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Advances in adaptive laboratory evolutionary engineering to
microbial breeding
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Key Laboratory of Industrial Fermentation Microbiology of the Ministry of Education, State Key Laboratory of Food Nutrition and
Safety, College of Biotechnology, Tianjin University of Science and Technology, Tianjin 300457, China

Abstract: In recent years, adaptive laboratory evolution (ALE) has emerged as a powerful tool for basic research in
microbiology (e.g., molecular mechanisms of microbial evolution) and efforts on evolutionary engineering of microbial strains
(e.g., accelerated evolution of industrial strains by bringing beneficial mutations). The ongoing rapid development of
next-generation sequencing platforms has provided novel insights into growth kinetics and metabolism of microbes, and thus
led to great advances of this technique. In this review, we summarize recent advances in the applications of long-term and
short-term ALE techniques mainly for microbial strain engineering, and different modes of ALE are also introduced.
Furthermore, we discuss the current limitations of ALE and potential solutions. We believe that the information reviewed here
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will make a significant contribution to further advancement of ALE.
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Table 1 The main characteristics of long-term ALE and short-term ALE

Long-term ALE

Short-term ALE

Growth
Phenotype Very stable
Effectivity Quickly

Evolutionary direction Diversification

Tens or even hundreds of generations

A few to several dozen hours
Stable

Slowly

Simplification
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Fig. 1 Classification of main application fields of long-term ALE.
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Table 2 Representative examples of the improvement of microbial resistance to abiotic stresses by long-term ALE

Strains Abiotic stresses Evolution traits References

E. coli ML115 High concentration of octanoic acid  Evolution for octanoic acid tolerance increased [24]
fatty acid production 5 fold

S. cerevisiae CEN.PK113-7D  High concentration of propionic acid Propionic acid tolerance increased more than [27]
3 fold

S. cerevisiae wine yeast strain  Hyperosmotic stress Enhanced glycerol and reduced ethanol yields [15]

Lalvin EC1118

S. cerevisiae ER High temperature and inhibitor Enhanced temperature and inhibitor tolerance [28]

E. coli REL1206 High temperature Tolerance to both high and low temperatures [29]
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Table 3 Representative examples of the improvement of microbial growth rates by long-term ALE

Strains Abiotic stresses Evolution traits References
E. coli K-12 MG1655 Glucose Fitness increases up to 1.6 fold [32]
C. glutamicum ATCC 13032 Glucose The growth rates were increased by 26% [33]
Chlamydomonas reinhardtii 4324, cc4326, cc4334 Nitrogen starvation The growth rates were increased by 17%-48% [34]

E. coli K-12 MG1655

Knockout pgi gene  The growth of pgi knockout strain was recovered [39]
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Table 4 Representative examples of the improvement of microbial substrate utilization by long-term ALE

Strains Abiotic stresses

Evolution traits References

S. cerevisiae CEN.PK113 High concentration of glycerol

Cupriavidus necator H16 Mixed gluconate-glycerol
carbon sources
Komagataeibacter Corn stover hydrolysate

hansenii ATCC 23769

The glycerol utilization rate and growth rate were improved [41]

The growth rate was improved by 9.5 fold, utilization rate [46]
of glycerol and crude glycerol increased obviously

The tolerance and nanocellulose yield were increased by [47]
2 fold and 49%, respectively
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Table 5 Representative examples of the improvement of microbial product titers by long-term ALE

Strains Abiotic stresses Evolution traits References
E. coli MG1655 Lysine endpoint fermentation broth The lysine yield was increased by 14.8% [52]
C. glutamicum ATCC 13032 None The L-valine titer was increased by 25%); [53]
a 3-4 fold reduction of by-product formation
E. coli C (ATCC 8739) None The growth rate of strain and the yield of [57]

dicarboxylic acid were both improved
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XA A 5 T M g BR300 1 500 T
(PR D7 3T 2 A I S | 5 ok B2 A bk
MRz 3 Bl (181 2).

FIH AT Lk BRI R P o
Pz B, Gu PP | XK R
T MR BRI G, it R ALE
8N T AR AR R 2-3 A5 A TR R AL
Pho WESERMT, 22T Iy B 0T 1 B 20 64 A A HAT Py
[F) 0t 1 P, iy R P e B A B P LB ol 0
KA 57 A B 5 | ) 20 D S A A0 AR TR 5 A e

Fermentation

eeeeeeene

Evolutionary strain

2 WBHALEBARESEMMZEMHANAE (FEL. V: BERE: AZFIL. O, V: ZHEMRE:; &
EVIL VIL VI: BKM3RE.A. B. C. D: EHMIGIFIAIKRE, KRE A<KE B<KE C<KE D)

Fig. 2 Typical methods of improving strain tolerance by short-term ALE. Method [ and V: direct adaptation to
constant concentration, method 1II, III and IV: stepwise adaptation to the increasing concentration, method VI, VI and VII:
pulse adaptation to high concentration. A, B, C and D: inhibitors concentration and A<B<C<D.
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5| R A A N R AL R 25 A VR R T e A 1y
4t i ™ AR TR S AR A AT LA B 445 240 i S 1Y)
S0 48 DA T B2 i 2 A TR AR X4 ) 590 P it 224

Tomas-Pejo 45 Ve s 1 B 200 15 3% It o3
IR I £T 4 22K A 7 0 (5 200 i T S 1o i 51 4%
FU, 55 R IE N A TR R EE e B3 IO TR R A S T
W R gak, AR RKERM R E S A, XA
S 138 P SRS B TR AR A SR AE TR RE DR A T
80%. Xt 7043 UEBH T 78 & Bl F v A 738 2 1 4
WAE N R EL A S R e R AR A P RE T ) o1
WF5E 6] 1 B TR EA T QPCR 23 #r B, 43 5 i
PRt 58 S G U AN L 4 fE AU Y ADH6 . ALD6
I CTAL LR Fekm B g B, X Al AE -5 x4
TN 52 8 R A % 5 T L o ) 2 A - 6- 1R
Wi =R zwfl LR R E W, H— PR
B zwfl J5 D5 bR S RE A B 1 L™ 1 . i
FE45 g el 3o B Ak 2 1 v sk M i
IR BT 52 R B R R T R TS

Gu 2% S, cerevisiae DQI [ Mk I 4 1 72 7E
AL G IN L OKOE AR B v B SR e
35 1 A5 21 0 SE Ak R AR A & T A R A 0 B
an0 HOE MR RERH AR &, SRR T R dAg
DABR 5o IS8 Sy 30 RS I B AE DA Tk R
KOS5 BA W o JEOREIEA T IR 25 A0 RN 2 B R IR 1) T
b A PR T — i AT EL S A SR

15 57 —I5F5E o, Venkatachalam 25082255t 7|
F%E ] ALE AR X S. cerevisiae TMB3500 B Ak 78
ik pH MIREFRASE F b 78598, 2SR BERS
ik TP % B PR MR € pH 5.0 1 pH 4.5 B i A= KRR
BAE pH 2k 4.0 F1 3.7 B, #EALTEREM A K IFRA

WIS ocst, X RTRBJE TR pH FIAS [R) 0 550
PRRIME T 2 . BRI, WFTEE SOR R
ALE BORXHZE MR IEAT Tk 3 600 h B & LH:
T LR T REIEAE pH 3.7 5 FAE KA 2
WE AL AR, R R TR A S EF 4 SR A
IRy S Y oA e SRy ST = T & 2 Bl R S
RESTERAR MY pH BT AR, XA M TIEM T
FrSRad A ok e e IR A A, BT R SE R o
DNA 54 IS R Z5 R B, L RARIT BoA k2R
R BV EHEILG o (ELIEAL T PR A 200 ) S 1 U
XA RV EIE T 48 00 J5E 20 800 45 ) o ol 2 0 T 522
PERYTE AR o 3 6 XA UL R S AT T A o

3 RE5RE

PTAER, XTI A MORUL, ALE HiARE
22 FR g PR £ AOHA DG L T R P — Rl A A R
#hFEH NG RO, SoTEma L,
MM ALE SiR A S 3B A M EH R R &
IR, PEALTR PR A DR SR G AR AR A B i o ke PR 4 0
OIHTREE , R R SRS R IR 5 i 2
RR AR BA P - il X ALE $AR P
A AR T ST AL BEAT IR AT ST, AR
FRFH BB A JFH, RITIENRE
5 R 2 6] 1 06 AR e — I TSN A,
XX i — AP SR B B i 05 3 20 AR A9
AT 5 F s RE B8 3B B R R A4S A 1

SRTT, ALE BEARASRAFAEVF 2 IR, B,
PEAEIE REREAR I LA B, X R BRAIRE AR 2
N FEIERE . B, AR R AR
B ZE AP o O, 5 2800 A B 4 Y e TR A

F 6 #HI ALE SRR SMEYIEE MBI RY BB 5] F
Table 6 Representative examples of the improvement of microbial resistance to abiotic stresses by short-term ALE

Strains Abiotic stresses

Evolution traits References

S. cerevisiae (Angel Yeast, Phenolic acids
No. 80000012)

The specific growth rates were improved by 2-3 fold, [58]
tolerance to phenolic acids was increased obviously

S. cerevisiae Lignocellulosic hydrolysates Shorter lag phases; higher specific growth rates; ethanol [59]
yield was increased by 14.8%

S. cerevisiae DQ1 Industrial waste corncob residues Shorter lag phase; fermentative ability was enhanced [60]

S. cerevisiae TMB3500  Low pH The ability to grow and ferment at pH 3.7 with inhibitors [61]
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