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Abstract: Cyanobacteria are the only prokaryotes capable of oxygenic photosynthesis, which
have potential to serve as “autotrophic cell factories”. However, the synthesis of biofuels and
chemicals using cyanobacteria as chassis are suffered from poor stress tolerance and low yield,
resulting in low economic feasibility for industrial production. Thus, it’s urgent to construct new
cyanobacterial chassis by means of synthetic biology. In recent years, adaptive laboratory
evolution (ALE) has made great achievements in chassis engineering, including optimizing
growth rate, increasing tolerance, enhancing substrate utilization and increasing product yield.
ALE has also made some progress in improving the tolerance of cyanobacteria to high light
intensity, heavy metal ions, high concentrations of salt and organic solvents. However, the
engineering efficiency of ALE strategy in cyanobacteria is generally low, and the molecular
mechanisms underpinning the tolerance to various stresses have not been fully elucidated. To this
end, this review summarizes the ALE-associated technical strategies and their applications in
cyanobacteria chassis engineering, following by discussing how to construct larger ALE mutation
library, increase mutation frequency of strains and shorten evolution time. Moreover, exploration
of the construction principles and strategies for constructing multi-stress tolerant cyanobacteria,
and efficient analysis the mutant libraries of evolved strains as well as construction of strains with
high yield and strong robustness are discussed, with the aim to facilitate the engineering of
cyanobacteria chassis and the application of engineered cyanobacteria in the future.

Keywords: photosynthetic cyanobacteria; adaptive laboratory evolution; autotrophic cell
factories; synthetic biology
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SC % = if W P JF 4k (adaptive laboratory
evolution, ALE)SZEG 7L —Fh 32 17 FH A0 5
TH, BEa] DIBGEMA Y RA, da] LI 4
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1.1 RESIAFK

ALE J5ik EEAHH A LR
R 3R 1.
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Table 1 Classification of ALE in synthetic biology
Type Strategy Principle Advantage Disadvantage References
Add stress to Pressure as a driving force  Enrichment of Time-consuming and [28]

the culture
environment
Mutagenesis Chemical mutagenesis

to select phenotypic
enhancement

Construction of mutation
library by chemical reagents
(alkylation compounds, base
analogues, antibiotics, etc.)

Physical mutagenesis ~ Construction of mutation
library by X-ray, y-ray,
ultraviolet (UV),
atmospheric and room

temperature plasma (ARTP),

etc
Gene repair Modified DNA Construction of mutation
system polymerases library by reducing the
fidelity of the replication
process
Modified DNA Construction of mutation

mismatch repair system library by modifying
dam-directed mismatch

repair (DDMR)

Modified Construction of mutation

restriction-modification library by disturbing R-M

system system

favorable mutations  labor-intensive
during culture
Efficient; Easy to Most chemical mutagens [29]
operate are highly toxic and
carcinogenic; The
phenotype cannot be
accurately attributed to a
specific mutation; Easy
to produce a large
number of useless
mutations

Efficient; Easy to

operate

The phenotype cannot  [30]
be accurately attributed
to a specific mutation;
Easy to produce a large
number of useless
mutations

The fidelity DNA

polymerase modification

Increase the frequency [31]
of spontaneous
mutation; Applicable system needs to be

to strains with known removed; Possible

genome adverse mutations

Convenient operation; False-positive [32]
Applicable to strains  phenotypes may be

with known mismatch produced, resulting in

repair systems, low efficiency; Possible
especially strains that adverse mutations

cannot use genome

editing technology

Increase the frequency This system leads to [33-34]

of spontaneous chromosomal restriction
mutation; Induce DNA breaks, which might
breakage at multiple  eventually cause cell
sites in the genome at death

the same time

SN — RO, T = AR R4S
7£ ARTP %5 15 s fl ALE K555 40 d J5, 345 T
%E 45 28 #9 #F 1 (Bacillus coagulans) %€ 2% fk
ARTP-aleBC15, JFf /R H%f pH 2.5 F10.3%H£E
(T 320, AAT RN 22.4%01,
B LA R AT ALE F 2 AFH &
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DNA REW . BIEEUEE R 5 LA A& R
BIERS 3 25, KIsFTE (Escherichia coli)iy
DNA RAFHIG T3 H AW, @ i gmis
DNA REBFIIAMFEER, 7 LIRS DNA & il
HERf PR o SR g SRR A 2 T TR Sl B kA

(genome replication engineering assisted continuous
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evolution, GREACE) , ¥t £ 4s 15 KX W% 1
(Escherichia coli) DNA &I ¢ WA dnaQ
L, EIREUR TR pKD46 I kBT R
PSS T8 () DnaQ 2848 /A KR5-2, A
T GREACE #%t., &il 7K ALE¥:#)5, i
(A 24 R 1 ) R T T MU-1 7E 5 150 g/L
M2 MR EFB B SR i ) ODgoo T2 1 14
10—-18 %11,

HILE R RS54 DNA Bl & 1BR
AR DNA £ FAYESTCAR L . mutS, mutL
T mutH i BAT A 7 4 2k 1) AN DE B 1 B AR e
Z A B FE ARSI A FIERL 2 (insertions and deletions,
InDels) I F1ER TR GATC JE41) I 544 & B 34k
Bk e HEE . bR T FLAT R
(Lactobacillus casei)7E1% pH 18 F HFLER DL
bR T HIEF A4S DNA A5 FL 8 & i 5L
mutS, ALE ZbFE 100 d 5, pH{E N 2.5 B,
PR B TR RR B B4 A K

407 BRI & 1E 2R G5 P Rk T LS ERR
P N VI il (restriction enzymes, REase)-5 ) 5 F 2k
% i (methyltransferases, MTase){fi P22 [0] A
M7, LISENF PaeR 71 RM 3 [H A4 K i #1 14
MG1655 i r'm B HRAE N EAR R, Z0d 1729
AU, ALE MRIGR ARSI 1T REy 7 £,
rm’ 1A ORI AT 91 22 AR 5 D R AR
FXFHRAL, Db b B R
1.2 EEERE

T Ak i AT LUK B 1478 o) A B A= R B L b
BRI ), BB RS A R
B KIHATE BL21(DE3)Z 52 THF2L i ik,
FRIEEM 37 cCH %] 42 °CJi, YEAT 40 h AYfE
3EFE . AR o HFFRIAK- 4
JmBLFE3k, rpoH, rpoD 7EiRE T E AR
. B PR o IFIE rpoE 7EFN 35
10 min PN, FEZ KA 2035 0 A M K
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Vo HEEERE L AT E R R, LA
Xof P75 S A AR B . e S ORI BFT 20
MK IAR . fEn mRBRFEN spy. chiP,
paaL 1 ECD_02813 £ 52 1 5 i A] #2 fL i 4k
SE N2 WA W AR PR A ) K AT Bl Tk
JAE = i T AR PO

R a9 E SRR R AT A A
(R F SRR . TEFFLE A E AL 1 IR K AT B T bk
AfrmA-Atpi AR, [3EFREEHES 0.1 mmol/L
5 N % -B-D- it AR 2F FL W% 1 (isopropyl-B-D-
thiogalactoside, IPTG)i#47 mdh. hps #1 phi )5
Wk, 724 1A HA SE AR BEIRAZ I B (ribulose
phosphate, RuMP)JEl ) KA R bk . o0t K
2y 400 d HEFE, AT TR A ORI 3 A
IPTG A2 R AE KRBT b 1Y o HEAL AR N
R BRRAL S PR A A . TS TE
IS BRI IR D, TEESER R T
Pl 2t 285 AR, HFLRRREAETERZY
8 h Ay FE g IRl Ay A= 4T,
1.3 SBEFERA

i A0 M A B B8 X A0 ML 2R AT B B o By gy
e, PREI D AR R B AR A R Y 4y
A B — RAVRIE S, PR Bt S5
YOl 7332 H Pt 4 i

K U = B A i A DR 4 5 DL SRR
i, I SIS S E RIKTE PCC 7942 FEA
O A A, A RO R A i R T A AR
b, I PCRFIE RO A {275 (high performance
liquid chromatography, HPLC)# 4750k, 0.35%
FIBEIR AR BEFD 200 TU 1195 48010 U ) DA i 5
BRI PCC 7942 fEFEI ARG IR AR . i fl
AL katG it Rk s AR, R
A DR LA . T EAL Tk B &
T AR ERFE T A 20 M £ 35 e AR B R ZH 5 DL
IR ARG A2 S8 0 B R IR ), e

B<: cjb@im.ac.cn



3080 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

Yl D T 54 Ay B AR BRI A B ) B

TEW AN Synechocystis cf. salina Wislouch
(No. 192) i JiI Ak 27 155 A8 57 £ J P J6e 1tk 2 3
(ethyl methanesulfonate, EMS)>K ;= A4 L IL TR
fig (polyhydroxybutyrate, PHB) = & 34 fill ) 5& A8
k. EMS 4035 21 d, AHREF= Y07 =4
A AT DEGWOE AR A ik . SRR B2 ot g
RO, O IR SRR, R
HPLC #1741 PHB a2 i, 2848 2 A4~
R PHB ™ & . AEW) R 25 F PHB AR %
BERE.

A TERETAVR 4T 85 L BE R AR BOR AR Y
WEFE R DGR o 3 A SR VRO O B R 1 &
J& R A Ak e A P R R R R T
IR

T+ G B 4 L VT T 1 R 4R (single-cell
microliter-droplet screening system, MISS Cell),
AT E 2.0-2.5 pL W Th 47 A sh ik s il
S CE Y SRR SR A Ak . 5 A
e, MISS cell FIBE/AEIBTIR™ 4 T 8 2 80E
1) B B TR T RN O = W) IR AR K 3R . MISS
Cell #5721 A 3l i 2 0 e 4 2 R AR R AT I
(Corynebacterium glutamate) i T {E i &, 3F
H MISS Cell Al IVE R —A~@ P&, £ R
i 0 A R A 7 B T R TR R, v I A
M B BRI, A E A W H R By PRk g . T
MISS Cell fflAPriF A8k TR, W4
94 R M IR T 14 (Corynebacterium glutamicum) ik
17 B4 2 R (glutamic acid, Glu)y™ & 2= B B4 ¥k A9
e . i ARTP ¥ PREAS RAG RABRIE )T,
] MISS Cell Xf ALK BEATH SR, I E47
TERETR VR I i, RAKER T RH AR
PRk HIEFRYEA RGP wEN, A
FHF 43 F v e i 15 352 APk B 401,
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e F 9% 6 I b W% 4> £ (fluorescence
activated droplet sorting, FADS)E’J%&%I%?EW
iV AT DA G 2 W0, I X i1 T
SriE. AT IIRIZE B AR, X R
(Bacillus) 1 = 2 't AR 2 G IR A B MR TR & 1) i
7 TR PESEES, 7F 300 Jifi/s A4 1E B R 5
BT 45.6 M E SR, #H—LAIHIZT- 5 ARTP
AR A AT 1 (Bacillus licheniformis) i %€
AP R o DE A R T 3 e i 8 AR
RBEPE, 73 B8 3] o-TE R B P2 i 50% A iy
il . SRS FRTEE RGP
HRKINPR T E M e R, R E  E REAIG
T A A, BRI T A AR
WA T B B A N A S (4 B bR T AR

2 ALE 7 ¥ 20 ¥ 0 B ]

2 B W AR TR A ) S AR AR W e e e
AR, Ak, ALE fiARFENHTCEE
MEHESEE T Fob. AT L %
PEYIEEL 1), KRBT #TEZEIER, X H 5 42m
TR ST A T 41 R JFS 75 400 B id 32 R 58 st (81
AL S P L A S A R .

21 ESRETFMR

EAESR, B4R & NIRRT Y A o
P, AR YK IR L R B A AR B 2%
Ry A RESCL H, W FCdHkE
XA LK ERESRERERNESRZ
—M ) SRmERE TECE AR . AR
STl 5, AT BE G i 5 R K K TS e
AW AN LK Cd™ %A B4 8 B T4
RAFEN T T MN, BOAh E— R R A AT i
TG K AL AR AL B 3L 1O (H— RS B
MK CA¥ W IR F) 0.89 pmol/L i, K4
WA B 2 KRB B ARG KT,
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Figure 1

ALE experiment applied to photosynthetic cyanobacteria and the tolerance mechanisms revealed. A:

Cadmium tolerance in Synechocystis sp. PCC 6803. B: High-light tolerance in Synechocystis sp. PCC 6803. C:
Salt tolerance in Synechocystis sp. PCC 6803. D: Organic solvent tolerance in Synechococcus elongatus PCC

11801.

CAd* 1 JeBRHDE RS 1 B2, 7 h )5,
N, cd THeRgEN™, cd™ it
e M AT R A R B B R A b, BUR
THMESE, 1 Ca Ml zn*, Cd*HEMESE
1574 %8 (reactive oxygen species, ROS)FJ =4 Fll
A5 e H KA K 25 A8 5 2 1 26 (BT RE . 72 5
—JfgE R, Cd¥ ik T AEMIEE PCC 6803 #&A4
BT S, Zad #  Slr1738 P A -2
el Ry, AT —Y cdHitEHCR
B, nBEREE PCC 6803111 9110649, H,0,
M NO Z [8] i B [R5 5 38 [ 42 = 1 0 4 T X
Cd' il it 24, 5 HoO A A (NO i {4)
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BFF 6 pumol/L CA*'MHA R, Cd™ kAT
Mish S BRI E R, N NO &M
ity {2 BT A AR 4 E T RE S-%% 8 1 (glutathione
S-transferase, GST). #4481k %15 {1k 1 (superoxide
SOD) . i % bk ¥ M (peroxidase,
POD). it % fb A (CAT) & i B E MK, ROS
AR o H,00 Fl NO Z [ 1R 52 XA
FHMEMBERAE TXF Cd Whia a2ty %
MM, NO MEGHEG T H0, W5 514U,

REAR T H.0, HIGHT CA> WA AT J1, T NO P91
S A ZF] H,0, EE G, NO nJRER:
BB AY CA> et Bl , W 4 X

dismutase,
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Cd>" 8 1k 1 BN 5 J 45 Fh 2 2% 1 SR BL T o 4R
i, #HEE R, Cd* X ik 40 B TR f g pL
HAA e 4 T fif

Xu SR T a8 N DI R, AR
Ji35E PCC 6803 7E4R 25 ¥ Fhil T 48 802 d (128 1%)
PIESAEAR, 4B H —RRREMT 22 &3k 9.0 pumol/L
BB iR E YRR (s 45 ALE-9.0). #Ifh
BIMRLE CAP VR R 4.6 pmol/L B, 230 H %1
B A KRB ALE-9.0 4% 25 1Tt 32 1 A
4.6 pmol/L i F] 9.0 umol/L, WHEMFEE PCC
6803 X T4 &5 F M SZ Wk BE 4 = T 50%. ALE
SORTE LR s AAREKOE b ok 4T
R AR 5 S g =< B~ 3 7 £ = S O 5 N
E— B S G LR bR . LRI E DT Y
3, RIS i 2 M B v A AL B
T RENT . X TAERE T RIS 6 N5
50 B T B2 A S i R PR RN 28 A8, e g i) PH
F a2y ME R G Y Slr0454 (1)K F Bk
Bk B E A B THRPL A 1A); 5 A
RASKEN slr0623., Slr0721. sIr0798. slr0774 il
dr1753 7£ ALE-9.0 "HhiEm s cd* itz ra
Ko SIr0454 5 K i FF B 1) 40 B B 4% 52 2R
AcrB [AlJE, RIS TR, . 6555
TIPLEDT, WS AT, ALE-9.0 5% 4%
HAh T 4 8 HA s Xt 245 [REf, ALE-9.0
Xt A B e . K — W R
& JE B oA MR A KA e, B
4 A B TRE PRV ST W AN R RERSE S ALE Ak
fif sz, I AT RE R R P S 4 TS Y
Y. BKPMESRE FMEAZE, HikEhT
22T 5, ALE FT SR b 40 i i 4 s i ki
PR B — B IRAIIGY
22 SAMF

RENAEAER RS 2 CEEMIER,
ARG AV RA FEN, LA A
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RFRAETRG(high light, HL) &, HIGE R
2 N[ R T AR, B e 1 R A
(photoinhibition) & Yt & #* (photoprotection) M 5 7
A WA R A e . 7R F RIS, RBHDE
B Al 2 000 umol/(m?s), WEILH T 48K
ZHOCA W AN 1T 52 P, AR R
TR E IR A AT SRR A R SRR
149 't RE 8 2o 5 ol 248 o 2 11 R 1 T AR PR 1T
ZARMEE RS ROS, X640 Rl 433 ol ™ i
FEE T, ARG RS 1A 1T (PSI/PSID),
ISR BARI AR S T e, 4E
FERE A0 AT AR Z (B A, T RIPO G 3
BRZCHG, J6G WA Bkt Z R LT R
B0 XA Ta) i, BA A A 45 R Bk A UTEX
2973 HhEET Z B HItA & H — D IRedE
PP2C FUE FWR LS4 . PP2C Sifyil)s T
MGRESTE T WRSHE, 5 FREE I I R ity
RsbU #UIHC . hitA LR A8 80 EA KA
AR EREECY mOREE R R N R E
[(orange carotenoid protein, OCP), Fjj IFGE1E
BRI . FES906T, OCP # —JRAIKS
Pk &2 £5 1 (fluorescent recovery protein, FRP)AG %Y
RS . R A IR RSN FRP A8
A, (15 OCP KV T g il 2 35 41 5 FRP 28051,
A PCC 6803 HP IsiA 1R —J2 bk 2 R R I AE
b2 R i S E T . B CP43 Y&
MR 277 Bl IsiA MRBEERR 260, 7Bk
(CP43V277C)RY PSII % th T F%, 3R IsiA AT LA
FERZ RIJERE, WK AR A CP43 AHOC Y-S
# a ERFEHF] PSI N0, S6Ikah . o
FGE 14008 ATP 5 CAE AR ] 20k S N e 3
KEMEM . FEMPIREREREEAN®H
PR, FERDOGIRT, R FH &Y A S
PEo AR PST A IR i n, A
BT ATP 14 A SRS 02 0 v 1 ] SR T
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KT AW HL Wbk, @itz ALE F
B¢, Dann ZWEPE—Fh 25 24558 W 550685 57
FIHEHLEE PCC 6803 SE56 % B AR (LTWE NI IR B
PR, BEARPRETESE, AR shikib
HL, WZ7E ALE B3k B ACHHE N . FF LT
ZEET 1% RS EOM MMS (M)H, BE
ZEET UV-C (UG 43 iiseit 1 LRI v
¥, aldr4 s U, UM, UMU, UMM,
UMUM, UMMM F1 UMUMM, fE&—45i5E2
Jo . 2R E N G ) S T i S AR A B
F& 5-25 DIGFRREM, BRI A Rk
29 15 d. HL & b g bR i 52 0% B 5 B AN LT B bk
VAL 5 1Y 700 pmol/(m?-s) 3 & #) UMUM 8 3515
G 2 300 pmol/(m*s), 1% HL i W AR IA
AL DL P A0 ST e RO PR FRURE B S0
3 000 pmol/(m?-s). HL I Jij FE k18 1k 5 7 4
7E H NAD(P)H-Fiit A AL iR SR iV 3 F (NdhF1)H
F124L UK B AEfH R F EF-G2 H R461C X 2 fif
G i 2 B o TR AR Y = DG T 2 PR (1 1B MR
NDH & -&#%7E CEF FINE d i & AL fg
NdhF1-F124L 3458 7 CEF 1&VEFMERAEH , 18
1 200 umol/(m*s)if, EF-G2-R461C 225G H
SRR E M B E RN, TR R R R E AR
GYIRSEEEYE. E HL BE T, 2 PR vk A
K S P AR AAIG, 3 3 W 58 A8 i B A A,
G AN

Yoshikawa 255158 ALE, #7158 T —HRM58RE
#E 1% PCC 6803 M #K(Tol), 7£9 000 pmol/(m’-s)
FUT, BPA TR BRI AE R L TPAE LR, {H Tol
PR I A KB 2 B . TESROG R T, Tol
WHRIDERSE I #5153 T 288, JHREE T IE
WIRE UL . FEoR A EUE R, fEMOL &M
T, Tol FMEM iSIA FIRIEM, isIA Zmid ek g
Mg R LA, 76 HL 00, isiA Bk S35
HATIRESE SRR .l 4L 4 )7 51 4 B fil

&: 010-64807509

Wi TRRfAE T Tol P hik26 F1 dlr1916 1) 2 4~
gAF, Wk AR M . HL AT,
dr1916 64 2 S8 PST S I, Hik26 Zifis—
PO A% I S A TR VA, B 2 AL o1 I
B IR RGN — A . 7E HL %A%
T, hik26 RyHA S35 T E AR,
hik26 A5G| A¥eE T HL W5z, PmgA
AENMBE PCC 6803 il [ HL S i i 15 Al
o Filt, FARESH CRISPRI #i SC4E
FTIZR G LI RY], pmgA I dr1916 i veke
T O R B FE S HR A% 18 P 1 5 R 36 2 B
AL AE R ARAE . N — IO TR AE R I TR,
F)— AN AT RUAE P4 e R K B B AR K T
Pk, ALE K THEAEN, BITZ2 AR
WA AEY R R UK R T &
P 1 T LR
2.3 EHWF

TR 1% 77 W A0 P 2 Tl AR W e R g B
DT s SR, KRB S 352 W AN T 3 e K
KT AEHER F 2 96.5% ) K A AN TE A B 4
MFAEDFEARGEK, FHik, FAEKES—
o R o el 2 R A AR R % 5 IR UK T
Ko R RO AR A E, B
B 15 RV AR I 82 X T A0 TR A 2R K AR R
e, ATRES THOGGVEM . B IR A1 & 1 5
(A RE L A1 25108 i 3 A M S HE 128 1R (R 4
5 4 JfL P B O A — P R A P W aa oR
W o A TR P S — R T £ A S i is 2R
M, WARFR Na'/H REFi28HE . Mrp RGEHM
Na'ZZt ATP 55, Ttk ik 4i i (Euhal othece sp.)
Z-M001 7EERMMEF Mrp RERIFEL FiE, 3
B e A7 R AR B A B ERA T,
1E R BR 7 (Synechococcus elongatus) UTEX 2973
I ) 226 21 NN Na /H M 518 R
1, &I 3 A Mrp il 4% ia 5 1 v] g E 8 m 1 3

B<: cjb@im.ac.cn
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rmERE, ok | T 5Bk (Synechococcus sp.)
PCC 7002 Y Mrp &5 [ A {i R BRE UTEX 2973
PrEhvhEm 57.7%70 i M 22 04 W 40 B R AR
W H 2B SRR O T B SR T
PR B B4 25 B H Il (glucoglycerol, GG), Tifh
PE v 1 TR AR 23 0l B T 220 R il S B (glycine
betaine, GB)MIZ &R EHE" 81 7 ER
UTEX 2973 5| NB@E tHEE V) B H i w0
AR, REPERERERT T 62%7,
TEERIA T, BBk 7942 AN IIEGR, AR
Jif2 (saturated fatty acid, SFA)R(K. tHELZ T,
BN IR T R 5 R T B A S S . R
FNGWIRAOE ST SFA DR shik, x
] B AN B ER W a A — b Py e s v
PIEREE PCC 6803 Mo x4, LARE/KE:
i 3% NaCl mik#eE S, 47 THM ALE 52
5. £hRE 303 d J5, 3RAG 8 FRIMEh MR
ALE HEbk, H S2 A KA 2 i Je 5t B vk
1) 2 LA, SRR PRAEAK A K 15 35 i
BRI, S4 5% Bk 2 a1 25 SRk i I & 45 7E
K52 f i K i g b(E 10), £
W] ALE 5250 Al BERAS T B F-4MHE. Ibsh, SR
BARAAEL, KZE8 ALE A E MR I 40 BAREL
/N, XK ALE AE BB A B i 2R /AR
Eb, 1 H R AR Lt rT RERE M S I
24 T—REYIRETZ
AR 2 A, 7 AR R KR
EEESFE T I . 2RSS i £
AYIRAE ER, A AT A R R A o R
AR A5 A5 O e 0h BT 2R ) 40 7 o s
T ARAEYRB U T Bk R AR
HA R A e MR PRGE, a2 TR A
FER M E AL AR — AR PR T T
{EFH T R B A 77 JRE AL 27 i 0 0 A DR
AL FREAE B B o A= IR RE RN 55 (B Ak 2

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

PR AT A P A T el
LR AL, S B e i
U, 5% VR 200 D 4 5 40 i 2 BE 0 g 1 10
13 IS I 1 7 A L R e e D AT A
F, A LETT R R K 2 X 2w AR F Y T
R o DA 7 3] 45 S e i 3 e BLBE PR <110039
M slr1037 25 T4 M PCC 6803 1) 1- T FEfif
ZAER dr1037 #1 5l10039 Hhid ik fl 1- T B
i 52 PEHE 5 133% %), 1 k4t RNA R A5 o
-1y sigB ] ARk 1- T B 32 B4, Nel1460
YEM CoaR (CoA 44 Bi¥E sSRNA)Z slr0847
(coaD)Fil slr0848 #E4\F 1y f %+, LI
M2, CoaR A REME 1t N 44 a 1Y
AP BORTETTXT 1- T BT 320k, I REAR
i 7 B A AN R a0,

WA S8 PR B, Wang S5 IE4E
Jfi# PCC 6803 i i Xf T AT 0.20% .
0.25%. 0.30%. 0.35%. 0.40%. 0.45%#H1 0.5%
(R AEOMA R 6 By BIG N, 7EiEL:
94 WALE (395 d), mAILE TIHZ 0.5%
(AT B0 T REMI T 52 0, X T B A T 32 M4
BAIHY 0.2% (RREORE T 150%, il
WM, 3-WEER H il 2 (3-phosphoglycerate,
3PG). D- B 6-# R (D-fructose 6-phosphate,
F6P) . D-1H % b# 6-M% iR (D-glucose-6-phosphate
G6P) . NADPH . @ M M B N M R
(phosphoenolpyruvate, PEP) . D- % M 5- B g
(D-ribose 5-phosphate, RSP)ZE A Fa @ L il =4 LA
R, L-22 2 R AR g R 45 A AR I T
A R 2 B TR AR R B R, ik e
Yy el RESE R T i 52 P Y DG HE A2 AL (] 1D).

& Bk % (Synechococcus elongatus) PCC
11801 HAPRBUER | MG E CO, HIRE
J1, REMEAERT 38 °C. 400 pmol/(m®-s)f: HE R
BFAK; 78 1% CO,. 1000 pmol/(m*s) 514 F
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2.8 h BPRT5E ity s HOCH T RS K145
B HAER CO, Fm i A F T A sl i o pe™
TE 2 ANESRE GRS 8 400 h A1 100 A4 LEA44X
MEATSC R, BRARIEE RN 32 5 o/L 1E T
30 g/L 2,3- T i, WSz EEER 100%. Ut
Gh, IE T EEHL R AT LA 32 =35 32 g/L L
B, DT o Ay i ok A T AR A T A VR
A7 A R B A R I B FE R . W IE T EEEAE
PR G A SE R AL P 2R, 4 A B R A
F. RpoB Hl ABC %%z 85 1 B9 22 NI I Fk
A RAS . 7E 2,3- T kb itk e+, ClpC.
AN ABC Beiz A Hr s -3 e 1l S i A
P T it 2 DR e e B A 2 A ) BV A A
B EPE BT 2t JLIRAEAR, SRR RTS8 IR
Fe T 22 0, X R ARfRR AME . I
Hb, ST REHA B A R R R AR R
P, RE—FRAWS kL. RS 2 gL
TR T RIS SR, RSS2 5 g/L
ST EEREMEE PCC 6803 Htk. M2 IERtks
B S TR DL S WL IE TR S G 1 T
ZJ1. W, B FEHEEETSIAT O
Aage, Hyr i DB B IR 142%.
RARGHT R, AT S SHENGE. 2
SIIER mepA . hikd3 Fil5 58 R 2 A
envD ZARAT B S 5 T I A7 M

5 7 £ 411 JJiE 345 (Anabaena sp.) PCC 7120,
Z 7% 4 JJ 4 (Anabaena variabilis) ATCC 29413 Fl
&2k (Nostoc punctiforme) ATCC 29133 4351 %
FE RIS . ARG . Y REERRTEE 4 FE
FEA W IRRL Z H o A AGE 0 R A 0 ) B P O
K, 7E£0.03 g/L MRIET, A —IYFiEefr
i 3 do BWRIEEEERUN, 3 PR KR RET 32
0.1 g/L., JFIEEEMFEMR/N, fAEEE PCC 7120
(TN SZ R 0.4 g/L, T340 2 Fh 224K 85 41 B 11
fif 5244k 0.45 g/Lo 43 5lKE 3 ol b ik 5 58 T340 4

&: 010-64807509

PR AR B, ST T 3 e ik
ARERBE ATCC 29133 %) ] A4 FAr i i it 2 1
BN 0.06 g/L 1 0.12 g/L; XI5 LAY 2
P, &5 1 e m s, ARIERE 0.45 g/L
HEINE 0.54 g/L, MJEBA KB —2 0 eE;
Xk SR BT 2 0.1 /L 3R FIEE 2 482 1A
LS RY 0.21 g/L, R PCC 7120 F1EAr
JEE 5 ATCC 29413 XF T A 4 TR Dy RRORHR R B
BRI 2, FAE 3 AN b AL R R
WHRFLLI S . 278 IR ATCC 29413 XL
W T 52 Mk 5] 0.43 g/L, X S5 RSB Tt 32k 35
] 0.72 g/L., fJEHE PCC 7120 % H:Aa a7
PEFR R 0.42 g/L. 2 FREAREXTFHG I i 32 1
BREZE 036 /LY, FEQIERAER 12 1N E
I, A 9 MR R b 2= YT
i 52 VERE LN, 3k R Wk — 25 1 ) ik ik
R T EOE R A 2 M . REAS T 32 i B
A D RRRL RNAL 2 ) o Y 9 728 AACRT DA Ak B T
FEF= A M E A2 22 A SR 0 DA 4t i
o A R R RE 3R, B4 AR W Rk
ZAHEM R INd & S8 iR EDY BEE AT
FRAE A YIRRL TG SR B3, R T IR R4 B]
FRROA P2 R G0, 8 5 s 0 T A R A i 52
PEREREHEM

3 EMEF ALE BAKRF K
7
3.1 RiR ALE AR

i 2 Bl A 4 2 04 1 JRe RN Tl R I
SKIGASBIE N, B & 98748 1) R AR 0N BRI /2 52
a5 W Bl o S I o X N U SN
T S AR AR R A R ALE 28748 SO
BEINTARRR B & 2 AR A A T RS
YRR R T ORI 2 1 TR SR g v T2
% ALE AURR .
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ABC iz 1A% 5AEMEE PCC 6803 (15 %
32 T P PN 0 A R Wb 36 5 A T, o L i 7
HEA TR, R PL ASIr1045 ZH SRR mEHh &
WALT WT 4, 75535 5 rh as w5t H b m]
DIVK S BR W38 4514 F ASIr1045 40 it i AE
ASI0751 F1 Asl11041 21 Jfl 230 4 R ae fsed
TEEARIRMNA 2544 R, AI0751 F1 AslI1041 41 i
AR S WT 4R e B B B A K
RE, BB LY TR ASr1045, ASI0751 F
ASI11041 ZHfiE . WT 4 A S 2 g AL . iX
SeZE BLLH] ) SIrl045. S10751 #1 S111041 7E4E
JiE PCC 6803 W 1R g ik ic & 45 Wyt ) k44
YER, JF HAES R PE T A KR AR AP,

CRISPR R #0 [n] PEEUR T H AR DNA 5
gRNA [ HANEE X, DL K Xt 5 ) e AR 48 3 o0
(protospacer adjacent motif, PAM){i/ 55 A 4E 7 1R

ﬂ; SSB \

S, TSR PR A AR ) g T e i i
fif (activation-induced cytidine deaminase, AID)if
ot A E T R-loop H HLEE DNA Hr Y i1 12 (C)
AL R RWERE(U), @it DNA &l FiE & it
SEL U-G(S IER RSP [k, AID A% sg
IR BAAE DNA X EFT Al i SR 48
(I 2A). KIBFFEK DNA @il DnaB, 575
T AID BESIE IR G, Teds kb
Lo AT SR . DnaB-AID AH X T HF A4 I (1 58
ARSHARIGNN 2.5%10° 5, HAE 4 e 4miR )5 - &
NERW SR T 371.4% . 7F B R
(Saccharomyces cerevisiae)'f', ¥ AID 5
A ERE Mem2-7 2 A5 IRE— 45 MCMS @&
Fo iR ERE MCMS-AID, F|H MCMS5-AID
AR, 5 BRETHR YT X5 G 8805 Pl i A BE PR 20 5%
AR (2.120.4)<10° %, JE1T 8 fedwiB )G, B-W

<

-

e .
- @
\_ _/

Target sequence ACas? \
t 7
I
MDG‘IHLT g —
| {
4 { sgRNA \
D 2 ARTARRERAG AR S
H:( | ; PAM
\ Faster ALE technology Efficient analysis of evolutionary strain )
Future
research
directions
(B Multiple stress tolerance strain D Evolutionary strain test \

B2 EHMED ALE BRARRKMRGE A E ALEHOAR. B: ZI0HATNZIEH. C: HALIRM AL

fifEtir. D BEARJR SR

Figure 2 Future research directions of ALE technology in cyanobacteria. A: Rapid ALE technology. B:
Multiple stress-tolerant strain. C: Efficient analysis of evolutionary strain. D: Evolutionary strain test.
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B NRPEEET 75.4%07, 1EEH AR T
T REEL A VAL ) BE VLIS J S (random base
editing, tBE)R& %4t @K AEFR T 5k DNA
(non-specific single-stranded DNA, ssDNA)Z5 &
FEHMAS AID I, BE LAeIEHA M) X5
A CEI TR, @ik, A7 Tt 9%5 T
BT T A0 M 1) A e S Al kAP BT
DNA ZHIPLE A <FiEd:, BE B A i
PE, RS bt w0 A A Y R R 4 R 2
Ao W TR A A B 3 282 Ak 2 — i ] T 40 R 4
EE S Z Rk ik, ElE e E
WAL REAS | BEI A L BRI A ) B Em i
B M13 2R R A= i R0 L, SR s
JoORE A 22 AR AR PP B A B i 2k i 1k
(phage-assisted continuous evolution, PACE)7E i}f
et B TG B DT, I B SRS
Fb ., FRVFAE S0 A PN Ak BT I B Y
TG PEUOOT B N g B I 2 45 A% (Adenine base
editors, ABEs) b FH— B3 21 SR 11 M 2 il
#1575 Cas [F1 R YY) SpCas9 LIAMA BRAHZS HERY
BEL o 3 R P e A il B P Al i 8 b 0 i
ZEififbiEAk T ABE7.10 RYBLEEGLL 5y, i)™
4:7 ABESe. 15 ABE7.10 #ltt., ABESefu ¢ 84
BAMPZRAE, IEPE(Kapp) 0 590 £, M54
fift Cas9 2 Cas12 [RIEMIECXT I, ABESe KA
W T YRR . ABESe H ABE7.10 AbBR:
SR, ARG . PR DX 2 G
Mo it 7E TadA-8e Z5HIRGI A —AHAMR 5
AR, Cas9 RGN ST (1 DNA B G A K % 5%
LV A RINA I #2345 1) 3 P2 30 mT DAAS: 2l
U0 IR RE A 3k 28 T DU E T
B, RS RIS
32 ZUMMEMZRE

CE A EDE . SR E SR A T
Z P IR 38 R - BN S 1 22, S X — A

&: 010-64807509

IR S A A SRRV T A B AT P
BN E . ARG BN IRBE W aA R I LB
UG R B 4B A TR, B T — b
Jof, ABLSCF, Tl AL KRR BE 57 5514 T
A WA A PR A A T I S Lk — i aE PR 1) 22 By
ESERIER, B, BR AN R TS I
IR . O, DA TE SR A e YR B T 1T X ()
mi . R, EEEE T, A A K SRR E F]
iR . E 4 R T DA S AN T R K AR B
B Pr B G I E . HA R B T2 H A (F
2B). B, %0 2 n a0 B i Ry 1 oC R B N
B ERGEMa R, REREE PCC 7942 L 4y
Z 4t RpaB Fl Rrel A i f, Hik34-Rrel 2
T AR ] ) S A S A UM [, RpaB
AT RBAR R B 5 i ol BE DA IR 381 52 L R O B i
JESE I AR P R SRR, T R B R
A BV K i SR BR 8 (Snechococcus)
WH 7803 Z: 75 T X AL A G RR | IR K R Ak
AT (IOEIRE . OB5A . MOER. &
JEEAL L EOBARIE . mobER), E T R R
412, % BRI ARG R OEE B S T
FES Y DNA 4568 M g dpsA, £
YA N 3E T G 38 FH bk 7 2 A ) uspG
U g, Sun FUONEIE S ROE KR R
45, tEET HS84 (AMULS:Pepasso-T€CA) R AEE,
RERTE PCC 7942 5783810 130 15, JFAI IR A
LT AL -5 0 ot i R B A D )3y, i —
HARFIRNIEREE, SRS T 1 000 £y,
FERERT PCC 7942 HRIHMHERZE RS, ik
4 dJm, PHERERTIE 42 °C. 2 500 pmol/(m* s)Fll
45 °C. 1 500 pmol/(m?-s) &% T A BEAE TS 4=
£, JFRI AR == G (high temperature
and high light, HLHT)& i M o % HA elF 1y
HTHL i 520 1) R ER A R AR R A7 b, e
AFEN HTHL REHEARA, RN T 4

B<: cjb@im.ac.cn
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T A PR ity 1 B TR U0 I i X 1Y) NC2 %%
A F R EL R G SR FRIR ;. 0336 (AtpA-C252Y)
KRR, 2 FhRZ T A8 T Rk
WA HTHL i 5214 . 755 BKTE PCC 7942 AL N
B PCC 6803 Hih 32 7K 25 FE R I I 4t 7 ik (X 1) 12
T HTHL i 521 .

I, 7ESCRiMME R P E AR T REW
St AL RV 4R 21 A5 e A O 1Y)
i 32 P SRS, DA KGHEAT T R AH O Y Tid 32 1
B A 55 25531000 ] Bt S8 2 T A dk A AR DG T 52
i | Joff, sl n] F A H A A0 s i B
ZIOUHUWi s . AN, 7R CARAT 32 TR AR 1 Sk
fili b, AT Ak S kAT 38 PR 4 M S
FIALSLE, (AT EERAE, W08 X AN [H
IRBE e DR A o g B o7 e AL Al H AR 4%, W]
REAFTER LML W S sE Hbitk . M
B A W) SR W A B3 R A TR X 2 R R
PR T 2 44 A 08 % 22 E i A2 PR A LB A IR A f
BT, X2 g e R e A AN B B SRR
ML) A BN E L,

3.3 BHUIREBHSSEEN

Ry TS B ARG A O R -SRI R OC R
Yao HUIELE B PCC 6803 IR T —4
10 498 A~ 5EfERI AT S/ CRISPRI 0| 3C
P, XA SRR A TR (8 2C). Bk
H#BF2 ik dCas9 Fl 14> sgRNA, % sgRNA # [i1] 2
1 4 i 7% [52] 32 4E (open the reading frame, ORF)
2 AE it RNA (ncRNA). K45 Y sgRNA 741
H9F, wBERIEERNARE G AT, IR 5
A N 3 A R TCK PO R (aTe)ifs T 19 dCas9
BLENEE PCC 6803 k. Frfs s
PCC 6803 safE#i I, JFH4 L CRISPRI SC%E .
FEMUE R h, BEE IR HERS, TLOE
SCERZA N, DT 35304 5 A8 AR Ay o KR o AE
KR, o B A RS S AR AR 3 I B il

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

FH CRISPRi | SCE AR I HAT Mg R Tl 2R
PITETERABIR, SR T3 BN vw B A T IR IR
i 3 P AL BT AR DR A R E AR R I T
Bk, CRISPRi SCEEHE /N T 4 4H TR fiff Dt 46 4 341
PR, Wit CRISPRI SCZEHF) HA 4R
L-FLER = M R sa e, e BRLID i 2 A 2R 1
bep2 fii kKR IL T 49%. % CEREALFIfE
550w L-FLIR A8 PCC 6803 Bk, FExtre
i M FLIR A iR T 43k, LA sgRNAs &
H ik, XU sgRNAs 43 Bl & FRm4L
OV A FIE IR L0 55 . 5 SR AR A
CRISPRi SCHEAE TAREAE YA r7 vp HAG AR A AL
B, FAOFR IR KCERT Dk e, B
SRR s i R M 2% . % CRISPRI
SRS, REIRE ST N TE
bR IE B, USRS AR T, D BhadE ik B Ak =
RUFRHT o
3.4 HUWEREMR

Wit ALE # 858 ik s ik O B
Tiif 32 5t —Fp s JLFP a8 7 Ee ., AT T
WAz PR 4R BT AR . 9256 % P A 58 AR B
PR, 38 Gk R A 2 AT AR T ARG 32 B
JOF . KX B S TR DA s, A AT RERR
P A2 B B, ER Y Y R, R
P 5 1 E AL TR PR o A2 HE 1 TR Rk 1) R
S TR A B TAER CH (& 2D).
HE A TR R A H R S R R D i
AN ) STENPS R R iik7 (2 N 1 S RPN Ry W 171 3
ok B o R e A AT A . R, ARt
R A AR A AT R T X R T R S R R
A CO, WeIE ., RN LN, FESL—F
ST KL PR B 1 4 1 75 8 28 LA g e ), 308
id ALE 2845 i 2 AL R o Folk s (4T 52 mT RSk B
F HABAC I B A TR EE, R AR AT AL
TR PR JBIRAE T 52 B AT, R A R R A TR R T R
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JERIIF LMV . WA R s
B, MRS R, TR TR
WA SRR, D IR R T SR B LA
O, AT BRI A I RS, B 20
WARAF R TRE R MR . AR AR T 7= AL R
B — B, XIS LA A E H A F N, AT AR
SN AN MBS, 5% 0l JIC 45 24 i 24 4 41 i 2 e 1Y)
REJy, B, 52Ky Ko et oy . [R] e o]
i LA TR P W ) 46 JEORMIL I, A
R ARG A e A R R R R A Tl Al A e i
R E B —

4 B &

Ny —H

W 20 T A A O — A T A SO A A DA
By, RWTTOLE AP S E E AR Y .
BETOLEWAERN CO, ¥efk, X T RIEKikE
GrAPS BRI, B E R R A 2 T
fELo LABUBe™ F AR o S i) 14D 240 BT 200 i )
FUAL ALE iz F T 35 BRI 52 PR32 D3l A5
Ak, W25 R e R 25 T A PR A 2
75, BRTEA RAYMIET, & R o SR B D
M, BT R AERIG N, ALE BCR %R
Tho T A R 52 50— hE RIS B ) H
WAL, Sy J S 22 T 52 A G Bk A P SR it T
AR L O E o e T R T R A Y BT
R, AT S M AR R R O T RE . TR
PoREHE— 22 T, SR BRI & T
AP IRRE B A S b A, AN R AR T B
T I B ARG L R B 2 A TR AU BT DL AR
deo ATRATUBRY S, BEHE AU TR L A AR
Wy B R B i 2 TR DE T A% I A TR 52 AL P
PAPEALHRCR B AL B, PR R, Bk
5 14 TR TR AORE BOR B e mT A, Ay A R 1
AN TR H oAl
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