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Recent advances of continuous in vivo evolution

Haotian Zhai, Qingsheng Qi, and Jin Hou

State Key Laboratory of Microbial Technology, Shandong University, Qingdao 266273, Shandong, China

Abstract: Laboratory evolution is an important approach to improve the performance of microorganisms. In the past
decades, the methods for laboratory evolution have developed rapidly and applied widely. However, the commonly used
evolution strategies for strains or specific proteins cannot achieve continuous mutation, and require multiple rounds of
operation, therefore they are considered as a labor intensive process. The development of mutation and screening technologies
have facilitated the development of continuous evolution in vivo and greatly improved the efficiency of laboratory evolution.
The continuous in vivo evolution achieves in vivo mutation, perfectly combining mutation with screening to evolve a specific
phenotype with minimal human intervention. This review summarizes the recent advances of in vivo continuous evolution
technologies for either genome-scale mutation or evolution of specific proteins. The principles of these technologies and their
applications are introduced. On this basis, the advantages and limitations of these technologies are discussed. We also give a
perspective of future development of continuous in vivo evolution.
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BEE A HE AR R S, UEY B &k
WEZMg AR AEYHEAR . B, &, /b T%
SRR T AT Y TR, AR AL
BT FREMEDBEREOLECEE, LHE
PEAL AR BRI T R —FPEZ X, B4z
N F R B R (HAL GE AL ARO 5 T 0 1k
FEJITH BAREAS, sl B R A2 sl #7578 T
GEARRIE AT il R e, W T 2R AR
Ok, XELASE BN S0 58 A bk o T AR N 4 2
ARG ANAEN T, 7T LASEBELAR P B i
Lo AR ML, RRINE T b i R

L AR e BT LA F) 20 40 60 4F
R, 1967 4= Spiegelman 2578 41 B 45T i 1% 16 1 1
THOLR, X Q WEIRRIEAT T 74 WHELLAEAL, ™=
AT —ANEERAA SR, B HOEAR T RNA JE
[RI2H /N 83%, (HA Mt T 15 1502, 5441
ZWFFEN G RNA LA S RNA G i) S
B FHEAT T g B B AR Sx e y g AL TE M4
AT, (HETHER TS e 71, HhEs:
A N i S A 1 R 1) & R BE 2 T Bkt

RORSCHF AL AR R W . RAE . B, ik
4 AR RN ELEIEHE R R RS LA L 4 A
R, HRAREW A KA ET R, RNE
S AL e SO —FRERS AR A IR N B K bk
PEW . 2278 . BIE, DR AT T EE e
FERMHEAR,

RN ES LR LR, LT A
RINZEAE, EEMICRA SHEMLE S, AT
IFa] Foas b 7 N, RRAS PR 4G 3 R 1Y
P AT G AR AR N SR A 1 A
B, I AT R 4 5 Bl A 1 2 A Rl 7 F 5 TR 4
PR E AR PR A7 T 28 AH I 58 0 g

1 EREARENRE KL

LN ZH IR A AR N AR HOR R U i
WA N RS, didxh DNA &, &

% : 010-64807509

i HASES AT T, 5L FEAL IS 1Y
BRI R PE o = 038 1) ik (R 4 28 48 AT DA A
SR FR g AR 2RI L Ak BRI R A BRI
5 LA 2AERAS | WA AR SR AR H R A L
AT SEBEL R A i 22 R AR Akl R T 1%
AP A R

K WFT I Escherichia coli 3% K 41 2 48 J& iif
TR B SR S . Degnen Z5CIZE AT B
Y T O A R A R e A
mutD5, TEH 50 T KB FFE 9228 % 107 4
LY, T mutDS e K AT B A R B R P
f 278 R 1K F] 107-107 45 1) 1986 4 Takano
BB mutDs KA TR AT mutD (danQ) I
PSR R AS (73 fL S AR AR N (2 1R
164 {2 AN Z RS 45 24 R - danQ it [K] 171 57 Jhi ith
DNA A BFILEAKIENRER 3R SN -
WAL, g R AR EER R, PRI
FEM AR T3 DNA REBFIIR EE Rk,
PN/ =N

FIF R IE TG DNA A AT KA

PRI 2 A8 AR, (R ST TR AR AR T I B 1 3R
J& AR AR AR i BIBAR K- RIA AESRE
IRk SRR TR S 2R I8 mutD5, il TR BR () 8 AR
HPFET 4R 20-4 000 fi5 . TEFREESI T, HAR
S UKL B R PR AL, IR R R R A, @t
XA, BEFEN B AT AR AN [ A B —
5 VT oz 1 T 52 1 00 L 9 5 10 15 30 300 2 f) o
J&, I EBRETRL, YR TR AR IE T ARG R
DA E BT R

R TS A AL A AR A Y R
YIRBHA A YT EAR, Luan A EE T —FpIE R 241
SO TR R B B & 22 b R4 (Genome
replication  engineering  assisted  continuous
evolution, GREACE), It RS nt% 0k =78 Fl

v AR m Y GREACE YA 21 14 5] A DNA
RAE TN e W RS LR dnaQ MY RARIKZE, M
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I
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K VA PN 4 S AR BLR 51 ABZE R v, P2 AR BEHL
ZEAF, DIINHAE G e e e T iAo R AR
5 A —AL, REEL e by B,
EREENE dnaQ AR 2R A BT~
A B AN R 28 AR Rl i B A B, AT it AR
M EA R R 2R . 158 5 e 3t
RIS R BB AR5, 8 0 25 PR B 5 A A T i
5 REARAT I 2R 1 2 AR R

U R G0 R A T KA AT R R AR R e
P, I HAAE KRB ETE 0.1%BR/KET 140 i
RS T 8 5. A, ibiE I ki AR
5T —FRAEFE 1.25%IF T Bk T AE K AR #E
& R 1) 35 DR 4 42 ) T Al B e 2 AL BE S AT 2L
P25 A T 38 PR B A7 4

DNA RA W st S oA, B iR
HRBRREBENFE. BT mutD5, WK
1 dnaQ49® | iR i £E 1 pol3-0112 ) [
BE I TR RAR R, BRIk =z Ah, o
DNA ESEEE R, o] DLEE & i Ak 1Y 28 48
R QNG 2R AR B B R AR SRR B (mutS,
mutM, mutY) T #RIR5E 5 F -1 GroEL Y
e Ol I T RE R IS A2 I PMS (4R
WA FHOENH A R, G H R A e
FAETEE RS, SR A M RA R
EREE, R, 2 E A DB
X SEAFFGEAT T Hs ], 0 Aay S PR 5 AR K ) T
P, HHAE I AR Ry, R 58 S S8 AR 4
FRERARIKT, HRARSETRATT T B MR D ]

B TR AR RN, A AR e e R
I AN T A SR BA R REE DNA, i
A DLSEBIE R A B 2207 8. Murphy S50 A
itk Red 4154 Exo (W Wik DNA HA
534 IR PE) . Beta (GE kK H kb sSDNA (1) Hifik
DNA Z5&E M) N Gam &H (REIMEA,
75 £ RecBCD MYZRRAMIIEHE 1), Hri
KIGFF# ) RecBCD, izt DNA FHAHRHR T
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P e R |, 2009 4F Wang 252
HEAWERIK Red REEHY Beta £ 11 A9 KT 1 52
T 2EASDEFATHE (Multiplex automated
genome engineering, MAGE)., MAGE ifi i 7F 4t
o A S il 2o AR b ) i B RS s IR SN T A AR
1 ELA [R) VR () Bk DNA, BEFTJER4 1 240
SABM o B AT LA R B A X 3 4 2 A
fr B AT, L AR A A R AT IR B
W SCEE S MG | AAHf, 772 T SRR A £
Fetk. RIFHBEOR, RN G KGR 1-1d
A -D-ARHBE-5-BE R & BUEAE R 24 A7 & R
Trietti, Pufbizasid & plE 20 28 5 I 0 2 i
L, fE 3 d ZNIHIE N TR =N
55D, BT MAGE $i ARS8 T H 3hik,
G GO R X A A B i 2 1Y o

MAGE H R4 HE T Tl 24 ) 22007 i 56 R 41
A SRR HOR , FIH MAGE HARTER
W AT B M A% M IR 45 & 7 25 (Ribosome
binding site, RBS) XEM T ANIEL, EFH)
LW, i MAGE AR 7E A% AW i it
FSZIL, X 76 BUAZ A= W v 8 57 A 80 226 i S
BRI ik, s A Y ik, W HEA
BRI X . Barbieri S5 7R PR P RE A A ) TSR 4
S BESE 0A  BRA EE T —2 A B AR
4145 A (Eukaryotic MAGE, eMAGE)®, 4
Al if it Rk EERERR A E A, SIS RE R
ML, TR @R IR S B, W N T A R
HEE DNA FERXTTIREEZS A B G bEsE o AR
ANTFE DNA UL, ] SeBl e ik 2
LSRG 4B B A 2R GE . — IR ER LD
APSCENG 12 MR EA PR F, #id
ZWREREEAL, AT S I R A 2R .
TRECER P EAEE DNA  ZERTT IR 1) [R) U5 55 413K
AR, BT LABESE N 513 3 3G o ) 95 5 40 A O 2R
FIMZRIL, FEIRESRCIE R RIS SR A DNA ZEH%
TRREE R E L . W5 SR I E AR LA R 7 1
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BERJE B-SHE b RMA NG, R ek
DNA SERZTTRREE SO, Aot m R -1 b
RAMEBE P EELE G T P AE
MAF, 40t eMAGE fE#F P k15 T HA
AR B-THEE N RTE

TR, B N A e B I PR 2 3 1 e
— 4T 114 I B A PN P A 1 O = A T A
i 975 P Bk KL PR A i N TR 5 28 R
55 AR T B2 B 3R 4H 4 R (Saccharomyces
cerevisiae 2.0, Sc2.0), i i X PRI 1 5L (R ()
B, AT A TR & B A5k
IEERE AR . N LI G i bE R R 4, FEfR
£ aiga sV B 95N TS i3 ) i I % o | o e e o 3
1ol TAA, BR T N& T skl esl . EE )P
ARG HEF, FH4E tRNA B3] — & Qe ok |-,
[ B 2238 T 17 2% LoxP B 2 fir s 1224,

W5 N 5RO A5 B TR 1 B G g
PEA PSR A py e S HE R AL . BT e T AL
PR RESE R A r A e 3L R 3 HEBE X
SIA T XFFREY LoxP LA 4, Wi#E Cre B41HFAY
YEFIT , B> LoxP {7 s & e A s pe St EE 1)
DR I AR 5 A N A B T DR 4 ) T e v
#ik Cre T, WLRESZEL LoxP 1S S5 AL
AR EHELL K& i34k (Synthetic chromosome

rearrangement and modification by LoxP-mediated
evolution, SCRaMbLE). tuln, Jia Z5H) FH 4% A

AL TARBERIR &R, I AT AR R R 2 2
R EmE 1.5 f5. BT EREkmZ
. SCRaMbLE iEfCHE3R (MuSIC) RYSmE, AliE
it 51~ SCRaMbLE L fCHEIIGE SIS b Ry it
e % 38.8 5%, Luo %@k SCRaMbLE A
HEAL T T 20 B2 A0 20 1 A 1 B T R 27 Blount
SRl AR SRS R A R &R
A R AE T, I H A LML T AR A RS, e oh,
Shen &5k KR IA A AR BERE (DABF A Y B A (A
AR A A 1A Sc.2.0 BERRAE R SR A AT 4E
Tl (4 AR IR R) G Sc.2.0 A AL 14 i A 44
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R X SCRaMbLE 1 A% (14 52 i B8 2L A Tiif 320k, L
SCRaMbLE 1] L F- Rl 44 & ik,

ANIF 8 A A A IS 45 40 B B9 b 2 S TR g 4%
IR B T R RS S, (H R
HARA Y EB H R I, R AR Bk
W44 J7 ¥ (SCRaMbLE-iny, fdiix i fh 7
W EE A TEY, 75 SCRaMbLE-in H, BFZE AR i%
T —ARSNEAR T HAL, 1 ek 8 —
WS, XSS R T HiILE MY
FiA AR A o, B, BshT, (A2
e B MR A A A R . 2
&, Wit—FRGE s+, HEBNAE 7 E
EAFFRROL S . EEAMAENELT, aTL
Wi H A S HbnEAM S, DUES—1 4
BWEEIE, 2RI A R E Ik,
O A W A AR B 7 8, i
SCRaMbLE $iAK, A] LRl iR A2 B 5 3 e o A )
AT LoxP {5 b, [AIE} Cre K madMER . %
PERL AR AN A LR A A HE, (75 3 ey
2Rk, BT A BIFIH SCRaMbLE-in i) )5 i B4
T B N RENGERE, MARERR T 1.
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B, FIFX AR ARG GIETFTAKNMGE, o]
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Table 1 Strategies of genome-wide mutations and evolution

Strategies Principles Microorganisms Application examples Limitations References

mutD5 Increasing the mutation  Escherichia coli  Increasing the tolerance of The mutation rate [20]
rate during DNA strains to dimethylformamide needs to be tightly

GREACE replication through the  E. coli Improving n-butanol tolerance controlled [11]

dnaQ49 mutation of DNA E. coli Acquired strain with high level [12]
polymerases resistance to ampicillin,

streptomycin and ofloxacin
pol3-01 Saccharomyces  Isolating thermotolerant [13-15]
erevisiae mutants

muts, Increasing the mutation  Bacillus subtilis  Isolating thermo-adaptants [16]

mutM, rate through modifying from the groEL substituted

mutY the mismatch repair strain

MAGE Annealing synthetic E. coli Evolved thermotolerant The technology [22]
oligonucleotides in the mutants can only be used

eMAGE lagging strand during S. erevisiae Increasing the lycopene in very few model [23]
DNA replication production organisms

SCRaMbLE Cre recombinase S. erevisiae Improving the The technology [26-30]

catalyzes recombination
reaction between two
loxP sites

B-carotene synthesis

can only be used
in S. erevisiae

EEASMCEYHHRG . XMELT, RATHE
T TR AT A R TR 3 R LA R TR R Pk 58
ARHEAL, A2 JE D A Y Bl P i B AL 5 48 . BT,
TR 3B % AR R IR 1) 28 AF R LR O B
PCR SEH RSB, SRIG M o8 ARARE , EA T E
FHEAT T —4%8 PCR, Z7AFIREEMMI A, ks,
b E i, TAERKR, HidRAREES:, M
B %o A R R IR ) A P S A BRI Ny, T
I S BRI T A, SCMESL R ARG E, N
WA, HRKREEMR TR, A9 T
— e MRV A SRS, I XL AT TR A A
7 (% 2).

Esvelt 250U/ RIG AT P T — e ik
W Bh i i 2k 2 4 (Phage-assisted continuous
evolution, PACE). X ™R ZHIH M13 Wi {41y
T 25 1% % R 2 K 11 BB 85 E A R TR 4R PN PR
AL, 1% R GAR Y PR B AR 1 7= A A kA H
i D] 1) 2 A8 {88 3 DA T 36 2] 3% 252 Ak 7 16 1) B 1Y
(1), WERRRMIRYLTEEE g/ FEN iy plll&E
MY, RARKT plllEAMERELK, 4 HER
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R RIAAT B =t LA (R e e AR g A2 34
PACE v, WREAIAEA R gDk LAAM f

AR, WAMNE G A TSR R, XA

KW i 44 A i ERE A (Selection phage, SP).

TER AT &8 AR, — A2 B Bokz
(Accessory plasmid, AP). 474 WEE KR g/l
FEDK I Bl R WA sh i g IDE R Rk
Wwash v RAamifb BN EAZ G, A6
AR, I HAA RFRAZE H ik T AH Y
FRPE, ARES oh oIl EHEBFEIK; H—A R
AR kL (Mutagenesis plasmid, MP): ‘& i f#
RRIHFF DNA S5l i 2 TF ) R A 14 M ik 1
PR M AR Py 2 A RO gk RAT SP g1
HEAVBEDR A BRS04 RE S I BRL E AR
N B F-456 i Ja 8 g 1T B RE, 774
AR AR, ST T 3R,
HARBIRAEN) SP 1AW 9G35 75 Hh A3 LAFR
2, LHESE M,

J50 F, PACE W] LATERWAAT i i 1L AE
W plllEARKIMIAEN. BN, ) Zh

R
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Table 2 Strategies of continuous in vivo evolution for specific proteins

Strategies Mechanisms Microorganisms  Application examples Limitations References
PACE Coupling the phage E. coli Evolving T7 RNA The technology requires [31-37]
propagation with the Polymerase, ¢ [ , Cas9, complicated experimental
activity of desired aminoacyl-tRNA equipment and can only
mutation synthetases, et al evolve the proteins which
can affect the expression
of plII
PANCE E. coli Evolving pyrrolysyl- The technology only be [38-41]
Bacillus tRNA synthetase and used in prokaryotic
methanolicus methanol dehydrogenase organisms
XL1-Red Increasing the mutation E. coli Optimizing the activity ~ The system prefers to [42-48]
rate during DNA replication Lactobacillus of various enzymes such evolve large DNA
through the modification ~ Aeromonas as esterase, arylmalonate fragmentsl
of DNA polymerases and  punctata decarboxylase, et al.
mismatch repair system
Error-prone  Increasing mutation by E. coli Generating TEM-1 - The technology can only [49]
DNA reducing DNA polymerase lactamase mutants able  be used in very few
polymerase I I fidelity to hydrolyze aztreonam  organisms
Orthogonal  Creating an orthogonal S. erevisiae Increasing DHFR Low expression of [50-53]
DNA error-prone DNA tolerance of antimalarial exogenous gene of
replication replication system using drugs interest
system P1 DNA Polymerase from
Kluyveromyces lactis
Tyl Generating mutation S. erevisiae Evolution of transcription Mutation rate is limited [54]

through the reverse
transcription process

factors Spt15 and xylose
metabolic pathway

by transposition
frequency

HBIER IR T7 RNA REB, ©XHa s 3olfa
R M, BRI T3 MR IARAE G IS )
F, Frld Esvelt % F)H PACE &4t % T7 RNA %
AR AL, e AT 8 T REAS IR A T3 AHE
JaE T T7 RNA RA BRI,

PACE R4t H R RS B 0T 3% 2L 2 n] 1) AL E
FEEA, (B2 plllE A AR RN S R A& itk
by ok — gz, Fk, e RS IR I,
Brodel 0%} PACE R4 kAT T iE. ARG
PACE 1L, #FFE A g V7 SEFRE gl FEH
VER AL, pVIZE [ pIITEE AR RE 0% (5 I 1
W ANz ihe, (HRATE plll&E A MAEET
pVIEA AR E Rk, WRFEW T 3HH: —1
WE kL (Phagemid, PM): A 227481 ¢ [ #1 g/l
IF HAR LT IE 5 PR IA 5/ py g kL AT DA™
AT 2 B RE R AT s — Nl B W TR AR UL (Helper

% : 010-64807509

phage plasmid, HP): #47Bx 1 g 17 F1 g /17 FEH LA
SN R TR AR SE R s — D RIBORL: T 24
PFRFRIRIY g VI BEDR m] B, b PR [l i 5 Y )i
s, HTAEEIR PACE AL, &b/t
R RABEIRMR AN R . LRSS
HFcl EAWREL, RAEEMRE ¢l HI6E
Ja 8l g VI35 NI = A A 1R Y DI RE MW BT A4, d¢
RIS T ZFh ¢ 1 skl gt T —2
T IE A 5 ] ) U Y0 7] - BELT 4 0 RH 3 ) - BH
SaLY/PIS

R T R G AR SR X b kb ) FH W TR AT K
PG IIRE, W T — e i e RS HiE
BN — & W RRY, XM RS AR
Wb T A AR, e HeeE LRSS T plll
(pVI) HEAFEWEA, FITHE S5 355 5%
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Fig. 1 Overview of phage-assisted continuous evolution system. E. coli host cells with accessory plasmid (brown) that
supplies glII (gene III, encoding pIII) and mutagenesis plasmid (red) continuously flow through a fixed-volume vessel where
containing selection phage (SP, green). If SP encodes the desired protein variants of interest, infectious progeny phage will be
produced, then continue to infect a new round of E. coli. With the constant inflow and outflow, only those phages that
reproduce faster than the rate of dilution can exist and evolve in the vessel.

Suzuki FFEEN T — O LI = bR R —
k%2 PACE # K (Phage-assisted non-continuous
evolution, PANCE)®®, PACE # RT3 i&E 420 4h

. 1M PANCE W2 fb iR, il
SRR T AR N AL, BRI T R SR B Y
i, I PANCE $AK, Wan %55 Al FI AR R
SR TR Pyrrolysyl-tRNA & J g ik 471 7 i
LB Roth 2541 PANCE 5 F i A= ) 1 Sk B AR 45
£y, Nof FP I 2 ST P e SR AT T AR O
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Wi T A L0 ) A B A B X B R AL
KA T ERIFER, X ZEHOAR B Tl gl
ARG A, B —E mfE E R R

%?%QWEWA%%%%EWﬁ%%AW
5 LR JRBR , AR B HA EE T, X
SR RE A% S DU S T RE D A ) 1A N 4 2 R AL
b ST T R DR A A R N S 8 AR T 2 N H A SR

HA R R, MAZX A4 500, X
Xt RAE B G AR H A I 2K
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DNA R4l DNA & HIH S5, Aefigii
PRI AT BRI A B IE AR ZE MY DNA BEAR U,
IHHXTIETEE A DNA BEEITRIE, s i
MR A, 3 D 21 1 28 AR R AR AE — MR AR
K, T DNA BA R IE DI RE MLk 25 R
ARATIRETIRIEA,, Wil DNA & il 2

FIH R JEEE Greener 25424811 st 77— A
Bl 44k XL1-Red f K IGFT R AT MR . LR PR
seffiilt DNA B 6B (mutT, mutS) L& DNA
REBIIN e- WA (mutD) 4G Rk,
L4 7 DNA Efilid B = 587E, RAFRKY
SERPAE TR 5 000 £, HHEHT H An LK AY oo i
A XL1-Red H, BRSSP, RAFREHL
AR ORISR, 205 43 B8 JSORE SC IR 44 1% S P
AL B T R, DATHGE AR RAL, XA ik
S LR R LS RS, T N . Bian, wF
8 N BRI XL1-Red B Rk 17 g B A0 52 1) B4k 5
P Oy HN R OR W . B-HI AR R T G . R
IR R (Polyhydroxyalkanoate, PHA) &
il 0 35 L8 AR R 14 e A8 AR X AR
1 1] T AL A DNA B, BRI T 0

KA DNA RAEE 1 32673575k
BERY A HL . DNA B LI K ColEl JSk i & il .
Camps 2V 5 5 i K AT DNA B4 7 1
T — MMENESL R RS, % TAEE B
DNA A 1 A IE XIPEf 705, HXRE
fifi A JLEAY 1709, B BLFE 1Y T664 F1 AB6L — M5
il PR LR ) A LR AR, W T — B S
F5 DNA RARE T . 7EubItnt b, fat 7 ik
ERMRLRG, ZARSLL 1S200 N5, MfEE
RN EALPE A TR : — & A pSCL01 & i
RALE (AT 2% DNA BA T S 2 Hl) mlkss
USRS g S A DNA RAH 1 A3t
B, A EEE IR ColEl Bk, AT ER
B HMEER, KRS DNA REH 1 588
Sl R B- PR Tl P T 35 A1 A kg i 455 5 PR 24 5[]

% : 010-64807509

BRAR, MRAR, 5RE/R, 5% DNA RA
[ XA B 03 R TR A 288 R ik ) 8.1x107™* 4
B3, IF HAR X fi S AL, 28 AR B ) T
B, EHEFHIZRGX TEM-1 B- NG, ik
TS A AL, A T XA MR CGEERiA
) HABE 0 e Bl 2 AR A 3% T AEF
MG 55K DNA REE T ity 7—14
M FREAMKNELS E M RERSE, R
PR AR H L F ColEl ik I, winl L
SCP I 22 R AT AL .

bR T KIGFF, S tha B4yt
Fay gk 37 F 3 R AL B R AL R G A G i
Ravikumar S5 5 T 2L IR v & 4 I Rk 4
B R G AT RS, MR T — T
SRR N ES L RS SO E g wE R
pGKL1/2 Jikr (fiifkh PLR) R—ESHAAS
DNA & il o4 i Bobixt , & A4 P1 Fil P2 PNk
PEZ P2 DL DNA ki, P2 ki F&f 35k
X A A B s i s B B R ) dm i L D, T
P1 EH&H BB M i) DNA J5 Y 5 i
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Fig. 2 Genome-independent continuous directed evolution in vivo in S. cerevisiae by an orthogonal DNA replication
system. Schematic diagram of orthogonal replication system based on P1/2 plasmid pair of Kluyveromyces cerevisiae.
The gene of interest (blue) is integrated into the P1 plasmid. The error-prone TP-DNAP1 gene (yellow) in the nucleus
expresses the error-prone TP-DNAPL under the expression system of the host cell, and then the replication of the P1

plasmid is initiated.
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Fig. 3 Genome-independent continuous directed evolution in vivo in S. cerevisiae by retrotransposon Tyl. Schematic
diagram of continuous mutation in vivo mediated by retrotransposon Tyl. The gene of interest (green) containing
artificial introns (yellow) is reverse cloned into the genome of the Tyl retrotransposon, and with the expression of
reverse transcriptase, the Tyl genome containing gene of interest is converted into cDNA in an error-prone manner, and

then reintegration into a stable genetic locus.
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