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Abstract: As the core of green bio-manufacturing and bioeconomy, microbial cell factories (MCFs) are widely used to
produce a variety of chemicals, foods, medicines and fuels. In the early years, isolation and random mutagenesis of natural
microbes were time-consuming but widely used for developing well-performed MCFs. With the development of molecular
biology and genetic engineering, the advancements in understanding of microbial systems prompted the establishment of
metabolic engineering. Nowadays, different MCF-construction strategies in terms of protein, pathway and genome-wide
engineering have been well developed based on rational or semi-rational metabolic engineering strategies. However, due to

limited biological knowledge, these strategies mainly rely on the iterative cycle of ‘ Design-Build-Test-Learning (DBTL),
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usually taking 50—300 person-years and hundreds of millions of dollars to develop a MCF that can meet industrial
demands. Combining high-throughput genome editing and phenotype screening and selection technologies, the genome-
wide customized engineering allows one to obtain large-scale genotype-phenotype association (GPA) data sets quickly.
Based on these results, data science technologies can be further applied to mine a large number of unknown genes or loci
associated with the specific phenotypes. This strategy has a wider search scope for genotype (genome-wide) and does not
rely on existing biological knowledge (data-driven), thus making it possible to explore phenotypes that could not be
achieved by the above mentioned rational/semi-rational strategies and develop MCFs with superior performance more
efficiently. This paper reviews general strategies and application cases for the design and construction of MCFs. We will
firstly summarize the overview of random mutagenesis strategies, and the history and latest progress in metabolic
engineering for the construction of MCFs. Then we discuss the potential of the newly emerging MCF-design and
construction paradigm, and the customized design strategies at the whole genome scales. Finally, we conclude with our
perspectives on the development of novel strategies for the engineering of MCFs.
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Fig. 1 Development and future prospects of MCFs design and construction
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Tab.1 Summary of mutagenesis technologies
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Tab. 2 Analytical methods for metabolic network design
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Tab.3 Summary of microbial metabolism models
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Fig. 2 Iterative trial-and-error cycle of rational engineering of strains

(The construction of MCFs based on systematic metabolic engineering relies on the 'Design-Build-Test-Learn' iterative cycle. Firstly, metabolic models are used

to design the metabolic network of MCFs. Secondly, synthetic biology tools are used to build the target MCFs. Thirdly, the MCFs are characterized to evaluate

performance. Finally, the results are analyzed and the metabolic model will be modified to further improve the performance)
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Tab. 4 Commercial application of classic design strategies guided by metabolic engineering
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ARAY I JEAEAT NATTRE 06 4240 2k PR 2H. 1 Tl 8 R o 14 2k
I . Bltn, HATSSERBTRE 7 5
P A A A A 40 i X T A 2 DR AT T8 — R
T R 15 T AN AN R G AL A (14 25 TRT g ok 1T AR K 71

(single-gene knockout mutants array) , 42 [K 41
0 [ 1) D e B R 20 2 FU R 4 1 s iRt . SR
AR AR ), A&, HABERT i 4
S RVE A /DB R 5 H AR R AL RHK (genotype
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phenotype associations, GPA), &7 iH i #HrH AR M
FINKMESETE AR 0 ) e = 24 B R0

N T A O BT AR B MCFs, 0 PR
T A0 472 9 DAL ALY B 5 A R R SR R A R
FNEE DR R FL A7 o AR OR, eyl B D AR BOR
AN AL 75 e B I A e A mT HE AR oK MCFs [
A R AT R AR . FEFERI BT,
I 36 R 7R vy 0 R ) 3 5 R S DA A 2 ) 4 B R
A3 A B DR B v R R . R AR R AR KT R
FEFRRT, A R ol R R AL S i e B R S
P H AR LA S BORAE MG 455 HE R Y vl
A AN R R R AL/ 0 18 IRAT KA TR A SO
A, A LB — AR e AN s ge vk o i B, AL
i 58 L SRR IR & HL A GPA Bl 4R & e
I R LA GPA Hdla 4k, 45 & IR BE 2 2] S5 U Bt
FFB BT HURE RS T BON 4 FE K AL TE IR
AL G T AT BORIE KDL R R0 ORI 2k
R HL AL, A T REAEUE (250D MM Se
TFOLA BB AR R BRI, 3E— e S m Ak
MCFs [fJ #8932 im MCFs 1% 11 01 2 0% 32 it
Eo% T1RT/ VIV SV S LD = S T e W S )
AR HEAT B E A4

3.1 EBRESEERERAR

TAE L A s GRBON S RBR AT 5N R
) R T R ARSI . o)z M
FH ¥ Red/ET [A] 95 2 2H 45 A F| H 545 DNA  (single-
strand DNA, ssDNA) ) 5 2H SZ 3L R 41 1) s
SR E T ARG IR, X —J7 AR T 0 B A
SERBEAT AT ERAT, RS, m AR L e HIA
J0, [ O & A R g B 1) 75 3R . 2009 4F,  George M.
Church Bl B\ 2 th 1 £ H H 3 b 2 B 4 T 7%
(multiplex automated genome engineering, MAGE)
HAR ™, @4 Red/ET [F] Y5 = 20 (¥ 2 B AT (AL
P —E A E, K H IR ssDNA HEH R
P 2029 30% . AT —H0A A R 0 ) 3 AT L
Z AL ssDNA SCPERE NI, AEfS S B 3
IR 7R ) R RS 4T 43« 2010 4E, Ryan T. Gill [4]
PAFEH 7 nTiE iR 2 EE HE R (trackable multiplex
recombineering, TRMR) ", il 7F 5] A [ DNA

FE AN R HEFRZE (barcode), T SZH A 21 i
(R R, 3 A 3 5 2 R FR R B ) 3 B AR i
BRI, R MAGE 1 TRMR [ IR K Hb 3R & T
WAE D ReSE R 2 2 Ui &, SR, e RRRDIR
HATH R T O AGEY T, ELAE 2)
2 BA N HAMME R AR A E D+

IR, CRISPR &: A 4 H3 R H) KH K @ N
BN TR KR 2 g AR R R TR BB aE .
CRISPR-Cas % 4 1 1] sgRNA BE 5 45 7 1 #0 17) H br
DNA J741, RIEANFEFEGI N CasHE (HK
TR A AR E DRI G E ), MAew st
PR DR U)oL H L S YL gmAE Y
RAR T XA W] HE) P I 5 TR Y [
WEHARA, HlC&gour @& T a5 4w
ENF T RAMEZEBEXUAED . BT
sgRNA R 20 bp &, HA G it vl LIE K H br kA
(RF AR 2, SEBILTR A ST R e 2 DR R 1)
BB, FIFHIX K5, 454 DNA & BAINGS $
K, RS ST sgRNA L 1) € il b A il A G 2 i
T NGS R S A 3G 700 7, AR R Hh 4 =
T it 22 R A 24 e (@ s A SR . RS M4 Tk
SRR TF R B AN [7] 2 284 356 [ 2 vy 38 o g A i R B 3L
I FH AR o

3.2 RES@EBFRIA/fEERA

JL4 T CRISPR-Cas % 4t 11 1y 8 52 35 [K] 41 4
EERM R M T AL R Y R Ry, fERAY
R, WAAEEUAERKRKEER. @
PE I 52 V55 9 IR 0k 2k A, BT A [ 3k DA Y
WAMAKENYE (fitness) A% R, B ES4E
AL E B FR B Gk B s o0 1osne 14l R
& 40 )RR B ALAR B R AT ARG 3%, oA
R (1) B [B) R R AS ,  FR | 26k PR Y -3 B OC G 9
(1 ke o A A R AT Sk ) vl AR A kAL B
FRGKIESR S T HEARME, #la, Wong 55
FF & (1) e VOLVER % % e % [|] I KRS 77 16 FpAS
A AR FERE A« A AR A T e A A
e S G B PO TR 0, DLIE R TR 2 E
Hh bS5 32 5000 . AR A 2RI T
o T ol e NI R Qe = ) O = 1
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RS BN vl R
Tab. 5 High-throughput genotype construction technologies

s ey i

5%

Eiiipr ik

B MAGE

BT AL FE D A R BRI A 24 ssDNA RIS XS 24 H AR Ar st dEAT 081 . 15 F At 56 D6 4 4 [89]

TR (21 CRISPR/Cas9) ik I AT HE— 30 418 i 2k R 2 A A0 . 2 B T S A B IRl 2 40

YOGE JREEE MAGE J810L, 22 T A% BE 8 20 2w [105]
AHEEERAR  TRMR T () 9 e 2L 11 58 ] 2 o e R, 8 () o ot 3 P 4 T AN PR AR A T A [90]
CREATE T AR JE [R5 25 20 A1 CRISPR/Cas9 J P G 45 43 A 5 B 0% 7 4 Ji [R] 4 30 1) phy SI 0 3 et g [106]
Prime A P Bt 7 RS0 s ST ) A5 2 32 45 ) CasO il pegRNA, LU 7 O 280 BB AIK ) i 0 o 1 4 3 [107]

Editor V51 2L 905 ) P ST A 12 Tl SRR R I A e DL % 2 Bl R A N R

Target AID  JI5 % 5 A B8 2 it U CATD) 1T SEBIL C 2 T 58748 , Target AID A LIAZ R I P4 B2k () CRISPR/ [108]
Cas9 R4 N AID [ DNA #E [ fib , SCILE 55578

TAM %R 50K AID-P182X 5 dCas9 & [l &, 1K G 8L C 842N 7 4h =AML , IIfT7E H ARAL S Ak = A= [109]
KERAE

CRISPR-X i | dCas9 &4 T i i M 1) AIDA Rl MS2 &4 1) sgRNA AFAK , £t LUBHAR ) [ B8 2 5] I S T 22 A 4 [110]
TR R e v R A

EVOLVR Z ARG —> CRISPR 5| 3/ V) CUEGFI— A 55 5 DNA A Big 2 B, Y 7ESE AL 240 w3 3 1 Y [95]
SLHLATE R IR I 9

CRISPRi {4 FH dCas9 25 [ J2 H sgRINA FH W 35 [R5 5%, Sl 30 58 DR 3R /K P 1 T A [111-112]

CRISPRa 16§ FH 5 % UG TR Bl () dCas9 B8 1 S IR HE 66 DR 380 /K 7 1 L 1 [93,113]

(microdroplet microbial culture, MMC), &5& i
FERORAD G AL S 13 & B s bR, wRIsE
BUATE A E P A7 B 7 L ARl 4 E A
ERMERE CEE10°~10°), X i 8 i 8 =0
VI KT . BRIERE R FLRRAT S, WSk
PALEAEAC 10048, RKIRTH 7AWy H H fE
JI+ VBT 32 1A R B AR I 25 s

B 7 BTS2 M 0 R A R R R AR Y, i
FR, ERRET — R B e k4
AREHL. RV RE RSN - REEZNE
AV TR, Retglid /e MR 1. %
PRI A5 0 oA Wi IR 40 i P9 RS e AR R
FR A D Pl AR K S 4 E i S 5
FEACH VIR B2 R T R AET7 A4S 3 )2 M .l
PR e AT S E S TR EGE, HATe
IR T ASF AR AR s 100 AR 4 A%
AR5 VOLBOR A kR (FACS) M4 &,
AT DLKE P N A Wk 2 B 3 O B T A D R 9 D AR
o, PR A P ACRT S B 4 R Y R AR K
Jri, HETCHIEZRIEG .. AW, %7 FACS
Ft e 30 B A A I B R AR PR T P AR P I
JE AR, TG vk S LI AR B el B A
N T fRRIX e ] B, ORI AT AR T T O O
P25 10 vl R R AL TV, KRB A

WO P AT R IR, RLIBRORE O B A AT B A
WD R R R EOE E R L, R e a7 AARE
PERAC P 8 B R BRI IE B R, Ak
OO e (FADS) 28 907 19 9% 5% B0 48
5% (Droplet-FACS) . F& T 4 5 v 1 1 ¢ '
WS AN ML 5y % (Gel FACS) 7 8 3% 1b 30 i 4 ik
(RADS) %,

TR IR, H A R A o R AR/ Ik
F R38R IR T 8 I 18] i o — R A PR R
(snapshot) o 41 5 G& % | FH T 4F > PR 3d k J 1) R
L RNA 5 020 B AR ) T A7 v b Ok SR 1
E N IBER Y SRR, 3R B i B 05 L
FE I TR 7 A0 A5 B, A A A Rk R 4
BN R R AL R D A i K e P AR
FONEEMFEE RN, itk — P R A w s
BRI IR R K R, KR FE $2 F+ MCFs (1)
TR RE

3.3 EHEFB-FRBXERFAR
AN F-BEF 738 Carray) X REAN3E R 3E47 2
— i R B R A SR AT BMOE AT I SR N, TR

3 SC P G 4 1) 7 08 e P AT A R S B8, X
DR 2 i Bl P ) 2 PR s AT O I 30, IRk
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Tab. 6 High-throughput selection/screening technologies in single-cell level

R Sk e g0 275 3R
FACS 2910540 /s 7rik ] P B R A s » S DL T T 3 ™ R AT R i [119]
R FH 520 O 0 A %, SR P 0 O o ™ S A 1 i [120]
M) P A e P A JE s » S DR R R T 7 48 R PR AT 1 i [121]
FADS 2110400/ WIRH IR KA E R SO SO SRR, SKUREREI 2 S A A R T R [122]
Ko A% R 1 15 MCF B AR IL S 97 » SEBIN 7 2 198 e 7 I B ) B 12 [123]
¥ -V FURE TG B SO SR EERR & , SN B FUR I w7 R B i [124]
Droplet-FACS Begpeorie AR R PO SO SOR w7 IR HI IR B0 4 [125]
Gel FACS 293000 /s BigR+orik kkjirﬂ@&l\*?é*%@’&ﬁ‘])“’ESE&H@&WEE‘J%ﬁ‘t?&&%&ﬁ,ifjr‘hﬂ@&l\ﬂtﬁé*ﬁﬁﬁéﬁi“tﬁﬁ@ﬂ [126]
fii
RADS 260 4l /min - BigR+oyik RIHUFTERAVH 806, SRS R m N AR LU R R I [127]

DY 7 07 36 26 A0 T R BU AR 4L, AR 6 S T e ik
IR B S i 6 o BA 3R T CRISPR 1A & KR & SC 1%
i 0 7 o, AR JE B ) R S A T A
B R sgRNA SCPE P2 A VR A L IR R SC P, I 104
JE [ 97 34 26 A T BEAT IRk, B S A NGS B X
sgRNA HEAT 317, A4 W 3 45 SR 53 #r i ide
Al J5 sgRNA FEFE 184, T sk 3495 2 L R AL 5
i 0 26 PE O 2% F, HE T 22 1) 4 3 IR 21 BB ) GPA
B, S IR 0 T e 2 DR A7 AR IR BE A2 908
AT, X —5%n Oz 5| N 2480 T
S T AR TR s, Hod R AR R A
PA 2 22 B B2 41 2 K16 Ryan T. Gill A . 40,
fib 411 I CREATE £ A AE K AT B A &% 19 A5
DR R 1 FE 2% 816 300 IR A SO, LA IR 28
ALLA (1 55 e 14 050 A Dl BOPE 077 20k 2% A, 0o T S PR
FOGHAR G B R AT T IR, W T bsPs
argT il cadB 5 55 A0 5 4 1 AH DG IR 1R P00 oF)
FA AR SR mE , % B BN fa S B T S oA
3B T SR O Y T AR A A
A 141 A F) F CRISPRI £ AR B IR AE K i #F 1 o 4 2
7R [ 4 IR 2H 3 [ ) sgRNA XL, 45 AR A X
JE i %6 1¥) S % CRISPRi-seq, SZEL T KM AT B 42 2k
RIZH (4000 2 /NFEERD Y6 RN 06 75 6 7L AR )
GREER) . SRR T EE M 52 1 A G R ) R
e A% . 4T CREATEFAR, HRART A
20 FERAE A Z R, BT R S AR,
2 PR 5 AV Y R AR, H AT A R S B A 5 R
(1 AR B R AT, ML Z R, ARBIATF R 1)
CRISPRi-seq /7 V470 H AL BLIE R 2 IR, REf% SCIR

Gk DR AL 90 | D e 3 AT 11 v R 9

3.4 =EFRBEMURESTEH GPALIERIFIA

UEY PR, PRIE R R B NGS BRI R L35
RASCIR B ARAL AT H AT BEWE LUBUIR B A PRIg IR 15K
B GPAYE . T RHUB AT 5206 R AL SR AU GPA
AR (10 BAL) ubildssa I3t 1 B e
FEAS, Sy 0] P Bt B 2 T B o 20 5 TR 2R - R ol
TG B “ B B R O BESTE H ok
EREET M. HET, HEAEY SR LK R T
E2 DO RNEIN =SV R & i s NI ok L | e 2|
WSE T G A E AL, DA ST R
JD) N T E B B 0 2 B T SRR 5 AR R R X
PR HI OB FL 2 4. dn LR E 78 43 R R AR
GPA H¥lidk, RITHIE R AT BOAN S A IR
FEYZIRAL GL 0 T BV 2 T BORVE KB R & B R R
RIRIE A S AL L, KA AT BB (421D A
JE ST H 0B A B B A UM A, 52 IE A
MCFs [P HRIs w2k el

HHT, MLE5 ) T BUE GPA B4 1 2% > 1A H
J7 HERINIEE L, AR FE b . A EHBN T
N GPA B4 75 #% BEMCFs # @2 sl . T
ST R e B b R Y AR i AR R A KT U BRIE AL
FATHR N T — M S RHA N BV E T A SR AR
5 & L& % 2] TAE I 2 (machine-learning
workflow in conjunction with YeastFab assembly,
MiYA) ", B N A 48 W 4% (artificial neural
network, ANN) A, DLZL & 2% 6] 1 2%~5% FI %L
e gidle, BT 1 BA B RIE A A 1 p-
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B3 N RME MR EGRUET. K, HLas5 3]
HHE DN T 48 SR A PR AR o ) P
RE DR SRR v R R RE B R Y, RO
N F1. BeAh, &4 i i Ak R 40 g R e B
R, KABGEIRGE T IE4 R IEAE RGBS A K
(1) sgRNAVE RS, RN S FRE T
SgRNA J7 F1| 5 1 7% 14 () B0 A 8L, mp 1 ] 4R
1 CRISPR-Cas R Gt KMz #T i o (1) TAEMERE "

4 g =

MCFs ()15 TF FAG 8 A 2% H b #02 SE B R H
1737 75 SR PR3 22 B 1 28 6 X MCFs 1) 22 2505 R 1 g
FIFETHE =B R R . W 3 B, R AR
B R COR BCAE # M F BL gk 47 MCFs B, 2 S AL i
“LABFTE] CANJ1D) $K-F7 (5N . Bl A4 A
WIRLR, 2 TR R R 315 0 A= AR it
W 2% AT 3 1 B T A AT e, LA DBTL
WRIEARGFE, MCFs BUECRG R EERT. R
GuAR TAR M i — DR R Re e A S A
ERAENG RS FBIRNAEDZMIN, NREZE
AT MCFs B350, 1 — 2 Itk MCFs 174 £ 2%
o AR, T AR AR I 4 6 ) R L T AL
BRI A A AR I AR, T
IR SR g AT MCFs BETH AR 2 1) ik A2 A7 98 75 B4

PAE

Alezmama/
ewTr / TN

oK B I ) FIRS 7, ool T 48 2 () 2k ] 40 2 )
AR, AE DL 2 Tl A= AWK R A “mih”
TRk MESEEWHAEARNKE, HEEIK)
(1) 4 i R 2H AR S 1 TR AL A B T IR I G A R
T T W v I R R A 4 R R A i R TR R A (]
IS SusEHg G, FREUBEMEIT R A, B
L BRI A AR AT AR P AR T A AR R
SRR ) T — 4R E il 46 MCFs.

Ak DRI ZH AR 1) A MCFs A 23 I 72
AURANTE, HATEA T H M B, N T SCIMCFs
P T S, TR A T PR A E )

B—, SEEREGPAIEN A . HE
Hum R AR . WP AR R,
MAER A i, o T H BRI 5% 1 2 0 1
I TV TR b 15 RIS Ik (R B A 2 [ ) 54 1
NP PIE % I F= iR = RIVE T I % NI TN
MR PRI — I B R R T M. IRk, BNk
T H sl 28 A\ 1) BioFoundry V- & 2 % 7 M &
3, HPAMMTEE . F0 L RNA PSR AR 7R R
MR R, X LR i Rk ik DR AR - R R 18
SE T v I R v 0 A GPA SR b gh S i EE A LA .

BT, MIEEEANE . sEENE N
AR FE B K A2 T E5 4 SR B RE 77 16 [5] B 4 AN 7T 3 A
T R BE AR, X AR A B AR AR AL D
B IL AR TPk . O T SEELAS [ o 1 St =
AEER, WBYIFE@E L T ER . aryin. af A

I ]

B3 AN ) e AL A R R DA A RE B

Fig.3 Comparison of MCFs construction efficiency and performance in different stages

(Random mutagenesis of natural microbes is firstly developed but time-consuming for MCFs contruction. Taking the DBTL cycle as basic process,

metabolic engineering enables rational/semi-rational design of metabolic pathways which can accelerate the construction of MCFs. The development

of systematic metabolic engineering further enhances the construction efficiency of MCFs. However, these strategies are difficult to meet the grow-

ing demand for phenotypic “high ground” in industral production. With the development of high-throughput technology, data-driven genome-

wide customized engineering is expected to overcome these problems)
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B AE AN AT A R A A Bl . A,
FE AR R T GPA 45 £E 45 7 7€ 1l /£ MCF's i) 8L A
PR DT T, R AR 4 1 R S I AR ) B
Br 42488, FARVEMT A, PSR4 R
Al K27 o 3 ORI A B 48 R 2% 1) TR TR 2
SYR S T A O BT R 2% [ 2 kA 3] SRR AR A
BN B R GO, T BN PRIX L A
GPA (38 £ 5 > FUR I 7 I R348 28 RS AT o

Aol e R &V E B SR, B A
R A A BT AR, SR, 3 R 2 i
P s N =] TN A R 0SB i S S e T8
HH I 2 0 I 7 b A TR FRD ) B AR AL G
FATHIRE G SR RE 5 PIUE 4k R A A o) 72
WA FENLIE, $ETHIRIE MCFs €8T RE 11, # A 7T BE
FE R R H 2 20 1) B B 5 4 v ok 40T R €01 1) £ ik
WS ) e s SIEEIL T A 7 o 5 A i

A
ut]

St

BNICE ——A: o0 2% 42 s 31590 B 45 (biochemical net-
work integrated computational explorer)
COBRA ——3& T 24 1) F 4 15 43 7 (constraint-based
reconstruction and analysis)
CREATE—2 T CRISPR 1 il i £ 5 [H 41 T 7% (CRIS-
PR-enabled trackable genome engineering)
CRISPR——#RL 4 5% 119 1) Py 4 [7] SC 75 &2 (clustered reg-
ularly interspaced short palindromic repeats )
CRISPRa——CRISPR i (CRISPR activation)
CRISPRi——CRISPR 4t (CRISPR interference)
FACS ——7%¢ Y6 0 40 Jifl 73 3% (fluorescence-activated
cell sorting)
FADS ——5¢ Yt 18 i W T 77 2% (fluorescence-activated
drop sorting)
FBA ——# i A7 4347 (flux balance analysis )
GPA ——JE PR - 3R 81 5C I (genotype-phenotype asso-
ciations )
GSMM ——4= S [ 21 AL A 1 ( genome-scale metabolic
model )
GSMR — & IR 2H JASE AR 1 5 4y (genome-sca]e meta-
bolic reconstruction)
MAGE ——2Z 3 B sk F£H 2 T (multiplex automat-
ed genome engineering )
MCA —— R4 i 53 H7 (metabolic control analysis )
MFA —— i3 1 7347 (metabolic flux analysis)

(1]

[2]

[3]

(4]

[5]

(6]

(7]

MMC —& 7 3 3 45 5% 3% (microdroplet microbial
culture)
e /MEAR R Y (minimization of the meta-
bolic adjustment )
MPA —— R84 434 (metabolic pathway analysis )
NET —— M 284 A 1941 %443 #T (network-embedded
thermodynamic analysis )
NGS —— AL JF (next generation sequencing)
ODE —"# 1% J5 #2 (ordinary differential equation)
PHA —— R4S IR IR (polyhydroxyalkanoate )
RADS ——H7 2 1 {4 73 1% (raman-activated droplet
sorting)
ROOM ——H/2& fie /N T (regulatory on/off minimi-
zation )
sgRNA 1] RNA (single-guide RNA)
ssDNA ——Hidh DNA(single-strand DNA)
TAM ——HL i) AID 41 % 93522 (targeted AID-mediated
mutagenesis)
TMFA ——JF 72094 CiH8 5 4387 (thermodynamics-
based metabolic flux analysis)
0] 38 Bf 2 F H 41 (trackable multiplex recom-
bineering)
YOGE —— R AT R A 5 ) 2 R 21 T2 (yeast oligo-

mediated genome engineering)
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