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Abstract—A pNS-cat72 vector was constructed based on the replicative vector pNS2 and reporter gene cat of
Tn9 transposone, which encodes chloramphenicol acetyltransferase, in order to clone various gene promoters
and to assess their chloramphenicol resistance in Corynebacterium glutamicum strains. The strength of pro-
moters of various genes in the Corynebacterium glutamicum strain GEN1-2 (lysCA279T, S317A), which contains
aspartokinase (which is resistant to lysine) and threonine feedback inhibition were studied using this vector.
It was found that promoters of the genes eftu, sod, cspB and leuC provide higher level of chloramphenicol
resistance than promoters of the genes lysC, pyc, tkt, fbp, which are involved in the control of lysine biosyn-
thesis. It was shown that replacement of the natural promotor ddh by the promotor sod increases the level of
transcription almost by ten times, whereas the diaminopimelate dehydrogenase activity is increases by three
to four times, which results in a 9% enhancement in lysine production. The investigated set of promoters with
different strengths is a necessary tool for the optimization of gene activities and the construction of metabo-
lite-producing strains.
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INTRODUCTION
Corynebacterium glutamicum has been widely used

in industrial biotechnology for over 50 years in the
production of amino acids—glutamate, lysine, argi-
nine, alanine, isoleucine, methionine, serine, and
valine. In recent years, the biosynthesis of new prod-
ucts—α,ω-amino acids, α,ω-diamines, α-keto acids,
isobutanol, carotenoids, and terpenes has been carried
out with these bacteria [1].Industrial production is
based on the microbial fermentation of sugars with the
use of mutant C. glutamicum strains. Various breeding
and genetic approaches, including mutagenesis and
targeted design of strains via genetic and metabolic
engineering, are used to obtain producer strains. One
widely used approach for the design of producer
strains involves alteration of the expression of some
important genes via the replacement of their promot-
ers with stronger ones. To date, more than 50 promot-
ers of C. glutamicum have been described, but only the
promoters of the genes tuf (eftu), sod and cspB were
defined as strong and used to improve the expression

level of the relevant genes [2–5]. At the same time, it
should be noted that, in addition to an increase in the
activity of certain genes, the provision of a coordinated
activity level of different enzymes is required for the
development of highly productive strains. This objec-
tive can be achieved with the use of promoters of dif-
ferent strengths.

The goal of this work was to test experimentally the
strength of several promoters of C. glutamicum (by cell
resistance to chloramphenicol) for their further use in
effecting an increase in lysine production.

EXPERIMENTAL

Bacterial strains and conditions of culturing. The
bacterial strains and plasmids are listed in Table 1.
The C. glutamicum strains GEN1-2, GEN2-1, and
GEN4-28 and derivative strains of the C. glutamicum
strain ATCC13032 were obtained via replacement of
the native allele of the genes lysC, hom, and leuC with
mutant alleles lysCA279TS317A, homV59A, and leuCG456O

by homologous recombination [6].
The plasmid pNS-cat72, which contained the

reporter gene cat for chloramphenicol resistance with-
out the promoter region and start codon (in addition

Abbreviations: DAPD, diaminopimelate dehydrogenase; CM,
culture medium; OD, optical density; PCR, polymerase chain
reaction; LB medium, Luria-Bertani medium; kb, kilobase;
NADPH, reduced form of nicotinamide adenine dinucleotide
phosphate.
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to standard structural elements), was constructed to
assess the strength of promoters (Fig. 1).

The pNS-cat72 plasmid is a derivative of the repli-
cative vector pNS2 [7], which comprises the cat gene
of Tn9 transposon. It is cloned in the form of BamHI–
SacI fragment as a reporter gene. The resulting vector
pNS-cat72 (8.87 kb) contains unique sites SalI and
BamHI before the reporter gene cat, which can be used
for cloning different promoter sequences from the
genome of C. glutamicum.

Derivatives of the pNS-cat72 plasmid with differ-
ent promoters were obtained by cloning the PCR frag-
ments of BamHI–SacI, which wre obtained with the
use of the primers and template given in Table 1 and 2.

E.coli strains were cultured on LB medium (Difco)
at 37°C. If necessary, antibiotics were added to the
medium: kanamycin (Synthesis, Russia) to a concen-
tration of 50 μg/mL, ampicillin (Synthesis)—μg/mL,
and chloramphenicol (Synthesis)—μg/mL. The
C. glutamicum strains were cultured on 2×LB medium
with 1% maltose at 30°C. For the transformation of
C. glutamicum, BHIS medium of the following com-
position was used: 37 g/L brain heart infusion (BHI,
Difco), 95 g/L sorbitol supplemented with 15 g/L
Bacto agar to obtain a solid medium. Selection of the
transformants was carried out by the addition of kana-
mycin to a concentration of 17 μg/mL.

Evaluation of the promoter strength in the C. glu-
tamicum cells GEN1-2 was performed by the level of
resistance to increasing chloramphenicol concentra-

tions. For this purpose, overnight cultures of strains
containing the plasmid with chloramphenicol resis-
tance gene under the control of different promoters in
different dilutions were applied to plates with different
concentrations of chloramphenicol (2 μg/mL, 4, 6, 8,
10, 12, 14, 20 and 25 μg/mL) by a replicator. The cul-
ture of the C. glutamicum strain GEN1-2 (pNS-cat72),
which contained a plasmid with the reporter gene cat
without a promoter, was used as a control. The culture
growth was evaluated after incubation of the plates for
2 days at 30°C.

Genetic engineering techniques. Isolation of the
plasmids and E. coli transformation were carried out
according to standard procedures [8]. DNA restriction
and ligation was carried out under the conditions rec-
ommended by the manufacturer (Thermo Scientific).
Amplification was performed with a Master-cycler
Gradient (Eppendorf) under the following conditions:
94°C for 30 s; 53°C for 30 s; 68°C for 1–2 min;
25 cycles. Amplification was performed with a mixture
of polymerases Pfu (no. EP0502) and Taq
(no. EP0404) (Fermentas, Lithuania) in the ratio of
1 : 9. Chromosomal DNA from C. glutamicum strains
was isolated according to the method described in [9].

The preparation of competent C. glutamicum cul-
ture and electroporation was performed according to
the method of Van der Rest et al. [10]. The electropo-
ration conditions were the following: 2500 V, 25 μF,
200 Ohm. The duration of the electric impulse was
4.5–5.5 ms depending on the cell properties and DNA
purity. The transformation frequency of C. glutamicum

Table 1. Strains and plasmids used in the study
Strains, plasmids Characteristics Source

C. glutamicum АТCC13032 Wild type VKPM* (GosNIIgenetika)
Brevibacterium flavum АТСС14067 Wild type VKPM
B. lactofermentum AТСС13869 Wild type DSM, Germany
B. lactofermentum В-10945 Lysin-producing VKPM
E. coli XLI Blue supE44hsdR17recA1endA1 gyrA96 thi relA1 lac–

F’[proAB+lacIglacZΔM15Tn10]

VKPM

С. glutamicum GEN1-2 C. glutamicum АТCC13032 (lysCA279TS317A) Present study
С. glutamicum GEN2-1 C. glutamicum АТCC13032 (lysCA279TS317A, homV59A) Same
С. glutamicum GEN4-28 C. glutamicum АТCC13032 (lysCA279TS317A, homV59A, 

leuCG456D)

''

Bacillus subtilis 168 Wild type VKPM
pNS2 8.05 kb ApR KmR E.coli-C. glutamicum vector Rostova et al., 1993 [7]
pACYC184 4.2 kb CmR TcR GenBank/EMBL Acces- 

sion Number: X06403
pNS-cat72 8.87 kb ApR KmR, obtained from pNS2, cat of 

pACYC184
Present study

pIKA-sac13 pUC19 + KmR of pUC4K+ sacB of B. subtilis 168 Present study
pIKA-sod-ddh pIKA-sac13 + (psod-ddh) ''
pIKA-leu-ddh pIKA-sac13 + (pleu-ddh) ''
pIKA-2хddh pIKA-sac13 +2хddh ''
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Fig. 1. pNS-cat72 plasmid map for promoter strength
assessment. Start codon and promoter region are absent
before the structural part of the cat gene. Ap and Km—the
genes of ampicillin and kanamycin resistance, cat—the
chloramphenicol resistance gene.

pNS-cat72
8866 bp
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SphI (244)

SphI (4375)
PstI(5621)

PstI(4381)

SalI(5623)
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XbaI(2853)
BamHI(5635)

SacI(6463)

Km

cells ATSS13032 was 1 × 104 transformants/μg of
DNA of the pNS2 plasmid and 1 × 10–2 transfor-
mants/μg of DNA of the plasmid based on the vector
pIKA-sac13.

Measurement of the ddh gene expression level by
real-time PCR. To isolate bacterial total RNA, the
cells from 50 mL of grown culture of C. glutamicum
with an optical density OD600 = 15–25 were pelleted
at 4000 rpm in an Eppendorf 5810R centrifuge for 10 min
at 4°C. The supernatant was removed, and 100 μL of
precipitate was resuspended in 0.8 mL of TRIzol
reagent (Invitrogen, United States) supplemented
with 0.1 g of glass beads of 0.1 mm. The mixture was
homogenized with a high speed vortex (Heidolph,
Germany) for 5 min. Further isolation was per-
formed according to the TRIzol reagent manufactur-
erХs protocol. After RNA extraction the samples
were treated with DNase I (ThermoScientific) for
30 min to remove DNA.

Reverse transcription was performed with a MMLV
RT kit (Evrogen, Russia) according to the attached
instructions using a random decanucleotide primer.
The resulting cDNA may be stored at –20°C for
1 month.

PCR was performed on a ABI 7500 PCR System
Fast device (Applied Biosystems, United States) with
a HS Taq DNA polymerase reagent kit (Evrogen). The
conditions of cDNA fragment amplification were the
following: 95°C, 2 min for the first cycle; 94°C, 10 s
and 60°C, 60 s for 40 cycles. PCR was performed with
the following primers and probes:

the endogenous control gene 16SС16S-FJ, CAG-
CAGTGGGGAATATTG, 16S-RJ, GTGCTTCTT-
CTCCAGGTA, 16S-FAM, FAM- CGTCACCATA-
AGGCTTCGTCC-BHQ-1;

the ddh geneСDdh-FJ, CGTGGAATACATCCT-
CAA, Ddh-RJ, CAGGTATGGAGCAACTTC, Ddh-
FAM, FAM-TCACCGCTTCCTCACAGATCGBHQ-1.

Analysis of the expression level was carried out with
SDS 1.4 software according to the ddCt method.

Determination of the diaminopimelate dehydroge-
nase (DAPD) activity was carried out with cell-free
extracts according to the protocol [11]. The specific
activity of DAPD was expressed as nmol of NADPH
generated for 1 min under the treatment with 1 mg of
the enzyme preparation.

RESULTS AND DISCUSSION
Construction of pNS-cat72 Plasmid Derivatives 
Containing Different C. glutamicum Promoters

For a comparative evaluation of promoter strength,
derivatives of the pNS-cat72 plasmid containing the
reporter gene cat under the control of different pro-
moters were constructed. In total, ten promoters were
used for this purpose, including promoters of the
genes eftu (elongation factor thermo unstable), sod
(superoxide dismutase), lysC (aspartokinase), pyc
(pyruvate carboxylase), tkt (transketolase), fbp (fruc-
tose-1,6-bisphosphatase), leuC Cgl1315 (3-isopropyl-
malate dehydratase large subunit), Cgl0284 (Acyl-CoA
synthetases (AMP-forming)/AMP-acid ligases II),
Cgl2628 (periplasmic component, ABC-type trans-
porter), and cspB (PS2, S-layer protein) (Table 3).
Natural strains of C. glutamicum ATSS13032 (promot-
ers of the genes tkt, Cgl0284, fbp, Cgl2628, pyc, lysC,
sod, Cgl1315-leuC, eftu), B. flavum ATSS14067 (cspB
gene promoter), and lysine-producing B. lactofermen-
tum VKPM B-10945 (promoters of the genes cspB and
lysC) were used as sources of promoters.

The structure of fragments containing different pro-
moters was identical in all cases (Fig. 2). To obtain them
the primers complementary to 5Х and 3Х ends of pro-
moter regions were used, while SalGI and EcoRV sites
were included in the primer composition at the 5Х end
and AgeI and BamHI sites were included at the 3Х end.
The promoter regions contained a start codon typical
for each promoter, which was before the site AgeI and
coincided with the reading frame of the gene cat from
the vector pNS-cat72. The exception was the promoter
of the eftu gene, the start codon of which, GTG, was
replaced with ATG. As a result of this construction, the
Cat protein additionally contained four amino acids at
the N-terminus, ThrGlyGlySer, encoded by the
sequences of BamHI and AgeI sites (see Fig. 2).

A total of 13 plasmids containing different promot-
ers from three strains were constructed (see Table 3).
Additional sequencing with primers Km20seqforw
and catseqrev (see Table 2) confirmed the structure of
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Table 2. Site-specific primers used in the study

Restriction sites are marked in italics in the sequences.

Primer Gene Primer sequence

1 2 3

catforw cat GGGGATCCGAGAAAAAAATCACTGGATATACCACCG
catrev cat GCGAGCTCCGGTAAACCAGCAATAGACATAAGCGGC
pcspBforw cspB CGGTCGACGATATCCTGTGAATTAGCTGATTTAGT
pcspBrev cspB CCGGATCCACCGGTCATAGAGGCGAAGGCTCCTTG
Km20seqforw Km CTACCTTCTTCACGAGGCAGACCTC
catseqrev cat GCATGTTCTTTACGATGCCATTGGG
sodforw sod GGGTCGACGATATCTAGCTGCCAATTATTCCGGG
sodrev sod GCGGATCCACCGGTCATGGGTAAAAAATCCTTTCGTAGG
eftuforw eftu GGGTCGACGATATCTGGCCGTTACCCTGCGAATG
efturev eftu CGGGATCCACCGGTCATTGTATGTCCTCCTGGACTTC
plysCforw lysC GGGTCGACGATATCATTGTTAATGCCGATGCTAGG
plysCrev lysC CGGGATCCACCGGTCACCTTTGTGCACCTTTCGATC
prpycforw pyc GTGTCGACСATATCGTTAAACTTGGCCAAATGTG
prpycrev pyc TCGGATCCACCGGTCACTAGAGTAATTATTCCTTTCAAC
prtktforw tkt GGGTCGACGATATCGACGCTTGATTGGCGGACGG
prtktrev tkt TCGGATCCACCGGTCAATCCTTCCTGGGTTAAACCGGG
prfbpforw fbp GGGTCGACGATATCTCAGCCACCCGCCTAGTATG
prfbprev fbp GCGGATCCACCGGTCATCTGAAGGGCCTCCTGGG
pr1315forw leuC CCGTCGACCATATCGTCCCATACCTTGAATTTAGC
pr1315rev leuC CCGGATCCACCGGTCATGGAACTCACCGTCCTTTA
pr0284forw Cgl0284 GCGTCGACCATATCGATCCACAAAGGTGCAGCTAAG
pr0284rev Cgl0284 CGGGATCCACCGGTCATTCTCCTTTGTGCTTTAGATC
pr2628forw Cgl2628 GGGTCGACGATATCTGTAGGCGTTGGACACTGTG
pr2628rev Cgl2628 TCGGATCCACCGGTCATACCTGCCATTATATGCTTATTG
Р5 ddh CGATTAGAGCTCTGAACGGCAACGGATCAAAA
P6 ddh TTTCTAGAATTATTTTCTAGATTCCTCTTGGTCCAGCGAAG
P7 ddh TTTCTAGAATTATTTTCTAGATGAACGGCAACGGATCAAAAA
P8 ddh GTCACTGTCGACTTCCTCTTGGTCCAGCGAAG
F-up-ddh ddh GTCGACTGTTCTTGTAATCCTCCAAAATTGTGGTGG
R-up-ddh ddh TCTAGATCGCTCAAGGCTGCTGCTGACCTGGTCA
Fddh-2787716 ddh AGGACGGTGAGTTCCATGACCAACATCCGCGTAGCTATC
Fddh ddh AATCCAGATTTTTGTCACGCCTGTCT
Rddh ddh ACCGCGCATCATTCCAATGCTGATCC
R-sod-ddh sod-ddh CGCGGATGTTGGTCATGGGTAAAAAATCCTTTCGTAGG
R-leuC-pr leuC-ddh CGCGGATGTTGGTCATGGAACTCACCGTCCTTTA
RleuC-456 leuC CCAGGTGGGTGCGGTCTCCTGGTCCTTGGCGTCCT
FleuC-456 leuC CAACCGAAACTTCGAAGGACGCCAAGGACCAGGAGACCGCACCCACC
FleuC-1381281 leuC TTTGGATCCTGCCAACCGACGAAGGCGCAACCTTT
FleuC-1381301 leuC TTTGGATCCACCTTTGACAAGGTCGTAGAAATCGAT
RleuC-1382350 leuC TTTGGATCCACGTCGCCTGCGGTGACGATCTGCTT
RleuC-1382324 leuC TTTGGATCCTTCCAGGTTCACGGTCAGTTCGAG
F leu-mut leuC CCGAAACTTCGAAGGACGCCAAGGACCAGGAGA

all constructed plasmids except the plasmid contain-
ing the promoter region of the cspB gene from Brevi-
bacterium B-10945. Along with the plasmid pcsp44cat,
which had the expected structure, a variant of this
plasmid that contained a substitution of the triplet

GGT to AGT, which resulted in the inactivation of the
AgeI site, was found. This replacement was localized
out of the promoter region immediately after the start
codon. The plasmid with this replacement was speci-
fied as pcsp*40cat.
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Assessment of Promoter Strength in the C. glutamicum 
Strain GEN1-2 Cells by the Level of Resistance
to Increasing Chloramphenicol Concentrations

The C. glutamicum strain GEN1-2, the aspartoki-
nase of which is insensitive to feedback inhibition by
lysine and threonine, served as a comparison strain for
the assessment of promoter strength. Plasmids con-
taining the cat gene under the control of different pro-
moters were introduced into this strain (GEN1-2
(lysCA279TS317A)). The clones that received the plasmids
were maintained on LB medium supplemented with
kanamycin (17 μg/mL). The evaluation assessment of
promoter strength in the C. glutamicum GEN1-2
strains containing different plasmids was carried out
by the level of resistance to increasing chlorampheni-
col concentrations as described in Experimental. The
experimental results are represented in Fig. 3.

The tested promoters can be arranged in the follow-
ing order by level of chloramphenicol resistance (from
weak to strong): tkt—Cgl0284—fbp—Cgl2628—
lysC(B10945)—cspB(ATCC14067)—pyc – cspB(B-
10945)—lysC(ATCC13032)—sod—leuC(Cgl1315)—

cspB*(B-10945)—eftu(tuf) (see Table 3). The highest
level of resistance (up to 20 μg/mL) was provided by the
eftu gene promoter.The promoters of the genes sod and
leuC were attributed to the group of strong promoters (a
resistance level of 12–14 μg/mL). Our results on the
strength of the promoters tuf (eftu) and sod coincide
with the data obtained previously [3]; this indicates the
adequacy of the used system.

A high resistance level (20 μg/mL) was also pro-
vided by the plasmid pcsp*40cat, which contained a
point replacement in the fragment cloned from the
promoter region, at the beginning of the cat gene. It is
known that the level of gene expression is determined
not only by the strength of the promoter but also by the
structure of surrounding sequences [11].

Comparative analysis of the promoter strength also
showed that the promoters of the genes lysC, fbp and
pyc, which are involved in the control of lysine biosyn-
thesis, are weak (the level of chloramphenicol resis-
tance 2–4 μg/mL) and can serve as targets for intensifi-
cation of gene functioning during the design of lysine-
producing strains.

Table 3. Assessment of C. glutamicum promoter strength in cells of the GEN1-2 strain (lysCA279TS317A)

The strength of promoters has the following correspondence with chloramphenicol resistance of the cells: ±—antibiotic resistance at a
concentration up to 2 μg/mL; +—up to 4 μg/mL; ++—8 μg/mL; +++—10 μg/mL; ++++—12 μg/mL; +++++—14 μg/mL;
++++++—20 μg/mL.

Plasmid Promoter Strength of promoter Source of promoter

pNS-cat72 – – Promoter is absent
ptktcat1 tkt ± From strain ATCC13032
p0284cat6 Сgl0284 ± From strain ATCC13032
pfbpcat1 fbp ± From strain ATCC13032
p2628cat1 Сgl2628 + From strain ATCC13032
plysCcat57 lysC + From strain B-10945
pcsp1cat cspB + From strain ATCC14067
ppyccat3 pyc ++ From strain ATCC13032
pcsp44cat cspB ++ From strain B-10945
plysCcat3 lysC +++ From strain ATCC13032
psodcat5 sod ++++ From strain ATCC13032
p1315cat72 Сgl1315(leuC) +++++ From strain ATCC13032
рcsp*40cat cspB ++++++ From strain B-10945
peftucat5 eftu ++++++ From strain ATCC13032

Fig. 2. Structure of DNA fragment containing promoter region in the plasmid pNS-cat72. SalGI, RV, AgeI and BamHI—restric-
tion sites of corresponding endonucleases; start codon is indicated by *. 

RVSalG1
GTCGACGATATC *

AgeI BamHI
ACCGTGGATCC
Thr Gly Gly Ser

cat

DNA fragment with promoter
of ampicillin and kanamycin resistance, 

cat − the chloramphenicol resistance gene



APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vol. 52  No. 7  2016

ASSESSMENT OF EFFECTIVENESS OF Corynebacterium glutamicum PROMOTERS 697

Enhanced Lysine Production 
via Increased ddh Expression

It is known that a change in the expression level of
the genes controlling the limiting stages of lysine syn-
thesis increases the production of amino acid by C. glu-
tamicum cells [12]. The ddh gene, which controls the
formation of diaminopimelate dehydrogenase (which
catalyzes the synthesis of D,L-2,6-diaminopimelate, a
key intermediate metabolite in the synthesis of lysine),
was chosen as a target for lysine production enhance-
ment. The derivatives of the strain C. glutamicum
GEN2-1 (lysCA279TS317A, homV59A), which contained
either two copies of the ddh gene under the control of its
own promoter or the ddh gene under the control of a
strong promoter of the sod gene, were constructed with
genetic engineering techniques. Such strains were
obtained with the use of the plasmids pIKA-sod-ddh
and pIKA-2-ddh, which led to substitution of the native
gene by sod-ddh or 2×ddh by homologous recombina-
tion (see Experimental). The ddh transcription level in
the obtained strains was investigated by real-time PCR
(Fig. 4).

It was found that the level of ddh gene transcription
in the strain with gene duplication, GEN2-1 (2×ddh),
was two times higher than the gene transcription level

of the starting strain, GEN2-1. The substitution of its
own promoter with the strong promoter of the sod
gene resulted in a significant (almost tenfold) increase
in the level of the ddh gene transcription.

The level of the diaminopimelate dehydrogenase
activity in the constructed strains was also signifi-
cantly increased (Table 4). The enzyme activity in the

Fig. 3. Assessment of promoter strength in C. glutamicum strain GEN1-2 (lysCA279TS317A), in which different plasmids (captions
in the top of the figure) were introduced, by resistance to different chloramphenicol concentrations (captions in the left). Pro-
moter from the strain pcsp40cat is indicated as prcspB*. The experiment was carried out in triplicate. 
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Fig. 4. Level of ddh gene transcription determined by real-
time PCR.
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GEN2-1 strain (2×ddh) with ddh gene duplication
was increased by 1.9 times, while it increased 3.9 times
in the GEN2-1 strain (sod-dhh) as compared with the
parent strain.

Lysine production in the obtained strains with an
altered level of diaminopimelate dehydrogenase activ-
ity was studied in tests in vitro (Table 5). As can be seen
from Table 5, an increase in diaminopimelate dehy-
drogenase activity due to ddh gene duplication leads to
an 9% increase in lysine production as compared with
the starting strain. However, further enhancement of
the enzyme activity by the strong promoter of the sod
gene did not lead to a further increase in amino acid
production. Therefore, the highest level of lysine
accumulation in CM is achieved at an optimal level of
the activity of biosynthesis enzymes.

Thus, the set of promoters with different strengths
obtained in this study is an important tool for the opti-
mization of gene functioning when designing lysine-
producing strains. In addition to the gene promoters
(sod and eftu) previously attributed to the group of
strong promoters, the promoter of the leuC gene can
be also attributed to this group; less strong is the cspB
gene promoter. The studied gene promoters, which
affect the level of lysine synthesis (lysC, pyc, tkt, fbp),
are rather weak, so it is reasonable to study the effect
of promoters of different strengths to modulate of the
activity of the genes of interest in further construction
of the producer strain.
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Translated by D. Novikova

Table 4. Activity of diaminopimelate dehydrogenase in C. glu-
tamicum strains

Strain DAPD activity, nmol 
NADРH/min/mg of protein

GEN2-1 (starting) 310
GEN2-1(2×ddh) 580
GEN2-1(sod-dhh) 1200

Table 5. Lysine production by C. glutamicum strains with
different levels of ddh gene expression

C. glutamicum strain Lysine accumulation in CM, 
g/L

GEN2-1 (starting) 16.0
GEN2-1(2×ddh) 17.3
GEN2-1(sod-ddh) 17.4
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