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Abstract: L-citrulline is a nonprotein amino acid that plays an important role in human health and
has great market demand. Although microbial cell factories have been widely used for biosynthesis,
there are still challenges such as genetic instability and low efficiency in the biosynthesis of
L-citrulline. In this study, an efficient, plasmid-free, non-inducible L-citrulline-producing strain of
Escherichia coli BL21(DE3) was engineered by combined strategies. Firstly, a chassis strain
capable of synthesizing L-citrulline was constructed by block of L-citrulline degradation and
removal of feedback inhibition, with the L-citrulline titer of 0.43 g/L. Secondly, a push-pull-restrain
strategy was employed to enhance the L-citrulline biosynthesis, which realized the L-citrulline titer
of 6.0 g/L. Thirdly, the NADPH synthesis and L-citrulline transport were strengthened to promote
the synthesis efficiency, which achieved the L-citrulline titer of 11.6 g/L. Finally, fed-batch
fermentation was performed with the engineered strain in a 3 L fermenter, in which the L-citrulline
titer reached 44.9 g/L. This study lays the foundation for the industrial production of L-citrulline and
provides insights for the modification of other amino acid metabolic networks.

Keywords: L-citrulline; Escherichia coli; metabolic engineering; L-proline; feedback inhibition
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Table 1  Strains constructed in this study

Strains Characteristics Source
Escherichia coli DH5a Host for cloning Lab store
E. coli BL21(DE3) General cloning host Lab store
CTL1 E. coli BL21(DE3), AargG This study
CTL2 CTL1, AargR This study
CTL3 CTL2, ykgH::Pi,c-argA-argD-argl (eco) This study
CTL4 CTL3, dadX::Py,c-argC-argB-argE (eco) This study
CTL5 CTL2, ykgH::P,c-argC-argJd (cgl) This study
CTL6 CTL5, dadX::P,c-argB-argD-argF (cgl) This study
CTL7 CTL6, arpB::Pie-gItA This study
CTL8 CTL7, caiB::Pi-icD This study
CTL9 CTL3, cstA::gdhA This study
CTL10 CTL9, AproB This study
CTL11 CTL9, AputP This study
CTL12 CTL11, AspeC This study
CTL13 CTL11, AspeF This study
CTL14 CTL11, AspeE This study
CTL15 CTL14, AsthA This study
CTLI16 CTLI15, yjiP::Ppia-pntAB This study
CTL17 CTLI135, yjiP::Ppyiag-ppnK (bsu) This study
CTLI18 CTL16, yadL::P-lysE (cgl) This study
CTL19 CTL16, yadL::Pi,c-argO (eco) This study
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Figure 1 L-citrulline metabolism pathways and key metabolic engineering strategies in BL21(DE3). Green
arrows represent overexpression and integration of associated genes. Red arrows and “X” indicate genes
associated with deletion. gItA: Citrate synthase; icd: Isocitrate dehydrogenase; gdhA: Glutamate
dehydrogenase; argA: Amino acid N-acetyltransferase; argB: Acetylglutamate kinase; argC:
N-acetyl-y-glutamylphosphate reductase; argD: Acetylornithine aminotransferase; argE: Acetylornithine
deacetylase; argl: Ornithine carbamoyltransferase; argG: Argininosuccinate synthase; ArgO: Arginine
transporter (eco); LysE: Arginine transporter (cgl); proB: Glutamate kinase; putP: Proline sodium symporter;

speC: Ornithine decarboxylase; speF: Ornithine decarboxylase; speE: Spermidine synthase; pntAB: Pyridine
nucleotide transhydrogenase; sthA: Pyridine nucleotide transhydrogenase.
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Figure 2

Impact of argG and argR genes knockout on L-citrulline accumulation. A: In the presence of

varying levels of L-arginine (0—1.0 g/L), recombinant strains produce L-citrulline. B: Schematic of
ArgR-inhibiting synthetic pathway genes. C: Recombinant strain CTL2 produces L-citrulline in the presence
of varying levels of L-arginine (0—1.0 g/L). The red “-| ” represents the repression of the genes involved. ND:

Not detected.
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Figure 3 Optimization of the L-citrulline biosynthetic pathway. A: Schematic of the linear and recycling
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the TCA cycle; D: Effect of enhanced precursor L-glutamate synthesis on L-citrulline production.
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signifies that the gene has not been overexpressed. “+” signifies that the gene has been overexpressed.
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Figure 4 Effect of optimizing precursor metabolism on L-citrulline synthesis. A: Schematic representation
of L-proline synthesis; B: Impact of weakening the L-proline synthesis on L-citrulline synthesis; C: Schematic
diagram of L-ornithine metabolism; D: Effect of optimizing precursor L-ornithine metabolism on L-citrulline

synthesis. Red “-I ” signifies the transcriptional suppression of the associated genes. “—” signifies the gene has
not been deleted. “A” signifies the gene has been deleted.
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Figure 5  Effects of enhancing cofactor synthesis on L-citrulline production. A: Schematic of
transhydrogenase regulation; B: Effect of enhanced NADPH synthesis on L-citrulline synthesis and
NADPH/NADP" levels. “~” signifies the gene has not been edited; “+” signifies that the gene has been
overexpressed; “A” signifies the gene has been deleted.
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Figure 6 Effect of enhanced L-citrulline transport system on L-citrulline synthesis and results of fed-batch
fermentation of CTL18 strain. A: Modification of the L-citrulline export system and its impact on L-citrulline

production; B: Fed-batch results of CTL18 in a 3 L bioreactor, sampling was performed every 4 h. “+”
signifies that the gene has been overexpressed; “—” signifies that the gene has not been overexpressed.
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