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pMUT-2, 4 5 *f indigoidine & M 85 & 4~ -B B Z MR BB AT SR A A A R m ¥4 B IR ALELLR
FOR AL PAN B R B S R ek 3 A A 89 indigoidine & R AL A (BRI A EZH Z AR EN26,£1 L
K B4R P 4 AN B K B2 46.00 h,indigoidine & & ik 3.63 g/L, &£ & 3% & H 0.079 g/(L-h) . [ 4518 )3 #F 50 sk o 3k
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X% 217 : indigoidine ; K #t T42 ; K M 4F B Nissle 1917 ; #b#+ & B

Metabolic Engineering of Escherichia coli Nissle 1917 for
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Abstract: [Objective] This study aimed to construct a strain with a high yield of the bio-pigment indigoidine, thus
providing strain resources for application in fields such as food colorants. [Method] Escherichia coli (E. coli) Nissle
1917 was used as the parent strain. Metabolic engineering strategies included removing the cryptic plasmids
pMUT-1 and pMUT-2, screening for a combination of key enzymes (indigoidine synthase and 4’ -phosphopantetheinyl
transferase) followed by genomic integration, enhancing the expression of pathway genes, and conducting
fed-batch fermentation. Through these approaches, the indigoidine production capability of the engineered strain
was systematically improved. [Result] The final high-yield strain, EcN26, was used for fed-batch fermented in a
1 L fermenter for 46.00 h, achieving an indigoidine titer of 3.63 g/L and the productivity of 0.079 g/(L-h).
[Conclusion] This study provides a technical scheme and a theoretical basis for the industrial production and
application of indigoidine.
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EEAMRE. B, EEERAMREEHER
(Food and Drug Administration, FDA)#{(# T A L
GMBRAEI ST, 3 — 2z T AT
AR B AR BEREDS A R A7 A
7 A ARA HE DA 2 T 3 7 SR B e . DRk, R
MAEM KB ERBIAEDE R, DA E R
ANLTHEREBEREMMERNAZEE. MEE
F5AE ) 2 BRI AN W B R 5 A TR B A
AR R T R H s, A E R
) ol Al AR P 3R g T BR S

Indigoidine /& — M KU T HUE M) R AR UG (4
FOERM YR B E 2 E SRR
AN N 15 P e S i ) T A R AW L
NIEY , £ HE B K 2 Ik & % B (non-ribosomal
peptide synthetase, NRPS) 4L~ , &S 540 & %
I SN Rts N SRS /e = 1| W o )22 G =/ 1
J" A 77 indigoidine ) 4 T8 o, ¥ A ) 1 B I

W Escherichia coli™ .

Corynebacterium glutamicum
Saccharomyces cerevisiae"’ . Pseudomonas putida™ 1
Streptomyces lividans TK24*% . Hodr, DUK AT
e E R ARIE AR B . Yu SEPUTE K B BAP]
Hh i 3 I I R Tk Ok B g 2 [N Sc-indC R Sc-indB,
indigoidine /” &1k 3.93 g/L; Xu £ il 1 78 K AT B
BAP1 H A S8 I AR 51 4 2 , ¥ indigoidine /™ &
PETF % 8.81 g/L; Li Y DL K i AT BL21(DE3) A
JEE A A2 3t 3 100 O Bt i A R A B 7 AE B AT
A TLREMRE,ES LRSI T 2671 g/L I
indigoidine ;= & , UESE 1 KM # 1 =1 20 & ik indigoidine
I 71 o AHIUA B FTR B9 K A B A 33 3l A7 A2
W R KU AR ORBR #1 1 indigoidine 7 £ fb S5 1)
R . AHEEZ R, KA I Nissle 1917(EcN) #8415
ST I g R R S A%, AN R AT AR i B AR B T
2, HH 2 e 5 Bim RIS IE , /& M 2 8 i s
PO ) B AR R AL T R BT, A A LA
EcN 4 HH & T# #k 5 A4 22 AT i R4 77 indigoidine 48
M ) A .

N 5 B indigoidine fY iy 20 A L, AF #F E G TH
B 7 A Y M Bl R pMIUT-1 Al pMUT-2, {8 T J&
2 Jou KL AL 5 B JE 0 e Y R R R AR AT H S
i ik, F A AR L G BRI A, IR0t R IR i AR
LS AL HIT A A B, i Th A 3 1 56 BE 1) indigoidine
B RGE B Bl A AN R R B T E it —
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2 Ft 1 indigoidine = &, A Tk b A 7= 21
TR

1 MESJiik

1.1 #R

1.1.1 ##fe it

K W AT B IM109 A EcN 2y %) B T ¥ 2 % ik
JOR R B8R R0 R B A P B bR o AR I A P 1) TR AR AL
F1, EHARR K2, 53
1.1.2 XA

PrimeSTAR” Max DNA = {& E & . QuickCut™
PR 1) 44 P VI Dpn I.DNA Marker: TaKaRa( Ki%E)H
FR 2 7] ;ClonExpress Ultra — 5 b [ i 71 & C 115 41
T Taq 1§ JORL 3 52 50770 & DNA &R Bt 7] &
PCR =W A4k 771 2 200 A 3 TR 2 42 R 7 6 - 7 il
EMER AR RN AR AR AT HEHR R R
AR5 7 B hr AR B SR N FE - B-D- B AR R LOBE
(PTG : £ THAM TRECEE) B AR A A ;
indigoidine #r 1 #h « ¥T. 75 4638 A= W) B 5047 IR 2 7
ZHIE AR (DMSO) = bR T AR A RERE IR
AR AF s PCR 5190« 5 M 22 FHIE LE VB A TR A
A G s F At R < [ 2 4R A 2 iR R IR A A
1.1.3 5%

K i T B 55 9% 8 LB K% % 3 , indigoidine
R IR N R IR EE

LB} 77 5 &AL 88 10 g/L B A JIE 10 g/L. %
REFRHUY) S g/L, [ 44 15 9% BE 76 LB 15 7% 5 1 2 il
W INBNE R 15 g/L.

R/2 K5 9% 3 - H i 20 g/L B RES2 LY 3 g/L B
FREE 2 o/ L BRFR A 4k 2 o/L B R — A4 6.75 g/L.
T KATF R TR 0.85 g/L-L/AKBRIREE 0.7 ¢/ & 8 & T
WS mL/L. &8 & T WA BN : 38 5 mol/L.
LK B B Bk 10 g/L LK B R BE 2.25 g/L fuK
T B2 A 1 /L T /K B B B 0.5 g/L 1+ 7K Bl iR 4
0.23 /L. /K4 H5 1.51 g/L. LR ¥ 0.1 g/L.
12 NFE5EE

PCR {X : Mastercycler X50 %4 , 4 [§ Eppendorf
N ) 3 LAY : Eporator Y , % [ Eppendorf 2 7 ; {1
5 = B AL - 5420 B, 48 [ Eppendorf A 7 5 14 R
HLVKAX : HE-120 Y, b R BE A fn B A BR A A
4= [ Bk IR A% A : Tanon 1600 B4, F i K g 2E iy
BE A R A 5 I 55 77 46 - HDPN-IUAY , b ifg BR i
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Table 1  Strains used in this study
7S EiiBe P
E. coli IM109 Wild-type E. coli strain S 5 AR
E. coliNissle 1917 Wild-type E. coli strain S 6 B R
EcNO1 E. coli Nissle 1917 with ApMUT-1 AT U
EcN02 EcNO1 with ApMUT-2 EN IR AR
EcNO3 EcNO02 harboring pTac-bpsA-sfpl AT 5T A
EcN04 EcNO02 harboring pTac-bpsd-sfp2 EN TR A
EcNO5 EcNO02 harboring pTac-bpsA4-sfp3 ENTIR AR
EcN06 EcN02 harboring pTac-bpsA-svp AHIF 5 A
EcN07 EcNO2 harboring pTac-bpsA-pptA ENTIR AR
EcN08 EcNO02 harboring pTac-Sc-indC-sfp1 AT 5T A
EcN09 EcNO02 harboring pTac-Sc-indC-sfp2 ¥ NI AR
EcN10 EcNO02 harboring pTac-Sc-indC-sfp3 AT 5T A
EcN11 EcNO02 harboring pTac-Sc-indC-svp EN TR AR
EcN12 EcNO02 harboring pTac-Sc-indC-pptA AT T
EcN13 EcNO02 harboring pTac-Ec-indC-sfp1 AR It M
EcN14 EcNO02 harboring pTac-Ec-indC-sfp2 ENTIFR AR
EcN15 EcNO02 harboring pTac-Ec-indC-sfp3 AHIF 5T A
EcN16 EcNO02 harboring pTac-Ec-indC-svp AT 5 A
EcN17 EcNO2 harboring pTac-Ec-indC-pptA AT 5T A
EcN18 EcNO02 with AmanX: : P -bpsA-sfp2 EN TR AR
EcN19 EcN18 harboring pCO-gin4 AT 5T A
EcN20 EcN 18 harboring pCO-glnd™"" EN TR A
EcN21 EcN18 harboring pCO-gind™*""-gdh ENTIR AR
EcN22 EcN18 harboring pCO-glnA"*"*"-o0dhi-gdh AT 5 A
EcN23 EcN18 harboring pCO-glnA"*"*"-odhI™**-gdh ENTISR AR
EcN24 EcN18 harboring pCO-glnA"*""-odhi™**-gdh A K 5T A
EcN25 EcN18 harboring pCO-glnA" " -odh™*/"*_gdh ¥ NI AR
EcN26 EcN18 harboring pCO-glnd " -odhI"**-gdh-pyk AT 5T A

PR JT # bkA PR 2 | s 5 A w4 o e B
UVI1900PC &Y, Fifg # HE R H A A R A | 15 iR
KRB HH-6A B, 5 g 4 L 38 G R 2 7 5 15 IR
PEIK :ZQLY Y, Bilg i A AR AW ;1 LR
WE:MCGS Y, 3 R A IO AR B IR A ;&
OB L 38 AL (HPLC) : 1260 %4, 22 848 B (R )
AR
1.3 7k
13.1 TaFeeyii

JIT A6 B A5k 35 5K R R 4y AR ) A ik TR
WeE 45 A ARG 4% o o B R ) 2, G b [ L AH VR
R B 3 PR R BRI TR 3R 0k ik 2 i) H A AH (R
WP A AT E B EA N )77 . %15 indigoidine &
% B 1Y) bpsA~ Sc-indC Ec-indC #& [H 73 H) >k Y& T

Streptomyces lavendulae subsp. lavendulae  Streptomyces
chromofuscus ATCC 49982 . Erwinia chrysanthemi;
G b 47 -1 TR V2 TR e R B 1) sfpl . sfp2- sfp3- svps
pptd K 5 ) K V8 T Bacillus subtilis Bacillus
subtilis subsp. subtilis str. 168, Bacillus spizizenii-
Streptomyces verticillus ATCC 15003 . Corynebacterium
glutamicum ATCC 13032, | 3& & K 35 ¢ 75 I %2 Tt
EAEVR A RA R #ITEN TR SRR A
F, I e B 22 A 35 BT A5 UR 8 ZH £R 5L ) pTac 5T KL 3%
(SR i DU /R K = 0 N I ER T AR R D AL
Sanger M| /57 T AF i 75 M & T+ 18 A= ¥ B A IR 2 7
TR

P ECN 2 KT ZH 9 BEAR, 73 50l 5% FH 51 0 5%F gInA-F/R
A V-ginA-F/R Y3 glnA 7 K A BEAT UKL AR pCO
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®2 KAREBHELRK
Table 2 Plasmids used in this study

Joi KL Eitipa VR
pEcCpfl repl01 P, -FnCpfl P, ,-Red P, z-crRNA-pMB1 rha$ rhaR sacB, Kan® T2 I8 E LRE
perEG PMBI1 aadA J23119-N23 insert P,,-sfGFP, Spc" SO0 PR
pTac pTrc99a derivative, Tac promoter, Amp®, pBR322 ori S B8 = LR
pCOLA-1 Two T7 promoters, ColA ori, Kan®, high copy number SR 5 R
pcrEG-MUT-1 perEG derivative, pMUT-1 plasmid AT 5 A
pcrEG-MUT-2 perEG derivative, pMUT-1 plasmid AT 50 A
perEG-manX perEG derivative, manX gene AT T
pTac-bpsA-sfpl pTac derivative, bpsA and sfpl genes AT
pTac-bpsA-sfp2 pTac derivative, bpsA4 and sfp2 genes AHIE TN
pTac-bpsA-sfp3 pTac derivative, bpsA4 and sfp3 genes NS AR
pTac-bpsA-svp pTac derivative, bpsA and svp genes AT TR
pTac-bpsA-pptA pTac derivative, bpsA4 and pptA genes AT TR
pTac-Sc-indC-sfpl pTac derivative, Sc-indC and sfpl genes AT 5K
pTac-Sc-indC-sfp2 pTac derivative, Sc-indC and sfp2 genes AHIE T 3
pTac-Sc-indC-sfp3 pTac derivative, Sc-indC and sfp3 genes ATIE TN
pTac-Sc-indC-svp pTac derivative, Sc-indC and svp genes AT Fi M)
pTac-Sc-indC-ppt4 pTac derivative, Sc-indC and pptA4 genes ARHIE T AL
pTac-Ec-indC-sfpl pTac derivative, Ec-indC and sfpl genes AHIE TN
pTac-Ec-indC-sfp2 pTac derivative, Ec-indC and sfp2 genes AT FE M)
pTac-Ec-indC-sfp3 pTac derivative, Ec-indC and sfp3 genes AT T B
pTac-Ec-indC-svp pTac derivative, Ec-indC and svp genes AHIE TN
pTac-Ec-indC-pptA pTac derivative, Ec-indC and pptA genes A TE N
pCO-ginA pCOLA-1 derivative, glnA gene VNI AR
pCO-glnA™"" pCOLA-1 derivative, glnd™"" gene AR TN 5
pCO-gind"" -gdh pCOLA-1 derivative, glnA""" and gdh genes ENGIE T AR
pCO-glnA™""-odhl-gdh pCOLA-1 derivative, gind"™*"", gdh, and odhl genes ENIRIR AR
pCO-glnd"* " odhI"™**-gdh pCOLA-1 derivative, glnA"*"", gdh, and odhI"** genes KN AR
pCO-gind"""-odhl"™*"-gdh pCOLA-1 derivative, glnA""", gdh, and odhI"** genes ENGIE T AR
pCO-glnd™ " odhI™"*V54 g dh pCOLA-1 derivative, glnd™"", gdh, and odhI™**""*! genes VNI AR
pCO-gind"" odhI"**-gdh-pyk pCOLA-1 derivative, glnd™"", gdh, odhI"**, and pyk genes EN TS AR

®3 AAREAHSIY
Table 3  Primers used in this study

5149 44 7%

51 HI(5—3D

HP-pMUTI1-N23-1F
HP-pMUTI1-N23-1R
HP-pMUT2-N23-1F
HP-pMUT2-N23-1R
manX-N23-F
manX-N23-R
manX-UP-F

TTATACGAGCCGATGATTAATTGTCAACAGCTCATTTCAGAATATTTGCCAGAACCGTTATGATGTCGTTGCT

manX-UP-R

GTAGATAAGATCATTGATAGCTCTCTGAAAATTTCTACTGTTGTAGATCGTCTCTGAACT

GTAGATTCTCACACGGCAGCGGAAGAGGAAATTTCTACTGTTGTAGATCGTCTCTGAACT

GTAGATTACTGCCAGCGCCACCAGTTCATAATTTCTACTGTTGTAGATCGTCTCTGAACT

CGAGAACAACAAGCGTGAGTAGCCCCGCCC

ACCTCCTTTATTATCG

TTAATCATCGGCTCGTATAATGGTGATCAGACCTTTGTTTAACTTTAAAGGAGGTGATAAAAATGACTCTACA

tac-bpsa-Sfp2-F

AGAGACATCAGTATTAG

CCCAAGGGGTTATGCTAGTTATTGCTCAGCGGTGGCAGCAGCCTAGGTTAATTACAACAGTTCCTCGTAGCT

tac-bpsa-Sfp2-R

CACCATGGTGATGTCCTC

CAGTAGAAATTTTCAGAGAGCTATCAATGATCTTATCTACAACAGTAGAAATTATTTAAAGTTCT

CAGTAGAAATTTCCTCTTCCGCTGCCGTGTGAGAATCTACAACAGTAGAAATTATTTAAAGTTCT

CAGTAGAAATTATGAACTGGTGGCGCTGGCAGTAATCTACAACAGTAGAAATTATTTAAAGTTCT
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5147 51 (5'—3")

0704-manX-DH-F

0704-manX-DH-R

CTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAACCCGTATTGTGTTGATTATCA
CTCAGTTTTCACAC

CAACGATGACGGCCGGAATAGCCACACGCATTGC

sfpl-F GTGAGTAAAAGGAGATATACCATGAAAATATATGGAGTATACATGGATAGGCC
V-bpsA-R GGTATATCTCCTTTTACTCACCCAGCAGATAG

sfpl-R ATGCCTGCAGGTCGACTTACAGCAACTCCTCGTAGGTCTTC

V-pTac-F GTCGACCTGCAGGCATGCAAG

sfp2-F ATTACTAAAAGGAGATATACCATGAAAATTTATGGAATATACATGGATAGGCCACTC
sfp2-R ATGCCTGCAGGTCGACTTACAACAGTTCCTCGTAGCTCACCAT

sfp3-F GTGAGTAAAAGGAGATATACCATGAAAATTTATGGAATATACATGG

sfp3-R ATGCCTGCAGGTCGACTTATAACAG

svp-F GTGAGTAAAAGGAGATATACCATGATAGCGGCACTATTAC

svp-R ATGCCTGCAGGTCGACTTACGGTACTGCGGTACG

pptA-F GTGAGTAAAAGGAGATATACCATGCTGGATGAGTCTTTGTTTCCAAATTC

pptA-R ATGCCTGCAGGTCGACTCAAGTCACTGCAGTCGCAGC

V-Sc-indC-R GGTATATCTCCTTTTAGTAATTCGGTGTCTTACGAAGCAGT

V-EC-indC-R GGTATATCTCCTTTTAGCCCACCAAGCTCG

pCO-1-gInA-F TGTTTAACTTTAATAAGGAGATATACCGTGGCGTTTGAAACCCCGGAAGAAATTGTCAAG
V-pCO-1-R GGTATATCTCCTTATTAAAGTTAAACAAAATTATTTCTACAGGGG

glnA-R GCCGGCCGATATCCAATTGAGATCTGCTTAGCAGTCGAAGTACAATTCGAATTCCTGCGGG
V-pCO-2-F TAAGCAGATCTCAATTGGATATCGGCCGGCCACGCGATCGCTGAC

gIlnA-Y405F-F ACAAGGACCTCTTTGAACTACCACCAGAGGAAGCTGCATCC

glnA-Y405F-R TGGTGGTAGTTCAAAGAGGTCCTTGTCCACTGGAGCGTGTG

SD-odhlI-F GCTAAAAGGAGATATACCATGAGCGACAACAACGGCACCCCGG

pCO-1-glnA-SD-R

TGTTGTCGCTCATGGTATATCTCCTTTTAGCAGTCGAAGTACAATTCGAATTCCTGC

SD-odhI-R CGCCGAGCTCGAATTCGGATCCTTACTCAGCAGGGCCTGCGAGGAAAACCAGGC
V-pCO-1-F TAAGGATCCGAATTCGAGCTCGGC

V-pCO-2-R CATATGTATATCTCCTTCTTATACTTAACTAATATACTAAGATGGG

pCO-2-gdh-F AGTATAAGAAGGAGATATACATATGACAGTTGATGAGCAGGTCTCTAAC
pCO-2-gdh-R GCCGATATCCAATTGAGATCTGCTTAGATGACGCCCTGTGCCAGCATC

V-pCO-2-F TAAGCAGATCTCAATTGGATATCGGCCGGCCACGCGATCGCTGAC

pyk-F GCGTCATCTAAAAGGAGATATACCATGGGCGTGGATAGACGAACT

V-gdh-R GGTATATCTCCTTTTAGATGACGCCCTGTGCC

pyk-R CCAAAACAGCCAAGCTTGCATGTTAGAGCTTTGCAATCCTTGTGTCGTC

V-gdh-F CATGCAAGCTTGGCTGTTTTGGC

FrBL. 2 DNA B B USCR 7 S 3015 H As B B
i — 5 50 B 0 & AT B BL AL E R
12 K FF 1 IM 109, 28 B0 1 V% 7 i 5 50 ks I

J¥ FF B IM 109, 28 51 75 7 3% 5 560 00 37 36 4IE 5 3R
5 5 2 5 kL pCO-glnA™™" . HoAh p RAZ o i B &
Y {4 75 2H J5 R R FH AR TR 7 R R

132 AB¥4H

I IE , 3R 15 5 20 i KL pCO-glnd . HoAth B9 A BE A
fa 1 B A 5 R SR FH A [R] RS D7 v R

PL i kL pCO-gind A 1 AR, K A 51 ¥ Xt
HP-gInA-Y405F-F/R 4™ 14 28V v Bt , DL S I s R AR
B BB e, NN QuickCut™ FR 1% P ) B Dpn 1
9 B Bk B R AR B R pCO-glnd , ¥ P2 W) i A &K

K F CRISPR-Cpf1 % [K 4 45 T. H X} EcN B bk
HEAT 18 4% ORI o N R I 4 G A R R R A &
JEG 8% B PR, Uk AT T AR BT P BRSSO I B o B B
B, IRAS 2 51 5 DR o 8 bk, B ERAE AR 2 R
wkl24,2710 7%
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W PR 4 R R B

R TR T 55 3 DR B SF BB P R R
WM R LB W AR R R 2, T 37 °C . 200 r/min
BE 9% 12~15 ho $8 M K W 35 77 « AR R 70 0 2% ¥
KRR TR R 25 25 mL R BERE R 5 1)
250 mL &), T 37 °C 200 v/min £ 1F F 598 4
1 ODgo ik 1 0.6~0.8 B, I 2834 £ 2y 0.1 mmol/L (1]
IPTG #4715 S, T 30 °C 200 r/min 25+ F 15 9% 48 h.
1.3.4  HEH o deAbH K B

4 5 kL pCO-glnA™ -odhI™-gdh-pyk T N\ EcN18
PR, SRS R B 56 B AR EcN26. Bk HL EcN26
PEEEME LB R M R, B
Jii AR 73 0 2% 5 32 25 & 50 mL R/2 K5 77 3L (1) 4%
A B AT R TR IR . B R R IR TR R
FEHOSLR2EFEMI LAY RN AT, T
37 °)CHEHIEH 7 o 24 B 4K ODgoo i Fl 11~15 B, [7]
N 2% FR I ON 29 O 0.1 mmol/L ) IPTG , [A] B K
B 9% IR FE B FE B 22 30 °C, LU i3 indigoidine 1) 4=
Wi e R B R v E I A AR 43 B 50% I &
IKAEAR R pH R SE 1 6.8 24 K B i b H o it =ik
FEART 5 g/L I, J& 3 #h B 7, 38 i 05 30 22 [A] 8)
JMAN B (600 g/L H i .20 g/L MgSO0,+7H,0
40 g/L(NH,),S0,) , ¥ 4L #h 78 Bk I
135 A%z

i T indigoidine 7 610 nm . 4 58 F1 ) %8 4h A]
DLW VAT DS 2 St T A A B A N 7R AR T, TRk
E # % HX 800 nm Wl & 40 8 W )6 B DA 3R AF B 1k A=
YIE . AN R B R R E IR, R R
Ab =7 WL 43 o e BE TF I 5E TR B
1.3.6 indigoidine A& H i M| &

& &4 5T 12 000 g #5405 min, Y4 500 ul
) indigoidine A& AL A, 3¢ 5 F I, WO AR JIG BB UTIE
A FH TG 7K B e A A 2 UK, LA 25 R ke B 2 0, B S
BN 3E & DMSO ¥ fi# indigoidine , Jill 2141 3% 18 H: 52 4=
iR, BEMEREEEERRERER, 4022 um JE
JEC 3ot 318 2 AR /N FR DU . SR E 4% 600 nm 48 4
K59 % () HPLC Il % indigoidine /= &', HPLC #& Il
%At R Fl %2 46 ZORBAX Eclipse Plus C18 £ i
(250 mmx4.6 mmx5 pum) , it & 1.0 mL/min, £ &
35°C, i s AH A B4l K, Ji 3 AH B A oK H B
B B I FE N - 0~9 min, i 3 AH A 1R B 2> $ il
80% B# 2 50%; 9~13 min, ¥t 3 #H A & £ 4> ¥t

1.3.3
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50% Tt % 80%; 13~18 min, i 31 A A /& F1 5 $ N
80%. H v J = 9K FE SR A SCmk (281 H 1) HPLC v
g
2 g5
2.1 EcN Bk 7 B3 i R s B9 5B B

LA W FCAE 92, EeN B AR SE R b & 2 4B
i R pMUT-1(3 173 bp) F1 pMUT-2(5 514 bp) , It
B 1Ca)~(b) o IX 24N kL AT 7E 75 £ B e e 1wt
55 28 B S A WU 8 AR S 3 T A S O
FEDH R IE o T R IX 2 AN B R AT L 2 R T R U
JORE #AR  #5 ULE, AT A 08 T e Rk R A R
IR B, AR AR T — R TG R T KL )
EcN B #% , 4 indigoidine [ &1 20 & BB At 700 R 1
T . fFHEFT CRISPR-Cpfl 3 [N 4w i R 45, % 1140
If1] 2 A &R KL ) sgRNA JF KL, LA SIZ 3057 K FR) A v
B o g0 ) K 9w 45 BT OKL pTargetT-MUTI
pTargetT-MUT?2, ¥4 pTargetT-MUT1 % . & Jii 45 )i
5 PR EcN L 3R 15 T8 BR pMUT-1 [ B ¥k EcNO 1 ; 7
¥ 7 ki pTargetT-MUT2 ¥4k 2 EcNO1 H, 3K 75 78 B
pMUT-1 5 pMUT-2 [ 18 & EcN02. #f ik ofid e
(0 B AR 9 K % 97 I B UKL , T R A% R R WK 8
W 1Ce). HEHFE M EcNOL S A H 5 514 bp )
pMUT-2 F¢AiE 2% 7 » UE B B il 5 BL pMUT-1 & B2
TH B 5 H2H R bk EcNO2 UG B S8 267, UE B pMUT-1
A pMUT-2 854 AT 3 o W 3 e ot i e ot
AR A KPR S, W T B AR EcNVEH A
Pk EcNO1. 5 2H B £k EcNO2 [l 4 Kt £, WK 1(d
SERFW R R )G, S EAFEKNAEKS
Y A= R B PR A LG TE BH B 2 R, R JE 82 51 N R VR R
RIERGBE T Hefili
2.2 indigoidine G BEMEREFAES

N # ## indigoidine = 7 B Ak, 7 #F W iE IR
T — 2 LLUH 3 N iR UR A2 7= indigoidine A K S
1, 1% A% 11 O B i 10 5 B indigoidine & R
S HCAH N R U0 Sl L UL 2. NRPS MG M TE
XA N EE AR, FEST 47 - R R 7%
it (1 R 5 12 M A R R OKE R A L B R R
B F 2 NRPS (1) T &5 MR 57 22 A IRk &= 11
H T indigoidine & i B & — A 31 4L f¥) NRPS, Jfi i
NRPS 5 4 i (1) 5 8 24 & & $2 FF indigoidine & JiX



Vol. 45 No. 7 EFFEF: SYA MK indigoidine B K AT E Nissle 1917 5 T2 &
ORF4 RelB
ORF5
Rep
ORF3 Mob
family
Rom
NikA ORE
(a) pMUT-1J5 b7 ik 4] (b) pMUT-2J5 A7 ik [&]
1 2 3 M
151
—m— EcN
o EcNO1
5000 bp 1oL 4 EeN02
3000 bp
2 000 bp
1 500 bp
1000 bp 9l
750 bp g
500 bp a
250 bp © Gk
100 bp
e
M—DNAbREfh: 1 —EcNB b O 6 2 33 %0
2—EcNO1 B k(T BB SR pMUT-1) i /h
3—EcNO2[# #k (T FR BT FipMUT-1 FipMUT-2)
(c) B TURL Y BRI PCRIGE (d) AR AR A Kt 26
B 1 EcNH# P &k 48 1k & 3
Fig. 1 Removal and verification of cryptic plasmids in EcN strain
.0 0 o 0s_ OH
0% I 0 0
) HO—P—
0 ---) | OH + = = >
o0 p\A 5 HO
(] H, on OH
i ﬁ;&ﬁxkﬁ%ﬁ*iﬁiﬁ TRl e
B E)T EERR 0 TCATEH
gl gdh L(J. v
Jul S (0] O
Pus  RBS
DOOOOOOOO0N - B HO OH SEH 4R A
IR  manX D= T

odhl

gdh l

i 0 0 0
bpsA glnA N
0 €——HN OH 110 on — HEEE
sfp
NH, NH, - = > LB RN
indigoidine BRBENE KA — HEH B FRIE

Fig. 2

B2 EcNH # ¥ indigoidine & & % &
Indigoidine synthetic pathway in EcN strain

97



Journal of Food Science and Biotechnology

BT SRR IE VR G T 3 M A A AR ok
U5 1 indigoidine & ¥ i (BpsA >k i T Streptomyces
subsp. lavendulae, Sc-indC K Y& T
Streptomyces chromofuscus ATCC 49982, Ec-indC 3K Jii
T Erwinia chrysanthemi) F1 5 Fh A [6] {3l £ ¥ 5K Y8 (1
4 -1k R V2 TR % %% I (sfpl SRR T Bacillus subtilis ,
sfp2 SRR T Bacillus subtilis subsp. subtilis str. 168 ,sfp3
K IR T Bacillus spizizenii, svp K Ji T Streptomyces
verticillus ATCC 15003, pptA K i T Corynebacterium
glutamicum ATCC 13032) . i i £ 2 15 2H & 4 i
Ki, 56 B 4 A 078 5 1 TE 3R 15 = 20 A B indigoidine
M AL EH G o F bk = A 5K 23 o) B 4K 2 T PR
EcNO2 Ht, 7 R/2 15 77 B v 7 K85 97 F 8, I 7€ %
P K 1Y) indigoidine & B RE /7 . HPLC ALl 25 2R WK,
FT A S R I R R 38 I indligoidine b 7
sits DR B I 8] — S5 AR AIE R AT 0

325 38 i A € - o I A (LC-MSO X
R D HEAT G50 508, il 25 R W 3. A
W fAf b (m/z) 2 249.067 4 [ i 0 0 T T
[ M+H ]* %} ¥ indigoidine Jii T4k 1 3%, Hor 7N
C HN,O,, 5 B\ i JE ) indigoidine Jii 3 % ¥5 5¢ 4=

lavendulae

BE3I6HI 2026 7 A | ERE5EYMBARFER

— 3OO GBIk 2 R R oOR 4 E 4R
¥i pTac-bpsA-RBS-sfp2 ] # ¥k EcNO04 indigoidine
FrER G, N1.08 g/L, WE 4. AV EY, A
I 45k 2E 40 oK Y 1Y indigoidine & B 1) K 11 R % ik
ISP AEAE 22 7, 1% 72 7 A2 18 A [A) T Bk indrgoidine
FREAFLE R E B FE R, g4k, T BeN
= 47 -0 IR 12 R i # W, 0 O indigoidine &
FSC I, D] 0 32 AT i 2H 5 7 % W) 2R = indigoidine
PR N T U SR I AL TR AR G0 R AR i
1, 1F 2 4 0 1 13 31 10 5 £E 7 U G 3R OA R S8 g
RN FEEZ S EENERAS . FH
CRISPR-Cpf1 % [H % 45 5 R , ¥ bps4-RBS-sfp2 %
SHEE T tac A3 T, H S T manX AL 55,3815
YL H R EcN18. K EcN18 5 & 45 # 5 i ki i) &
YH B Bk EcNO4 JEAT R8I R B85 7%, WKl 5. 4R %K
Y, B ¥k EcN18 [ indigoidine *# &} 1.05 g/L, 54
JFUORL I B AR EcNO4 TG Wit 3 22 7, W A 250k % = U R
S 5K F G ok AR A A
2.3 indigoidine FIA G RIEREFNWAE MR
Indigoidine ) %8 BT AW i W43 & E K« EcN
BRI AR DL H N B R 8 3 TCA 16 35 A i a-FR 1% —

100~ 322 100 —5249.067 4
90 -
80 F
75k
< < 70 - 232.038 1
2 = 60
@ 50+ 501
=2 =
g E YL
a5k 30 248.063 0
1.14 20+
ﬂ ol 1769585 2060623  23P037 250,068 0
0 J 1 L i —— ) Il || ILll 1 1 |I| 1 1 LU 1 V-
T00 200 300 400 500 600 160170 180 190 200 210 220 230 240 250 260
fif [8]/min mlz
(a) indigoidine/ bt i & 1 EL i Aol ] (b) indigoidinez A it i 1% Far i ]
oo~ 300 100 - 232.038 1 —249.061 6
90
80 |-
o\\° 75+ o\\o 70 F
= 60 -
= =
= S0 = 0r
ES E 40 . ° s
109 K7 30 2 2 2o S
25F <L o G| S
> 20 + 2 3 >
181 274f | 444,252 10 176'|°53 4 ‘Jo«ﬂ’ ‘
0 1 ] 0 1 1 1 1 L1 I 1 1 L
1.00 2,00 3.00 4.00 500 600 160 170 180 190 200 210 220 230 240 250 260
i 8] /min mlz

(c) RIEIBE 1- (o s RGN P

(d) IR 1 A 0 P

K 3 indigoidine #9#M 5 % &

Fig.3 Detection and identification of indigoidine



Vol. 45 No. 7

[ mmoOD

800

m indigoidine/ ™ i

ODSOO
indigoidine/” ft/(g/L)

B4 X4aragit ez b 0h ik

Fig. 4 Key enzyme module combination screening

BT . oD,

Bl indigoidine)™ &

indigoidine” &/(g/L)

EcN04

EcN18
Rz Thes

BS5 X4asiy KB A ¥ S LIE
Fig. 5 Verification of genomic integration of key enzyme

module genes

MR (o-KG), B HHEMABAR, mARIIRA
Wi o 1E %A R 12 T, 32 FF indigoidine f* &
R K2 B fE AL B, B0 - A R S e
(GInA, 571 57 flE AL 25 Z R 3% A N8 & Bt i) 1 2 IR
Jit ZU B (Gdh, 71 5T AL o-KG BN B Z D VA
PR i S 4 ) B COdhl, f 5T i 5 a- B R
1% 1t S 3 D L TR I R RS (Pyk, B 5 8 A0 Tl R
o T 5 ) B A R TR PR D o e o-K G BE 2 43
R AR AR AL, 2 A A W R A . A - R R
fit 0 B CODHD 35 M3 1, a-K G 2 8 K i Ak il 52
A BRI LA S AL HE N TCA G 3R T A Ak L fig
WA 4 ODH 3% P 8 5d FE # # I, a-KG A4 e B 2L
It 0] A SRR 4% STt I G IR % . OdhI w4 £
o-KG ¥ A R IR 40 G Ao HART 5, Odhl & —
PR IEEED, S HA T EBRARES
I, BE 9% 45 & ODH [ Elo WF 3 I #1041 H: i 4k 3%
P 98D a-KG R BEHIBAHEE A 1340, %8 A3t
A 3 Fh 5 A8 4K . OdhI™*, OdhI™* FlI OdhI™ ™15,

FEFE: B E MK indigoidine B KA H Nissle 1917 R it T2k

T14A/T15A K 55 58 48 @ I 75 & R (Tho) & e
PR (Ala) , U % 8 A ok K AR A , T
OdhI 7E FUE R AS CRI A R I 3% A0 R3S ) R ] g ik
WO B R A AR A R AP Ak, GInA 1)
T T AT AR R A, AR AR GIn AT AT LR R
Z AN A2 A AR

BT EEME T S R R Ak E
S KL, % 5k R G AR AT BEE A 2 G, FF 58 E X
indigoidine /= & M) $2 F+ 2K . ¥ bk = 4 i R
b % EcN18 H1, 3k 15 A [A 5 4 3 vk, JF AT 3R
B, WE 6. 45 RE, Rk RSB A K
58 A5 A 0] 45 % $2 TF indigoidine % & . 7F EcN18
B Ak g ik ROk & R R N gind B R AR Ak
glnA™"", indigoidine /= & 43 Jl 7] ik 1.24.1.48 g/L,
X R W] Y40SF A7 f 5878 BE % 1 5 2% 5 Wk i & pR g
GlnA ¥ i 1k 3% ¥ , 33 1M 32 & indigoidine /= & . 1
OdhI J& 3 548 R () AH S M A, T1SA A7 £ A8 %
indigoidine /™ & [ 4 FH 2R 5 W 2 L 10 XK AR AL A
FE A HE— 2P R 7 indigoidine 77 & . B KW 1) E
ZH 1 ¥k EcN26 1 indigoidine /7 &% 1.85 g/L, Hl %
T0F HE T AR BEcN18 52 7t 1 76.19%. bk &5 R %
BH 38 I T 98 38 A IR Ak B S R A 2 3%,
o-KG 1 8501 43 e JF 96 28 S0k ke 6 R 1 e ot 410 £
DL A0 AR I8 2 B 30X 3 N 4E B I R B IR A Ak
A 5 AL HT A4 5T AR R, 2 3 indigoidine A i o

25 mm oD, 42.0
B indigoidine)™ i

20 1.6 5
E
_15 1.2 I
g e
(a) [N
o =
10 0873
o
20
=
.8

© 9 O S N H Y b Lo

> S O L L L o o

FEed G888
b

Bo6 &EARMESTREIRIE
Fig. 6 Verification through overexpression of pathway gene

combinations

24 1 LABESHAM N ZBER

N 6 AIF i 2% TR Bk EeN26 [ K B AE 77 1k BE L AR
F ¥ 8 41 5K pCO-glnd"™ " -OdhI™ -gdh-pyk # 14, &
B bk EcN18, BREL L B v& b 47 b5 £ 1 L

99



100

Journal of Food Science and Biotechnology

R T R oy A BRI, WK BeN26 B ik 1)
indigoidine & i BE 7J - T& #k 55 7% 5.50 h 5 ODy, 14
14.6, b B ] 5% 77 5 o 78 0 289k £ 25 0.1 mmol/L 1)
IPTG, [A) B K FH 06 B B I 7 =00 R B2 R 2 % =
30°C. K% 13.65 h/5 , 5575 2 4 H il ot 29K 2 [%
%5 g/L LT, B BP [A] &K1 4 b0 5 mL & A 600 g/L
LSRR AN S - NP L E W g

80 95
- Oono . S —
70 | -=- indigoidines™ i e
o b TR {4
\ g e
50F \ S—— " 43
gof L/ /
30 l\ / . 12
20 N /N /\ .
-/ \ / \\ / \. /' \\\ 41
o /A NN BN
. 1./- 1 1 1 1 1 1 1 " 0
5 10 15 20 25 30 35 40 45 50
i [6/h

(a) 1 LRBEHE SIEAMRRA

indigoidine/* &/(g/L)

BE3I6H 2026 7 A | RREEYRARFR

FFTE 0~10 g/L. W1 7 7R , indigoidine B H i )
FREL AR A A 3R o 15 9% 36.50 h J5 , 1 14 ODy,
L 70, IF FaaE 4 FF AE 70~80. £ 3 46.00 h 1) 4
L0 B} 55 7% 5 indigoidine 77 2 1A 3.63 g/L, 4 7= 5k J&
790.079 g/(L-h) o 3T ABFF 45 R, 5 28 Tt
indigoidine /= & BB 5T , N LA T 54 J7 7] T f&
Xof PE A 5T

(b) 1 LK EERER

B 7 KBRS MAN IR IR

Fig. 7 Verification through fed-batch fermentation in a bioreactor

1) # & i U5 A A 36 - H AT indigoidine 1) 42
W4 A 28 AR R T A B I S AR g B ERR
FF R B R B AR ¥ 42 2 Tt indigoidine Tk b 2E 77
I E BT, R 44 EE RE(Rhodosporidium
toruloides) i 7 I\ & (Vibrio natriegens) %5 AF #5
T A= P 0T ) v SR A TR AT 4 K AR S R R Ak
indigoidine, 7= & 4 %l 7] X 2.9.29.0 g/L"* . [H]
i, 58 2B AE R — B R Cln R B R RO 1
BE 7 15 B g ml, A\ T olcads 16 K i 4T R R
77 BB AR AE HBE R R A B I A A 3.5 h TR S
RN E R A E R 2. BbAh i 3E B M sk
56 & 3 Ak B T BR R R W 2 1 5 R RE ) DA KR
A AL 2 AL S CO, [, 3 0 A L B R AT S
(o 58 75 2T

2) 5 Ak O B Al DR Bl S A CCoAD I FF2E RE
Wil A /2 UK 5)) indigoidine & B g M TG 5 1 1) i 4
FR A e A i 1 A Tl % T T R 5 BOE
o O LR, AR IR B AR I K S KR
4P 78 CoA i #4722 , W] {8 18 #k indigoidine /™ &
PRem 3445 ,i51.5 gL BT MR b H RS
J » F 5 AT kAR R T B Ak B R o TR AR

WA SR LRI T B A H R, TR MR
72 P AR AR 1R P AT SR

3)H J& indigoidine ¥ 73 ¥ & 1ffi : indigoidine /&
e B IDAEL W (5 8 3%, IR 4y T B R ml ik — 2 4
e H N VO . B AR VE AR R e
indigo HEAT KA AB M , BT il % 6,67 - — L HE W S AT
AW, %A G AE I S [F) A P T indigoidine
(2™, % F indigoidine LA 43 % kB v R 44, i
T 5 A SR BN R A AT R e MRS A
B2 AS R B Bt 3R o

DHELYERMEF LR ERERS
MEfke B ERRAERERBORIE AR, 2L
H br 2 D8 i 2 IS R A i ar 4 . H AT %R
e P I AL IS VNG 77K oINS R R 2 A
WA, BTz BT AR R R AL 2 AR
FEMA O 1% B R B T indigoidine A BK &
A v A AE PR ) T AT

HETRG LR SHBAN ORI R GEH
HTEMaEMafE T RMEaRyEsRENH,
indigoidine FJ 7 K fi7 FT 18 A7 S0 B8 A T 181 55 A2 7= B
AR o i S i Bl i B o N



Vol. 45 No. 7

i B BT R % 2 i BE K SR A D% 2 PR ok B 9 A 1 O
SOAEM KA R, AR R E 2
25|, HETTT $2 75 indigoidine [ 477 & o

3 i

DL 22 4 14 % R OK A AF B Niissle 1917 4 H K
PR AR, 8 I B R 4 4 5 A TR s R @R R
7= indigoidine ) T. 72 B #& EcN26, 24 indigoidine [f]
oY B Ak 57 N BT T R (EE I R R
R TREMRAZEEORBE NS, BERIT
indigoidine [ & & RE 77 . BT SR FH 1) G B 500 5 W
45 - 98 B BE #k BORL pMUT-1 fil pMUT-2. ¥
indigoidine 7 B l§ BpsA i 4 12 Tk 578 2 2, Jiie L 7
T i Sfp2 B A 2 K W #F 1 Nissle 1917 % K 4, 2
i 22 J5 IR P[] 55 A A 5 BRI (AR 45
() TR B Pk EcN26 € 1 L R B bl 4277 3.63 g/L
1) indigoidine. AHFFLHE A T TR A B AED
SRR EE T 2R 2 4 Rk &, v indigoidine
(0 A2 0 o 3 B IR T W AT O & (R I O O R R A
BREOH ETFSEARZETIS S MR
IR R B AR R 1 B S

RS

S Hk
[1]Singh T, Pandey V K, Dash K K, et al.

bio-colorant and pigments: sources and applications in food

Natural

processing[J]. Journal of Agriculture and Food Research,
2023,12:100628.

[2] Prabowo C P S, Eun H, Yang D, et al. Production of
natural colorants by metabolically engineered microorganisms
[J]. Trends in Chemistry,2022,4(7):608-626.

[3] Borzelleca J F, Capen C C, Hallagan ] B.

of FD&C Red No.3
(erythrosine) in rats [J]. Food and Chemical Toxicology ,
1987,25(10):723-733.

[4] Borzelleca J F, Hallagan J B. Multigeneration study of
FD&C Red No.3 (erythrosine) in Sprague-Dawley rats[J] .
Food and Chemical Toxicology,1990,28(12):813-819.

[ 5] Borzelleca J F, Hallagan J B. Lifetime toxicity/carcinogenicity
study of FD & C Red No.3 (erythrosine) in mice[J]. Food
and Chemical Toxicology, 1987,25(10):735-737.

[6] Tang Q,Li Z B,Chen N X, et al. Natural pigments derived

from plants and microorganisms: classification, biosynthesis,

Lifetime

toxicity/carcinogenicity  study

and applications[J]. Plant Biotechnology Journal, 2025,
23(2):592-614
[7] Thomsen P T, Nielsen S R, Borodina I.

in engineering microorganisms for the production of natural

Recent advances

food colorants[ J]. Current Opinion in Chemical Biology,

FFEFE: WA MK indigoidine B9 X BAFF E Nissle 1917 X it TIESE

2024,81:102477.

[8] Peng B Y, Jahanian A, Collier T R, et al. Synthetic
biology for sustainable food colourant production:
innovations and opportunities[J]. Food Chemistry, 2026,

503:147749.

[9JLiZY,LuR,Zhang J L,etal. Recentadvances on natural
pigment indigoidine: occurrence, biosynthetic approaches,
and applications [J] .
Chemistry,2025,73(30):18545-18560.

[10] Zhao X M, Leng X, Luo Y Z.

indigoidine in microorganisms: strategies and applications
[J]. ACS Synthetic Biology,2026,15(2):387-399.
[11] Ghiffary M R, Prabowo C P S, Sharma K, et al. High-

level production of the natural blue pigment indigoidine

Journal of Agricultural and Food

Biosynthesis of

from metabolically engineered Corynebacterium glutamicum

fabric dyes [J]. ACS Sustainable
Chemistry & Engineering,2021,9(19):6613-6622.

[12] Nanjaraj U A N, Hu Y L, Li P W, et al. Cloning and

for sustainable

expression of a nonribosomal peptide synthetase to
generate blue rose[J]. ACS Synthetic Biology, 2019, 8
(8):1698-1704.

[13] Yumusak C, Prochazkova A J, Apaydin D H, et al.
Indigoidine-biosynthesized organic semiconductor [J] .
Dyes and Pigments,2019,171:107768.

[ 14] Takahashi H, Kumagai T, Kitani K, et al. Cloning and
characterization of a Streptomyces single module type
non-ribosomal peptide synthetase catalyzing a blue
pigment synthesis[J]. Journal of Biological Chemistry,
2007,282(12):9073-9081.

[15] Pang B, Chen Y, Gan F, et al.

indigoidine synthetase reveals a conserved active-site base

Investigation of

residue of nonribosomal peptide synthetase oxidases[J] .

of the 2020,
142(25):10931-10935.

[16] ZE RE, A0, k605, 55 . B 5T (R & U Pod e
BRI L-A R B, 'S AR 4, 2025,
44(4):163-172.

Yuan T H, Li H, Zhang Y T, et al.

L-glutamine

Journal American Chemical Society,

Rapid quantitation of

based on recombined blue

ALJ].
Biotechnology,2025,44(4):163-172.(in Chinese)

[17] Cho J S, Yang D, Prabowo C P S, et al. Targeted and
high-throughput gene knockdown in diverse bacteria
using synthetic sSRNAs [J] .
2023,14:2359.

[18] Xu F C, Gage D, Zhan J X. Efficient production of
indigoidine in Escherichia coli[J]. Journal of Industrial
Microbiology & Biotechnology,2015,42(8):1149-1155.

[19] Wehrs M, Prahl J P, Moon J, et al. Production efficiency

pigment

synthetase Journal of Food Science and

Nature Communications,

of the bacterial non-ribosomal peptide indigoidine relies

on the respiratory metabolic state in S. cerevisiae [J] .

101



102

Journal of Food Science and Biotechnology

Microbial Cell Factories,2018,17(1):193.
[20] Eng T, Banerjee D, Menasalvas J, et al. Maximizing
microbial bioproduction from sustainable carbon sources
using iterative systems engineering [J] .
2023,42(9):113087.
[21] Zhao M, Zhang X S, Xiong L B, et al. Establishment of

an efficient

Cell Reports,

expression and regulation system in
Streptomyces for economical and high-level production of
the natural blue pigment indigoidine [J] . Journal of
Agricultural and Food Chemistry,2024,72(1):483-492.
[22]Yu D Y, Xu F C, Valiente J, et al.
biosynthetic gene cluster from Streptomyces chromofuscus
ATCC 49982 contains an unusual IndB homologue[J] .
Journal of Industrial Microbiology & Biotechnology,
2013,40C1):159-168.
[23]Li Z Y, Lu R, Hu H, et al.
membrane engineering for highly efficient production of

L1].

An indigoidine

Pathway optimization and

indigoidine  in
Bioresource Technology,2026,440:133415.

[24] Dong M M, Song L, Xu J Q, et al.
plasmids in probiotic Escherichia coli Nissle 1917 for
antibiotic-free Applied
Microbiology and Biotechnology, 2023, 107 (16) : 5257-
5267.

[25] Xu J Q, Yu D, Zhou G Q, et al.

engineering of probiotic Escherichia coli Nissle 1917 for

engineered  Escherichia  coli

Improved cryptic

pathway engineering [J].

Endogenous plasmid

the antibiotic-free indigo production [J].
Pigments,2026,246:113314.
[26] Gelfat I. Engineering E. coli Nissle 1917 to advance and

Dyes and

facilitate its use in biomedical applications [D].
Cambridge: Harvard University,2021:2.

[27]Hu H,Li Z Y, Chen R L, et al. Enhancement of indigo
production by a metabolically engineered Escherichia coli
MG1655 using membrane engineering and two-stage
cultivation [J].  Journal and Food
Chemistry,2025,73(16):9782-9792.

[28] Zhu Y Y, Wan L,Meng J W, et al. Metabolic engineering

of Escherichia coli for lacto-N-triose II production with

of Agricultural

high productivity[J]. Journal of Agricultural and Food
Chemistry,2021,69(12):3702-3711.
[29] Zainuddin H S, Bai Y F, Mansell T J. CRISPR-based
curing and analysis of metabolic burden of cryptic
Nissle 1917 [J].
Engineering in Life Sciences,2019,19(6) :478-485.
[30]Lan Y J, Tan S I, Cheng S Y, et al.
Escherichia coli Nissle 1917 derivative by CRISPR/Cas9

and application for gamma-aminobutyric acid (GABA)

plasmids in Escherichia coli

Development of

RE316H1 12026 £ 7 B | BEmE5EYHARFER
production in antibiotic-free system [J]. Biochemical
Engineering Journal ,2021,168:107952.

[31] Zhang J L, Li Z Y, Lu R, et al. Combinatorial PPTase
screening and systematic metabolic engineering for
high-level indigoidine production in Corynebacterium
glutamicum[J]. Food Bioscience,2026,78:108591.

[32] KoY J,You S K,Kim M, et al. Enhanced production of
S-aminolevulinic acid via flux redistribution of TCA cycle
toward l-glutamate in Corynebacterium glutamicum [J] .
Biotechnology and Bioprocess Engineering,2019,24(6) :
915-923.

[33] Niebisch A, Kabus A, Schultz C, et al.

protein kinase G controls 2-oxoglutarate dehydrogenase

Corynebacterial

activity via the phosphorylation status of the Odhl protein
[J]. Journal of Biological Chemistry, 2006, 281 (18) :
12300-12307.

[34] Tian Z X, Li Q S, Buck M, et al. The CRP-cAMP
complex and downregulation of the glnAp2 promoter
provides a novel regulatory linkage between carbon
metabolism and nitrogen assimilation in Escherichia coli
[J]. Molecular Microbiology,2001,41(4):911-924.

[35] Wehrs M, Gladden J M, Liu Y Z, et al.

bioproduction of the blue pigment indigoidine: expanding

Sustainable

the range of heterologous products in R. foruloides to
include non-ribosomal peptides [J] .
2019,21(12):3394-3406.

[36] Tian J Z, Deng W, Zhang Z W, et al.

remodeling of Vibrio natriegens as a microbial platform

Green Chemistry,

Discovery and

for efficient formic acid biorefinery [J]. Nature
Communications,2023,14:7758.

[37] Liu C X, Zhao J K, Tang H T, et al. Upcycling surplus
acetone into long-chain chemicals using a tandem electro-
biosystem [J]. Nature Sustainability, 2025, 8 (7) :
806-817.

[38] Chen Z Q,Liu W Q, Zhang S Y, et al. Harnessing soybean
okara for enhanced microbial production of indigoidine [J].
Bioresource Technology ,2025,434:132808.

[39] Li F F, Chen Q, Deng H X, et al.
biosynthesis of Tyrian purple in Escherichia coli [J] .
Metabolic Engineering,2024,81:100-109.

[40] Meng J W, Zhu Y Y, Lu Z, et al.
plasmid systems enable high-efficiency I-fucose biosynthesis
[J]. ACS Synthetic Biology,2025,14(4):1316-1322.

[41]Ji M K, Yang F, Zhang Z N, et al.

polyhydroxyalkanoate

One-pot selective

Dual antibiotic-free

Production of
from acetate by metabolically
engineered Halomonas bluephagenesis [J] . Chemical

Engineering Journal,2025,524:168915.



