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Abstract: As a functional non-proteinogenic amino acid, 5-aminolevulinic acid (5-ALA) is naturally synthesized by
microbes, plants, and animals. It is a precursor for biosynthesis of tetrapyrrole compounds, such as heme, porphyrin,
chlorophyll, and vitamin B,,. Because of the critical roles of tetrapyrrole compounds in cellular metabolism, 5-ALA has
gained increasing attention in the fields of medicine, health care, agriculture, and animal husbandry. Methods for
chemical synthesis of 5-ALA have been established for decades and are the primary routes for industrial production of
5-ALA. However, the high complexity and relatively low yield of the synthesis process lead to the high price of
5-ALA, which seriously limits the production scale and its widespread applications, especially in the fields of
agriculture and animal feed. As an alternative technology, bioproduction of 5-ALA from renewable resources holds
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great promise to simplify the production process and lower the production cost, and thus has received increasing
attentions worldwide. Although some algae and photosynthetic bacteria are capable of synthesizing 5-ALA naturally,
the production levels cannot meet the requirement of industrialization and commercialization. Moreover, these
microorganisms are usually difficult to engineer due to lack of advanced genome editing tools. With the development
of systems biology and synthetic biology approaches, intensive studies have focused on engineering platform
microorganisms such as Escherichia coli and Corynebacterium glutamicum for 5-ALA bioproduction. Despite many
successes in engineering synthetic 5-ALA producing strains, challenges remain in improving the production indices
(titer, yield, and productivity) to levels as high as those for some proteinogenic amino acids, such as lysine and
glutamate. In this paper, we review the development history of 5-ALA bioproduction technologies in the last half
century and summarize the three key strategies for strain development and improvement, including mutagenesis and
screening of natural strains, production by Escherichia coli expressing heterogenous 5-aminolevulinic acid synthases,
and microbial cell factories constructed by metabolic engineering strategies. Recent advances on engineering synthetic
5-ALA producers using metabolic engineering and synthetic biotechnology are focused in this review. Furthermore, the
bottlenecks of 5-ALA biosynthesis, such as the complex regulation of heme biosynthesis and the combined supply of
multiple substrates, are also discussed in this review. Finally, the future development of 5-ALA biosynthesis technology
in the era of synthetic biology is prospected from the perspectives of new gene targets, more suitable platform

microorganisms and novel technical strategies.
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Fig. 1 Biosynthesis of 5-ALA and tetrapyrrole compounds
3-PG—3-phosphoglycerate; PEP—phosphoenolpyruvate; GSA—glutamate-1-semialdehyde; 5-ALA—S5-aminolevulinic acid;

PBG— porphobilinogen; HMB—hydroxymethylbilane; PPC—phosphoenolpyruvate carboxylase; SerA—3-phosphoglycerate dehydrogenase

SerC—phosphoserine aminotransferase; SerB—phosphoserine phosphatase; GlyA—serine hydroxymethyltransferase;
GDH—glutamate dehydrogenase; GluTS—glutamyl-tRNA synthetase; GluTR—glutamyl-tRNA reductase;
GSAM—glutamate-1-semialdehyde aminotransferase; ALAS—S5-aminolevulinate synthase; ALAD—S5-aminolevulinic acid dehydratase;
HemC—porphobilinogen deaminase; HemD—uroporphyrinogen Ill synthase; HemE—uroporphyrinogen decarboxylase;
HemF— coproporphyrinogen Il oxidase; HemG—protoporphyrin oxidase; HemH—ferrochelatase
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Tab. 1 Bioproduction of 5-ALA by metabolically engineered E. coli and C. glutamicum

Strategies

C, pathway

Overexpression of ALAS from R. sphaeroides and maeB, anaerobic
conditions

Overexpression of ALAS from R. sphaeroides in the succinate production
strain QZ1111

Overexpression of ALAS from R. palustris ATCC 17001, deletion of sdhAB

Moderate overexpression of ALAS from R. palustris ATCC 17001 and native
ppc, deletion of pck

Overexpression of ALAS from R. palustris ATCC 17001 and native ppc,
coaA, addition calcium pantothenate

Overexpression of ALAS from R. palustris ATCC 17001 and native ppc,
deletion of sdhAB, weakening ALAD by site mutation

Overexpression of ALAS from Saccharomyces cerevisiae controlled via the
auto-induced expression approach and the antibiotic-free stabilized plasmid,
expressing synthesis pathways of PHB

Overexpression of ALAS from R. capsulatus, pathway optimization for CoA
and precursor biosynthesis, downregulation of hemB by substituting the start
codon ATG to GTG

Overexpression of ALAS from R. sphaeroides, agxT from Homo sapiens and aceA

Moderate overexpression of ALAS from R. palustris ATCC 17001 and native
ppc and eamA, deletion of aceA

Overexpression of ALAS from R. sphaeroides, aceA and agxT from Homo
sapiens, downregulation of hemB by synthetic glycine-OFF riboswitches

Overexpression of ALAS from R. palustris ATCC 17001, reinforcing the
antioxidant defense system by expression KatE and SodB

Dynamic upregulation of ALAS from R. sphaeroides and dynamic
downregulation of hemB by quorum sensing-based dual-function switch

Overexpression of ALAS from R. sphaeroides DSM158, deletion of IdhA,
sdhA and iclR, downregulation of hemB by CRISPRi, aerobic condition

Overexpression of ALAS from R. sphaeroides DSM158, deletion of IdhA and
sdhA, downregulation of hemB by CRISPRi, microaerobic condition

Overexpression of ALAS from R. sphaeroides, native ppc and rht4 from
E. coli, deletion of ldhA, pqo, cat, pta, ackA and pbp1b

Overexpression of ALAS from R. capsulatus SB1003, deletion of sucCD

Overexpression of ALAS from R. capsulatus SB1003 and rht4 from E. coli,
deletion of sucCD, two-stage fermentation

Overexpression of ALAS from R. sphaeroides, serA*”’, serB, serC and glyA

Moderate overexpression of ALAS from R. palustris ATCC 17001 and native
ppc to balance 5-ALA biosynthetic and anaplerotic pathways

Strains Main substrates ~ Titer /(g/L) References
E. coli Glucose 0.05 [39]
E. coli Glucose 0.44 [40]
E. coli Glucose, glycine 6.38 [41]
E. coli Glucose, glycine 4.84 [42]
E. coli Glucose, glycine 4.12 [43]
E. coli Glucose, glycine 7.17 [44]
E. coli Glucose, succinic 3.60 [45]
acid, glycine
E. coli Glucose 2.81 [46]
E. coli Glucose 0.52 [47]
E. coli Glucose, glycine 4.47 [48]
E. coli Glucose 0.24 [49]
E. coli Glucose, glycine 11.5 [36]
E. coli Glucose, succinic 2.50 [50]
acid, glycine

E. coli glycerol 6.93 [51]
E. coli glycerol 5.95

C. glutamicum Glucose, glycine 7.53 [52]

C. glutamicum Glucose, glycine 7.60 [53]

C. glutamicum Glucose, glycine 14.70

C. glutamicum Glucose, glycine 3.40 [54]

C. glutamicum Glucose, glycine 16.30 [55]
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Strategies

Strains Main substrates ~ Titer /(g/L) References

Moderate overexpression of ALAS from R. palustris ATCC 17001 and native C. glutamicum

ppc to balance 5-ALA biosynthetic and anaplerotic pathways

Cassava bagasse 18.50
hydrolysate, glycine

C, pathway

Overexpression of mutated GIuTR from Salmonella arizona, GSAM and RhtA E. coli Glucose 4.13 [56]

Overexpression of mutated GIuTR from S. arizona, GSAM, RhtA and RyhB E. coli Glucose 1.78 [57]

Overexpression of mutated GluTR from S. arizona, GSAM, HemD and HemF E. coli Glucose 3.25 [58]

Overexpression of mutated GluTR from S. arizona, GSAM, HemD and E. coli Glucose 4.05 [59]
HemF, optimization of the in vitro iron concentration

Overexpression of mutated GluTR from Salmonella typhimurium, GSAM and E. coli Glucose 3.40 [60]
AceA with different promoters, deletion of sucA4

Overexpression of mutated GluTR from S. arizona, GSAM and RhtA in E. coli Glucose 3.60 [61]
multiplexed PHB operon chromosomally integrated strain

High gene copy expression of mutated GluTR from S. arizona and GSAM in E. coli Glucose 4.55 [62]
the chromosome, deletion of recA

Overexpression of mutated GIuTR and GBP from Arabidopsis thaliana in E. coli Glucose, glutamate 7.64 [63]
E. coli Transetta (DE3)

Optimization of the C, pathway with RBS engineering, downregulation of E. coli Glucose 5.25 [64]
hemB by fliC promoter in the stationary phase, enhancement of the PLP
biosynthesis, deletion of rec4 and end4 improved the plasmid stability

Overexpression of mutated GluTR from S. arizona and GSAM from E. coli C. glutamicum Glucose 1.79 [65]

Overexpression of mutated GIuTR from S. typhimurium and GSAM from E. coli  C. glutamicum Glucose 2.20 [66]

Overexpression of mutated GIuTR from S. typhimurium, GSAM and RhtA C. glutamicum Glucose 0.90 [67]
from E. coli, deletion ncgli1221, putP and lysE, downregulation of hemB by a
relatively weak RBS replacement

Overexpression of mutated GIuTR from S. typhimurium, GSAM and RhtA C. glutamicum Glucose 2.90 [63]
from E. coli, Odhl (T14A/T15A), addition ethambutol

Overexpression of mutated GIuTR from S. arizona and GSAM from E. coli, C. glutamicum Glucose 3.16 [68]

PPC, GItA, PckA, GapA, Cgl0788 and Cgl0789, downregulation of odhA by

growth-regulated promoter P, , .., dynamic upregulation of rht4 by the two-

component system HrrSA
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R S914 1 A 2 IR AMIE SR FI NCgl1221. Kz R
HMHEEE 1 LysE #1208 S HE & B PutP, 38070 T
WA RBRMWEHE, B S-ALAT T & . Ko
5N o~ TR I TR TSI 4 1) 25 B Odhl 1
14 F7 A0 15 67 75 2 IR AL AN 2 1R, 8 it FHL (b g%
P A DR 35 X6 -l 3 — IR ot S B P 4 o VR D, i
F 3k S5 BRI E £ o A TCA 18 R 3 N 25 & R 75 B
BAE, $EE T S-ALATE R AFEGR . A, Bk
P TR 5T AIE B AE B R IR I B R G hii
40 B £ i T A 4 i A SR A R SR TR T DA
P2 5-ALA 7 & .

P& ORI N 'R A RS AR AR
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B EERWER Y —. Lig ) RIERGITE
i Ak — Bl R A 4% A 5 ) sSRNA——ryhB,
A LL R sdhCDAB  CHE 1R i & I 4 5 3 1R
hemB 1l hemH (V2% A W gm il S KD 1Y% K
o, [ U gl (AR Bk (RNA A i g i 35 KD
M, $Em T S-ALAMF &, BRI a &M
FUZ . Noh %% ' /£ 38 % 1A GIuTR A1 GSAM {1 K
FF TR HH i B - TR 13— 18 . S 8 2 ) 256 [ swcd, $
BT BREANRAR G RBENERE, E—5aE
AT IR LA Caced KR 4wt ) ik 1k 40
WAL QRGN , P T WA KA
BRI, BRIKT BRI R, S-ALA T &1
B 7 34¢g/L, HEEHENAFLETH T 0.28 g/g.

78 EIR HEmg A b, VTR KA BER B BA
PR o K B R 1 X C i AT R AR TRE L
i, 404 GIuTR A1 GSAM [ K5 40 26 35 18 4% 5 W5
SEAL R PLP & & 2 AN 7 TRE s, ST
A KR 3 9% B S-ALA R AR 1 55 40 g DL K
T recA 1 endA B % B Mk 1 FURE £ € T 40 TR I,
AT LAREARTE 3 L KBRS S-ALA P2 21K 8] T
5.25 g/L. Zhang %5 "% IR R R AT W N1 £, i@
i C ik E M @At . ATP. NADPH. PLP %4
Bl 7 & A% 12 SR AL . TCA 786 ¥ 39 1k DL 2 & ik
RhtA, ¥H]H 2 2 B EE 3 C 18126 i 5-ALA 7~
B E S 7 3.16 g/L. Zhao %% " #£ Ky #F 14 o 5
AL IT (Arabidopsis thaliana) KI5 HI GluTR K&
FOHOE B B GBP, #EEE TAME Co A U iR i
RACTE T B AR, BiE T 478 6 MR %505 T (RNA
] Transetta (DE3) B #RAE N1E £ 5-ALA 77 & i
. (EE IR A R AT A SR )5 5-ALA 7= = 3
T 7.64 g/Ls

3.4 ETFC, RN IENE

BAR C,i8 1% & U S-ALA 25 BRfai 8, SR1T0
TWERHHIEDMILFEZ S, R T C@mm
AU TR s 2P 2 AR AE, DU IR 3%
HIME CoA FIH S IR 1A &t 4h . H & BRAE A )1k
WAFTEZ 2 AW A s R, H &8 AR oo st
WH 2B N IR ARG BT RETE . 2017 4F, YL R K2
FRARFATBA 1 F Zou %5 B 23 BIAE KT B A 2R

AT B R 223 T 3 I 5 Ak B 22 SRR AR ) B Rk
AR UL J 2 AR B B R Ak, Ay Bk 2 4y
B ASERERRMERINEH K. R, L&
Ui R AT 0 B AR TE A TSI H &R 1 25 14 T 5-ALA
AR RAL (<3 /L), Wit 7 R H A H &
R & AU R s 1 2 et . Rk, HATE: T C,
AR A B S-ALA FI 4R 32 ZEAE & DLAME R I H &
P

BRI G G A 2 TCA 3R (0 AR it 4, &b
T TCA T 5-ALA & 40 35 /L, s B
LAt A Ot ZS AT LB ALAS ¥ 5 2 AR R 51
N 5-ALA & A, FF 52 30 2 B 3% 502 14 i
WA, TR S F 58 5 e 32 v BE B e 4 g A
(& BB . Kang 5 " 76— PR IF RS AF T B 58
HTR (A 47 TR B8 ik b 51 N /IR ALAS, SEILT
5-ALA 4 Be. AE3 BN ©" 38 75 K AF B e
Bk sucCD  CHE H1ME 44 B A & BB 2w B 22 KD 5
sdhAB, FHKT TCA 1E ¥ £ 38 BRI B -CoA I HE R,
TEAS S DB B R 1) 26 14 T4 5-ALA 1 7= & 48 = 2
T 6.38 g/Ls DR BLAE KT B8 a4 4l
Mg A AP0 IR B BRAG R & 4%, [RIFE AT BA
PEEIRIIE AT A LSRR 1, BRI T S-ALA W
WA L™ %, Miscevic 28 BV 5T ALAD 954k 6 £
(1) TCA 16 38 AT AR 2508, 78 47 546 1F T mi B
sdhA, PRGN T bk sdhA FliclR (L1 PR G
PO ED, 38 0T AT A A AR 88 DA Rk
A S5-ALA & s AR uE s, DOH N R TE
TOSE RN 3 6 1E R S-ALA [ 77 B ik 8] T
5.95 g/L16.93 g/L. 1L 7R K2 4B IR A B ™ 7E 4
R M AT T T T R sucCD SRAL T BE FA LA B A
MRS, ANEI LR B S-ALA P2 2K 5 T 7.6 g/Ls
BE— 358 F ik RhtA 504k 5-ALA M, FERIH “&
K-F2BR 7 WIB BUR BE T 28 5-ALA 17 & 32w 2
7147 g/L.

B4 NI A EMP i 12 33E N TCA & 8 1 AR 1 d
&, [FIE 554 OIS BRI iR AR, X TR
TCA IR S H AT AE DI e B & e dE B A7),
VE FIPA ™) 8 2 563 7 DB B AM& R 7E 5-ALA &
BRI, RIS R IE ppe 8% pye 7] LK IR B2 &
5-ALA 7= 5. REEKS ER SR ™ fER AR
BATRE SN C, A& RigRE, Wil mkARM LR
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B RO, SRR E AN R AR, $EE T 5-ALA 1
FRRAE S BE D RS AR R S O SR I R

THAE, 5 LRMEGE ML iR 9 5-ALA ()7 &
BT 7.53 g/Lo 1EE FIBA ™ % 23 &R % AT 56 1)
C,@ 12 & M 5-ALA W K B T2 AT 7 e m il
155 L R G vhod ik #M R o 1k R NS 5-ALA (177 &
P BT 10.1 g/Ls B — DX S 'R AT B P A
N IAMIE ALAS LA P J5 Bl 1 A 1 =X 7R ) 1 7% AL
(ppe BL R gahs) RIS HEAT KGR 4, LI T 4k
PE A5 KA “RMEICEL” DL A ATt 45
AT AR A “REHESBL”, AL S S-ALA =
HH R ERIEE T 45%, 5 LR BERE b DL & b
IR 5-ALA =2k 8] 7163 g/L; &5, WA
SRk — MR T AR B A W B S B R OB
IR R, R IMAZ W K A 3 F 6 5-ALA &
A R, EEEE T 185 gL, N
H Al S B 1 S-ALA AW A BRI e s e & s

3.5 5-ALA SHEfth{t SHIRIEXF

A R A, R RS 2 [ A
PR &Y, & — A BERARA = A A&
B G B Li A LR Rl A B R S ON TR I B
(Saccharomyces cerevisiae) KYR] ALAS, il %
. ik, siEEFiMiE kBTG S
ARG M PURGE RAHUE, - T 5-ALA & e
71 FEUCEERE B, B E L RIERRE T R
(poly-3-hydroxybutyrate, PHB) & A& 12 HI5E A,
SCHL T HA 5-ALA (1.6 g/L) AL A PHB (43%)
fR56 ™ . Zhang 5§ " I FH S {80 5K & 7E K+ 14
e CERMERENRIIRG BOSRE, R
T 5-ALA (32 g/L) 5 PHB (38.2%) I [A 4
e fE LiRR R, PHB & 151 N ] DLEAK
5-ALA & EE R =Y CRINAR R, RS E
PRI IR BTG R fE 77, 1M 5-ALA FR 2 5] & i) ey if 40
RO FE R LLOR AL PR R BE , 2 e &S RO OO Bk
R R &, (23t PHB M5 B 5-ALA 5 PHB 4%
JiL P AR A 1 0 R A 7 T DAk — A 4R v e U R
R, BRART= S GR A R AR

AR T2k D DRESOR o R KO ALAS i 3R
BRI RN, BT RGN TERZ RS
HAWRMEARMLS, 5-ALA WG 5 R A5G
B PRBURR R . 233 KR WU A SUE
5-ALA 177 8 55 b5 A O TH 21 73 20 /L #9K
S, R T ZRR R ORI A, e G T IR
PR AN SR B AN, &R K ORI R B A
& LA PR I 2 O 5-ALA AR AL 55 45U
(RIS L S B85 1 5 () A 2 Al

4 B EV ISR ALE 5-ALA A9
S8 LAINAH

AR, & BAEYIEOR 5 A TR KR
ERNEYE RRAE 7KK THSC R, 2017 42U
K, KEB TTAFAHT BORALE 5-ALA ZEW) 45 5 ik
L O 5-ALA £ 65 B (¥ 5 & 36 Tn 13
zh 77

4.1 FmgEigit

H A% C,I8 210 S-ALA =W & BRI H AR K
PR R, a0 R Re 6 G H &R 1 ANE
Ik 3E — 30 BRAR A 7= oA, SR A TR AL 45 H =R
(1 7 3 2238 v R B A RO w iz ) e Y N T
T AT LASEAY B AR A I R, Rk P Y I 4
MR R F2 2 B AR ) 2 1 B BRI AL AT . —
H O AT Z P E EAL AP0 A B ) R B
Ren %5 " AR YEAL S A5 W (1) oy R AL HE, BEH T A
LB HARMB NG RERE, BT Kk
JEFRBR, BT mEH R E %R
AEEENETFLFME (100 vs 67); W5 #FH BT
TN AR R IR R R R« OB R = R R W 1 U R
B 7 ROEREIR, B LR IRE G NFRIE FIE ALAS
(KA, R Rk aced FERI £ IL, 58T
DL 0 A ME — B R BT T AT AR b 25 1848, S-ALA
et R RIS T 38%, 1A% 521 mg/L. H
SRILA BT N T3 45 1 A A BE 1 I FE A PR
B SR T 2 3 Bl Wi E IR A 2 K TR % oo 1 B
M2 i& 2 e, DL 4F i IU IS 5-ALA B & &
.
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4.2 BRFXFERARES-ALAGHFRINA

IR B L R R I8 IR A0 R 4 A R B R S H
()5 2h 7 5 RBS 25 i #% o, B35 fif B CRISPRi
(clustered regularly interspaced short palindromic
repeats interference) 5T AL T HSCH. 2488
W BOGE o PR TR TS TR 0 & Y
REEMHANE™ ., B XERERETE
5-ALA AP bR g h iz A .

WFETCAE T, Noh & 7 I AN A 5 B2 )5 5
T AE sucA R AR PSR % T aced MRS,
WA T CREMRAE I M BE sR B, B T AR AR
K I 5-ALA 7 & VLR K5 REREAIBA o 4 Fi|
RBS T FE5ERS, 73 I %F ALAS PL K C, i 42 58 R Y
RBS #EATREHLRAL MR LL, AT T R ALFRIE ulF,
BE— B - AR B9 5 SO AN [F] 3 R RBS
T BEATRENLA &, RAG T fid T 5-ALA & B
Y145 . Chen 5 ™ H H AN A 5 B 1) RBS JC {1 X
ALAS 8 R Jefs 12 2 A i 1 3R A I ) R A HEAT 18
MR, RS T WA RS oAU LT
T Ak o

W4 TOH U5 i, % 7 CRISPRi Al sSRNA
(small RNA) 1 J& [A 3 08 1 4% B R 16 I & 2k [
RILARRME T — MRS A BRET R, JUH
T AR A 0 7 B IR B O R T R 5-ALA
FEE R, Su s B SE R CRISPRI A, i

Glucose a-Ketoglutarate
Tme i
Tm-sensitive ODH
plasmid e
Succinyl-CoA
TCA cycle

Growth-regulated H

promoter

feeees Coll growth sesessssesd

Tob B 5 TR P 08 B 1 4 XA [R] 45 6 67 AT gRNA 1) 4%
i, BRI T KT B hemB ZE R ) RIE, #3¢
I i o R AR 27%~82%, 5-ALA P& it
e 15 BN E— A0 2L 3 e SRR 4%
JGPF 5 CRISPRI T H4H %, @id ALAD KIA13)
AW T8 T S-ALA & A B A R KB
Miscevic 2 "' F| F DU 3R K 55 5 B )5 3 7 3% 1 19
CRISPRi #%t, XK H LRI NS, it A [H
gRNA % it 4% T hemB (155 LFEE, K IN 40%~
67% I F KV e AT 5-ALA & i, 72 & Lu X g
WS T 4~5 5. T TR R ERE R
VEAR VS Je B DR A $F, ] DABE {5 4 b 47 2 /K P
L, IF LA S5 s ot i, Sl
X HARSE R S AS A R IE P . A KIET CRISPR-
dCpf1 f) 2 J [ 3R 0k R 4% T B o m] DL SE 5 {8 b
X 22 AN 35 DR B s TR U 5, DAPR AL Ak i &R 2
(AR 45 o

4.3 HEFERARES-ALAEYMSEFRINFA

A WA AT DL B A AR K R AR 7 SRR
JL PN AR U O R AT R A ) BT A . AR
AN N AN T AP U A AR B S T Bl
B L4 HiE s a, IF T 7 B AR A KA 5-ALA
AR (2.

AR A7 M 87 7 AP e L 45 e R S AR A )

QS-switch H

Glutamate
-t P S-ALA . » 5-ALA
A
Vsl
ALAD! }
.............. 1
PBG ;
HrtR/HrrSA
Heme ssevesed

B2 BhAEA S-ALA Y& B 18 A
Fig. 2 Application of dynamic regulation in 5-ALA biosynthesis

5-ALA—S5-aminolevulinic acid; PBG—porphobilinogen; ODH—oxoglutarate dehydrogenase; GDH—glutamate dehydrogenase;

ALAS—5-aminolevulinate synthase; ALAD—5-aminolevulinic acid dehydratase; Tm—temperature; QS—quorum sensing;

««.» upregulation; RO | downregulation
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HegliE R -3 sh eIk Bl LA
Fh oo ALA AW & B 35 © & 31 K RS A .
Zhou %5 " fEEKAR W (Clostridium pasteurianum)
A T — M R BOE A RETT ¢, JRl A
Mgt & IX T RE 23 i M S0E i e, 4 L e o —
oo R H 2 R A B A BE TG M Bk ot
TR A IR H & R C, & & 1K g #F o o 4%
ALAD 335, Rt 1 ma o7 F A H 28R (10 sh s 45
] B%, SCHL T S-ALA 77 & 1% M2 . Zhang
W LT HMAIRE (Lactococcus lactis) IR
I 21 2 Wi 87 A% 53¢ R 4% ] 7 HirtR Sz FL R 9 X P 3
hrtO,  FF R TR S 1 e S P I AT 3R R AR P A TR
#: I HrtR 5 I 20 3 5% A0 7 1 2 2R vk A e
i, FRAF T AR A By LR R SR R oo E s R
ol v G S O - S o B A N7/ R 7 A i O
CRISPRi - R ifi# T ALAD %15 (E2), L
TN ML R M FR AR, 5-ALA 77 & i ik 2
T 535¢g/L, ARSI 2245

BRI, 248 (quorum sensing, QS) =EZ il
Aok JE N 24 i A AN R R s SR DR R R Ak . AR,
BT QS RGEH B AW 5 FE DR 2 ] % 1) Ay 2 A
I A T 48 1R 21 2 R 428 4003 B B e A
5-ALA AE) & T T, Guds B R A B A
75 A 1) X EE 1 4% T BE 1Y) Bas-QS R 45, i 44 il
NGB A R B IR S AR R R 3T
W T — RIVEA R A 5 3 B XD RE 3 &
PTG, AT LALE A [R] B[] A [8] B (R 20 0 42 A [\
SR BRI N SOR BRI
T ALAS f1 ALAD fI3h &R iE W% (B2, #iE
TiRMITHAS, ST AT A POE K (kR
i ALAD, T~ ALAS), i J& # PR 1 R F= 9
( L ALAS, FIHALAD), ALA"&E& R
G T 1265,

UAh, A K BRI RS 3 AR A — R ah s
WG CZH T 5S-ALA &g R k. 1T
T K2 BEAIR AT A T4 8 K B+ B b R — A e
TNHEMBEESEE TP, BT hemB FF 15
WHIE BT, LT ALAD fE AR A K B s R
K DA RGE R E A A T (B 2D, BRAC T
R 5 W] 5-ALA TiF g2 AREHE R, (et T
5-ALA 7E R B 5 AR O AL B o Zhang 55 1Y 4y

5300 ) ) L JEE A kL R AR K i S R 4 Y R B T
P s VAHE T o- T R Ml S Y 0k, I iR
WA AEKN KA ESIER, sh&AET
TCAEHHNB IR G A IEE; R EBAE
P s T PR 905 L 21 3% 1 2 R 9% 2 48 HirSA, - 75
ML R SE AT B3 L RA (R IE (K2,
ST S-ALA SMHEE A Y, K18 T HAl
i M BB T Coa 4% 1 45 A R A8 M B 5-ALA 5 7~
BRI PR
Bl PR AE N B B ) 2 ) — T A R

R, AT INES S0 5SS 8 ot
A BENHARMARMMPE T . 5S-ALA K H
AT AR 350 4 T B A AR AR I DG B 0N, Rt e
R AR % L A S AT B AR I AR KR A s, Rk
A W PETE 2 8 A2 K 26 B R K R 5-ALA
A E AR [ R AR AL B R I R SCHF -

4.4 PETHEIEFINF

FaE = I YA AR R R T BT
BRI R L N AR DA AR, 8 R B O R R )
B AT 5 PR AR U A R R K T AR AR B M G R
S-ALA L ZEYE A RR 8, HP RO pH 26 1F T 4
G U A S, T AR OIR Ak S RS R A
T FIRE, R B RE R S-ALA R EAR AR
I RR kS P i B A SR BUEE, dER AW
AT BE 230 B A 3k Bl ™ E ) A AR AT . A T BA B
I I K B AT T 6T K B 5-ALA it 32 i HL B 7T
WG 1 3 I S R UK S-ALA 40 i B 1 1) 5 B
Ji s WF AR L A PR R G AE R BE S-ALA By
BEATHE B, & EAR 2 SR E S-ALA
FE R G 0 I T RE IR o A 0 ik A5G HIE
BT T AL B AR 1 PR A R G0 T DU O e A
B 5-ALA [~ 5, Horp 44 %08 1 S 40 AU B KatE
FUE A ALY B AL B SodB T £ 5-ALA = &
117%, 79 5-ALA = 38U AR T R Se 4t 78 5%
WS BT TG A

4.5 FFRMERATRER NIRRT AL

BT G A S oo A B Al B R AR G
AR CALE AL AN TS OB A1 DL T, PO SR =
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PR, 0T B R AR AR AT A BT R B R LA
H AT 3E B SRS 7E S-ALA A= 90A Hh 1R BF 50 F0 8L
FIE AR/

Cui 55 ' FI A 2215 5 1 4 0 f A Hi R
(chemically induced chromosomal evolution, CIChE) ,
$ GluTR H1 GSAM % fith 2 [R] 75 K Ji AT 1 ik A 41 1
BENLZ % DU &, A5 7 AKEUT BURLI H AR 5
K 2 ¥ DURIBBRK, 456 recd w0 T ki B
ik, R HE R ALA P28 %] 1 4.55 g/L. Tan
&5 4 ) HY CRISPRI $5 A 55 14 K 1 FF B ok 12 T 6
MEER can, R T —FRR L 1%~ 5% W5 CO, B4
YAk AR, JF CAEON AT & 1 — Mgt 3t co, A
FH oG B B 3E 4k A1 KT Il R 48 (direct enzymatic
performance evaluation & determination system,
DEPEND), F|H ik & 48l DA R ) B A 5 5
ALASVEPEMI B E, v ALAS [ E 3 3 14 0 i 2
7 EEMRWE AR . A, BT H] B L 5
TER T 5O E A K B R 5-ALA DU € B
MALA, WEFEN GIH A [F) 3 85172 P A kL B
70 M 235 ALAS 5 4t 586 5 (1 GFP, il i A I
GFP f9¢ Y6 8 1 € 7k &t 5-ALA 177 8 KF 2
T2 1 ORI A% I s TR A AE 2 A DU
5-ALA W& e 22, R 12 L BAE )
g %2 2 pH & SR T 90, R 00 I B 1 A0 X ¢
R, AR IE R AR RAH 5 T H B I R A0 A 2 4 3k
PTG SR (R S SR T S

AR, A BAEY R B PUE K N 5-ALA
WA BB B IF R B A T R B0 T SR AT T
Ho, K& H AT 2 BOR v 40 T 8 & 58 1 A
B, B A AR EOR DA 5 OK ) 078 M A B 4
AR WK A T b HE BN S-ALA A=W A KT 1) P
Tt

6 REiHEE

5-ALA & — Bl BT R i (B R AE W AL 57
FESNIE Y E 77 5 B A5 2 U7 i B oA 5 21 B
6, RRWIHESER, PR RS WM. R
ifi, T H AT S-ALA ) kA6 AR 7= 2 BEAR T4k
FEBRBOR, EARGYE, FEIA L
AR, 7 a0 A% & o, R T AR & A

A N . 218 S0ERIRE, S-ALAEYA
B AR I B W1 SR 0 3% 3R A5 1K R SR B bk, 1B
WU B T AR B2 Bl U SRS RN A AR e A
e T T, PPEAKFEAA R g/L iz
mE T 20 g/L. #5 mAEFASE T2 DA
BIKE N Tl A A= 7=, [N B A T O I A
LW AYIPEL, KRKFEAS 77 A7 oA
AT 2 EHNE, AR RO A & Holl 55 43 1
SR B 7 EELL A . SR, H AT S-ALA A
Y& BRI P2 B K 58 2R . B9 HT R 55 A ¢
AU [ A P2 KCE AR B IR A ORI ZE B, R ok
5-ALA AW1E A R AT T I S5 R PR Bk

G, 5-ALA & BUKF (132 TH A SR 75 B R4k
i A i 2o BRI R 25 R0 ST R R AL, LR RS
T BLOCVE R AR AR Y I 2T 2R I AR A T A R T
VA, W R OCBERE I B R . A0 M R A AR
ST A DA B JER A5 A AR () L B R SR 2 AN T, X AR
FEPRH]S-ALA SR O ER . RRGEREHZ
PR TR . RG LW FRME KA
=Y R R S WS [ C S A A b v 7 N |
Y BE TR 5-ALA & AR R BRI, 4 n] BE S
L 5-ALA 7= 7KF I 5 R U3 T

Fok,  H A s KT R AR T2 R T C
WA R, HAEHE T H & R 0 A A I, BRI
TP AR R B ], H R R A 4 i
12 BT RN S C, 38 12 A R 8 16 B A R0 K A5
FR, R HBET CRRHERAKFIRER,
BY5C,&EMLt, CigfRAWEKKYMLS T
B, WA SR B R B 5-ALA AL IR 1] 2 C, i
15 5 R OCTE IR B A

BEAh, 34>k CRISPR %5 3 PR 2 48 457 AR (1) s
e Ry 5 TR 2H S A ) PR 0 2 A4 R T
P i IRt TR A S B AR F B, A B
FORM EE I H M PR, &5 & B PR R AL i ik
FOR B K, ] DL S A R R 1A
VS ORBUET A R T S-ALA AW A R KT A
B, B AR — DT .

w5, R H R K A R R A SR R A 2
T 5-ALA & B F iR BB AR, HA AR A B
o A 11 JFE A A Ak A P B o S A s T R Y
B, ¥ E (Halomonas spp.) 250 B4 it 4
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T 5-ALA W) & T gg v oo, [mRE, BE A R
AhE R AE B P R 0, R B AN T 4
i R A A1 22 Bl 2 A 1R R AEAL A K S-ALA I 7L B

Liﬁ% [103-104] .

b R G M SR DAL R A

REFCAR AT A JE . HAE RO A7 5 2 (1078 S
AT 5-ALA @77 AR BT R B, AR A 1) 2t
P ) ) 3 B G B 2 B A 5-ALA FE AN [R) 5T ) K

O A N H
S F X W
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