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Abstract
Here, Corynebacterium glutamicum SNK118 was metabolically engineered for L-orni-
thine production through CRISPR-Cpf1-based genome manipulation and plasmid-based
heterologous overexpression. Genes argF, argR, and ncgl2228 were deleted to block the
degradation of L-ornithine, eliminate the global transcriptional repression, and alleviate
the competitive branch pathway, respectively. Overexpression of CsgapC (NADP-depen-
dent glyceraldehyde 3-phosphate dehydrogenases gene from Clostridium
saccharobutylicum DSM 13864) and BsrocG (NADH-dependent glutamate dehydroge-
nase gene from Bacillus subtilis HB-1) resulted markedly increased ornithine biosynthe-
sis. Eventually, the engineered strain KBJ11 (SNK118ΔargRΔargFΔncgl2228/
pXMJ19-CsgapC-BsrocG) was constructed for L-ornithine overproduction. In fed-batch
fermentation, L-ornithine of 88.26 g/L with productivity of 1.23 g/L/h (over 72 h) and
yield of 0.414 g/g glucose was achieved by strain KBJ11 in a 10-L bioreactor. Our result
represents the highest titer and yield of L-ornithine production by microbial fermentation.
This study suggests that heterologous expression of CsgapC and BsrocG could promote

L-ornithine production by C. glutamicum strains.
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Introduction

L-ornithine, as an intermediate metabolite of urea cycle, is an alkaline non-essential
amino acid with a variety of physiological and biochemical functions. L-ornithine is
beneficial for body recovery from diseases such as trauma, burns, infections, and even
cancer. It also has a therapeutic effect on liver diseases [1] and wound healing [2]. At
present, L-ornithine can be produced by enzymatic hydrolysis of arginine by arginase,
aerobic fermentation by recombinant microorganisms, including E. coli [3], Coryne-
bacterium crenatum [4], and Corynebacterium glutamicum strains [5–8]. In C.
glutamicum, L-glutamate can be converted to L-ornithine through four enzymes encoded
by an operon argCJBD, accompanying 2 mol consumption of NADPH for 1 mol of L-
ornithine [9].

C. glutamicum, an environmentally friendly and non-pathogenic Gram-positive soil
bacteria, has been widely applied in industrial biotechnology processes for producing
various organic acids and amino acids including 2,3-butanediol [10], succinic acid [11,
12], L-valine [13], L-lysine [14, 15], L-isoleucine [16], L-arginine [17–19], and L-
ornithine [7, 8]. With the rapid development of molecular biology and synthetic
biology, CRISPR system quickly became the most popular gene editing tool in the
fields of human biology, agriculture, and microbiology [20–25]. Now, CRISPR-Cpf1
system has emerged as a new and highly efficient gene editing tool in C. glutamicum
[26]. There have been few reports on the application of CRISPR-Cpf1 system in the
metabolic engineering of C. glutamicum.

In recent years, there have been a number of reports on engineering of C. glutamicum
for producing L-ornithine. Jiang et al. developed a C. glutamicum strain, which allowed
24.1-g/L L-ornithine in a 5-L bioreactor by metabolic modulation and adaptive evolution
[6]. Zhang et al. systematically constructed C. glutamicum strain SO1 for L-ornithine
synthesis by inactivation of argF, ncgl1221, argR, putP, ncgl2228, attenuation of 2-
oxoglutarate dehydrogenase, and overexpression of gldH and lysE. Recently, systematic
manipulation of both central metabolic pathways and hexose monophosphate pathway
was adopted by the same group to obtain C. glutamicum strain SO16 for producing
32.3 g/L of -ornithine [8, 27]. Shu et al. combined the approaches of abolishing
competing branch pathways and constructing a linear transacetylation pathway, resulting
in a C. crenatum strain capable of producing 40.4-g/L -ornithine in a 5-L bioreactor [4].
However, the performance of above strains might not meet the requirements of industrial
production. Kim et al. created a -ornithine-producing C. glutamicum strain by
inactivating argF, proB, and argR, enhancing the pentose phosphate pathway, and
overexpressing argCJBD. In fed-batch fermentation, 51.5-g/L ornithine with a yield of
0.24-g/g glucose and productivity of 1.29g/L/h were achieved [7]. In terms of strength-
ening NADPH pool, redirecting the carbon flux towards the pentose phosphate pathway
could lead to a loss of carbon flux due to released carbon dioxide.

C. glutamicum SNK 118 is an industrial L-arginine-producing strain, which has been
engineered for enhanced L-arginine production [19]. In present work, C. glutamicum SNK
118 was metabolically engineered by deleting argF, argR, and ncgl2228 genes using CRISPR-
Cpf1 knockout system, and gene overexpression for improved carbon flux and NADPH
supply. Consequently, a high L-ornithine-producing C. glutamicum strain KBJ11 was con-
structed and evaluated in fed-batch fermentation.
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Materials and Methods

Bacterial Strains and Growth Condition

A high -arginine-producing strain C. glutamicum SNK118 [19] preserved in the laboratory was
used as the initial strain for the production of L-ornithine. Genomic DNA of Clostridium
acetobutylicum 1.7, Clostridium beijerinckii DSM 1739, Clostridium saccharobutylicum DSM
13864, and Bacillus subtilis HB-1 were used as PCR templates. E. coli JM109 and E. coli BL21
(DE3) were used in gene cloning and expression studies. AllClostridium sp. strains were inoculated
inReinforcedClostridialMedium (10.0-g/Lmeat extracts beef, 3.0-g/Lyeast extract, 1.0-g/L soluble
starch, 5.0-g/L, glucose, 10.0-g/L peptone, 3.0-g/L sodium chloride, 0.5 -g/L cysteine hydrochloride,
and 3.0-g/L sodium acetate) at room temperature [28]. For E. coli and B. subtilis strains, Luria-
Bertani (LB) broth was applied, containing appropriate antibiotics for selection. When required,
34 μg/ml of chloramphenicol (Cm) or 50 μg/mL of kanamycin (Km) was added.

C. glutamicum strains were cultivated in brain heart infusion (BHI) medium (18.5-g/L brain
heart infusionwith 91 g/L sorbitol and 0.3 g/L L-His) or BHI plates (18 g/L agar) at 30 °C for genetic
disruption and complementation. When pJYS3 series were to be cured, the C. glutamicum strains
were cultured overnight in kanamycin-free medium at 34 °C [26]. When required, 10 μg/mL of
chloramphenicol (Cm) or 30 μg/mL of kanamycin (Km) was added.

Flask Fermentation

In shake flask fermentation, single clone of the strains was streaked on BHI agar plates for 24 h of
incubation. Subsequently, a colony was inoculated and grown on BHI agar-slant in a test tube at
30 °C for 18 h. Then the culture was transferred into a 250-mL shaker flask containing 30mL of the
seed medium. Each liter of the seed medium consisted of 30-g glucose, 25-g corn steep liquor, 5-g
(NH4)2SO4, 0.8-g carbamide, 0.5-g MgSO4·7H2O, 1.5-g KH2PO4, 0.5-g K2HPO4·3H2O, 0.3-g L-
arginine, 0.3-g L-His, and 50-μg biotin. After 16 h of cultivation at 30 °C and 120 rpm, 2.5 mL of
seed culture was inoculated in a 500-mL shake flask containing 30-mL fermentation medium. Each
liter of the fermentation medium contained 80-g glucose, 20-g corn steep liquor, 40-g (NH4)2SO4,
0.8-g carbamide, 1-gMgSO4·7H2O, 1.5-g KH2PO4, 0.5-g K2HPO4·3H2O, 0.3-g L-arginine, 0.3-g L-
His, 100-μg biotin, 200-μg thiamine, 22.38-mg MnSO4·H2O, 18.3-mg FeSO4·7H2O, and 30-g
CaCO3. The flask fermentation was performed in triplicate at 30 °C and 120 rpm, and 400-μL
samples were collected timely for further analysis. During fermentation, glucose was fed from an
750 g/L of glucose stock solution when the residual glucose titer was below 10 g/L of glucose, and
appropriate amount of NH3·H2O was added to maintain the pH at 6.8–7.0 according to phenol red
indicator. All strains constructed in this work are listed in Table 1.

Fed-Batch Fermentation

Fed-batch fermentation of C. glutamicum KBJ11 was carried out in 10-L bioreactors with 5.5-L
working volume. Each liter of the medium consisted of 80-g glucose, 20-g corn steep liquor, 40-g
(NH4)2SO4, 0.8-g carbamide, 1-g MgSO4·7H2O, 1.5-g KH2PO4, 0.5-g K2HPO4·3H2O, 0.3-g L-
arginine, 0.3-g L-His, 100-μg biotin, 200-μg thiamine, 22.38-mg MnSO4·H2O, 18.3-mg
FeSO4·7H2O, and 10-mg chloramphenicol. The aeration and temperature were maintained at 1–
1.5 vvm and 30 °C, respectively. Dissolved oxygen level was controlled at 20–30% by adjusting the
agitation speed, and the pH was maintained at 6.8 by addition of 15% ammonia solution. When
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OD660 reached 20, 0.8-mM IPTG (final concentration) was added for induction. When the residual
glucose was below 10 g/L, concentrated glucose (750 g/L) was added. Fermentation was performed
in at least three independent experiments.

Enzyme Activity Assay

Glyceraldehyde-3-phosphate dehydrogenase activity was assayed spectrophotometrically by mea-
suring the reduction of NADP (or NAD) at a wavelength of 340 nm and 30 °C [29]. The standard
reaction mixture contained 300 μL of 100-mMTris-HCl (pH 8.5), 60 μL of 10-mMH3PO4, 60 μL
of 10-mM NADP (or NAD), 60 μL of 10-mM glyceraldehyde 3-phosphate, 50-μL β-
mercaptoethanoland, and 70-μL crude extract. Catalytic reaction was initiated by the addition of
cell-free extracts. One unit of glyceraldehyde-3-phosphate dehydrogenase activity was defined as

Table 1 Strains and plasmids used in this study

Strain/plasmid Description Sources

Strains
E. coli JM109 Host strain for cloning Takara
E. coli BL21(DE3) Host strain for expression Takara
SNK118 L-Arginine-producing C. glutamicum mutant strain Industrial
JML04 C. glutamicum SNK118ΔargR This study
KBJ01 SNK118ΔargFΔargR This study
KBJ02 SNK118ΔargRΔargF harboring pXMJ19 This study
KBJ03 SNK118ΔargRΔargF harboring pXMJ19-CbgapC This study
KBJ04 SNK118ΔargRΔargF harboring pXMJ19-CagapC This study
KBJ05 SNK118ΔargRΔargF harboring pXMJ19-CsgapC This study
KBJ06 SNK118ΔargRΔargF harboring pXMJ19-BsrocG This study
KBJ07 SNK118ΔargRΔargFΔncgl2228 This study
KBJ08 SNK118ΔargRΔargFΔncgl2228

harboring pXMJ19
This study

KBJ09 SNK118ΔargRΔargFΔncgl2228 harboring
pXMJ19-CsgapC

This study

KBJ10 SNK118ΔargRΔargFΔncgl2228 harboring
pXMJ19-BsrocG

This study

KBJ11 SNK118ΔargRΔargFΔncgl2228 harboring
pXMJ19-CsgapC-tac-BsrocG

This study

Plasmids
pXMJ19 Cmr, Shuttle vector for expression of proteins

(Ptac, lacIq)
[40]

pXMJ19-CbgapC pXMJ19 carrying CbgapC gene from Clostridium
beijerinckii DSM 173

This study

pXMJ19-CagapC pXMJ19 carrying CagapC gene from Clostridium
acetobutylicum 1.7

This study

pXMJ19-CsgapC pXMJ19 carrying CsgapC gene from Clostridium
saccharobutylicum DSM 13864

This study

pXMJ19-BsrocG pXMJ19 carrying rocG gene from Bacillus
subtilis HB-1

This study

pXMJ19-CsgapC-BsrocG pXMJ19 carrying Clostridium saccharobutylicum
DSM 13864 CsgapC and Bacillus
subtilis HB-1 BsrocG

This study

pJYS3_ΔcrtYf Kanamycin resistance (kanR), shuttle vector [26]
pJYS3_ΔargFΔargR kanR, shuttle vector,harboring ΔargFΔargR

fragment
This study

pJYS3_Δncgl2228 kanR, shuttle vector,harboring Δncgl2228 fragment This study
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the amount of enzyme required for catalyzing the reduction of 1-μmol NAD (or NADP) in 1 min
under the above conditions.

Glutamate dehydrogenase activity was assayed spectrophotometrically as described previ-
ously [30]. The standard reaction mixture contained 580 μL of 55-mM Tris-HCl (pH 7.5)
containing 2% glycerol, 10-mM NaCl, 100-mM NH4Cl, 10-mM α-ketoglutarate, 0.2-mM
NADPH (or NADH), and 20-μL crude extract. Catalytic reaction was initiated by addition of
the cell-free extracts. Enzyme activity was calculated by monitoring the decrease in absorbance
at 340 nm. One unit of glutamate dehydrogenase activity was defined as the amount of enzyme
catalyzing the oxidation of 1-μmol NADH (or NADPH) in 1 min under the above conditions.

Protein concentration was calculated by Bradford method using bovine serum albumin as a
standard. Extinction coefficient of 6220 M−1 cm−1 was used.

Primers, Construction of Plasmids and Strains, and Gene Knockout

All plasmids constructed in this study are listed in Table 1. E. coli/C. glutamicum shuttle plasmid
pXMJ19 was used for gene expression under tac promoter with optimized ribosome binding site
(RBS) in C. glutamicum. CRISPR-Cpf1-assisted genome editing tool was generously provided
by Prof. Sheng Yang [26]. The all-in-one plasmid pJYS3_ΔcrtYf consisting of FnCpf1, CRISPR
RNA, and homologous arms was used for gene deletions inC. glutamicum. Genetic manipulation
for deletion of argF, argR, and ncgl2228 in the genome of C. glutamicum was carried out as
described in previous study. All DNA fragments were amplified by PCR from genomic DNA of
corresponding microorganism with sequence-specific primers. Primer design was performed
using CEDesign V1.04 Software. DNA fragment and vector assembly were performed following
standard procedure of Gibson [31]. Transformation of E. coli and C. glutamicum strains via
electroporationwas carried out following standard procedures [32, 33]. Genotypes of recombinant
strains were determined by PCR and DNA sequencing.

Analytical Procedures

Cell growth was monitored by measuring OD660 using a spectrophotometer (UV-1800PC;
Mapada Instruments, Shanghai, China). Both glucose and glutamate levels were measured
using an SBA-40C biosensor analyzer (Institute of Biology of Shandong Province Academy of
Sciences, Shandong, China).

Amino acid concentrations were analyzed by Hitachi Amino Acid Analyzer (L-8900;
HITACHI, Japan). BBCAs concentrations were determined by an Agilent HPLC (1260;
Agilent Technologies, Germany) following a previous procedure [34]. L-ornithine concentra-
tions were determined by colorimetry using ninhydrin at 515 nm, as described previously [35].
All assays were performed in three individual experiences.

Results and Discussion

C. glutamicum SNK118 Is a Promising Strain for L-Ornithine Production

L-ornithine is a precursor for L-arginine synthesis. C. glutamicum SNK118, an L-arginine
producer with sequenced genome (accession No. PRJNA428026) [19], was used as chassis

959Applied Biochemistry and Biotechnology (2020) 191:955–967



strain for the production of L-ornithine. Gene argF, encoding ornithine carbamoyltransferase,
was deleted to interrupt the degradation of L-ornithine to L-citrulline and L-arginine as shown in
Fig. 1. Also, argR of arg operon, which is close to argF, was inactivated simultaneously for
unnecessary interference. The resulted strain, KBJ01 (SNK118ΔargFΔargR), became an L-
arginine auxotroph, whereas the gene deletions did not affect cell growth owing to seed
medium supplemented with 0.3-g/L L-arginine for cure (Fig. 2a). As a result, the production
of L-ornithine by KBJ01 reached 28.42 g/L after 84 h in shaker-flask, which is 46-fold higher
than that produced by JML04 (SNK118ΔargR) (0.62 g/L) (Fig. 2a), and 1.54-fold of that
produced by an engineered strain originated from C. glutamicum S9114 (18.4 g/L) [36]. Thus,
application of CRISPR-Cpf1 for abolition of argF is effective for L-ornithine accumulation.
Moreover, KBJ01 produced 1.33 g/L of branched chain amino acids (BCAAs) in the fermen-
tation supernatant (Fig. 2b). Therefore, preliminary results suggest that KBJ01 is a potential L-
ornithine-producing strain.

Screening of Glyceraldehyde-3-Phosphate Dehydrogenases for Enhanced NADPH
Supply

Fermentative production of amino acids often requires a large amount of NADPH [37]. The
pathway flux of L-ornithine biosynthesis requires 2 mol of NADPH per mole of L-ornithine
from glucose substrate in C. glutamicum. As reported, substitute of endogenous NAD-
dependent glyceraldehyde 3-phosphate dehydrogenase with NADP-dependent glyceraldehyde
3-phosphate dehydrogenase from Streptococcus mutans improved both NADPH abundance
and L-lysine production in C. glutamicum [38]. Thus, insufficient intracellular NADPH content
has been recognized as a limiting factor in L-ornithine biosynthesis. Here, to enhance NADPH
supply for L-ornithine biosynthesis, additional NADPH supply generated through glycolytic
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pathway of C. glutamicum was attempted, using NADP-dependent glyceraldehyde 3-
phosphate dehydrogenases (GapCs) from different microorganisms. Three gapC genes from
Clostridium acetobutylicum 1.7, Clostridium beijerinckii DSM 1739, and Clostridium
saccharobutylicum DSM 13864 were selected.

Three gapC genes from variousmicrobeswere cloned into shuttle vector pXMJ19 and expressed
with optimized RBS under tac promoter in E. coli BL21 (DE3). Then, activity of recombinant
glyceraldehyde-3-phosphate dehydrogenase in cell extracts was determined as summarized in
Table 2. The recombinant CsgapC exhibited a significantly higher specific activity (5263 mU/mg)
than that of CagapC (2000 mU/mg) at 30 °C, whereas CbgapC showed no catalytic activity. Then,
different recombinant plasmids were introduced into SNK118ΔargFΔargR strain individually to
evaluate their roles in providing an alternative source ofNADPH. It has been reported that functional
expression of CagapC, which encodes NADP-dependent glyceraldehyde-3-phosphate dehydroge-
nase, resulted in greater availability of NADPH in C. glutamicum [9]. Nevertheless, only CsgapC
displayed an enzymatic activity of 74 mU/mg (Table 2) in the presence of glyceraldehyde-3-
phosphate and NADP as substrates. It is speculated that differences in species may lead to the
discrepancy. These results suggest that heterologous expression of CsgapC gene could render an
alternative source of NADPH.

0 10 20 30 40 50 60 70 80 90
0

10

20

30

40

50

60

L
-O

rn
it

h
in

e 
(g

/L
)

Fermentation time (h)

Growth

JML04

KBJ01

KBJ07

(a)

0

10

20

30

40

50

60
L-Orn

G
ro

w
th

 (
O

D
6

6
0
)

0 10 20 30 40 50 60 70 80 90
0

10

20

30

40

50

60

Fermentation time (h)

L
-O

rn
it

h
in

e 
(g

/L
) 

L-Orn

(c) (d)

0

10

20

30

40

50

60
G

ro
w

th
 (

O
D

6
6

0
)

  Growth

KBJ02

KBJ05

KBJ06

0 10 20 30 40 50 60 70 80 90
0

10

20

30

40

50

60

Fermentation time (h)

L
-O

rn
it

h
in

e 
(g

/L
) 

L-Orn

0

10

20

30

40

50

60

G
ro

w
th

 (
O

D
6

6
0
)

Growth

KBJ08

KBJ09

KBJ10

KBJ11

0.0

0.1

0.2

0.3

0.4

0.5

0.6
(b)

T
it

er
 (

g
/L

)

KBJ07KBJ01

T
it

er
 (

g
/L

)

Val

Ile

Leu

JML04

C. glutamicum strains

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Fig. 2 L-ornithine production by recombinant C. glutamicum strains. Time course of cell growth and L-ornithine
production by JML04, KBJ01, KBJ07 (a); KBJ02, KBJ05, KBJ06 (c); KBJ08, KBJ09, KBJ10, KBJ11 (d); and
BCAAs byproducts produced by JML04, KBJ01, KBJ07 (b)

961Applied Biochemistry and Biotechnology (2020) 191:955–967



Expression of rocG for Reduced NADPH Consumption

In previous report, mining natural NADH-utilizing dehydrogenases enabled improved lysine
synthesis in C. glutamicum [14]. Glutamate dehydrogenase from C. glutamicum preferably
utilizes NADPH as cofactor. Overexpression of rocG from Bacillus subtilis, which encodes a
NADH-dependent glutamate dehydrogenase, could improve the production of L-ornithine to
14.8 g/L in C. glutamicum strain [9]. Furthermore, to reduce the consumption of NADPH,
BsrocG was introduced into strain KBJ02 (SNK118ΔargFΔargR/pXMJ19) to allow NADH
consumption and NADPH accumulation for L-ornithine synthesis (Fig. 1). As shown in Table 2,
the specific activities of recombinant BsrocG was determined to be 152 mU/mg using ammonia,
NADH, and 2-ketoglutarate as substrates in strain KBJ02, while no activity was detected with
NADPH as cofactor. Consistent with previous report [9], BsrocG was functionally expressed in
KBJ02, which could have positive effect on enhancing NADPH level.

Expression of CsgapC or BsrocG for Improved L-Ornithine Synthesis

To evaluate the function of CsgapC and BsrocG on L-ornithine production by strain KBJ01, flask
fermentation using strains KBJ05 (KBJ01/pXMJ19-CsgapC) andKBJ06 (KBJ01/pXMJ19-BsrocG)
was performed. Empty plasmid pXMJ19was introduced intoKBJ01 to constructKBJ02 as a control.
As a result, the accumulation of L-ornithine by KBJ05 and KBJ06 reached 34.75 g/L and 32.93 g/L
respectively after 84 h of cultivation, which was 28.8% and 22.1% higher than that (26.98 g/L)
obtained with KBJ02 (Table 3), presumably due to improved NADPH supply. Considering the
possible influence of recombinant plasmids, cell growth, and ornithine biosynthesis of stains (KBJ02,
KBJ05, and KBJ06) was evaluated in flask fermentation. In fact, no difference was observed in the
growth of these strains (Fig. 2c). It has been reported that replacing NAD-utilizing glyceraldehyde 3-
phosphate dehydrogenase from E. coli with NADP-utilizing enzyme from C. acetobutylicum could
facilitate NADPH-dependent pathways and resulted in a significantly higher productivity [39].
Notably, recombinant expression ofCsgapC replenished novel targets for promoting the biosynthesis
of NADPH-dependent metabolites. Besides, compared with enhancing oxidative pentose phosphate
pathway [7, 8], this approach is not accompanied by a loss of carbon flux.

Reducing BCAAs Transportation Exerts a Positive Effect on L-Ornithine Synthesis

Obviously, byproducts of branched chain amino acids are disadvantageous for ornithine
production in C. glutamicum since they could compete the common precursor pyruvate. In

Table 2 Specific activities of recombinant GapCs and RocG in E. coli and C. glutamicum

Strain Enzyme activity (mU/mg)

CaGapC CsGapC BsRocG

NAD+ NADP+ NAD+ NADP+ NADH NADPH

E. coli < 5 2000 ± 100 < 5 5263 ± 300 2108 ± 150 < 5
KBJ02 < 5 < 5 < 5 74 ± 3 152 ± 8 <5

Cells were collected after 60 h of fermentation at 30 °C. Enzyme activities were measured as described in the
“Materials and Methods.” SDs were calculated based on three biologically independent experiments
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C. glutamicum, gene ncgl2228 encodes a branched-chain amino acid permease. Attenuation of
ncgl2228 in C. glutamicum S9114 resulted in enhanced biosynthesis of L-ornithine [27].
Considering the unwanted accumulation of BCAAs (mainly L-valine, L-isoleucine, and L-
leucine), strain KBJ07 (SNK118ΔargRΔargFΔncgl2228) was constructed by deleting
ncgl2228 in KBJ01. As expected, KBJ07 allowed production of 30.46 g/L L-ornithine with
a yield of 0.26 g/g glucose after 84 h, which is 7.9% and 7% higher than that of the control
strain KBJ01 (SNK118ΔargFΔargR) (Table 3), respectively. Meanwhile, the accumulations
of L-valine, L-isoleucine, and L-leucine were decreased from 0.34, 0.44, and 0.55 g/L to 0.21,
0.02, and 0.01 g/L (Fig. 2b). Compared with KBJ01, strain KBJ07 exhibited a slightly lower L-
ornithine production before 60 h, whereas 7.9% higher L-ornithine titer at 84 h (Fig. 2a).
Additionally, there was no appreciable difference on cell growth and glucose consumption
(data not shown) between two strains. Therefore, removing permease of BCAAs could
positively affect the carbon fluxes balance as well as L-ornithine production.

Effect of Gene Overexpression and Deletions on L-Ornithine Synthesis

Above results demonstrated that ncgl2228 deletion and heterologous expression of CsgapC or
BsrocG were favorable to L-ornithine production by C. glutamicum. Hence, KBJ09
( S N K 1 1 8 Δ a r g R Δ a r g FΔ n c g l 2 2 2 8 / p X M J 1 9 - C s g a p C ) , K B J 1 0
( S N K 1 1 8Δ a r g RΔ a r g FΔ n c g l 2 2 2 8 / p XM J 1 9 - B s r o c G ) , a n d K B J 1 1
(SNK118ΔargRΔargFΔncgl2228/pXMJ19-CsgapC-tac-BsrocG) were constructed. After fermen-
tation in shake flasks for 84 h, strain KBJ11 allowed the highest L-ornithine titer of 35.85 g/L with a
yield of 0.28-g/g glucose (Table 3), which was improved appreciably compared with those of
KBJ08 (30.34 g/L and 0.249 g/g). Meanwhile, KBJ09 and KBJ10 could produce 34.52- and 35.01-
g/L L-ornithine with yields of 0.27 and 0.278 g/g glucose, respectively. Also the growth curves and
glucose consumption (data is not displayed)were similar among strainsKBJ08,KBJ09,KBJ10, and
KBJ11 (Fig. 2d), suggesting that heterologous gene expression did not affect cell growth of
C. glutamicum.

Table 3 L-ornithine production by engineered C. glutamicum strains

Strains Overexpression Deletion Ornithine titer (g/L) Yield (g/g glucose)

CsgapC BsrocG argR argF ncgl2228

JML04 − − + − − 0.62 ± 0.05 0.010 ± 0.001
KBJ01 − − + + − 28.24 ± 2.10 0.240 ± 0.031
KBJ02 − − + + − 26.98 ± 3.10 0.237 ± 0.025
KBJ05 + − + + − 34.75 ± 1.97 0.274 ± 0.030
KBJ06 − + + + − 32.93 ± 2.56 0.271 ± 0.009
KBJ07 − − + + + 30.46 ± 2.05 0.260 ± 0.017
KBJ08 − − + + + 30.34 ± 2.98 0.249 ± 0.038
KBJ09 + − + + + 34.52 ± 3.08 0.270 ± 0.031
KBJ10 − + + + + 35.01 ± 2.76 0.278 ± 0.022
KBJ11 + + + + + 35.85 ± 3.05 0.280 ± 0.034
KBJ11* + + + + + 88.26 ± 2.04 0.414 ± 0.025

+ indicates modification; − indicates no modification

KBJ02 and KBJ08 were used as control (harboring plasmid pXMJ19)

KBJ11* was cultivated in a 10-L bioreactor. All other strains were cultivated in 500-mL shake flasks

Data represent mean values and standard deviations based on three independent experiments
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Above results showed that strain KBJ11 was capable of efficient synthesis of L-ornithine,
demonstrating that these modification strategies have positive and synergistic effects on strength-
ening L-ornithine production of C. glutamicum, which is discrepant with the negligible effect of
simultaneous expression of gapC and rocG on L-ornithine production in previous report [9].
Overexpression of CsgapC-encoding NADP-utilizing glyceraldehyde-3-phosphate dehydrogenase
could drive more metabolic flux of carbon into glycolytic pathway along with improved NADPH
pool, thereby producingmore precursors such as pyruvate. Also, obstruction of competitive pathway
(ncgl2228) might be a thrift of energy and precursors for L-ornithine synthesis. Besides, BsrocG-
encoding NAD-utilizing glutamate dehydrogenase was overexpressed under a strong tac promoter
for increased internal glutamate and NADPH levels. Notably, the -ornithine titer produced by strain
KBJ11 was 27% higher than that of KBJ01 (SNK118ΔargFΔargR).

Fed-Batch Fermentation Using Engineered C. glutamicum Strain KBJ11 in a 10-L
Bioreactor

To further investigate the performance of strain KBJ11, fed-batch fermentation in a 10-L
bioreactor was carried out (Fig. 3). Initial accumulation of L-ornithine (3.7 g/L) was observed
at 8 h. Then, a rapid increase in L-ornithine production occurred in the next 30 h along with fast
cell growth. Notably, the highest L-ornithine concentration of 88.26 g/L was reached after 72 h
of fermentation, which was about 2.5 times as much as that in flask fermentation. L-ornithine
yield of 0.414-g/g glucose and volumetric productivity of 1.23 g/L/h were achieved by KBJ11
during fed-batch fermentation in a 10-L bioreactor. Kim et al. reported a high L-ornithine
production of 51.5 g/L in fed-batch fermentation in a 6.6-L fermenter, in which yield of 0.24-g/
g glucose and productivity of 1.29 g/L/h were attained [7]. Compared with this study, the
lower L-ornithine yield (0.24 g/g) could be largely due to a loss of carbon flux towards pentose
phosphate pathway. In this study, the maximum OD660 value reached 63.7 at 68 h without
delay in cell growth. Moreover, BCAAs and other amino acids were not detected, which was
undoubtedly beneficial for enhanced L-ornithine biosynthesis. The results demonstrate the
great potential of the engineered strain KBJ11 in industrial L-ornithine production.

In future study, other genetic modification and process control strategies, such as replacing
native promoter of glucose uptake genes and ornithine transporter genes with strong promoters
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Fig. 3 Fed-batch fermentation of C. glutamicum KBJ11 for L-ornithine production in a 10-L bioreactor
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(like EF-Tu, sod), as well as pH and dissolved oxygen regulations should be investigated to
further improve the L-ornithine production.

Conclusions

Here, an efficient ornithine-producing C. glutamicum strain KBJ11was constructed. Genes
argF, argR, and ncgl2228 were deleted to cut off the conversion of ornithine to citrulline,
block the global transcriptional repressor, and eliminate competitive branch pathway. Besides,
co-overexpression of CsgapC and BsrocG rendered enhanced ornithine synthesis. In a 10-L
bioreactor, L-ornithine of 88.26 g/L and yield of 0.414-g/g glucose were achieved by strain
KBJ11. The titer and yield of L-ornithine present the highest levels in microbial fermentation.
C. glutamicum SNK118 is a promising industrial strain that could be metabolically engineered
for producing L-arginine, L-ornithine, and other amino acids.
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