LK - BE DNA #Y
A UK B AR & TR A B R R . BT, R
TP TR ) £ BEAS SC B YL (A (4K P 1K A B DNA
¥, Guo ZE F R n MEAS LA T IR S B T A
TR e o A [ B A TR B 0 2 A5 (HUI ) I e
THCH T H i DNA ML 78 2 HAt
Fbo PELEIRA BUIARS A iE1 7 8l A i 7 kT LUK
FEBERF AR5 19 Mb 2251 DNA J Bhasik 2 0045
ANERAMAEAE N A A 2, (AR ORI AR
R A5G PSR R B B DNA FE R H R il g
JERF B DNA B 8 AR B4 & 8 it BRI
Z—

g5 LTI, MRl N 20 R RS it 5 3\ T 5.
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ST T B R A T BB AN IV T, R R A
NSt T B Sy i A T B, TEARR AT ST
BRI AR RO AL R A AR Mot — 2 K
JRE AN 52 35 1 g I B A ) 2 O 401 5 R, P 2t
AT R RS ]
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