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Next-Generation Sequencing-Based Genome-Wide Mutation 
Analysis of L-Lysine-Producing Corynebacterium glutamicum 
ATCC 21300 Strain§

In order to identify single nucleotide polymorphism and 
insertion/deletion mutations, we performed whole-genome 
re-sequencing of the enhanced L-lysine-producing Coryne-
bacterium glutamicum ATCC 21300 strain. In total, 142 
single nucleotide polymorphisms and 477 insertion/deletion 
mutations were identified in the ATCC 21300 strain when 
compared to 3,434 predicted genes of the wild-type C. glu-
tamicum ATCC 13032 strain. Among them, 110 transitions 
and 29 transversions of single nucleotide polymorphisms 
were found from genes of the ATCC 21300 strain. In addi-
tion, 11 genes, involved in the L-lysine biosynthetic pathway 
and central carbohydrate metabolism, contained mutations 
including single nucleotide polymorphisms and insertions/ 
deletions. Interestingly, RT-PCR analysis of these 11 genes 
indicated that they were normally expressed in the ATCC 
21300 strain. This information of genome-wide gene-asso-
ciated variations will be useful for genome breeding of C. 
glutamicum in order to develop an industrial amino acid- 
producing strain with minimal mutation. 

Keywords: mutation, SNP, InDel, genome, Corynebacterium 
glutamicum

Bacteria belonging to the genus Corynebacterium have useful 
biotechnological applications due to their ability to produce 
and secrete a number of industrially important amino acids, 
such as glutamate and lysine, and nucleotides that are useful 
in industrial production processes. A pioneering study, which 
proposed the introduction of fermentation in the industrial 

production of L-amino acids, was conducted by Kinoshita 
and colleagues at Kyowa Hakko (Japan) in 1957 (Kinoshita 
et al., 1957; Udaka, 1960). Through later mutagenesis and 
screening programs, lysine-producing mutants were dis-
covered and the basis for their use in lysine production was 
established. For example, C. glutamicum ATCC 13287 strain, 
auxotrophic for homoserine and claimed in 1961 (Kelle et 
al., 2005), produced L-lysine with conversion yields up to 
26%. Kyowa Hakko presented a process resulting in 53.2 
g/L L-lysine-HCl with 29% conversion in a batch process 
with C. glutamicum ATCC 21300 strain, auxotrophic for 
threonine and leucine (Kelle et al., 2005). 
  However, the classical method based on random mutations 
and selection often results in the introduction of detrimental 
or unnecessary mutations into the genome. Classically de-
rived mutants are generally inferior to their wild-type strains 
with regard to industrially important properties such as 
growth, sugar consumption, and stress tolerance, which re-
stricts the establishment of highly productive industrial 
processes. A methodology that can overcome these limi-
tations involves genome breeding. Through this approach, 
specific mutations are systematically introduced into the ge-
nome, thus enabling the development of a defined mutant 
that carries only biotechnologically useful mutations (Ohnishi 
et al., 2002; Ikeda et al., 2005). To systematically and com-
prehensively study the genetic variation of Corynebacterium 
glutamicum strains, genome-wide profiling is required. 
Massively parallel sequencing technology (Bentley, 2006; 
von Bubnoff, 2008) has recently provided a cost-efficient and 
time-saving method for identifying genome-wide genetic 
variations. The complete genome sequence of the repre-
sentative wild-type strain of C. glutamicum ATCC 13032 
has been determined (Nakagawa, 2002; Kalinowski et al., 
2003) and can be used as a reference for comparative genome 
analysis to identify gene-associated variations including 
SNPs and InDels. Thus, the objective of this study was to 
conduct high-throughput genome sequencing of the en-
hanced L-lysine-producing C. glutamicum ATCC 21300 
strain in order to identify gene-associated SNPs and InDels 
for the development of more efficient amino acid-produc-
ing bacteria. 
  The ATCC 21300 and ATCC 13032 strains of C. gluta-
micum were obtained from the Korean Collection for Type 
Culture (KCTC) in Daejeon, Korea, and were cultured in 
brain heart infusion medium (Difco, USA) at 30°C. 
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Fig. 1. SNP and InDel distribution in C. gluta-
micum ATCC 21300 genome. 

Table 1. SNP and InDel distribution in carbohydrate metabolism and L-lysine biosynthetic pathway of C. glutamicum ATCC 21300

Locus tag Gene 
symbol Gene description (NC_006958 at NCBI) Orientation CDS 

(bp) Mutation position Mutation type

cg1105 lysI L-lysine permease - 1503 3 - 1,275 bp - 5 +G

InDel

cg1787 ppc phosphoenolpyruvate carboxylase - 2757 3 - 2,757 bp - 5 -T
cg2117 ptsI phosphoenolpyruvate:sugar phosphotransferase system enzymeI - 1704 3 - 1,126 bp - 5 +C
cg1643 gnd 6-phosphogluconate dehydrogenase - 1476 3 - 698 bp - 5 +T
cg0766 icd isocitrate dehydrogenase - 2214 3 - 1,677 bp - 5 +G
cg0791 pyc pyruvate carboxylase + 3420 5 - 2,149 bp - 3 +G

cg1778 zwf
glucose-6-phosphate 1-dehydrogenase + 1542 5 - 742 bp - 3 +T
glucose-6-phosphate 1-dehydrogenase + 1542 5 - 1,035 bp - 3 +T

cg3107 adhA Zn-dependent alcohol dehydrogenase - 1035 3 - 144 bp - 5 +G
cg1280 kgd alpha-ketoglutarate decarboxylase - 3663 3 - 1,997 bp - 5 +T
cg2291 pyk pyruvate kinase - 1431 3 - 263 bp - 5 T → G (pykH390P)

SNP
cg2466 aceE pyruvate dehydrogenase subunit E1 + 2766 5 - 1,030 bp - 3 G → A(aceEG312S)

  Genomic DNA was isolated from C. glutamicum as de-
scribed by Eikmanns et al. (1994). Sequencing was conducted 
commercially in Macrogen Inc. (Korea). Briefly, 1 μg of ge-
nomic DNA was used to prepare the Next-Generation 
Sequencing (NGS) library using TruSeqTM DNA sample 
preparation kit (Illumina, Inc., USA) according to the man-
ufacturer’s instructions. One microliter of genomic DNA 
(gDNA) was fragmented by nebulization. The 3 ends of the 
end-repaired DNA were adenylated, and gel electrophoresis 
was conducted to isolate 300−400 bp fragments, which were 
then purified and ligated with adapters. The prepared gDNA 
library was sequenced with 100-bp paired end reads on a 
single flow cell lane on the Hiseq 2000 platform (Illumina, 
Inc.). Image analysis, base calling, and quality score cali-
bration were evaluated using the Illumina Pipeline Software 
CASAVA v1.8.0 according to the manufacturer’s instructions. 
Reads were exported in the FASTQ format and deposited 
in the DDBJ Sequence Read Archive (SRA) under the ac-
cession number DRR001643. The resulting short-reads (total 
28,508,632 reads) were directly mapped to the 3,434 pre-
dicted genes of C. glutamicum ATCC 13032 genome (NCBI 
Accession No. BX927147) using BWA (Burrows-Wheeler 
Aligner) (Li and Durbin, 2009) and GATK (The Genome 
Analysis Toolkit) (McKenna et al., 2010) base quality score 
recalibration was applied using standard hard filtering 
parameters. Sequence variations (SNPs and InDels) were 
identified using the Samtools software v. 0.1.12a (Li et al., 
2009). 
  First-strand cDNA synthesis was performed using an 
Omniscript RT KIT (QIAGEN, USA) with 500 ng of total 
RNA in a total volume of 20 μl containing 20 pmol of the 
reverse primer. The reaction mixtures were incubated at 
37°C for 60 min. After cDNA synthesis, 3 μl of the cDNA 

was used for PCR in 50-μl reaction mixtures (containing 10 
pmol of the gene-specific primer, 10 mM dNTPs, 1 unit 
Taq DNA polymerase (Toyobo, Japan), and 10× Taq buffer 
supplied by the manufacturer). Each reaction included an 
initial 5-min denaturation step at 94°C, followed by 25 cycles 
of PCR (94°C, 15 sec; 55°C, 15 sec; 72°C, 30 sec) and final 
extension for 10 min at 72°C. Subsequently, 10 μl of each 
reaction mixture was separated on a 1.0% agarose gel.
  The overall distribution of verified mutations including 
SNPs and InDels is shown in Fig. 1. A total of 516 mutations 
(139 SNPs and 377 InDels) were identified in the C. gluta-
micum ATCC 21300 genome compared to the predicted 
genes of the wild-type ATCC 13032 strain (Supplementary 
data Tables S1 and S2). Among them, 341 (66% of all muta-
tions) mutations were located in genes with known function. 
Of the 139 SNPs, 79.1% (110 SNPs) and 26.6% (29 SNPs) were 
transition mutations (13 A→G, 51 G→A, 1 T→C, and 45 
C→T) and transversion mutations (4 A→T, 2 T→A, 7 A→C, 
4 G→T, 1 T→G, 1 G→C, and 10 C→G), respectively. Genome- 
wide genetic variation analysis indicated that C. glutamicum 
ATCC 21300 strains have a larger number of SNPs involv-
ing a single transition from G (C) to A (T) (approximately 
70%; 96 SNPs). In addition, 5 genes including ilvA (cg2334, 
encoding threonine dehydratase), HSP90 family protein 
(cg0123), infB (cg2176, encoding translation initiation fac-
tor IF-2), putA (cg0129, encoding proline dehydrogenase), 
and psp1 (cg2069, encoding a hypothetical protein) have 
SNPs at 2 or more sites (Supplementary data Table S1). 
However, in 4 genes including HSP90 family protein V249M, 

V339M, infB R81P, putA R1025C, and psp1 D103E, E118D, the SNPs 
resulted in specific amino acid substitutions. Of the 377 
InDels, 218 (57.8%) and 19 genes showed 1 guanine insertion 
and 2 or more (up to 5 nucleotides) nucleotide insertions, 
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Fig. 2. RT-PCR assays. W, C. glutamicum ATCC 
13032; M, C. glutamicum ATCC 21300; Control, 
16s rRNA; 1, 6-phosphogluconate dehydrogenase 
(gnd); 2, α-ketoglutarate decarboxylase (kgd); 3, 
glucose-6-phosphate 1-dehydrogenase (zwf); 4, iso-
citrate dehydrogenase (icd); 5, L-lysine permease 
(lysI); 6, phosphoenolpyruvate carboxylase (ppc); 
7, phosphoenolpyruvate:sugar phosphotransferase
system ENZYMEI (ptsI); 8, pyruvate carboxylase 
(pyc); 9, pyruvate dehydrogenase subunit E1 (aceE); 
10, pyruvate kinase (pyk); 11, Zn-dependent alco-
hol dehydrogenase (adhA). Markers, 1 kb-ladder. 

respectively. Of the 11 genes with specific nucleotide dele-
tions, ftsY (cg2262, encoding signal recognition particle 
GTPase) had the highest level of deletion (GGTTCCTCAA 
CAATTGCT) (Supplementary data Table S2). These results 
suggest that the nucleotide changes caused by the InDel lead 
to a frameshift mutation and thus resulted in a different 
translated product. 
  The genome sequences obtained from a classically derived 
L-lysine hyper-producer C. glutamicum strain were com-
pared with the wild-type sequences already available in the 
database, resulting in the identification of many mutations. 
Several of these genetic changes, such as mutations in the 
homoserine dehydrogenase gene (hom V59A), aspartokinase 
gene (lysC T311I), and pyruvate carboxylase gene (pyc P458S), 
have previously shown to be useful mutations for increasing 
L-lysine production (Ikeda and Nakagawa, 2003). In addi-
tion, Lee (2010) reported another gene including glucose 
6-phosphate dehydrogenase (G6PD, zwf), phosphoglucoi-
somerase (pgi), and fructose 1,6-bisphosphatase (fbp) useful 
for L-lysine production of C. glutamicum. In our study, we 
confirmed the previous findings as well as identified novel 
genetic mutations in important genes involved in carbohy-
drate metabolism and the L-lysine biosynthetic pathway in   
C. glutamicum ATCC 21300 strains. 
  Our analyses identified 11 genes, involved in carbohydrate 
metabolism and the L-lysine biosynthetic pathway, containing 
genetic variations in the C. glutamicum ATCC 21300 strain 
compared to the wild type ATCC 13032 strain (Table 1). 
Four of these genes, including gnd (cg1643, encoding 6- 
phosphogluconate dehydrogenase), icd (cg0766, encoding 
isocitrate dehydrogenase), pyc (cg0791, encoding pyruvate 
carboxylase), and zwf (cg1778, encoding glucose-6-phos-
phate 1-dehydrogenase), have been previously reported as 
potential targets for mutations that are useful for increasing 
L-lysine production (Lee, 2010). However, those genes have 
mutations with 1 guanine or 1 thymine insertion instead of 
point mutations (SNPs) in the C. glutamicum ATCC 21300 
strain (Ohnishi et al., 2005; Lee, 2010). None of these spe-
cific mutations have been reported previously. In addition, 
we did not observe any significant differences in their ex-
pression levels through RT-PCR between C. glutamicum 
ATCC 21300 and C. glutamicum ATCC 13032, despite the 
presence of mutations (InDels or SNPs) in the Open Reading 

Frames (ORFs) in the former strain (Fig. 2). We do not know 
yet, however, these results suggest that some type of modu-
lation of these transcripts may occur at the posttranscriptional 
or translational level. To assess this, it will be necessary to 
analyze whether these transcripts are translated into proteins. 
  Corynebacterium glutamicum has a long history of classical 
breeding, which has resulted in a huge variety of industrially 
useful mutants. However, strains developed through un-
directed mutagenesis have several disadvantages. Those 
strains have acquired a large number of mutations that are 
not beneficial for a stable process. For example, these strains 
are usually more sensitive to higher temperature or unfa-
vorable pH and are often strongly affected by certain limi-
tations of vitamins and micronutrients (Kelle et al., 2005). 
To evaluate the significance of the large number of muta-
tions and the effect on the L-lysine process, methods for 
multidimensional optimization have to be developed. In 
the next decade conventional production strains generated 
by random mutagenesis and selection will be replaced more 
and more by carefully designed strains with a defined set of 
mutations. In the present study, a HiSeq2000 sequencing 
system (Illumina, Inc.) was used to identify genome-wide 
mutations within the C. glutamicum ATCC 21300 strain. 
Advances in genomics such as next-generation sequencing 
technologies have facilitated the identification of beneficial 
mutations from each genome strain. Moreover, defining 
the genome-wide genetic variations will provide new and 
valuable insights for the development of future strategies of 
metabolic engineering for industrial high-level production. 
The combination of modern metabolic engineering techno-
logies with genetic informations derived from high-through-
put analyses based on NGS will lead to the exploitation of 
new valuable resources in a cost-efficient and time-saving 
manner.
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