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Construction and fermentation optimization of an Escherichia
coli cell factory for L-histidine production
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Abstract: [Objective] L-histidine is a high-value, imidazole-containing amino acid with broad
applications in the pharmaceutical, food, and additive industries. The fermentative production of L-
histidine remains constrained by the low carbon flux through the core biosynthetic route, limited
precursor availability, and by-product accumulation. [Methods] With Escherichia coli as the
chassis, L-histidine biosynthesis was systematically improved through rational metabolic
engineering. [Results] The flux toward L-histidine was enhanced by elimination of transcriptional
attenuation of the histidine operon, introduction of an efficient adenosine triphosphate (ATP)
phosphoribosyltransferase mutant, and plasmid-based overexpression of key pathway genes. The
pentose phosphate pathway was reconstructed to increase the precursor S-phosphoribosyl
pyrophosphate (PRPP) supply. In parallel, carbon loss was reduced by blocking formate- and
acetate-forming pathways. Nitrogen sources were subsequently evaluated, and fermentation
parameters, including temperature, pH, and dissolved oxygen, were systematically optimized.
Under the optimized conditions, the L-histidine titer, yield, and productivity reached 34.84 g/L,
0.13 g/g, and 0.73 g/(L-h), respectively. In addition, the analysis of key gene expression and
intracellular metabolites suggested that process optimization was conducive to enhancing the
expression of the main synthetic pathway, improving energy and redox states, and increasing the
ammonia donor supply. [Conclusion] The results establish an effective metabolic engineering
strategy and a process basis for efficient microbial production of L-histidine.

Keywords: L-histidine; Escherichia coli; metabolic engineering; by-product; fermentation
optimization

L-ZH AW — P B R T AR, T2
REFTEBEZY B A RS Il A et . L-2H R
(9 S REVEAT A 0 An UK R 22 A B IR FE B S8 A T
R AR E AR AR5 LR AR
IR A 7 L2 R R T I B85 A R A R 2 K
RS, S TR R TR, I
KRR RS I RUE Y R L AR T L-A R R

E A Tl A5 AR AL [R] H R o

K FF B (Escherichia coli) F145 & R 18 KT T4
(Corynebacterium glutamicum) e="£: ;= L-2H &R Y
FEIREMEY . L-HE RN A G R TE
E. coli F1 C. glutamicum W& JERSF, #ZELL 5-
TR AZ A AL B R (5-phosphoribosyl pyrophosphate,
PRPP) Il = #2311 (adenosine triphosphate, ATP)
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MR, Zad 10 B EHEA R N AR, HA L
NALRIRAE . (1) ATP BERRAZBE AL BE(HisG;
hisG St E R L-2H 2R & BURFE 2 — 1 1
32 ) L-41 28R 1 46 ST o), 5T A b
a5 | B i 5 AR AR i B S A Ao, 491 G o
A Bl E. coli MG1655 1 EcHisG % 7% 4
EcHisG"™" " V1 75 Bf = R C. glutamicum ATCC
13032 H¥f CgHisG % 7% Jy CgHisG™2*PY>MI8] |
A3 B L-4H &R = ik 31 0.2 g/L A1 0.83 g/Ls
(2)Hij /& PRPP B4R M 7 72 (pentose phosphate
pathway, PPP)/E i, Jifd Py K0, B A i 9T
B i 38 zwf Ml gnd 584k PPP (R =, fifi
L-A &= A T R/ 1 1.33 £, ib—
it F3E prs M L-2H 2R 7™ G AR T X IR 42
T 144 5. Q)R S AR IR RERT oK
A A% 1 mol 4 R 75 2 2 mol NAD' Fll 9.4 mol
ATPUY 58 ot 51 A M HZE 8 AT B (Bacillus
subtilis) NADH H #5151 43 & R i & rocG Ak
NAD'ff4:, fiff L-2ZHZ R ™ w4 T+ 23.4%, 65
10.1 /LU, peah, il ok o 28 3 D il 2 1) 35 [A]
fidl N fid2 BEARTE R SE K, AP ATP K-
PR T 24%, L-AAMRr=2is T 151 gL®,
(4 [FI IR L~ R 2VR LA s e e I S
fEik 3@ ot 7E E. coli T it 35 Ecgdhd
Ecglnd $& = @A MARTT M, (i -4 & iR = =ik
FET 12.47%4 (5) 5 I Sk B AR A7 AE H
P, =R E RS L-4 & A s 4 ATPP,
purF (AR AT DL BT RS ASk5 ilas 4, [l
W PIAZ AT R A 132 PR AR K], e R dibrp
FRAMANIIN 10 mg/L B rie 2 22 ik 40 B A= A 1 il ) ik
L- 2 & 1R 7= i $2 T 12.33%1Y, (6) E. coli il
C. glutamicum 1Y L-2H R 45 S o0 2 11 v
KE, HEAVR R E coli H3RIK
C. glutamicum K 5 %) L- i & B 4 HE 8 A
CgLysE"'VFI E. coli 15 (1 B 2 3 R A MHE R
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EcArgO!" Ml L-41 2 gk 7= 4 W4T+ T 16.83%
F19.41%, L-AHEAMRMNEY) G RESARTE E. coli Fl
C. glutamicum " 1[4 25 55 W) F AR B AE . 78
C. glutamicum T L-2H 22 G WUAH SC R I AR HE
G F o — KA T, MR EE 2 A 2T,
45 hisN, hisEG F1 hisHAFI, BEA W E RN %L
PN RS 3 T 98 45 F0 RNA 2 P8 28 0 1
E. coli P& B FE N LA 2 L -4 S R IR\ T
(his operon) L XU LUFAE, FEHRHEFIIL T A
hisLGDCBHAFI, B AT RARME | FEIRLE
WG R 2 A TR AR T IR, Bz,
i 3 A ) 0 AR TR SR AT R T T TR R A
) L-AH A rehe, (B T6 s il
WEANE R R R AR B AR TR i R
BRI T L2 AR T At —2 K

AKWFFELL E. coli BL21 I K H bk, 245
WA T AR TR R R, 45 A5
BRI e el B AR AL 5L B L-H R Y
ERCA L. B E AL L-H AR A
AR L-H R R E e, R E A
AR OB A2 38 0 L-2H 2 R 1 & PRPP 1)
BERE L F— A5 2 BH T R R 2 T AR A A
R ARVl = O =R 0 S N il R =
X L-2H 2R K W s, R a0 O Ak & T Ui
B pH FNA A SE, IFE i oG 5L T 3R ik
SN iR TR U -4
i B 1 I EAIL T o

1AL

1.1 ##§

1.1.1  EPRFABRAL

SEUGR I E. coli BL21 VE K L-24H &R 4 7= 1
JIEBLTRAR A N e pEpit, ¥ M E. coli DHSa 1
M BORLFEE s 3 o ASHIFSE 8 R 00 B Rk A SORE
WE 1, FIWEBWZE 2,
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Table 1 Strains and plasmids used in this study
Strains and plasmids Characteristics Source
pCas9 epA101 (Ts) Kan®, P,,-cas9 P,.5-Redlaclq, P, .-sgRNA-pMB1 Lab storage
pTargetF ColE1, SD®, Py, 19-SgRNA Lab storage
pCDR CloDF13 ori, Sm®, Pg310, T7 terminator Lab storage
pCDR-His CloDF13 ori, Sm®, Pp 23170, T7 terminator, hisDCBHAFI This study
DH5a E. coli DHS5a. (for the preparation of chemically competent cells) Lab storage
WT E. coli BL21 Lab storage
E. coli HO1 E. coli BL21, AhisL This study
E. coli HO2 E. coli HO1, AilvG::Pg 1»3110-B0034-CghisGN*'! This study
E. coli HO3 E. coli HO1, AilvG::Pg 1»3110-B0034-Cghis GG233H: T235Q This study
E. coli HO4 E. coli HO1, AilvG::Pp »31,0-B0034-CghisGN213% L231A. T235A This study
E. coli HO5 E. coli HO1, AilvG::Pg53110-B0034-Cghis G143 4209-281 This study
E. coli HO6 E. coli HO1, AilvG::Py3110-B0034-EchisGZ2T% This study
E. coli HO7 E. coli HO3, Arph::Pg»31,0-B0034-Cghis GO T235Q This study
E. coli HO8 E. coli HO7, ArpnD::Py 311-B0034-Cghis G- T235Q This study
E. coli H09 E. coli HO8, AfiyA::Pg »3110-B0034-Cghis GF233H: T235Q This study
E. coli H10 E. coli HO8, harboring pCDR-His This study
E. coli H11 E. coli H10, ApurR This study
E. coli H12 E. coli H11, AyeeP::Pg»3,,0-B0034-Ecprs This study
E. coli H13 E. coli H11, AyeeP::Pgj;3,,0-B0034-Cgprs This study
E. coli H14 E. coli H11, AyeeP::Pg;3,,0-B0034-Smprs This study
E. coli H15 E. coli H14, AlafU::Pg»3,,0-B0034-Smprs This study
E. coli H16 E. coli H15, AyjiP::Pg;33,,0-B0034-Smprs This study
E. coli H17 E. coli H16, AyghX::Pg;»31,0-B0034-Smprs This study
E. coli HI8 E. coli H16, AyghX::PBJZ311g-B0034-ngndﬂ’r This study
E. coli H19 E. coli H18, AyeeL::Pg;>3110-B0034-zwf’ This study
E. coli H20 E. coli H19, Aedd This study
E. coli H21 E. coli H19, ApfIB-focA This study
E. coli H22 E. coli H19, Apta This study
E. coli H23 E. coli H19, AackA This study
E. coli H24 E. coli H19, ApfiB-focA, Apta This study
E. coli H25 E. coli H19, ApflB-focA, Apta, AtdcD-tdcE This study
R2 AHRETASIY
Table 2 Primers used in this study
Primer names Primer sequences (5'—3")
UH-AhisL-F CAGCCTCGCGCTGAAAGT
UH-AhisL-R CCTAGGACTGAGCTAGCTGTCAAAAAAGTCTCTGTGAATGTTTATTCAACTGA
DH-AhisL-F CCTAGGTATAATGCTAGCAAAGAGGAGAAATACTAGATGACAGACAACTCTCG
DH-AhisL-R ATCGCATCCGCCAGTCC
UH-ilvG-F TTTGTGCAAGTGAAGTTGAGTTGTTCT
UH-ilvG-R CTAGGACTGAGCTAGCTGTCAAAGTTAGTTCCCCGTCCTGAATCTTGAGAAA
CghisG-F CAGTCCTAGGTATAATGCTAGCAAAGAGGAGAAATACTAGATGTTGAAAATCGCTGTCCC
CghisG-R CTAGATGCGGGCGATGCGGAT
EchisG-F GTATAATGCTAGCAAAGAGGAGAAATACTAGATGACAGACAACACTCGTTTAC
EchisG-R TCACTCCATCATCTTCTCAATCGGC

(1F4E)
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(8i42)

Primer names Primer sequences (5'—3")

DH-ilvG-F CGCATCGCCCGCATCTAGTGCAACATCAGGTCAATGTATCGG

DH-ilvG-R GCTCATCAATGCTCTGCGAAACC

hisDCBHAFI-F GAGAAAGAATTCATGAGCTTTAACACAATCATTGACTGGA

hisDCBHAFI-R CAATTGAGATCTTCACTGATGCCGTTTACGCA

UH-ApurR-F GAAAGCATGACAGCAATCACAAAAAAATGA

UH-ApurR-R ATACTCCATTTCACTCCAGACCCTAACTTC

DH-ApurR-F AATGGAGTATCGTCAACAAACGTGAAGAACC

DH-ApurR-R CCGCTGGCGTTGATGGATGG

UH-yeep-F CCTCCCGTGTTTTAATTCTCATTGATGGTCA

UH-yeep-R TACCTAGGACTGAGCTAGCTGTCAAAAACAGCACCTGCTGATGTCC

Ecprs-F GCTCAGTCCTAGGTATAATGCTAGCAAAGAGGAGAAATACTAGGTGCCTGATATGAAGCTTTTTGCT
GGTAAC

Ecprs-R TTAGTGTTCGAACATGGCAGAGATCG

Cgprs-F CAGTCCTAGGTATAATGCTAGCAAAGAGGAGAAATACTAGATGACTGCTCACTGGAAACAAAACC

Cgprs-R CGACAGGTTTAGGCCTCGCCCTCGAA

Smprs-F AGTCCTAGGTATAATGCTAGCAAAGAGGAGAAATACTAGATGCCTGATATGAAGCTTTTTGCTG

Smprs-R CACGACAGGTTTAATGCTCGAACATCGCAGAGATC

DH-yeep-F TGTTCGAACACTAAACCTGTCGTGACTGATGCCC

DH-yeep-R CGGGTGCACAACGATGTCAG

UH-yghX-F GCCAGCCTTGGTAGAGATAATCAG

UH-yghX-R ATTATACCTAGGACTGAGCTAGCTGTCAACGTTGCACTCCTCAGTTGGTGTT

Cggnd-F ATAATGCTAGCAAAGAGGAGAAATACTAGATGCCGCGTTTAACCGCC

Cggnd-R TTAAGCTTCAACCTCGGAGCGG

DH-yghX-F TTGAAGCTTAATAGGTTTATCTCTTACGGGATTACGTCTTAAA

DH-yghX-R TGGTTATCGATATCATGATACTGCGGC

UH-yeeL-F GAGCGTTCCCATCGCCG

UH-yeeL-R ACCTAGGACTGAGCTAGCTGTCAAACCTAACCTCGCCTCCCTACTG

zwf-F TAGGTATAATGCTAGCAAAGAGGAGAAATACTAGATGGCGGTAACGCAAACAGC

zwf-R TTACTCAAACTCATTCCAGGAACGACCATCA

DH-yeeL-F CCTGGAATGAGTTTGAGTAAGACAGTACTTATGCATAGTAATGCCGATCT

DH-yeeL-R TACACGCTCCCCAGAGCAAACT

UH-Aedd-F CAAGCTGGATCTGAGCTATTCAGAAACC

UH-Aedd-R TCGTCAAAGGCTCCTGAAATTGAGTTG

DH-Aedd-F CCTTTGACGACAAATTTGTAATCAGGCGAGAGAAA

DH-Aedd-R CGGACCTGGGAGAACGGA

UH-ApflB-focA-F
UH-ApflB-focA-R
DH-ApflB-focA-F
DH-ApflB-focA-R
UH-Apta-F
UH-Apta-R
DH-Apta-F
DH-Apta-R
UH-AackA-F
UH-AackA-R
DH-AackA-F
DH-AackA-R
UH-AtdcD-tdcE-F
UH-AtdcD-tdcE-R
DH-AtdcD-tdcE-F
DH-AtdcD-tdcE-R

GTAGATAGCGATCTGCACGCGT
AATCTAAACTAACTCTCTCTTTATTAAGTCGGCGA
AGTTAGTTTAGATTTGACTGAAATCGTACAGTAAAAAGCG
ACAGGTATGAATGCCTTCTTTTTTGCA
GGCATGAGCGTTGACGCA
ACGAGAGGTTTATCCTCTTTCGTTACCGCC
ATAAACCTCTCGTCATCATCCGCAGCT
GATCCTGAGGTTAACCCTTCAAACG
GATCGGCGGCATAAAACGGA
GTGAAAGGAAGTACCTATAATTGATACGTGGCTAAAAA
ACTTCCTTTCACACCGCCAGCTCAG
AGTGCCCTGAGACATAACGAAGAC
CAAAGCGCAGAATATTCCAGTGCT
CCGGCGCTCTTTTCTCATCCTGAGTTACGGATTAAAACA
AAAAGAGCGCCGGAGGATGTATGAAAAAGATT
TTGAAAATATCGAATGCACTAATCATATCCACAC

P4 actamicro@im.ac.cn, 7 010-64807516
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1.1.2  EERFIFLEE

BR il 4 N VI . Prime Star Max /5 {4 EL i |
T4 DNA 35 . DNA marker, F/EY TFECK
YA AT —HRERFELAAG . 40% DNA $2
B & BOR RO & L e DR &
e A AR &, Rt R AR MR A R
Al RNA #2B0A7 &, KRALRE AL A
FRZSH]; NAD/NADH K il it 7] & (WST-8 #£).
Haom A ATP R &, B3R = RAEYH A
W A FRAF) 5 Glu/Gln K67 £ (WST 15),
RO SR R R e A BR A BiiR R
MEE., AFHTHER. B&E. Whifam. 5
PIEFAC LB (IPTG), A4 TAY) TR )
AR AT IR, 4 PR, Sigma-Aldrich 23
Al L-ZHRbnifEdh, IRThr T AR e 0y
IR A IR 4R A YR A BRA
A AR HA IR 2 AR A AN A RR
INT]

B0l . Y, Eppendorf 23 F ;
PCR Y . #ERE AR AL . K1Y, Bio-Rad A F];
LN WA, SHIMADZU A6l HIE
B RAE . DRI YT AR A FRA R s M-100
RS, BINVI/RE2RHEARAF; &
WA AL, FRBR R RBH (P ENA TR A A
AR AR A, LRERRHE AR AR TI-
Intelli-Ferm 47 A=) e i g%, il R AE 9 T 4%
AR
1.1.3 ExE

LB ¥ 3#5k(g/L): BB HY 5.0, AW
10.0, NaCl 10.0.

ARG SR 5 (g/L): B R 10.0, BELE
$EH) 5.0, NaCl10.0, 24N 10, BiiEH 20,

Pl 7 5% 9% 3k (g/L) . A M 40.0, BT R
5.0, KH,PO, 3.0, (NH,),SO; 5.0, MgSO,:
7H,O 1.5, FeSO4-7H,0 20.0 mg/L, MnSO,-
H,0 20.0 mg/L., ZnSO4+7H,0 4.0 mg/L, CoCl,*
6H,0 4.0 mg/L, VB; 2.0 mg/L, VBs 2.0 mg/L,
VB; 2.0 mg/L, 4% % 50.0 mg/L. 2K pH

270,

kWG SR (g/L): HE A M 200, [EEE R
7.0, LK TFH 21.0, KH,PO, 7.0, (NH4),S04
7.0, MgSO,+7H,0 3.0, FeSO4-7H,0 20.0 mg/L,
MnSO,4+H,0 20.0 mg/L., ZnSO4*7H,0 4.0 mg/L,
CoCl,*6H,0 4.0 mg/L, VB; 2.0 mg/L, VBs
20mg/L, VB;2.0mg/L, #% % 50.0 mg/L, &
KT pH £ 6.7,
1.2 EHE%wiE

AW S5 SCHR[15], R CRISPR-Cas9 4
RFEFFIHEN 4. FTH5 TSI R 2, LLE.
coli HO1 # &3 R Ml , LASEER AR5 E. coli
BL21 WT SEPRIAH it , FHS 1% UH-AhisL-F/
UH- AhisL-R I DH- AhisL-F/DH- AhisL-R 3" 1
hisL 1 I F ¥i# 500 bp [FJEEF . PCR JZ 1k &
(50 pL): Prime Star Max 25 uL, . TfE5|9)
(10 pmol/L)4% 1 uL, DNA #A#x 1 pL, ddH,O
22 pL, PCR I &A% : 98 °C i 28 ¥ 3 min;
98 °CAZ M 10's, 55°CiR-k 30's, 72 °CHEAH 305,
I 34 AMEF; 72 CCAAEH 10 ming LAY 3G H Y
hisL 1T i [R)UE R 0= 9 S ik, UH-
AhisL-F/DH- AhisL-R 5| X5 4 ¥4 hisL &5 5% & o
Wit % E. coli BL21 WT (#E47 pCas9) L 5% 87
A, ¥R B hisL @B £5 Bkl pTarget-hisL 4% I
2:1 LB nIf e % A S AT bR, 30 °CHE3%
24 h IF R Y LR VR SR T RIE . SR
i 4 7E K5 5 3 b U in IPTG (0.1 mmol/L) 25 &
pTarget i, 42 °C FH53% 12 h £k pCas9 it
b, HARREA TR A 2 5 AR R
1.3 EHFRNEE

K Gibson 212+ R4 T FoRiFa . A H
w8 91 W % (% 2) hisDCBHAFI-F i
hisDCBHAFI-R M E. coli BL21 & [H 2 ¥ 1
hisDCBHAFI J Bt . PCR J Jif & % (50 uL):
Prime Star Max 25 uL, . FUE5[4#(10 umol/L)
£ 1 uL, DNA f&#g 1 pL, ddH,0 22 uL. PCR
L&A 98 °CHIAEME 3 min; 98 °CAEPE 10 s,
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55 °CiR /k 30's, 72 °CHEAH 3 min, 3t 32 4N
PRy 72 °CAAEAN 10 min. ¥ hisDCBHAFI F Bt
% 1 B £k PR AL 2 /& pCDR |75 %] i K pCDR-
His,
1.4 ERESF
1.4.1 FhFIEFF

FHAEZ PR H v O 71 A v B R T R 6 22 0
R, BT 32 cCHIRE A P S F: 24 he 2
5, FH 5 mL A BRER K5 2 v P AR R TR
P2 T v 8 T AR R Y ODggo 7E 3.0-4.0 Z[H] o B
1 mL e A A5 o PP 2264 30 mL LB W {&
BRI 100 mL #Ef,  B Thel AR R b s
7%, 34°C. 220 r/min 553% 4-5h. 4 ODggo 153
4.0-5.0 B8 LA MR ) — R 135 5% .
1.4.2 1EiRLE

¥ 5 mL —HFFIREERN 2R 43 mL K%
BRI 500 mL P, A 2 mL B4y
R 50% 1 D-ToK F A BE W, AR
50 mL. K70 P BR BT e i SN IR v 34 °C |
220 r/min K5 3% 18 ho & M it F2 o 3@ i 3o
NH4OH ¥ pH 4R 7E 2 7.0, LIZRBY 41 0 48 7w
I, MR R 5 L HOAS BRI R R A AN
A&, AN 1 mL JBE Sk 50% BRI ARA
1.43 5L AEGEANR O L & B2

B — 2T IR 2.5% BRI Ah 220
i 2 L 1Y 5 L AP T R, Wit
Pl L S I NH.OH K pH 4ERFLE 7.0, JREE
SEFEHITE 34 °Co FPRAFF 30%—-40% Y iR K
Vo, SRR E N 2-4 Limin, G R 67
0.02-0.05 MPa, #iiFf5%# M 300 r/min & 2042 5
% 600 r/min. ] LA 45 A VR 5 45 I 7E 40 /L.
RiFRita] 810 h, 24 ODggo 153 20-25 B, 2%
FhFHE IR

B P TR IR 15% B RER R R 2R
H2L M S L RBERED . &R R s
NH,OH # pH 4 5 7F 6.7, & 15 & % il 78
34 °C, MIREE 35% MEMAKT, SRR ER

P4 actamicro@im.ac.cn, 7 010-64807516

FEHN 2-4 L/min, §EEAEHITE 0.02-0.05 MPa, i
FEHH M 300 r/min %53 5 2 800 r/min, #I4H
R T P R AE 20 g/L. 4 AR AR T
1 g/L B TF b AR, I hn 720 o/L 1147 % b
TR A AR 0.5-3.0 /L, ERF AT
N £ B T AT BR IR

1.5 AESHNE

WU B & PR AT I8 S R, 55O ok
JETHAE DK 660 nm A5 440 T W E WG, M
ODgso 2271 o

WG i & B A T8 YA B, 12 000 r/min
B0 2 min, BT M-100 £ 9L G 0B
{SGHA TR E .

1.6 489N E

KRR gD, LASEZE — H [ (ortho-
phthalaldehyde, OPA) i 17 # fij fit & , i H
ZORBAX Eclipse AAA 73 #7#E(4.6 mmx150 mm,
5 um FEFFELFEPRML . 0 min A 92% T shAH A+
8% Wi shAH B; 27.5 min Ny 40% ¥ shAH A+60%
UshtH B; 31.5 min 4 0 Wi 3IAH A+100% i slitH
B; 34.0 min & 0 i 3 A A+100% i 3l A B;
35.5 min & 92% s A+8% st B, ek
FEAARFR 12 L, 7EARIE 40°C, ¥ 1.0 mL/min,
K UV 338 nm S04 F A&

TEA A: 3.01 g /K ZBRAN, 5 mL PUA
MR, 200 pL =%, #B2IKESZE 1000 mL,
LIRVAHE pH 2 7.2; WidhAH B: 3.01 g LK LR
B, 400 mL 25, 400 mL I, W4iKERE
1000 mL, ZJFRVHF pH £ 7.2
1.7 BHLERRINE

f F§ Aminex HPX-87H f% jif # (7.8 mmx
300 mm)7E 55 °C &4 F #4740 #7, LLS mmol/L
RERVE WO T A, e SERERFL 10 pL, FEHE
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Figure 1 Reconstruction and optimization of the L-histidine biosynthetic pathway. A: Schematic of the L-
histidine biosynthetic pathway in Escherichia coli. PRPP: 5-Phospho-alpha-D-ribose-1-diphosphate; ATP:
Adenosine-5'-triphosphate; PR-ATP: Phosphoribosyl-ATP; PR-AMP: Phosphoribosyl-AMP; 5'-ProFAR: 1- (5-
phosphoribosyl) -5- [(5-phosphoribosylamino) methylideneamino] imidazole-4-carboxamide; PRFAR: 5- [(5-
phospho-1-deoxyribulos-1-ylamino) methylideneamino]-1-(5-phosphoribosyl) imidazole-4-carboxamide; IGP: D-
erythro-imidazole-glycerol phosphate; IAP: Imidazole-acetol phosphate; HOL-P: L-histidinol phosphate; HOL: L-
histidinol; HAL: L-histidinal, HIS: L-histidine; AICAR: 5-amino-1-(5-phospho-D-ribosyl) imidazole-4-
carboxamide; Gln: L-glutamine; Glu: L-glutamate; a-KG: o-ketoglutarate; NAD": Oxidized nicotinamide adenine
dinucleotide; NADH: Reduced nicotinamide adenine dinucleotide. B: Effects of pathway engineering on cell
growth and L-histidine production. C: Effects of AisL deletion on the expression of histidine operon genes; D:

hisG/hisG"™ relative expression level; E: Fermentation curve of strain E. coli H10 in a 5 L fermenter.
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Figure 2  Construction and evaluation of precursor-enhanced strains. A: Schematic of the PRPP biosynthetic
pathway in Escherichia coli (G6P: Glucose-6-phosphate; 6-PG: Gluconate-6-phosphate; RuSP: Ribulose-5-

phosphate; RS5P: Ribose-5-phosphate;

Xu5P:  Xylulose-5-phosphate;

F6P: Fructose-6-phosphate; G3P:

Glyceraldehyde-3-phosphate; KDPG: 2-Keto-3-deoxy-6-phosphogluconate; PYR: Pyruvate); B: Effects of

pentose phosphate pathway engineering on cell growth and L-histidine production; C: Fermentation curve of

strain E. coli H19 in a 5 L fermenter.
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Figure 3 Construction and evaluation of by-product pathway-blocked strains. A: Schematic representation of by-

product metabolic pathways (PEP: Phosphoenolpyruvate; OAA: Oxaloacetate; CIT: Citrate; ICT: Isocitrate;
0.-KG: a -Ketoglutarate; SUC-CoA: Succinate-CoA; SUC: Succinate; FUM: Fumarate; MAL: Malate; GLA:
Glyoxylate; FA: Formic acid; Acetyl-P: Acetyl phosphate; ACE: Acetate); B: Effects of by-product pathway

disruption on cell growth and L-histidine production; C: Fermentation curve of strain E. coli H25 in a 5 L

fermenter.
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Figure 4 Fermentation process optimization of strain Escherichia coli H25. A: Optimization of the inorganic

nitrogen source; B: Optimization of the supplementation of organic nitrogen sources; C: Fermentation curve of

strain E. coli H25 after nitrogen source optimization in a 5 L fermenter; D: Single-factor optimization of
fermentation parameters in a 5 L fermenter; E: Fermentation curve of strain E. coli H25 under the optimized

fermentation conditions in a 5 L fermenter; F: The impact of process optimization on key gene expression; G: The

impact of process optimization on the content of key intracellular metabolites.

KT Ryet Ll s fesr, M 3.73 gL, B
AL FTHE R 9.38%. SR Y FARIK T Ras 42
R 28 g/L B, WAREPER T 3.94%, L-Zlzi
FERIE AT . TE 5 L R ERE PR AL AR L
PEATERIE, L-2H2MR i . F AR A o i 4y

P4 actamicro@im.ac.cn, & 010-64807516

ST 29.52 g/L. 0.11 g/g F1 0.62 g/(L-h) (&
4C), BALALTHT 74 = T 9.80%. 10.00% A
10.71%. 3% F& B 13 X TCHL RV GRACRUR) AL A
LA CRABCR ) LA A R T g fl kK
L-ZH 25 3R



FRIEFH 45 | RS2, 2026, 66(10)

4933

TE 5 L R EFREAKEAR O K TR . pH Al
BRI AT . ARG S ANIE 4D Fis, fx
TE . L-A SR L e e IR . pH A L0 )
S 34°C, 6.7 F35%, ERMFMET, L-AA
[ T < S| 2 SRl 5 s | [ |
34.84 g/L. 0.13 g/g i1 0.73 g/(L-h) (& 4E), #H
BTUUACHT ol 42 m T 18.02%. 18.18% ANl
17.74%, Ttk E. coli H25 18 K Bt FE (U &
T/OERIFEY, 45 0.2 gL HERA 0.3 gL &
R . 18 i+ RT-qPCR & FL, & FF 2 5 if 5L A
hisGDCBHFI. gdhA F ginA WiAHX k& T
1.09%-46.21%, Hrp ik 5 38 5 i i Wy &
gdhA (32.34%) 1 glnd (46.21%) (& 4F). [&] i}
for I 2 L- 21 2= R A B T 7% 1) ATP . NAD' |
L- 7% 24 B8 I L- 45 2 Ik i 178 S o8 ok B8 7 45 R A
)G BN T 71.59% . 19.19%., 25.77% Fl
24.00% (& 4G). hisGDCBHFI 40\ T )32 1514
SRIES T L-H AR E A e n i, gdhd 5
glnA W) FRFRRIET T L-BS AR A L-5 2 Wi
LA RE T, b L-Ha & e it 778 2 A
AR TR, ATP & & 0 B 8 AR e T & hl
AR Z A ATP KL TR B 7 oK, 1M
NAD 7KV B $E - IIAT Bl T 445 40 A P 1) 8 Ak iR
P, AR AR A T A B R R
KA A8 o [F] By 2 o B AR e ik | olsts
HrARfL S . i EE B SR RS R S T L-4
RAIRBER R

3 W5 E#®

AWFFELL E. coli BL21 ML HFIRE, i i
e L-A &R A U1 B A s AR IR . e
ISR P FER K SRR TR E R B I T
Hers L-4HE R E. coli JRELHE MR, 1535, @it
BELIBT R = Wik 4, 30 T AR 1) L-2H 2008 1
B s At R G ML 5 R 5L 2 R Ak P
FEPEH, BRI ER L EAKE; RILEK E. coli
H25 76 5 L EBEEh L-H &A=& . k%
AR A R 1k E) 34.84 g/, 0.13 g/g M

0.73 g/(L-h)o i Jim i o O HEBE PR SRR F ML N AR
o34, DI S ARG 2 T 0 T A A B A
FHPLHISEAT TR0l R

E. coli WRILMR YA W i A7 TR oK
A CTVRIA v 7= ) R R AL, % kP
AR SALFE R S 2 VRN A St R R R0,
o X A R 850 ) L e T A A it T
BRI AE P2 30%, BIUNTE E. coli AR T
O B L- €0 5 R B O\ F 07 TpL®Y, 7
C. glutamicum K5 Z TR AN T i 2 1 % s el 4%
KT ArgRPILL R AE C. glutamicum FVR 2R 400
T ABTR SR LysC M AT Hom® 77533,
AR AR R )7 AR AR 4R T, AWFSE XS L-H
TR G I AR R AR I A8 TP B9 9 SR K
Ay OB A R PR A T R GG . e
R 2H A TR R\ 7 3 WUT 91 hisL N2 95 D B 5
C. glutamicum KI5 ¥0 L- 2 2 B8 I 1ot 70 ol 19
CgHisG VR 5 fh = & s A2 AR g 15
W, @RE SR PurR 5 A S. marcescens
RIS AL NG FEWEIR 5 W SmPrs. C. glutamicum
ok V57 4 WH TR -6- W R I U CgGnd™>*' Filid 26
Ik 6 IR H A HE I UG Zwf LAXS nET & PRPP
fRal

Fil 7 0 R 22 IR ) 2 B 1 400 i ) ik 1
FFHRCR AN & B e s e oy — S R R, 1
AHIFGE R A T A FE AL L-2H 2R A A A
BRI HE A W s T HAR W6 AE
{HFTARR AR R TE 5 L K EE R g 214
KRR IR AR R o 31X — 45 2R U AR T
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