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Progress of adaptive laboratory evolution for industrial strain
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Abstract: Adaptive laboratory evolution is a method of screening mutant strains with specific phenotypes
by long-term domestication under certain selection pressure. In recent years, this method has been widely
used to screen industrial production strains with excellent characteristics through specific evolutionary
conditions and screening strategies, such as specific phenotypic screening, efficient use of substrates, target

product synthesis, and growth characteristics optimization. In this review, the typical examples and research
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progress of adaptive laboratory evolution for the breeding of industrial production strains were summarized,

the existing problems and solutions were discussed. The prospect of this technology was also forecasted.

Keywords: adaptive evolution; strain selection; industrial strains
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%1 ALE MEMRIFEREHERZHBEM
Table 1 Classic cases of activating microbial metabolic pathway by ALE

PEAL T BR AR AR W S BL PRI e S5 PEALTE MR Z75 3k
Evolutionary Metabolic pathway activation Evolution/selection conditions Characteristics of References
strains involves genes evolutionary strains

Saccharomyces FFA biosynthetic pathway Serially transferred for 45 days ~ The evolved strain [14]
cerevisiae served as the main way for in minimal medium containing  production of 33.4 g/L.

Y&Z053 NAD" regeneration and 0.5% glucose (gradually extracellular free fatty acids

acetyl-CoA supply, fine-tuned increased) and 2.0% ethanol
NADPH and ATP supply by  (gradually decreased) and then
deletion of pdcl, pdc5,and  continuously transferring for
pdc6 genes 50 days into minimal medium
containing 2.0% glucose as the
sole carbon source
Escherichia coli  Constructed Auto-CGSS system the This evolutionarily [15]
S028 GalP/Glk-dependent continuous in vivo developed strain was able to
PTS-defective E. coli strain, mutagenesis, grown at 30 °C produce 38.77 g/L of Trp
introduce the two favorable  while mixing via a magnetic with a yield of 0.164 g/g
enzyme variants AroG”*“®’* stirrer with SynM medium, the

and AnTrpCR*"8F mutants with a higher medium
fluorescent (MFU)

Saccharomyces Overexpression of H4P4 and When the ODggoreach 1.0, the The specific growth rate of  [16]
cerevisiae STLI upregulation of the culture was diluted with 5 mL  the evolved cells reached
W303-1B TCA cycle and oxidative fresh MG medium to obtain approximately 0.14 h™'

phosphorylation; disruption ~ ODgg of 0.05 and incubated

of RIM15 improved further at 30 °C, this serial

fermentation ability by transfer process was repeated

inhibiting respiration until the specific growth rate of

capacity the cells increased 2—3 folds
Corynebacterium  Overexpression of pgi, pfk4, Serially transferred for The evolved strain [17]
glutamicum ATCC gap, pyk, gdh, argB and argJ 100 generations in minimal L-ornithine production
13032 genes and deletion of speF medium containing gradually  increased 20%

and argR genes enhanced increased glucose (5.0%, 7.0%,

L-ornithine synthesis 10.0%) and L-ornithine (1.5%,

pathway 2.0%)
E. coli DSMO1 Deletion of adhE, pta, IdhA  Serially transferred for 40 days The evolved strain toleranced [18]

and frdA four genes involved in M9 minimal medium 250 mmol/L acetate and

in acetyl-CoA consumption  containing 5 g/L sodium utilized 2.14 g/L of acetate in

acetate 48 h; the acetate consumption

rate of was 76 mg/(L-h) in
M9 minimal medium
supplemented with acetate

Yu SRR AR R R T T AR HATHERN 2% O IR B 37 0k B o5, B 48 h
BE T B e, MATTEL Saccharomyces % 72 h ELARAC—IR, CBEHR LB EIRRAL,
cerevisiae Y&Z053 i K FPE, 30 °C &4 T ik IR LB T, ISR 45 d; BlE, A
TP Bl PR A R 5% 55— BB, 76 0.5% MREERSEIEA 2% 0 A M 1E A ME— Bk U 1 S AR
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FHE b, @A 48 h ok 72 h AL AR A
K, $52E 50 d; dEEmtRRZy 200 K2 )5, 78
AR BRI R AL AR RERE AR
33.4 g/L M AAMIE 2 AR IR -

AR 3 FE oA S W, AR S ) e W
RO, BEMRIG BTN MR -V R B R R
(phosphoenolpyruvate-sugar phosphotransferase
system, PTS), RI>:ZLWH 5 7 Mg/ #2505 B ity
(GalP/Glk) R G 7EHLE b AT LA 5 265 0 17%) €0 2 i
(Trp)™ 48N 1 f%. NIRREX—ATRENE, Chen
2SI Trp HE P2 Mk Escherichia coli S028 4 i
KRR, HET —Fk PTS A GalP/Glk ##if K
FFIRT R, 3RS B R AR Trp A2 itk il
1R CRISPR/Cas9 fie ik Ay HEIE A T2 -5 A4 A
I 0 A% 4 51 % B0 A A B 2% (CRISPR/Cas9-

facilitated engineering with growth-coupled and

sensor-guided in vivo screening, CGSS)AHZE &, I

KT M ES: ALE 2%, FIHIZAShRS
(auto-CGSS)-5 4l iy A= K S B 0 5 1 7€ ' 3 B A
LNRMAZES , YENAIMN Trp WEERYSEDR, 3115
T—AhE . 7 RER Trp TRV T5, %
RRE " 2E 38.77 g/L IR, 7 i 0.164 g/g.
Kawai ZE I BRI B2 EE S. cerevisiae W303-1B
R ERR, LA ) T2 IR R A %
S0 70 A, R T kR Hh R AL RE T, 1
HoAE K HRAF] 0.14 h ' FHERHIS E R b
¥ Corynebacterium glutamicum ATCC 13032
(AargFAproB) gtk witk, FIFIFENGRIK, B
DRl B s o v A S B, Al 1™ LSS
PR TRE RV AAPE451 5 R FAS W7 38 in 4 2
B E (5% . 7% . 10%) 15 SRR (1.5%
2.0%) 77 ZFEAL , R A RUAS I 5 220 1% 1) 2% 1 35
FRIEEAL, XHERY 10 A ERIETT S E R
RBET G, R4 T —Hk L-S 2R s h K A
PR 20% M B bE AAPE6937; [l Bt LA i B ik

R, @R R RS argR, 3R
19T —HRIE AT Tk R EEA T L-S 2R TR
Hi¥k AAPE6937R42, L-S 4Ry~ kb Htk
AAPE6937 $&15 27%, f£ 5 L KFEEREH & 33 h
5 SR w ik F 24.1 g/L

Seong ZEUSILLEER L AT A WHREAH I
K (adhE . pta. ldhA T frd DB KIGFFH E. coli
DSMO1 M kKR, 7E5 g/L LBRENE M9
AR FR I E AL 40 FUIRTG— Rk EAL bR
SBAO1; VEILHRRTE 48 h INTHAE 2.14 /L B FE
MREL, TRHGE A SR A TR MG1655(DE3)FI
DSMO1 40T 2.8 f5F1 7.6 fi5; TEG IS FRER
) M9 AR FRIE R, SBAOL BEERERTHFER A
76 mg/(L-h), F4&F SBAO1 "]t 32 250 mmol/L
BEIREL , A=K %4 (0.049+0.001) h ™',
1.2 RWEMFEREMK

ALE ZHGEMAY) . R 224 BRI
B ME ANTFBL A TR A B AR R s e
AR 5 1 H 7, AR — T B B 23 X 4
M AE R A RN R, S E RO, AR TR TE
3 Pk A R 2 BRI A A L RE T
XPIZ A, A3 2 3 S T AR AE AR & %
AEARIBE A B, R 0 3 TR s S s, 3
AR AT, FEIR B S LA AR K A
(] B 2 285 = 1) B AR 0 & UK, ARG
BRI E . P2 KMIKNRITZE in
silico TN 5 A TG N PEEALSE G, =483 T
ARERET, HEANCRIE 2.

Fong 2220 E. coli K12 MG1655 JyH & T
MR, WET 3 HRELRE R LREREE, 20k
Apta-adhE WK ERE . Apta-pfk SRR BERER
Apta-adhE-pfk-glk 4 JERBUR R mbR pta.
adhE . pfk. glk HER A BR R 9000 53 W%
12, 08T NADH 179 PR R 1 £ R K 76 25 4
PIER I s 43 %t 3 R TR AR HTT 2 ™A ALE
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Table 2 Classic case of microbial phenotype optimization by ALE

PEAL TR R AT e A5 A PEAL TR AL 275 3k
Evolutionary strains Evolutionary screening conditions Characteristics of evolutionary References
strains
E. coli K12 MG1655 Deletion of pta, adhE, pfk and glk genes increased The growth rate increased by [20]
the supply of NADH and pyruvate and utilized for 30%—120%; Lactate titers ranging
glucose uptake, serially transferred for 60 days in  from 0.87 g/L to 1.75 g/L
100 mL of M9 minimal medium supplemented
with 2 g/L glucose at 37 °C
E. coli BW25113 Subculturing in media with methanol and Under a co-consumption regime, [21]

gluconate as the carbon source at 37 °C and

160 r/min

Bacillus coagulans
WT-03

gradually decreasing from 6.2 to 2.5)
S. cerevisiae
CEN.PK113-7D

S. cerevisiae GSY1136  Short-term evolution experiment using periodic
hydrogen peroxide shocking schemes, the strain

90 days, producing over 300 generations

evolved strain utilized methanol at
rates comparable with natural
methylotrophs, with a growth rate of
0.08h"

After 15 s of ARTP mutation and then 40 days of Tolerance to pH 2.5 and 0.3% bile [22]
ALE culture in media with 0.3% bile salt (pHs

salt with a survival rate of 22.4%

The strains grew at 39.5 °C+0.3 °C for more than The specific growth rate increased [23]

on average 1.57 times, ethanol and
glycerol production increased by 1.6

and 1.3 times

Carotenoids production increased by [24]
3-fold, to 18 mg/g-DCW

incubated at 30 °C in YPG medium with 4%

glycerol as a carbon source
C. glutamicum ATCC
13032

and xylose as carbon sources at 30 °C and

220 r/min

Serially transferred for 206 days in CGXII
minimal medium supplemented with methanol

The specific growth rate increased [25]
by 20-fold, from 0.000 6 h™"

0.0121 h™*!, utilized methanol and
xylose with a high mole ratio of
3.83:1

By, RAFT 11 BRI EERR, EREERS
T 30%-120%, AIFIH 2 o/L #% RIS,
37 °C JRASEFRZMT, WAL 5] ik
0.87-1.75 g/L.,

Meyer ZPULL E. coli BW25113 i & ik,
FIH in silico 51 W 2 EIE BRIk, WET
— bR BT B R MeSVI, T HALE
T [ Ak P AZ B SRR TR I A s B e AL A=)
JE AL S R AR R AR A K TR
PITRARIET T ALE 5255, %40 3518, S E bk
FH P2 17 280 R TR R ) LT FE , R AK B R MeSV L1
KB EEIN, ODgo 5 EATE AR LY I T

345, WIS RBR T maldh 35, FEIRT TCA JH
WEE, T TR MeSV2, SR XTI
117 ALE 525, Z1d 16 AL, MR Rlm b
BRAE K (ODgoo=1.21=0.01) B = T 27 A4 UK i
FF I (ODgoo=1.06+0.02) ; 5t £ 4715 1y 32F 4k i Ak
FESL R AEHLE] A =ik 24% 0 EE B ARG
Ry b, 31 DL AR F LS SR R AH > 1) s 38 7]
FH

Liu S5P250 3 I % %8 7 — MR AR I 1
2 EHFF A Bacillus coagulans WT-03, 38 i

% L 55 B T 1A (atmospheric pressure room
temperature plasma, ARTP)i75 55 ALE fHZ5 & 1)
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TR LR a5 A PERE, 484 15 s ARTP
VAR Kok gk 40 U ALE 236 )5, RS R
artp-aleBC15, HX} pH 2.5 F1 0.3%H L Ao iR 57
PEARE, FETEHIK 22.4%; SHRHFEMAELL,
AR R B MR AR S L B Y 40 e
B30 7 M A = 1 e K PR o WESTIIER, ARTP
RALES ALE Je— M RN SN, 7] LIER
o R [T A 1Y) £ 2R T PR RE . AV TE R Tl i
VINIERS

Caspeta 2%} S. cerevisiae CEN.PK113-7D
SR A Iy M 1 A ST 6 5 e O ok T AV T bR . TR
(39.5+0.3) °C Z&A N i S0 300 kTG ik
PR, 40 °C Bf AR KUY 1.57 1%, oY
Hihag =R E T 1.6 f5H1 1.3 £%. Reyes
224D S cerevisiae GSY 1136 HH &k Fikk, fif
FH RS0 P 2ok 48k I8 52 6 0 Ak R 15
ewpk, HIEHE MR EN 365, BEE
ik 18 mg/g-DCW,

Tuyishime 22 AR IRENH C. glutamicum
ATCC 13032 At & B R A A BE 1 3 4%, ff
AWEREAL R 5-BERR I B E (RuSP), FFf RuSP 4%
R S-BEFRAZME (RSP)IE AR 1 5 38 0 X HH s
R A 24 R AR AT TR TR MR MX-10 (3% T PR TE
Ru5P-R5P AL I7 HIAFAEBRFE , FFAC S 1 H BT
FIHBE)PETT 206 1R ALE S25, JLEE3R4
27 1%, FIH ALE & — AL AR A b6 Fi e 2 st
] 55 ) ODgoo fELIN 72 HE IS FH A B B HE A= K R
K I E R HE KR 0.000 6 h iR E
0.012 1 h™', BT 20 5, FlFH H BEAIACHH Y g
IR Mk 3.83:1,

1.3 EYRSHFH A

5 IR I A0 A1) P 2 S R s R A 7 0 B
AR o TEA B AR rp, G2 Wi b v 5 A R0
WORR AR I PR A 8 SR Y BT (I RE D Z IR AE T

S TG R R, IR 25 5 e 15 204 Bl T
YIRS 248 . AN, FhRIKYIA AHTE
AT DA T G2 P 2 A A1) B B SIS B RE T
N B B (AL A P08, IR LR 3,
PRV P B A A P Tolb v iz Ad ], s KA &
T B 3 R0 A 1 £ I 7 P A E RS R A 5 4
I 3 33 A1) P 0 4 i A 52 36 3 v FL T B )
A&, HJIE# CEN.PK M HAGAEYH& E
W, Ho ZPVE M Ebk CEN.PK113 3t 60 Yf%
AR IHIE N PR RELL , 7E 6% HHii A AR IR 1 15 57
JEF AR ER R IRF] 0.130 h', BB A
REACHI NS Bl H AL SO E1 T A, (H2HAIE
A R I A T A R R s i A i T
FERRRCOS A7 3 2R A TR 7 vkt
FERE AN ) FFI TR T P B TR TR AR, (H I R4 3
AL AE L AL R CER 7 TR, T L A T bk
FIE A TR W bR AR REAE IR B A N AR KE
JEEY o R, 38 5 1 S a8 AL S A T A
F B ANZE A, AT A 20 O R ) AR )
Klimacek Z5P°SR WY BOEAL T/, B 2okt
U 2% 35 AW AC AT 25 DR 7o TRV P B8 1R TR AR A T
I R RIS | DR AR A A e 1) 1Ak S IR 0
AR R A BRI R = AN BRAR A R A B R Bt
Ja TE A 8 32 4540 X R AR 4k s it 4 7 R Ak 52
By, HEE T R MRANE & B ARG , R
P A L R R R 500% L) |, X R
ALE SEBUE Y EMGE R BE S . Kim &P bR
SRANE A T S AR TR BRI AR, LA () st 1) P 47 4 —
AN, JEACTARRAR L R TR RR I S FEI5 N 0
RRE 0.4 g-L W /g-2F4E B, Saini ZP2L 5
Hy ve & Yk [ (Kluyveromyces marxianus MTCC
1389) A L kR, 3L ALE SZER7E 200 g/L 1)
FUBEA BT IE N 65 d, 3645 T HA mFUBER A%
(it E AL bR, KA R B ks
79.33 g/L, LA THFE(66.75 g/L)F AT 17.5%.
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Table 3  Classic case of ALE enhancing the effective utilization of substrates by microorganisms

PAL R MY HEAR TR A1 PEAL AR AL 275 Sk
Evolutionary strains  Utilization of Evolutionary screening conditions Characteristics of References
substrates evolutionary strains
S. cerevisiae 6% glycerol The strains grew for 60 generations in ~ Growth rate of about [29]
CEN.PK113 synthetic glycerol medium with CSM or 0.130 h™'
without any addition of CSM
S. cerevisiae 50 g/L xylose The strain BP10001 were incubated Growth rate increased by  [30]
BP10001 under anoxic conditions in defined more than 500%
medium containing only xylose as a
carbon source for 91 days
K. marxianus MTCC 200 g/L lactose The strains were used to subcultured in  Ethanol titer increased by [31]
1389 200 g/L lactose up to 65 days (about 750 17.5%, to 79.33 g/L
generations)
B. subtilis 168 9 g/L xylose Serially transferred for 72 times into The maximum specific [32]
fresh M9 medium supplemented with growth rate of 0.445 h™",
9 g/L xylose at mid-exponential phase  the xylose consumption
rate of 0.530 g/(L-h),
much higher than that of
E72 (0.392 g/(L°h))
E. coli ATCC 8739 85 mmol/L acetate The strain was evolved for growth rate ~ Growth rate increased by  [33]
by exposure to a 35 mmol/L acetate feed 25%, to 0.51 h™!
at progressively greater dilution rates in
a pseudo-steady-state chemostat
Cupriavidus necator  0.5% glycerol Subculturing in media with 0.5% Growth rate increased by  [34]
H16 glycerol (about 60 days) 9.5-fold in glycerol media
C. glutamicum 15 g/L methanol ~ Strain MX-11 was continuously The co-utilization ratio of [35]
MX-11 and 4 g/L xylose  cultivated at 30 °C in CGXII minimal methanol and xylose

medium supplemented with 15 g/L
methanol and 4 g/L xylose

reached 7.04:1, the
specific growth rate
increased by 3.20-fold, the
titer increased by
2.56-fold

WA, LA E. coli MBI FEXT S WA VF
LA Zhang P23 B, subtilis 168
K I8 N AL T B AS T — PR AR = AR AR
PER R AR TR AR E72, Hofm K H AR K 38k |
0.445 h™', Rajaraman %5035 DL Z Wk by ik —Tjk
WY E. coli ATCC 8739 RFMEAL A ELLE I Ty
KiFAriEfl, SEALTRIRR LA RN T 25%.
Gonzalez-Villanueva ZPESH 0.5% H M5 4

IR N Cupriavidus necator H16 [ kR
94k, iBE T — PR T[] Bk ) P o 2 R 6
T AL T FR veCe, 1Bk B Rk AE T G e
AR LI A BU R R R 9.5 A, 7R A HE TR
ER T Vb VR B R b AR K R L S A 2 R
e,

FH S — R AR A W i ok A el k), O
RGBT AL R B ETIR A, DAL T
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PR TSE 18 A P AR ) 1D o BRI £ 2% o 1) 2B 0 o)
1 o Wang S8 TLLSE DR AR (1) B AR o 2 R i
P (C. glutamicum MX-11)4 H & B Rk 31T 3
PS8, PRI R 32 203.75 mmol/L HI i,
FeAE KRR 0.052 0 BT HEEMAYA L,
K 144 h 5774 230 mg/L fiL4h - 2R
1.4 FHMEEYRYm 2L

TER W Tl b, X T B PP A e oy 1 151k
[ A3 07 s TR BE B ) o T R MR B L
LA AR R B R AN T R R
—ANEEE AR, ALE AR AT L g IRAS 5
i, 8 DR AR O ASE 1, AN ITIAS 3] R RE M 52 A
LR RIREE , SURBTEA R R FR 450 NP A
M E IR R, R BN 4,

L-22 58 FR AW A0 N oA ISR WH -5 1 b 20
MOE Ve, X TFEARKRRE BRI T 22 R i A .
32O A R i R T R i 52 M A H O O
Mundhada %5 5 BiER E. coli W L-22 8 R 53 f#

&4 ALE RANEMI SN Z LS8

) 2 SRR A ESE R (REBR 3L A sdad . sdaB .
tdeG Fl gy A)WEE T TR Q15 RN
Yk ik, RSP R I m SN L2248
PRI E (AN 3 g/L #2713 100 g/L), Zid 45 d
Yitk, dEfbERE ALE-5 XF L-22 % R i 52 1 W
R LURAR A RIE, 24 50 h B9 ARE,
L-22 R =43k 37 ¢/L, AR N 24%.

BeAh, R T HE AN 2, Zha 250
AR 2L TT & T —F L g 305 S 98 A8
(stress-induced mutagenesis, SIM)HT Y38 b P
B s LU E. coli FC40 N R HibkIEE T
AmutL RS E. coli SMBO7, W% ML
6 A~ H, T AR ] W B (minimum
inhibitory concentration, MIC){RHH 9.5 g/l B
% 10.5 g/L; MET SIM Hidm ik, 3 MAN
BT HE MIC B hnZE 13 g/L, Fruk—4Emid T
SIM [ H i W bR 2 E. coli SMBO7 &% i
ZREJT RN, B4R T 40352 95 g/L NaCl

1

Table 4 Classic cases of ALE improving microbial tolerance to toxic products

PR T2 HEART s A PEALTE R 275 3R
Evolutionary Tolerable  Evolutionary screening conditions Characteristics of evolutionary strains References
strains substance
E. coli Q1 L-serine 45 days of evolution in media with Evolved strains grew at high L-serine [43]
increased L-serine concentration concentration and achieved high-titer L-serine
production to 37 g/L with a 24.0% mass yield
E. coli Butanol and The strain was evolved in media with Tolerant to high concentrations of butanol [44]
SMBO07 NaCl increased butanol and NaCl (13 g/L), NaCl (95 g/L), and high
temperature (50 °C)
E. coli Octanoic 714 total hours of evolution in MOPS Tolerant to high concentrations of butanol [45]
ML115 acid medium with increased octanoic acid (65 mmol/L) and octanoic acid (30 mmol/L),
carboxylic acids titer increased by 5-fold
L. pentosus ~ Crude Metabolic evolution of strain screened by Tolerant to high concentrations of crude [46]
R3-8 glycerol was carried out by adding high glycerol (130 g/L) and lactic acid (20 g/L)
and lactic  concentration crude glycerol (60 days)
acid and lactic acid (50 days)
S. cerevisiae  Ethanol The strain was evolved by sequential Tolerant to high concentrations of ethanol [47]

batch fermentations in the mineral

(61 g/L), ethanol titer increased by 7.7%, to

medium were gradually increased glucose 2.03 g-ethanol/h
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150 °C FRIRASAK E. coli SMBY95 F1 E. coli
SMB50., Royce %L E. coli ML115 ) 4G
PR, R fadD JER IR TR B-AAbists, B
IERIR RS, TE A FIR MOPS FEAR: ¢
S SRR, [FBMARERR SR pH R 7.0,
L 10 mmol/L Ay 3G N=EFIRW A, £3d 714 h
(35 NP EHEIE TS B R AR LARL, “FLEfR
M52 PEXE N2 30 mmol/L; BRMN3ZERRAN, iBn]
M52 T EEAST T W%, 75 65 mmol/L | 4514 T ke
He KA T BREAR R 15% ;. AL R A ks
T AR AR I S SR AR iR AT W S Y
JEERE T o

F B & R LA I (Lactobacillus
pentosus) R3-8 #ATACH AL, ISR IR 5
NI v R B KL v AN FLR , 43 R T IR T A2
PEFL Pl A A R, AR TR TT i A2
130 g/L BPRLH I 20 g/L BIFLIR. 5 L & Wl
St RS R on , LR i R LR A
FERFE A3 R 45.0 g/L.0.989 g/g 1 0.47 g/(L-h).

Elbakush 254720 S. cerevisiae M R F Rk,
3 3 % S At R TR A T 7 M R R D R (T
B R W) , o rb A 2 B B BT IR 50 g/L
B IME 150 g/L; SR,
P2 N 1.65 g/(L-h)IRTFE] 2.03 g/(Lh),
LTI E R 7.7%, L W (61 g/L),
It L3 0 A AR S5 R M OB L B o 2
5 (7.5%F1 10.5%)
2 ENEHMEAFE RN A
2.1 BARTEXRRESBUHACERK

ALE 280, dEARIE A S A B | AR %

AR N RIS s AR O S R 4]
SERENE, AN NAFAE AR R OB AL, A

TH BRI M 20 R rp = A A AR L X, SRR
FEARIE N R AR A, 4EdF A IR R AL RLEMARK
GEHF<10°), KUt ALE ffjli— @82 m) i, [p
PEAL R A, WL BEEA S,
IR A, A AR IR B SL G 7R A 1 B A )
PTG, PEMFBELR RIS, Heah, P
RI, GBI TE ALE 528 X TR
ARF IR TN BA Rtk o AHXZIRIRL, Hjc
A 2T RIS R

SCHRFEM, MY DNA FSECAE L
FrNTAEM, AIREREESRTT AR RALSE, R R
AR mAKF, D4t E . Luan 51
LRGN T BERR F (Clostridium acetobutylicum)
SNSRI T MusSL, 545 Rtk A
RRAERRTE T 250 1 ; SXTIEEMRALL, 2RAE
REPETHI AR PR AE T it 52 M ik AL S g vh B
AN A RAEIE RE ), ] AR5 3 TR R
FEFR T . E DG 0N o SR FH JCIR S (0 B [R E
BRGE, 1A AEMSMNEIE R 75 AT tkps
RIS OL T, bl 2 AT v 5 I 18 S L Y
MutSL #5478 g1 &84, kP52 ik
RABARH A, ARAT AT e 87 SR A A 552
FFGE TR IR G o ) 55 57 55 P dS A [7) e 58
U5y, AT AR R T R AR R OK A, TR
AN IMA RS SYIBE B, subtilis MutSL k5
R AR LR AE R 1 58.4 i, TAEANE
PR EE S 0.5% . 1.0%F1 2.0%H, Tk
AURIRS AR AT 4R R T 27.1. 4.2 71 0.8 1,
JIt AT 5 5 3 A9 AR B I R R T PR A 45 7 P 5
IR AR ZOK-, [N EE M W) R G 52 S 56
AL R R, e AL R TR A AR HA B
PEACPEAIE P 5 X R RL H AT 35 AR
BT E AL, AR T RA A KA
PERY Y100 Bbk, FHET R, JEALTE R
SER M T 10 b, FeRAYRARTE T 17% (i
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1.210£0.062 $2F1 % 1.416+0.015), AR KH A4
T+ 13% (H1 0.233+0.004 $£F+ = 0.264+0.017), )i
W HE A R B P AR R R . S5 23R, %
RAS TR A T 1z W RS, a4 RIEY A
FHYE R 3SR ™ i KB = i 07 )i 52
PESETT1H

AL, Asakura ZEPUESE I E. coli YA027 H
A 51 IR R 6 U0 Bl SR T R 5
(restriction/modification), B>k [ 4 £ {5 5l B
DRI 20 52 ) TR A B 1 3 S kA BRI A 1 R 4
i IE R PaeR7I RM, il i BRR AL 4 4R R 2
T 25 BRI P 70 il R Y A Tl A A A Y
AV BB VA 2Rk, TR AR 1s AR 4
AR E A, RN IS U1, iz
e —RANIEA . EE . MBR KL EHE,
FREVERR S M o A 22, IR me ik 1T Py
FERHMARK AL #i 1% Fh it i 2%
K172 U5, HAGEREY, MR THIRERE,
PEAL TR AR AE B SRR A R A K BORERTH T 6 £, B2
EWR RS ERTE T 15, bR E
2 AR HCRI I I, 43 3I7E 10 AL
80 WALACKIIE, HURE XA FTRER R T EEW
A 1 AR M TR A R R L AR T R B AR
AR AR ERAL T R A L

T BB S 2R 3 I AL 2 R R A T
FIH BRI FRE S, 16 E. coli T IR IAA% B b
B TR (RuMP) & A% SC B H i AU . 3 L
W -6- 1 TR 45 0 AT 6- ik R -3- O T S A il
(MDH. HPS #1 PHI), 4% EEfEfbigts; f—
K GREACE HoR, FI B 5 IEThRg bk
i DNA RE G K (dnaQ 78I gmtd), K
AN M L R 4 &2 il Rl BB 20K |, 271 A 4R
RAFRL LA DU RS iR R B X R T i
PR T 2 HRAERREL T b bk JL

H, 25113AfrmA/pZWMI1-13 A5 MRk JE 1A bk
25113AfrmAlpZ WM EAAE YRR T 27.6%,
SHZ BRI T PC /R ER W2 AR, 3 B
A R TE T F IR, S Dl i 4
G SRR AL R AR B T — B AT 2 A A i
Pk,
22 HLHHHESBUREE S EM, #Hi
IR S

W TR AR R BEALYE | B E i B Y i%
LAY, L TERRTERR B2 25 28 A8 Y W] I, 7
AN i R SR P PR RIAT A T Ik 6 8 A P 0
T IR T fn S W BURE | 3% SO A TR Ak 5
1R SN, [R5 E AL AL A 1 B e v
M, BEHPHORNARE, RAAEEE AN
ket 2 A 2 S 2H 2 HOR 25 53 ) AR
#2(inverse metabolic engineering, IME)fJIH5T T
1, AT R E AR R T AT s B R R, O
A — 2 H R S AT A e PR 5 A 1 AR T
PR (18] 2), 2 AT SRtk Rase . e
SO IR A, FEATEE XA 2 2 DR 5 A28 i B Ak
HLH

Peano 45PN i b A5 3 IR 4 2 H AR /g T
— R G G215 A8 B R O7 15 B0 A AR 5 R
i 7 R b b Y UL SRR TR (Amycolatopsis
mediterranei) HP-130, Illumina genome analyzer
X - G500 P 25 R R, L5728 bk 5 0
TEHE*k A. mediterranei S699 Hl A. mediterranei
U32 tHtL, 5T 64 NEERLKNREAE
(54 PHIRRALE . 3 DHRURE 4 MRRAR
Jo 34 Bk Al A SRR, IX BE B PR g8 8
s 1R TR AR AR DG RE [N, X SRR AR
AR R AR AR AR, B =
ToLAT i A TR RN IR PR TBE AT A5l i B
FrEEdE, EEBEESTT 3 AEEME A
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/A

Metabolite and/or enzymatic activity analysis \

Genome sequencing and assembly \ /C
. Transcriptomic analysis

HP-130 36h
ATP

~+-S699
-#-HP-130

SN B ® S

Biomass DCW (g/L)

0 50 100 150 200 250
1(h)

Genomic comparison and variation detection
» Varlant filtering and classification

Validation through metabolic engineering

Definition of the strategy
1kb

mutB2

1 kb ... T} - T =X
—_— —r— a2
pSETAppk = E}
SETAmutB S ———— o
" " aac3(1V) ifN aac3(1V)
. argsz 44e3(1V) . HAN
. --- =
recQ  hgtP argSI =X —————
pSETAargS2 i PSETAIMN

aac 3(”) aac3(1V)

msls “:»g -®

/ Mutagenesns Engineering Screeny

B2 ZAEFHAGEEERG IRMIMEEE R TEMERER R T 5 PEAL TR R 4 L R 20
PP FIZHE s B HUBEDN A~ R RSN B AT AL FE N A i e A 0 25 C Xﬂ‘ 4&@% AT
Wi A e L2 3 Hr s D 0 ) A T SR A A TR Pk

Figure 2 Analysis of gene mutation strategy of strains with unclear genetic background by Multi-omics
technology combined with IME®*. A: The whole genome of the evolved strain was sequenced and assembled;
B: The evolved gene mutations were classified by genomic comparison and variation detection; C: Metabolite,
enzymology and transcriptome analysis were performed on the evolved strains to analyze the genetic basis for
target phenotype; D: Reintroducing the specific evolved mutations into the wild-type strain recovered the
evolved phenotype by reverse metabolic engineering.

F-l‘l)(wl\'

argS2 lysA thrd thrC

Screemng Design

Br, I fe M5 RS N B 52 5 1R AR O /Y

5 ARAFIEIN reld . marC., proQ. yfgO fl rrad;

argS2. mutB2 M ppk, Z5RFTH, ¥—01 mutB2
B AL AL LA T 7 WAk HP-130 MR &R &

BCRE T, RIS E B B RR %) 5 7 e ) 2ok 7 2
N IRPABEE A AR R EE M, X
B R T EL A TR ] = e S A 2 i A T SR AL 452
175728 TR PRI AL AL ) X — R 2 491

Horinouchi 255558 15 %} E. coli MDS42 #:47
24 d (K2 210 AR)ZELEALACHE M VEE LB
& T E. coli YT HEEVEACU Y 59 BE 1Y T 52
@ FEWES T 5 PN BEXRT A0 A AN FI Y 52

3o 0T S Ak TR PR A 35 DT 2 0 R A SRk 2 2 g3

R Y ik SR TR R Y SR AL ASAE 30 A A X gk 2
Mif P AR A T T A A SR R R a8 T, FF e T
T TR TR R TP e 1k I S R T 9 A 3 R R
RS 5 fo P B L DR g o3k WA 6 DA A ik P I B3 e
K25 100 584U Y . BEFARR I = . 1
TH1-3- WA IR K U . NADH i S0 T A15Z Fur 5
AHCFEDH i) SN B 2 P s . 3 H A B acnA
(KRR G T A ). degP (225 FRE AT Do
FER) L fur BB TS R S 3E ) |
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gpmA (2,3- IR H MR MR B IR T iR A2 i
BE KN . ndh (NADH:R S AL i6 IR g 1156 R A
tfaQ (FU ) LT AE 4 e 2 F B DR R B, (a5
INBEAFTE T I PR AR A 1 B 2 T R, 45 R R
BB A7 S PN 52 ML) oA = A, [ I
ATE SR TR IR v A s ) S SR A L RE R AL
HRVERAS AR S RN 32 PR 22 IE ARG

Wang 3505 1:J 42 3 PR AL 7 R S 424y
Pl 05 1%, FEBMOKF ERGE T 15783k 4
I R A M FE R B. subtilis 24/pMX45 )3 [H
GEAL K e kAT Ny, LAt i A AR ATCIR S5
(L HRE R B A TB, e th 24 S R
HH R A fi B KA, 4352 RibC
(G199D). ribD" (G+39A). PurA (P242L), CcpN
(A44S). YvrH (R222Q). YhcF (R90*)Fl YwaA
(Q68%), I W W iX SEA47 15 JL N 8 A8 2 Hh% v 35
TR R A AL s KA 4 B A2 HEA T AR R
Fy, FABERIK B AR 80%4% B R A Ak
I, 3 BAT LS SE M S 5 Tt — A0 T
HE LA, IR IR A B AT £ I R AR
YvrH (R222Q)UEAT T HEANI 5T ; 5 4 0P8 K
P2 R AL BAS R P ] F YvrH B8 2R 1, OF
I A EOZ AR OCHE G N- £ B i B
P2 -L- N 24 iR Tk i T (N--acety Imuramoyl-L-alanine
amidase, LytC)fJid ik, iS4 2#mEE %R
B, LytC B3 ik bR 1R S 2F AT I 1
W ISk R AR IR , ST TR 8 6 i i
Yy GTP mifitss, SETHERMSRMR. 1
Gh, TE S-BIENER(S-ALA)IE & B 73 R R
AT TARRIFR A4-PPC i35k LytC [A] T/
(cgl13092), WEHGsR 7 H S-ZIHENER G HEE
71, KIGZHUEA —E B &, TR
fth AL B UK A R AR DR

Mohamed %5575 2 i 52 38 1 1 S 56 2 0k
£ (tolerance adaptive laboratory evolution, TALE)

PE R T A TR MR SRR B TR (Pseudomonas
putida) KT2440 W5 RERR X 75 R (pCA) I
P BRIR (FA)RITN 324, #ELTAPRTE 20 g/L pCA
FRAYSEA4E%E T 37 h, 7E 30 g/L FA WP AR
BRI 2.4 % SREF A EN PR T X5y
T 3 AR R B T 52 39 5 M G P s A5 S A
PP_3350 1 1gB j&fw i WA RN, HA %5
AV A 3 2 R A B A B UESE , PP_3350 J&—Fh4h
JEFLEM, HEIR PP 3350 AUIhREM R#fE, (H
J& PP_3350 f 3R MR AT LA EE BN = vk B pCA
BEPEMN A2 R, TR T FA A9 AR K%
B, B4h, 11gB (TtgABC AMIFE B—F43)
fy Bl 2 e B T pCA+FA TALE JEL kRO A4E
K, (A A RIT R pCA+FA A K,
MILE t1gB FHOEEE Y SNPs 1] BEfl pCA B8 FA 1if
A=Al W By A v ]y e S HERG 5, SR
EAPEAREAER, BD R AR AR K {H TtgB
XFF pCA SUHE ik B v ] 7 O A ik 1R 2B G
%, E TALE L5, KW fEZMIKY) ERAW
T iz s A SRR R SR, DTS5 T fie/ s
AN R A LA S A A K ) BRAE A A8
Srivastava SRR —RAE K P R
i CO, Ky 40+ I BR #5 4 8 (Synechococcus
elongatus) PCC 11801 1A i & Btk H T ALE 3£
By, TEPIIF 8 400 h BYE5FRAN 100 Y% LLAL ARy
2 WATELE Y, S, elongatus PCC 11801 #Efk Ky
Al 3Z 5 /L 1E T ek 30 g/L 2,3- T —FERY 1L
HRk, MTHZ2WERE T 100%; AL, 1E T EE
AL BERR AT DA 32 5535 32 g/L B mE, Ml
A R T A TR e A A 7 A R
WfE 32, FERT A EE IS SR A v 1 T 2 4
1E T EE AL AR G 4 S L s P 48 R T £
7 35 7 R (1 PRI 2 A48 | 3k L PR 2 T R
FAA T RpoB #l ABC #is/& 14, 7£2,3-1 —
VLR R, R T —FRFE ABC ¥iz
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HH ClpC, H-ihmE-3- DM M 2R IR — S
WD K 2R T AR, T 3 4 PR A e 2 7
A9 AE RIS e T 8 B T A 2,3- T Y
IR kS T (RN 8

3 k¥#

XA A BRI S, ALE 23K
A5 5 R E 2 H bR AR B A 8800 T B o 38 1
PRI AR 0 | IR L el K
FIRAL T H AR i B B e Y B
HIRELT Tz N A TR &
MR A1 B A AL DR 2 G B B R 1 K
L LA 6 8 A2 K AN = O D= N o
F A2 AT LB AT AR AR TR R T
HIFSE RN . SR ALE FeARARAEAE £ 0]
AT B E M, b an Ak A T RERT L5 8h
JTIRA S B o ALE SR N FEEPEAC S TR R %
GG, DABRe KB B b e 42 L i3 R MR R Y
YER . TR, 5 B35 | A SN PR ol i B Ji A 3
R AR TREAR EE, ALE J R RE A 4 it fa]
PR R B AR, (EC LB A TRE B AR
PEAEWIIR MR, hAE 2 4n e B, Rl
X2 A AR, AR TR ALE 254 193K
RE B Ak, Mg Tl kR s LA e
W —ANE B ), A R A BT R X
— [ R P T e

AR R A ) R AR R SR IR 2 A T A B IR 4
D5 N2 sk LI 7 S5 B AR A T A Af A 1, (H 2R
AL AL 52 A%, EACATLEE A T4
WA — e XE R HAERTRE T . Bli%E ALE M) 12
1, AT A A HLER AT B F 2, 5T
DR 70 5 Fe AR G R R B EE R N2 o R
W AR TR O B R, HR i AN
%, ALE fifF 5% oot 35 R 78 - R S 1) fig AT
ZhRE, RN Zis 22 E AR, /)

REREINLL | el AL AU A o 41
MR RIS SN R SR AR OGS
IRAR K2 Y- L DN R SCHR K, A= 1X
AR R P 45 2 1 R ST AL . B,
ALE $RMEHE T Tl A RAR I EF50CR A
KA K AR e e bR B, R Tl B
PEMEETE
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