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Abstract

Lysine fermentation by Corynebacterium glutamicum was developed in 1958 by Kyowa Hakko
Kogyo Co. Ltd. (current Kyowa Hakko Bio Co. Ltd.) and is the second oldest amino acid
fermentation process after glutamate fermentation. The fundamental mechanism of lysine
production, discovered in the early stages of the process’s history, gave birth to the concept
known as “metabolic regulatory fermentation”, which is now widely applied to metabolite
production. After the development of rational metabolic engineering, research on lysine
production first highlighted the need for engineering of the central metabolism from the
viewpoints of precursor supply and NADPH regeneration. Furthermore, the existence of active
export systems for amino acids was first demonstrated for lysine in C. glutamicum, and this
discovery has resulted in the current recognition of such exporters as an important consideration
in metabolite production. Lysine fermentation is also notable as the first process to which
genomics was successfully applied to improve amino acid production. The first global “genome
breeding” strategy was developed using a lysine producer as a model; this has since led to new
lysine producers that are more efficient than classical industrial producers. These advances in
strain development technology, combined with recent systems-level approaches, have almost
achieved the optimization of entire cellular systems as cell factories for lysine production. In
parallel, the continuous improvement of the process has resulted not only in fermentation
processes with reduced load on downstream processing, but also in commercialization of various
product forms according to their intended uses. Nowadays lysine fermentation underpins a giant

lysine demand of more than 2 million metric tons per year.
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1
Introduction
Lysine, one of the essential amino acids for animals, has a significant commercial value as a feed
additive to promote the growth of animals including swine and poultry, and thus is the
second-ranking amino acid after glutamate with regard to worldwide annual production. Lysine is
also used as a fish feed additive, because lysine is generally the first limiting essential amino acid
in many protein sources used in fish feeds (Hua 2013). The global lysine market is currently
estimated to be 2.2 million metric tons per year (Ajinomoto 2013; Eggeling and Bott 2015), and
is still growing at annual rates of around 10% (Fig. 5.1). As the scale of production has increased,
lysine prices per kilogram have dropped to around 1.5 USD, fluctuating between 1.3 and 2.5
USD over the past decade (Ajinomoto 2013; Eggeling and Bott 2015), depending largely on
competition from natural lysine sources such as soybean meal and sardine (Fig. 5.1). Because
only the L-form of lysine is effective as a feed additive, this amino acid is manufactured through
fermentation. The main suppliers are CJ CheilJedang (South Korea), Global Bio-
chem Technology Group (China), Ajinomoto (Japan), Archer Daniels Midland (USA), and
Evonik Industries (Germany), among others (Ajinomoto 2013; Eggeling and Bott 2015). Major
commercial plants are located in the respective corn belts in China, North America, Brazil,
Indonesia, and Russia.

The history of lysine fermentation goes back to the late 1950s when Kyowa Hakko

Kogyo (current Kyowa Hakko Bio) found that a homoserine-auxotrophic mutant of
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Corynebacterium glutamicum produced significant amounts of lysine in liquid medium
(Nakayama et al. 1961). Based on the patents issued at that time, the first-generation lysine
producers with homoserine auxotrophy seem to have been capable of achieving final titers of
40-60 g/L and around 25% fermentation yields (w/w) of lysine hydrochloride from sugar (Kitada
et al. 1961; Kyowa Hakko Kogyo 1970). Further improvement was persistently carried out in the
1970s and 1980s by inducing mutants with additional amino acid auxotrophies and resistance to
antimetabolites including the lysine analogue S-(2-aminoethy)-L-cysteine (AEC). The titers
produced by these strains reached 100 g/L with yields of 40-50% on sugar in fed-batch cultures
(Leuchtenberger 1996; Ikeda 2003). In the late 1980s and 1990s, various tools for genetic
engineering of this microbe were exploited, and these molecular techniques were applied to strain
improvement aimed at enhancing lysine production (Pfefferle et al. 2003; Kelle et al. 2005). This
allowed rational metabolic engineering not only for the lysine-biosynthetic pathways but also for
the central metabolism: more carbon could be directed toward the terminal pathways and the
NADPH supply could be augmented. Since the beginning of the 2000s, systems-level approaches,
including in-silico modeling and simulation approaches, have come to be used to help identify
new targets for further strain improvement (Krémer et al. 2004; Wendisch et al. 2006; Wittmann
and Becker 2007; Kjeldsen and Nielsen 2009). Meanwhile, the availability of high-throughput
DNA sequencing has made it feasible to decode the genomes of classical industrial producers and
thereby to identify important genetic traits that distinguish them from their wild-type ancestors.
As a result, the conventional style of selecting improved strains by their phenotypes, formerly the
standard practice in the industry, is rapidly being replaced by a new method called “genome
breeding”, where desirable genotypes are systematically assembled in a wild-type genome (lkeda

et al. 2006; Lee et al. 2012; Kim et al. 2013). The reconstructed strains can be more robust, give



higher fermentation yields in less time, and resist stressful conditions better than classical
industrial producers.

According to recent publications (Kelle et al. 2005; Eggeling and Bott 2015), the
current yields on sugar and titers of lysine hydrochloride can be estimated at 55-60% and
120-170 g/L, respectively. This means that strain development for lysine production almost
achieves the optimization of entire cellular systems. For a half century following the start of
lysine fermentation, C. glutamicum and its relatives were the sole production organism, but
recently, Escherichia coli has also come to play a significant role in the process of lysine
fermentation (Nagai et al. 2009; Ying et al. 2014; He et al. 2015).

This chapter first briefly describes the general outlines of lysine fermentation and
typical production strains, then highlights advances in lysine production technology with a
special focus on genome breeding methodology, which has currently become a standard practice
in the amino acid industry. The biosynthesis of lysine, including the relevant pathways, enzymes,
and genes, has been omitted because such fundamental information can be found in many other

publications (Pfefferle et al. 2003; Kelle et al. 2005; Wittmann and Becker 2007).

2
Fermentation Processes of Lysine
2.1

Fermentation Operations

Industrial fermentation processes typically comprise two steps: cultivation of a strain for lysine
production and downstream processing including purification of lysine from fermented broth and

wastewater treatment. The lysine industry is highly competitive in the world market, and the



entire manufacturing process has so far been optimized from various perspectives including the
cost of the raw materials, the fermentation yield, the purification yield, the productivity of the
overall process, the investment cost, the cost of waste-liquor treatment, the formulation of the
product, and so on. Since the carbon source is the major cost factor in the fermentation process,
its selection is of primary importance. As the main source of carbon, cane molasses, beet
molasses, sucrose, and starch hydrolysates (glucose or dextrose) from corn, cassava, and wheat
are widely used in industrial processes. The preferred carbon source among these varies from one
region to another. For example, starch hydrolysate from corn, i.e., corn syrup, is the usual carbon
source in North America, China, and Indonesia, while cane and beet molasses are advantageously
used in Europe and South America, respectively, on the basis of each substance’s cost and
availability in these regions.

Industrial lysine fermentation is usually performed by means of fed-batch processes
using large-scale tank fermenters in the size range of 500 kl or larger. In production plants where
the fed-batch process is used, lysine accumulates to a final titer of 170 g/L after 45 h (Eggeling
and Sahm 1999). To improve overall productivity further, it is possible to extend fed-batch
fermentation by drawing out part of the broth one or more times during the process and refilling it
through nutrient feeding (semi-continuous fermentation), or by shifting the fermentation from
batch to continuous culture, in which fresh medium containing all nutrients is fed into a fermenter
at a specific rate while the same quantity of broth with a portion of the microorganisms is
continuously taken from the fermenter, thus maintaining a constant culture volume (continuous
fermentation). In continuous fermentation, stable lysine production for more than 300 h was
demonstrated with a C. glutamicum lysine-producing mutant; this process yielded a maximum
volumetric productivity value of 5.6 g/L per hour, which is more than 2.5 times higher than that

seen in fed-batch culture with the same strain (Hirao et al. 1989).



Industrial processes for recovering lysine from the fermented broth differ depending on
many factors such as the grade and intended use of the product, the raw materials used, local
environmental regulations, and so on. In the past, recovery of feed-grade lysine from the broth
has mainly depended on the conventional chromatographic method (Ikeda 2003). In this method,
after the cell mass was removed through centrifugation or ultrafiltration, lysine was purified as a
hydrochloride salt using an ion exchange resin; this was followed by crystallization or
spray-drying. Chromatographic purification can result in a higher quality product, but has the
disadvantage of generating lower product concentrations and larger volumes of waste liquor,
increasing the cost of waste-liquor treatment. To cope with this problem, organic compound
fertilizers were manufactured as a means of effectively utilizing the waste liquor from lysine
fermentation, recycling resources and protecting the environment (Ikeda 2003).

Recently, however, downstream processes for feed-grade lysine have become much
simpler and more economical. After removal of the cell mass, the filtrate is merely evaporated
and, in some cases, spray-dried. Today, development to meet various requirements has resulted in
commercialization of different product forms at lower prices (Kelle et al. 2005). These include
liquid concentrates and granulated solids with different concentrations of lysine. An example of a
liquid product is Liquid Lysine 60 (Feed Grade) from Ajinomoto Co. Inc., which contains free
lysine and lysine hydrochloride at a concentration of 60%. An example of a granulate product is
sold as Biolys® by Evonik Industries. This product is extracted directly from the fermented broth
by evaporation and granulation without removal of the cell mass, and thus contains co-products
such as other amino acids and proteins in addition to lysine (more than 54.6% purity as a sulfate
salt).

A unique production process has been developed with the goal of making downstream

processing more efficient (Kobayashi et al. 2011). While conventional processes utilize sulfate



and/or chloride as counter anion(s) to produce lysine sulfate and/or lysine hydrochloride, the new
process predominantly utilizes hydrocarbonate and carbonate ions to produce lysine carbonate.
This type of fermentation can be achieved by gradually shifting the pH of the culture to alkaline
conditions where relatively high concentrations of hydrocarbonate and carbonate ions can exist.
Since the hydrocarbonate and carbonate ions are derived from carbon dioxide gas, which itself is
produced by a production strain, the amounts of ammonium sulfate and ammonium chloride
added to the medium can be reduced, which allows for significant cost savings as well as
reduction of the environmental loads resulting from downstream processing. This process also
allows for the simple recovery of a high lysine content because the counter anions are easily

discharged as carbon dioxide gas just by heating.

2.2

Production Strains

The industrial lysine producers used in the early stages of the process’s history were regulatory
mutants derived from Corynebacterium glutamicum and its subspecies, flavum and
lactofermentum. The following two properties are considered to be most crucial for lysine
production by these mutant strains: (i) homoserine auxotrophy due to a defect of homoserine
dehydrogenase, and (ii) AEC resistance due to the desensitization of aspartokinase from feedback
inhibition (Shiio and Miyajima 1969; Sano and Shiio 1971; Kase and Nakayama 1974, Pfefferle
et al. 2003). Practical industrial strains were constructed by combining these two properties,
resulting in lysine production with a conversion yield of approximately 30% on sugar (w/w) as

lysine hydrochloride (Nakayama and Araki 1973; Kinoshita and Nakayama 1978).



In addition to these fundamental properties, leucine auxotrophy is known to increase
lysine production (Tosaka et al. 1978; Patek et al. 1994; Schrumpf et al. 1992). This was
originally explained as occurring due to release from the leucine-dependent repression of the
dapA gene encoding dihydrodipicolinate synthase, which is the first enzyme of the
lysine-biosynthetic pathway (Tosaka et al. 1978). More recently, however, since no significant
up-regulation of dapA was observed under leucine-limited conditions, it is believed that a
different mechanism is likely to be involved in the positive effect of leucine limitation on lysine
production (Hayashi et al. 2006a). In relation to this, it has been reported that leucine limitation
gives rise to the global induction of the amino acid biosynthesis genes, including the lysC gene
encoding the key enzyme aspartokinase (Hayashi et al. 2006a).

Further strain development was carried out introducing auxotrophy for alanine or
vitamins, resistance to antimetabolites such as 6-azauracil, naphtoquinoline, 3, 3°,
5-L-triiodo-L-thyronine, a-chlorocaprolactam, and N*N°®-dioctanoyl-L-lysine, and resistance to
antibiotics such as rifampicin and streptomycin (Ikeda 2003; Kelle et al. 2005). Additional
screening and selection for these phenotypic characters has resulted in lysine production with
yields of 40-50% on sugar (Enei et al. 1989).

Since lysine requires oxaloacetate and pyruvate as precursors for its biosynthesis, flux
balances leading to optimal precursor supply are crucial for efficient lysine production. From this
perspective, production strains were further improved by means of classical mutagenesis, which
has led to strains capable of producing lysine with conversion yields of up to 50% on sugar.
These include pyruvate kinase-deficient mutants and B-fluoropyruvate-sensitive mutants with
decreased pyruvate dehydrogenase activities (Ozaki and Shiio 1983; Shiio et al. 1984; Shiio and
Nakamori 1989). Defect or reduction of phosphoenolpyruvate carboxykinase (Petersen et al.

2001; Riedel et al. 2001), isocitrate dehydrogenase (Becker et al. 2009), or citrate synthase (Shiio
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et al. 1982; Yokota and Shiio 1988) was used as another option for the same objective of
increasing availability of the precursors.

In addition to C. glutamicum strains, E. coli strains have been found to be useful in
industrial processes (Nagai et al. 2009). Lysine-producing strains of E. coli have been developed
mainly by rational approaches. These include amplification and deregulation of the rate-limiting
enzymes on the terminal pathway (Kojima et al. 1995; Ogawa-Miyata et al. 2001), deletion of
lysine-degradation pathways (Kikuchi et al. 1997), amplification of the lysine exporter YbjE
(Ueda et al. 2005; Pathania and Sardesai 2015), enhancement of respiratory chain pathways with
high energy efficiency or reduction of those with low energy efficiency (Nakai et al. 2002),
disruption of the ribosome modulation factor (Imaizumi et al. 2005), and overexpression of
ppGpp synthetase (Imaizumi et al. 2006). The lysine fermentation performance of such E. coli
strains has almost reached a level comparable to that of C. glutamicum strains. More than 130 g/L
of lysine production with a yield of 45% on glucose has been demonstrated by using a threonine
and methionine double-auxotrophic E. coli strain carrying a plasmid which contains the ppc gene
encoding phosphoenolpyruvate carboxylase, the pntB gene encoding pyridine nucleotide
transhydrogenase, and the aspA gene encoding aspartate ammonia-lyase (Ying et al. 2014). E.
coli generally shows faster growth at higher temperatures than C. glutamicum does, which is why
E. coli strains may be economically advantageous, especially in tropical regions, because in those
regions the cost of utilities is not negligible to keep the fermentation temperature optimum.

Thermotolerant bacterial species such as Corynebacterium efficiens and Bacillus
methanolicus have also drawn attention as promising lysine producers (Nagai et al. 2009). C.
efficiens, formerly named Corynebacterium thermoaminogenes, is phylogenetically close to C.
glutamicum but can grow at temperatures approximately 10°C higher (Murakami et al. 1993;

Fudou et al. 2002; Nishio et al. 2003). B. methanolicus is a thermotolerant methylotroph that
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grows at 35-60°C on methanol, an alternative carbon source which does not compete with human
food (Lee et al. 1996).
The typical production strains, especially the regulatory mutants developed by classical

mutagenic approaches, are listed in Table 5.1.

3

Metabolic Engineering for Lysine Production

Needless to say, lysine-producing mutant strains constructed according to the techniques
described above were further improved through the use of recombinant DNA technology,
although the practical applicability of such recombinant strains to industrial fermentation has not
been disclosed. The targets of metabolic engineering have expanded beyond the core biosynthetic
pathways leading to lysine and include central metabolism, cofactor-regeneration systems, uptake
and export systems, energy metabolism, global regulation, and feedstock utilization (Fig. 5.2). In

this section, recent advances in molecular strain improvement for lysine production are described.

3.1

Precursor Supply

As mentioned above, classical approaches aiming at increasing the supply of precursors into the
lysine-biosynthetic pathway have led to incremental gains in lysine production. The same
objective has also been achieved through molecular approaches. For example, carbon flux from
glycolysis intermediates to oxaloacetate has been increased by overexpression of the pyruvate

carboxylase gene (Peters-Wendisch et al. 2001), by deregulation of phosphoenolpyruvate
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carboxylase (Chen et al. 2014), or by deletion of the phosphoenolpyruvate carboxykinase gene
(Petersen et al. 2001; Riedel et al. 2001), resulting in significantly increased production of lysine.
Increasing the availability of pyruvate by abolishing pyruvate dehydrogenase activity can also
improve lysine production (Blombach et al. 2007). On the other hand, inactivation or attenuation
of the TCA cycle enzyme(s) isocitrate dehydrogenase (Becker et al. 2009), citrate and
methylcitrate synthases (Radmacher and Eggeling 2007, van Ooyen et al. 2012), or
malate:quinone oxidoreductase (Mitsuhashi et al. 2006) was shown to improve lysine production,

probably by means of a flux shift from the TCA cycle toward the lysine-biosynthetic pathway.

3.2

NADPH Availability

Availability of NADPH is crucial, especially for the production of lysine, because 4 mol of
NADPH are required for the biosynthesis of 1 mol of lysine from oxaloacetate. In C. glutamicum,
the usual strategy for increasing NADPH supply is the redirection of carbon from glycolysis into
the pentose phosphate pathway, through disruption of the phosphoglucose isomerase gene (Marx
et al. 2003) or through overexpression of the fructose 1,6-bisphosphatase gene (Becker et al.
2005) or the glucose 6-phosphate dehydrogenase gene (Becker et al. 2007). The introduction of a
mutant allele of the 6-phosphogluconate dehydrogenase gene encoding an enzyme that is less
sensitive to feedback inhibition can be another option (Ohnishi et al. 2005). In terms of carbon
yield, however, supplying carbon through the pentose phosphate pathway is less advantageous
than supplying it via the glycolytic pathway because the former pathway inevitably involves the
release of 1 mol of carbon dioxide (CO;) accompanied by the oxidation of 1 mol of hexose. To

solve this dilemma, an attempt was recently made to engineer a functional glycolytic pathway in
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C. glutamicum supplying NADPH through a new route (Takeno et al. 2010, 2016). In this study,
endogenous NAD-dependent glyceraldehyde 3-phosphate dehydrogenase (GapA) of C.
glutamicum was replaced with nonphosphorylating NADP-dependent glyceraldehyde
3-phosphate dehydrogenase (GapN) of Streptococcus mutans, leading to a C. glutamicum strain
with an NADPH-generating glycolytic pathway (Fig. 5.3). A lysine producer derived from the
engineered GapN strain has been shown to produce considerably more lysine than the reference
GapA strain. Moreover, it has been demonstrated that blockade of the oxidative pentose
phosphate pathway through a defect in glucose 6-phosphate dehydrogenase did not significantly
affect lysine production in the engineered strain, while a drastic decrease in lysine production was
observed for the reference strain (Takeno et al. 2016). Considering that the intracellular
NADPH/NADP? ratio in the engineered strain was significantly higher than that of the reference
strain irrespective of the pentose phosphate pathway, it seems reasonable to consider that the high
NADPH/NADP" ratio not only allows cells to bypass the pentose phosphate pathway but also
causes a decreased flux through the TCA cycle, resulting in increased availability of oxaloacetate
and pyruvate for lysine biosynthesis. This study is the first to demonstrate efficient lysine
production independent of the oxidative pentose phosphate pathway.

As alternatives to the S. mutans GapN enzyme, the Clostridium acetobutylicum GapN
(Komati Reddy et al. 2015) and the modified endogenous GapA with preference of NADP
(Bommareddy et al. 2014) have been successfully used for improved lysine production by C.
glutamicum. On the other hand, expression of the membrane-bound transhydrogenase genes from
E. coli in C. glutamicum has been shown to provide another source of NADPH (Kabus et al.

2007a).

3.3
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Lysine Export

The export step is critical for achieving efficient amino acid production in C. glutamicum
(Burkovski and Kramer 2002). The amino acid exporter first identified in bacteria is LysE, which
exports the basic amino acids lysine and arginine in C. glutamicum (Vrlji¢ et al. 1996).
Overexpression of the lysE gene resulted in a five-fold increase in the excretion rate for lysine
compared to the rate of the control strain (Vrlji¢ et al. 1996). The functions of LysE also can be
transferred to heterologous bacterial species. For example, a mutant allele of the C. glutamicum
lysE gene has been successfully used to improve lysine production in the methylotroph
Methylophilus methylotrophus (Gunji and Yasueda 2006). In E. coli, YbJE has been identified as
a possible lysine exporter. The ybjE gene has been shown to confer AEC resistance and increased
lysine production on E. coli strains when amplified on a multi-copy vector (Ueda et al. 2005;

Nagai et al. 2009).

3.4

Glucose Uptake

In C. glutamicum, the phosphoenolpyruvate-dependent sugar phosphotransferase system (PTS)
had long been the only known system to take up glucose, but recently, potential glucose uptake
systems that function as alternatives to the PTS have been identified in this bacterium (Ikeda et al.
2011, 2013; Lindner et al. 20114, b; Ikeda 2012). These include the iolT1 and iolT2 gene
products, both known as myo-inositol transporters (Krings et al. 2006). Expression of the
i0lT1-specific glucose uptake bypass instead of the native PTS resulted in approximately 20%

increased lysine production (lkeda et al. 2011). This positive effect has been explained as
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occurring through an increased availability of PEP, which contributes to an increased supply of
carbon from the central metabolism into the lysine-biosynthetic pathway through an anaplerotic
reaction involving PEP carboxylase (Fig. 5.4). More recently, a third non-PTS glucose uptake
route consisting of the bglF-specified EIl permease and native glucokinases has been identified in
C. glutamicum ATCC 31833 (lkeda et al. 2015). This will expand the options for the

development of more efficient production strains.

3.5

Energy Efficiency

Like redox balance, energy balance is critical for efficient lysine production. For this reason,
improving the efficiency of ATP synthesis is another strategy for increasing lysine production. In
C. glutamicum, two terminal oxidases are positioned in a branched respiratory chain (Bott and
Niebisch 2003). One branch is composed of the cytochrome bc;-aas supercomplex, which has a
threefold-higher bioenergetic efficiency than the other cytochrome bd branch. Disruption of the
inefficient cytochrome bd branch caused increased lysine production with no marked effect on
growth or glucose consumption (Kabus et al. 2007b). The usefulness of this alteration of the
respiratory chain pathway has also been demonstrated for E. coli lysine producers (Nakai et al.
2002).

Recently, it has been shown that C. glutamicum can grow anaerobically by means of
nitrate respiration (Nishimura et al. 2007; Takeno et al. 2007). In the presence of nitrate, lysine
and arginine production occurred anaerobically, though at a very low level, indicating the

potential of this bacterium for anaerobic amino acid production (Takeno et al. 2007).
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3.6

Global Regulation

Since amino acid biosynthesis in C. glutamicum is directly or indirectly subject to both
pathway-specific and global regulation (Brockmann-Gretza and Kalinowski 2006; Kromer et al.
2008), global regulation is also important in strain improvement. Actually, it has been
demonstrated through transcriptome analysis that the global induction of amino acid biosynthesis
genes occurred in a classically-derived industrial lysine-producing strain of C. glutamicum
(Hayashi et al. 2006b). In this strain, the lysC gene, encoding the key enzyme aspartokinase, was
up-regulated several folds, though a repression mechanism for lysine biosynthesis is not known
in C. glutamicum. Although the genetic elements responsible for these changes have not yet been
identified, the introduction of a mutant allele of the leuC gene into a defined lysine producer has
been shown to trigger a stringent-like global response and thereby to enable a significant increase

in lysine production (Hayashi et al. 2006a).

3.7

Carbon Substrate Spectrum

The main feedstocks for industrial lysine fermentation by C. glutamicum are sugars from
agricultural crops, such as cane molasses, beet molasses, and starch hydrolysates (glucose or
dextrose) from corn and cassava. However, due to environmental concerns, considerable efforts
have been made to broaden the substrate spectrum of this organism towards alternative raw
materials, especially those that do not compete with human food or energy sources. For example,

wild type C. glutamicum cannot utilize whey, which contains lactose and galactose, but
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heterologous expression of both lacYZ from Lactobacillus delbrueckii subsp. bulgaricus and
galMKTE from Lactococcus lactis subsp. cremoris in a C. glutamicum lysine producer has
resulted in a strain that is able to produce lysine at up to 2 g/L from whey (Barrett et al. 2004). C.
glutamicum is also unable to use starch, but expression of the a-amylase gene from Streptomyces
griseus has allowed C. glutamicum to utilize soluble starch for lysine production, albeit at an
efficiency lower than that obtained using glucose (Seibold et al. 2006). More efficient lysine
production from soluble starch has been achieved in C. glutamicum by displaying the a-amylase
from Streptococcus bovis on the cell surface. As the anchor protein, PgsA from Bacillus subtilis
was fused to the N-terminus of the a-amylase. A lysine producer displaying this fusion protein on
its cell surface produced 6.04 g/L of lysine with a conversion yield of 18.89% on starch; this titer
and yield are higher than those obtained in glucose medium (Tateno et al. 2007). On the other
hand, glycerol, the main by-product of biodiesel production, is a potential carbon source for
biotechnological processes. C. glutamicum has been engineered to express the E. coli glycerol
utilization genes glpF, glpK, and glpD so that it can grow on glycerol. This has allowed lysine
production from glycerol with a yield of 19% (Rittmann et al. 2008).

Furthermore, C. glutamicum is being engineered to use lignocellulose as a feedstock.
Although this organism is unable to utilize the pentoses xylose and arabinose, components of
lignocellulose, a successful attempt has been made to implement the respective pathways that
would allow growth on lignocellulose. A xylose-utilizing C. glutamicum strain has been
constructed that expresses the xylA and xyIB genes from E. coli on a high-copy plasmid
(Kawaguchi et al. 2006). Similarly, heterologous expression of the E. coli arabinose-utilizing
pathway in C. glutamicum resulted in a strain that is able to grow on arabinose (Kawaguchi et al.
2008). Recently, lysine production from rice straw hydrolysate has been demonstrated using a C.

glutamicum strain which expresses the endogenous xylulose kinase gene from C. glutamicum
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itself and the xylose isomerase gene from Xanthomonas campestris, together with the E. coli

araBAD genes (Meiswinkel et al. 2013).

4

Genome Breeding of Lysine Producers

As has been described above, a long history of strain development for lysine production has
resulted in a variety of industrially useful mutants (Table 5.1). Yet most of these industrial
producers remain veiled in mystery because the causative mutations that enable them to be so
useful are unknown. In search of a global understanding of the mechanisms that would permit
lysine hyperproduction and more efficient lysine production, extensive research has recently been
directed toward analyzing the genomes of the current producers, which has resulted in a novel
methodology called “genome breeding” (Ohnishi et al. 2002; Ikeda and Nakagawa 2003; Ikeda et
al. 2005, 2006; Lee et al. 2012; Kim et al. 2013; Wu et al. 2015). Genome breeding aims to
reengineer more efficient producers using knowledge regarding the mutations that have
accumulated over decades of industrial strain development. Specifically, this approach starts with
decoding the genomes of classical industrial producers to identify the important genetic traits that
distinguish them from their wild-type ancestors and progresses to systematically assembling the
beneficial genetic properties in a single wild-type background (Fig. 5.5). With this strategy, it is
possible to create a defined mutant that carries a minimal set of essential mutations for high-level
production, while rationalizing production mechanisms at the same time. The procedure and

impact of this approach are described here.

4.1
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First Stage: Genome Analysis of a Classical Production Strain

C. glutamicum B-6 (Table 5.1) is a lysine-hyperproducing strain that originated from the
wild-type strain ATCC 13032 but has since undergone decades of conventional mutagenesis and
screening. As a useful producer, its genome is well worth studying. Whole-genome sequencing of
this strain revealed that more than 1,000 mutations have accumulated in its genome. This means
that between 50 and 100 mutations were introduced at every round of mutagenesis. The mutation
types were mostly G:C—A-T transitions with a small fraction of A-T—G-C transitions (Ohnishi
et al. 2008). About 60% of them were mutations causing amino acid substitutions. Metabolic
pathway mapping of the mutations showed them to be widely distributed throughout the
metabolic pathways including the central metabolism and the amino acid-biosynthetic pathways.
Allele-specific PCR revealed the history of the mutations by identifying the step in which each
mutation was introduced during the multiple rounds of mutagenesis. This form of analysis
allowed us to associate genotypes with phenotypes, and thereby made it easy to select the

positive mutations that have been beneficial for production.

4.2

Second Stage: Identification of Basal Mutation(s) Causing Lysine Production

The first step toward genome breeding was to identify the basal mutation(s) that conferred the
ability to produce lysine on wild-type C. glutamicum. In general, such a basal mutation(s) is
considered to exist in the relevant terminal pathways and at or near the earliest step in the
phylogenetic tree of strain development. In the case of strain B-6, there were six point mutations

identified, one in each of the hom, lysC, dapE, dapF, thrB, and thrC genes of the relevant
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terminal pathways (Fig.5.6). The first two of these, that is, the hom mutation (V59A, designated
hom59) and the lysC mutation (T3111, designated lysC311), existed at the earliest and second
earliest steps in the phylogenetic tree, respectively. The presence of the hom59 mutation and the
lysC311 mutation in the wild-type genome resulted in lysine accumulation at 10 and 55 g/L,
respectively, in fed-batch fermentation using a glucose medium (Table 5.2), revealing that both
mutations were basal mutations (Ohnishi et al. 2002). Comparative phenotypic analyses also
clarified the relationship between the genotype of hom59 and the phenotype of a partial
requirement for homoserine, as well as that between the genotype of lysC311 and the phenotype

of resistance to AEC.

4.3

Third Stage: Selection for a Wild-type Background with Best Performance

C. glutamicum and its subspecies, known as glutamic acid-producing bacteria, have previously
been classified as belonging to different genera or species, such as Brevibacterium
lactofermentum and Corynebacterium acetoacidophilum (Liebl et al. 1991). Although they are
currently classified as belonging to the original species C. glutamicum (Kinoshita 1999), these
different wild-type strains exhibit considerable phenotypic diversity. Therefore, in the genome
breeding process, it is important to start from the wild-type background with the best industrial
performance because the intrinsic properties of the host strain chosen at the beginning of the
process can have a significant impact on the ultimate outcome. For this purpose, the basal
mutation lysC311was introduced into six representative C. glutamicum wild-type strains,
including ATCC 13869 (formerly known as B. lactofermentum) and ATCC 13870 (formerly

known as C. acetoacidophilum). The resulting isogenic mutants were then screened for their
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abilities to produce lysine using jar fermenters under both traditional 30°C conditions and
suboptimal 40°C conditions. The six lysC mutants all produced large amounts of lysine at both
temperatures, but at different levels with respect to final titers and productivities (Ohnishi and
Ikeda 2006). Through this evaluation, C. glutamicum ATCC 13032, a parental wild-type strain of
strain B-6, was chosen as the best background with which to begin the process because its lysC
mutant exhibited the highest titer and productivity under both temperatures among the six

mutants.

4.4

Fourth Stage: Assembling Beneficial Mutations

The two basal mutations hom59 and lysC311 were assembled in the best background strain,
ATCC 13032, which led to a synergistic effect on lysine production and the accumulation of 80
g/L of lysine (Table 5.2) (Ohnishi et al. 2002). No other mutations identified in the terminal
pathways as coexisting with hom59 and lysC311 were effective for lysine production. Thus, the
next task was to evaluate mutations positioned metabolically upstream, specifically in the central
metabolism. In the genome of strain B-6, there were 14 point mutations identified in the genes
relevant to central metabolism (Fig. 5.6). These mutations were separately evaluated for their
effects on lysine production under the hom59 and lysC311 background. Eventually, three specific
mutations, pyc458 (P458S) in the anaplerotic pathway (Ohnishi et al. 2002), gnd361 (S361F) in
the pentose phosphate pathway (Ohnishi et al. 2005), and mqo224 (W224opal) in the TCA cycle
(Mitsuhashi et al. 2006), were identified as beneficial mutations for improved production (Fig.
5.6). Likewise, leuC456 (G456D) in the leucine-biosynthetic pathway was defined as the

beneficial mutation from among mutations in other metabolic pathways (Hayashi et al. 2006a).
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These four beneficial mutations were then assembled one by one under the hom59 and lysC311
background, which resulted in step-wise increases in lysine production and a final titer of 100 g/L

(Table 5.2) (Ikeda et al. 2006; Ikeda and Takeno 2013).

4.5

Performance of the Reengineered Strain

The reengineered strain, designated AGL-6 (Table 5.2), is, so to speak, a minimally mutated
strain from which all undesirable mutations accumulated in the genome of strain B-6 were
eliminated, and thus has several advantages over the classical producer. One of these is its high
rate of growth and sugar consumption. The new strain can consume 250 g/L of glucose within 30
h, a rate comparable to that of the wild-type strain. This allows the fermentation period to be
shortened to nearly half of that traditionally required (Ohnishi et al. 2002). A second advantage is
improved stress-tolerance, because the reengineered strain is assumed to inherit the robustness of
the wild-type strain. The new strain indeed exhibited efficient lysine production at a suboptimal
temperature of 40°C and achieved a titer of 100 g/L after only 30 h of jar fermenter cultivation,
whereas strain B-6 could not work at all above 35°C (Ohnishi et al. 2003; Ikeda et al. 2006). This
performance allows for the reduction of cooling costs, and furthermore, makes cost-effective
manufacture feasible in tropical regions with easy access to low-cost carbon sources. In the future,
assembling positive mutations derived from different lines of classical producers in a single
wild-type background is expected to lead to more impressive results, as demonstrated in genome

breeding for arginine production (Ikeda et al. 2009).

4.6
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Rationalizing Lysine Production Mechanism

The coexistence of the two basal mutations hom59 and lysC311 in the wild-type genome exerted
a synergistic effect on lysine production. The possible explanation for this is that the lysC311
mutation, which causes partial deregulation of aspartokinase, would achieve greater deregulation
of the enzyme with the help of the hom59 mutation, which causes threonine limitation (Ohnishi et
al. 2002). This cooperation is considered to be the fundamental mechanism of lysine production
in the reengineered strain as well as the classical producer B-6. Increased production by the
pyc458 mutation in the anaplerotic enzyme pyruvate carboxylase can be explained by improved
catalytic activity, thereby increasing precursor supply for lysine biosynthesis (Ohnishi et al.
2002). The gnd361 mutation in the 6-phosphogluconate dehydrogenase gene obviously
contributes to increased supply of NADPH, as enzymatic and metabolic flux analyses have
revealed that the mutation alleviated the allosteric regulation of the enzyme and caused an 8%
increase in carbon flux through the pentose phosphate pathway (Ohnishi et al. 2005). The
mgo224 mutation in the malate:quinone oxidoreductase gene is a nonsense mutation changing
TGG, a tryptophan codon, into TGA, a stop codon. The resulting loss of enzyme activity is useful
for lysine production. Since transcriptome analysis revealed a coordinated down-regulation of the
TCA cycle genes as a consequence of a deletion in the mgo gene, the mechanism for increased
lysine production can be rationalized by decreased flux of the TCA cycle, resulting in redirection
of oxaloacetate into lysine biosynthesis (Mitsuhashi et al. 2006). On the other hand, the leuC456
mutation in the leucine-biosynthetic pathway has been found to cause leucine limitation and give
rise to the global induction of the amino acid biosynthesis genes through a stringent-like

regulatory mechanism. This upregulation likely contributes to increased lysine production mainly

24



through increased expression of the lysC gene encoding the key enzyme aspartokinase (Hayashi

et al. 2006a).

5

Holistic Metabolic Design for Optimizing Lysine Production

Progress in C. glutamicum genomics and so-called post-genome technologies has opened up new
avenues for the development of various global analysis techniques, which have led to the use of
in-silico modeling and simulations in planning further strain engineering. For example,
integration of the annotated genome, the available literature, and various “omic” data have
resulted in the construction of a genome-scale model of the C. glutamicum metabolic network
(Kjeldsen and Nielsen 2009). This metabolic model, comprised of 446 reactions and 411
metabolites, helps predict metabolic fluxes during lysine production and growth under various
conditions at levels that strongly reflect experimental values. The ability to predict the metabolic
state associated with maximum production yield has been used in the rational design of high
lysine-producing strains of C. glutamicum (Kromer et al. 2004; Becker et al. 2005; Wendisch et
al. 2006).

Such systems-level approaches, when combined with the ever-accumulating metabolic
engineering and genome breeding data, as well as metabolic flux profiling and modeling
technologies, have made it possible to predict a minimum set of genetic modifications that would
lead to the theoretically best flux scenario for optimum lysine production (Becker et al. 2011).
Through a series of these processes, now known as systems metabolic engineering, it has been
demonstrated that twelve genetic modifications in a wild-type genome led to the lysine

hyper-producer LYS-12 (Table 5.1, Fig. 5.7). This strain was shown to give a final titer of 120

25



o/L with a yield of 55% on glucose after 30 h of 5-liter jar fermenter cultivation at 30°C. Among
the twelve modifications shown in Figure 5.7, six are relevant to this strain’s increased flux
through the lysine-biosynthetic pathway. These include the introduction of the lysC311 and
hom59 mutations, duplication of the ddh and lysA genes, and overexpression of the lysC and
dapB genes under a strong promoter. Three of the other six modifications are the introduction of
the pyc458 mutation, overexpression of the pyc gene under a strong promoter, and deletion of the
pck gene, all of which cause increased flux towards oxaloacetate through anaplerotic
carboxylation. Two of the remaining three modifications are overexpression of the fbp gene and
the zwf-opcA-tkt-tal operon under strong promoters, both of which cause increased flux through
the pentose phosphate pathway for NADPH supply. The last one, replacement of the start codon
ATG by the rare GTG in the icd gene, reduces flux through the TCA cycle and thereby increases
the availability of oxaloacetate. It is worth noting that the three specific mutations lysC311,
hom59, and pyc458 carried by strain LYH-12 were originally identified from the genome of the

classical industrial producer C. glutamicum B-6 during the genome breeding process (Table 5.2).

6

Conclusions and Outlook

The global lysine market has expanded to more than 2 million metric tons through the combined
effects of the development of fermentation technology and increased lysine demand. This market
growth is expected to continue, considering the increases in both nutritional values and
applications of this amino acid (Eggeling and Bott 2015). Currently, lysine fermentation,
including strain development technology, biochemical engineering, and downstream processing,

is the most advanced example of a bio-based production process.
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This chapter has provided an overview of lysine production processes and typical
production strains and summarized the history of lysine production technology. To the best of our
knowledge, the best lysine fermentation performance ever achieved is 170 g/L after 45 h
(Eggeling and Sahm 1999). However, it should be noted that the record titer was attained by a
classical strain. This suggests that there is still a significant gap in performance between the best
classical strain and strains metabolically engineered from wild type. It has not yet been possible
to reproduce the record titer from scratch through rational approaches only, probably due to the
existence of unknown mechanisms for hyperproduction. This means that there is a great deal
more to learn from the genomes of classical strains. As we enter the genomic era, new
possibilities emerge, including analysis of producer’s genomes, leading to genome breeding, and
systems metabolic engineering, leading to tailor-made cell factories with designed properties
(Becker and Wittmann 2015). The next-generation strains are expected to be created through the
synergy of these approaches, and through integrating the knowledge accumulated over decades of
industrial strain development with the emerging technology of in-silico modeling and simulation.

At the same time, the lysine industry is beginning to consider sustainable and
environmentally-friendly manufacturing systems in response to the continuing crisis of global
warming. From this standpoint, the industry is expected to develop strains enabling the use of
feedstocks that are renewable and that do not compete with human food or energy sources. The
development of innovative technologies enabling reduction in effluents and wastes generated
during fermentation and purification processes is also expected. Tackling these challenges will

lead to a new era for the lysine industry.

27



References

Ajinomoto (2013) Feed-Use Amino Acids Business.

http://www.ajinomoto.com/jp/ir/pdf/fact/Feed-useAA-Oct2013.pdf

Araki M, Sugimoto M, Yoshihara Y, Nakamatsu T (1999) Method for producing L-lysine.
US Patent 6004773 A

Barrett E, Stanton C, Zelder O, Fitzgerald G, Ross RP (2004) Heterologous expression of lactose-
and galactose-utilizing pathways from lactic acid bacteria in Corynebacterium glutamicum for
production of lysine in whey. Appl Environ Microbiol 70:2861-2866

Becker J, Klopprogge C, Herold A, Zelder O, Bolten CJ, Wittmann C (2007) Metabolic flux
engineering of L-lysine production in Corynebacterium glutamicum - over expression and
modification of G6P dehydrogenase. J Biotechnol 132:99-109

Becker J, Klopprogge C, Schroder H, Wittmann C (2009) Metabolic engineering of the
tricarboxylic acid cycle for improved lysine production by Corynebacterium glutamicum.
Appl Environ Microbiol 75:7866-7869

Becker J, Klopprogge C, Zelder O, Heinzle E, Wittmann C (2005) Amplified expression of
fructose 1,6-bisphosphatase in Corynebacterium glutamicum increases in vivo flux through
the pentose phosphate pathway and lysine production on different carbon sources. Appl
Environ Microbiol 71:8587-8596

Becker J, Wittmann C (2015) Advanced biotechnology: metabolically engineered cells for the
bio-based production of chemicals and fuels, materials, and health-care products. Angew
Chem Int Ed Engl 54:3328-3350

Becker J, Zelder O, Hafner S, Schréder H, Wittmann C (2011) From zero to hero: design-based

systems metabolic engineering of Corynebacterium glutamicum for L-lysine production.

28


http://www.ajinomoto.com/jp/ir/pdf/fact/Feed-useAA-Oct2013.pdf

Metab Eng 13:159-168

Blombach B, Schreiner ME, Moch M, Oldiges M, Eikmanns BJ (2007) Effect of pyruvate
dehydrogenase complex deficiency on L-lysine production with Corynebacterium
glutamicum. Appl Microbiol Biotechnol 76:615-623

Bommareddy RR, Chen Z, Rappert S, Zeng AP (2014) A de novo NADPH generation pathway
for improving lysine production of Corynebacterium glutamicum by rational design of the
coenzyme specificity of glyceraldehyde 3-phosphate dehydrogenase. Metab Eng 25:30-37

Bott M, Niebisch A (2003) The respiratory chain of Corynebacterium glutamicum. J Biotechnol
104:129-153

Brockmann-Gretza O, Kalinowski J (2006) Global gene expression during stringent response in
Corynebacterium glutamicum in presence and absence of the rel gene encoding (p)ppGpp
synthase. BMC Genomics 7:230

Burkovski A, Kramer R (2002) Bacterial amino acid transport proteins: occurrence, functions,
and significance for biotechnological applications. Appl Microbiol Biotechnol 58:265-274

Chen Z, Bommareddy RR, Frank D, Rappert S, Zeng AP (2014) Deregulation of feedback
inhibition of phosphoenolpyruvate carboxylase for improved lysine production in
Corynebacterium glutamicum. Appl Environ Microbiol 80:1388-1393

Eggeling L, Bott M (2015) A giant market and a powerful metabolism: L-lysine provided by
Corynebacterium glutamicum. Appl Microbiol Biotechnol 99:3387-3394

Eggeling L, Oberle S, Sahm H (1998) Improved L-lysine yield with Corynebacterium
glutamicum: use of dapA resulting in increased flux combined with growth limitation. Appl
Microbiol Biotechnol 49:24-30

Eggeling L, Sahm H (1999) L-Glutamate and L-lysine: traditional products with impetuous

developments. Appl Microbiol Biotechnol 52:146-153

29



Enei H, Yokozeki K, Akashi K (1989) Recent progress in microbial production of amino acids.
Gordon and Breach Science Publishers, New York, London, Paris, Montreux, Tokyo,
Melbourne

Fudou R, Jojima Y, Seto A, Yamada K, Kimura E, Nakamatsu T, Hiraishi A, Yamanaka S (2002)
Corynebacterium efficiens sp. nov., a glutamic-acid-producing species from soil and
vegetables. Int J Syst Evol Microbiol 52:1127-1131

Gunji Y, Yasueda H (2006) Enhancement of L-lysine production in methylotroph Methylophilus
methylotrophus by introducing a mutant LysE exporter. J Biotechnol 127:1-13

Hayakawa A, Sugimoto M, Yoshihara Y, Nakamatsu T (1998) Method for producing L-lysine.
US Patent 6221636 B1

Hayashi M, Mizoguchi H, Ohnishi J, Mitsuhashi S, Yonetani Y, Hashimoto S, Ikeda M (2006a) A
leuC mutation leading to increased L-lysine production and rel-independent global expression
changes in Corynebacterium glutamicum. Appl Microbiol Biotechnol 72:783-789

Hayashi M, Mizoguchi H, Shiraishi N, Obayashi M, Nakagawa S, Imai J, Watanabe S, Ota T,

Ikeda M (2002) Transcriptome analysis of acetate metabolism in Corynebacterium
glutamicum using a newly developed metabolic array. Biosci Biotechnol Biochem
66:1337-1344

Hayashi M, Ohnishi J, Mitsuhashi S, Yonetani Y, Hashimoto S, lkeda M (2006b) Transcriptome
analysis reveals global expression changes in an industrial L-lysine producer of
Corynebacterium glutamicum. Biosci Biotechnol Biochem 70:546-550

He X, Chen K, Li Y, Wang Z, Zhang H, Qian J, Ouyang P (2015) Enhanced L-lysine production
from pretreated beet molasses by engineered Escherichia coli in fed-batch fermentation.
Bioprocess Biosyst Eng 38:1615-1622

Hirao T, Nakano T, Azuma T, Sugimoto M, Nakanishi T (1989) L-lysine production in continuous

30



culture of an L-lysine hyper- producing mutant of Corynebacterium glutamicum. Appl
Microbiol Biotechnol 32:269-273

Hua K (2013) Investigating the appropriate mode of expressing lysine requirement of fish
through non-linear mixed model analysis and multilevel analysis. Br J Nutr 109:1013-1021

Ikeda M (2003) Amino acid production processes. In: Faurie R and Thommel J (eds) Adv
Biochem Eng Biotechnol vol 79 Microbial production of L-amino acids. Springer-Verlag,
Berlin, Heidelberg, pp 1-35

Ikeda M (2012) Sugar transport systems in Corynebacterium glutamicum: features and
applications to strain development. Appl Microbiol Biotechnol 96:1191-1200

Ikeda M, Mitsuhashi S, Tanaka K, Hayashi M (2009) Reengineering of a Corynebacterium
glutamicum L-arginine and L-citrulline producer. Appl Environ Microbiol 75:1635-1641

Ikeda M, Mizuno Y, Awane S, Hayashi M, Mitsuhashi S, Takeno S (2011) Identification and
application of a different glucose uptake system that functions as an alternative to the
phosphotransferase system in Corynebacterium glutamicum. Appl Microbiol Biotechnol
90:1443-1451

Ikeda M, Nakagawa S (2003) The Corynebacterium glutamicum genome: features and impacts
on biotechnological process. Appl Microbiol Biotechnol 62:99-109

Ikeda M, Noguchi N, Ohshita M, Senoo A, Mitsuhashi S, Takeno S (2015) A third glucose uptake
bypass in Corynebacterium glutamicum ATCC 31833. Appl Microbiol Biotechnol
99:2741-2750

Ikeda M, Ohnishi J, Hayashi M, Mitsuhashi S (2006) A genome-based approach to create a
minimally mutated Corynebacterium glutamicum strain for efficient L-lysine production. J
Ind Microbiol Biotechnol 33:610-615

Ikeda M, Ohnishi J, Mitsuhashi S (2005) Genome breeding of an amino acid-producing

31



Corynebacterium glutamicum mutant. In: Barredo JLS (ed) Microbial processes and products.
Humana Press, Totowa, pp 179-189

Ikeda M, Takeno S (2013) Amino acid production by Corynebacterium glutamicum. In: Yukawa
H and Inui M (eds) Microbiology monographs 23, Corynebacterium glutamicum. Springer,
Berlin Heidelberg, pp 107-147

Ikeda M, Takeno S, Mizuno Y, Mitsuhashi S (2013) Process for producing useful substance. US
Patent 8530203

Imaizumi A, Kojima H, Matsui K (2006) The effect of intracellular ppGpp levels on glutamate
and lysine overproduction in Escherichia coli. J Biotechnol 125:328-337

Imaizumi A, Takikawa R, Koseki C, Usuda Y, Yasueda H, Kojima H, Matsui K, Sugimoto S
(2005) Improved production of L-lysine by disruption of stationary phase-specific rmf gene in
Escherichia coli. J Biotechnol 117:111-118

Kabus A, Georgi T, Wendisch VF, Bott M (2007a) Expression of the Escherichia coli pntAB
genes encoding a membrane-bound transhydrogenase in Corynebacterium glutamicum
improves L-lysine formation. Appl Microbiol Biotechnol 75: 47-53

Kabus A, Niebisch A, Bott M (2007b) Role of cytochrome bd oxidase from Corynebacterium
glutamicum in growth and lysine production. Appl Environ Microbiol 73:861-868

Kase H, Nakayama K (1974) Mechanism of L-threonine and L-lysine production by
analog-resistant mutants of Corynebacterium glutamicum. Agr Biol Chem 38:993-1000

Kawaguchi H, Sasaki M, Vertés AA, Inui M, Yukawa H (2008) Engineering of an L-arabinose
metabolic pathway in Corynebacterium glutamicum. Appl Microbiol Biotechnol
77:1053-1062

Kawaguchi H, Vertés AA, Okino S, Inui M, Yukawa H (2006) Engineering of a xylose metabolic

pathway in Corynebacterium glutamicum. Appl Environ Microbiol 72:3418-3428

32



Kelle R, Hermann T, Bathe B (2005) L-Lysine production. In: Eggeling L, Bott M (eds),
Handbook of Corynebacterium glutamicum. CRC Press, Boca Raton, pp 465-488

Kikuchi Y, Kojima H, Tanaka T, Takatsuka Y, Kamio Y (1997) Characterization of a second
lysine decarboxylase isolated from Escherichia coli. J Bacteriol 179:4486-4492

Kim HI, Nam JY, Cho JY, Lee CS, Park YJ (2013) Next-generation sequencing-based
transcriptome analysis of L-lysine-producing Corynebacterium glutamicum ATCC 21300
strain. J Microbiol 51:877-880

Kinoshita S (1999) Taxonomic position of glutamic acid producing bacteria. In: Flickinger MC,
Drew SW (eds) Encyclopedia of bioprocess technology: fermentation, biocatalysis, and
bioseparation, John Wiley & Sons Inc, New York, pp 1330-1336

Kinoshita S, Nakayama K (1978) Amino acids. In: Rose AH (ed) Primary products of metabolism.
Academic press, London, New York, San Francisco, pp 209-261

Kitada S, Nakayama K, Kinoshita S (1961) Method for producing L-lysine by fermentation. US
Patent 2979439

Kjeldsen KR, Nielsen J (2009) In silico genome-scale reconstruction and validation of the
Corynebacterium glutamicum metabolic network. Biotechnol Bioeng 102:583-597

Kobayashi M, Itoyama T, Mitani Y, Usui N (2011) Method for producing basic amino acid.
European Patent 1182261 B1

Kojima H, Ogawa Y, Kawamura K, Sano K (1995) Process for producing L-lysine by
fermentation. International Patent Application WO 1995/016042 Al

Kojima H, Totsuka K (2002) Method for production of substances using microorganisms with an
increased productivity for NADPH. CA Patent 2175042 C

Komati Reddy G, Lindner SN, Wendisch VF (2015) Metabolic engineering of an ATP-neutral

Embden-Meyerhof-Parnas pathway in Corynebacterium glutamicum: growth restoration by

33



an adaptive point mutation in NADH dehydrogenase. Appl Environ Microbiol 81:1996-2005

Krings E, Krumbach K, Bathe B, Kelle R, Wendisch VF, Sahm H, Eggeling L (2006)
Characterization of myo-inositol utilization by Corynebacterium glutamicum: the stimulon,
identification of transporters, and influence on L-lysine formation. J Bacteriol 188:8054-8061

Krémer JO, Bolten CJ, Heinzle E, Schroder H, Wittmann C (2008) Physiological response of
Corynebacterium glutamicum to oxidative stress induced by deletion of the transcriptional
repressor McbR. Microbiology 154:3917-3930

Kromer JO, Sorgenfrei O, Klopprogge K, Heinzle E, Wittmann C (2004) In-depth profiling of
lysine-producing Corynebacterium glutamicum by combined analysis of the transcriptome,
metabolome, and fluxome. J Bacteriol 186:1769-1784

Kyowa Hakko Kogyo (1970) Process for producing L-lysine. UK Patent 1186988-A

Lee CS, Nam JY, Son ES, Kwon OC, Han W, Cho JY, Park YJ (2012) Next-generation
sequencing-based genome-wide mutation analysis of L-lysine-producing Corynebacterium
glutamicum ATCC 21300 strain. J Microbiol 50:860-863

Lee GH, Hur W, Bremmon CE, Flickinger MC (1996) Lysine production from methanol at 50
degrees C using Bacillus methanolicus: Modeling volume control, lysine concentration, and
productivity using a three-phase continuous simulation. Biotechnol Bioeng 49:639-653

Leuchtenberger W (1996) Amino acids - Technical production and use. In: Roehr M (ed)
Biotechnology, 2nd ed, vol 6, Products of primary metabolism. VCH Verlagsgesellschaft mbH,
Weinheim, pp 465-502

Liebl W, Ehrmann M, Ludwig W, Schleifer KH (1991) Transfer of Brevibacterium divaricatum
DSM 20297T, "Brevibacterium flavum” DSM 20411, "Brevibacterium lactofermentum™ DSM
20412 and DSM 1412, and Corynebacterium glutamicum and their distinction by rRNA gene

restriction patterns. Int J Syst Bacteriol, 41:225-260

34



Lindner SN, Seibold GM, Henrich A, Krdmer R, Wendisch VF (2011a) Phosphotransferase
system-independent glucose utilization in Corynebacterium glutamicum by inositol
permeases and glucokinases. Appl Environ Microbiol 77:3571-3581

Lindner SN, Seibold GM, Kramer R, Wendisch VF (2011b) Impact of a new glucose utilization
pathway in amino acid-producing Corynebacterium glutamicum. Bioeng Bugs 2:291-295

Marx A, Hans S, Mockel B, Bathe B, de Graaf AA (2003) Metabolic phenotype of
phosphoglucose isomerase mutants of Corynebacterium glutamicum. J Biotechnol
104:185-197

Meiswinkel TM, Gopinath V, Lindner SN, Nampoothiri KM, Wendisch VF (2013) Accelerated
pentose utilization by Corynebacterium glutamicum for accelerated production of lysine,
glutamate, ornithine and putrescine. Microb Biotechnol 6:131-140

Mitsuhashi S, Hayashi M, Ohnishi J, Ikeda M (2006) Disruption of malate:quinone
oxidoreductase increases L-lysine production by Corynebacterium glutamicum. Biosci
Biotechnol Biochem 70:2803-2806

Murakami Y, Miwa H, Nakamori S (1993) Method for the production of L-lysine employing
thermophilic Corynebacterium thermoaminogenes. US Patent 5250423

Nagai Y, Ito H, Yasueda H (2009) Amino acid production: L-lysine. In: Encyclopedia of
industrial biotechnology: Bioprocess, bioseparation, and cell technology. John Wiley and
Sons

Nakai Y, Nakanishi K, Kawahara Y, Ito H, Kurahashi O (2002) Method for producing substance
utilizing microorganism. US Patent 2002/0160461 Al

Nakano T, Azuma T, Kuratsu Y (1994) Process for producing L-lysine by iodothyronine resistant
strains of Corynebacterium glutamicum. US Patent 5302521 A

Nakayama K, Araki K (1973) Process for producing L-lysine. US Patent 3708395 A

35



Nakayama K, Kitada S, Kinoshita S (1961) Studies on lysine fermentation. 1. The control
mechanism on lysine accumulation by homoserine and threonine. J Gen Appl Microbiol
7:145-154

Nishio Y, Nakamura Y, Kawarabayasi Y, Usuda Y, Kimura E, Sugimoto S, Matsui K, Yamagishi
A, Kikuchi H, Ikeo K, Gojobori T (2003) Comparative complete genome sequence analysis of
the amino acid replacements responsible for the thermostability of Corynebacterium efficiens.
Genome Res 13:1572-1579

Nishimura T, Vertes AA, Shinoda Y, Inui M, Yukawa H (2007) Anaerobic growth of
Corynebacterium glutamicum using nitrate as a terminal electron acceptor. Appl Microbiol
Biotechnol 75:889-897

Ogawa-Miyata Y, Kojima H, Sano K (2001) Mutation analysis of the feedback inhibition site of
aspartokinase I11 of Escherichia coli K-12 and its use in L-threonine production. Biosci
Biotechnol Biochem 65:1149-1154

Ohnishi J, Hayashi M, Mitsuhashi S, Ikeda M (2003) Efficient 40 C fermentation of L-lysine by a
new Corynebacterium glutamicum mutant developed by genome breeding. Appl Microbiol
Biotechnol 62:69-75

Ohnishi J, Ikeda M (2006) Comparisons of potentials for L-lysine production among different
Corynebacterium glutamicum strains. Biosci Biotechnol Biochem 70:1017-1020

Ohnishi J, Katahira R, Mitsuhashi S, Kakita S, Ikeda M (2005) A novel gnd mutation leading to
increased L-lysine production in Corynebacterium glutamicum. FEMS Microbiol Lett
242:265-274

Ohnishi J, Mitsuhashi S, Hayashi M, Ando S, Yokoi H, Ochiai K, lkeda M (2002) A novel
methodology employing Corynebacterium glutamicum genome information to generate a new

L-lysine-producing mutant. Appl Microbiol Biotechnol 58:217-223

36



Ohnishi J, Mizoguchi H, Takeno S, Ikeda M (2008) Characterization of mutations induced by
N-methyl-N'-nitro-N-nitrosoguanidine in an industrial Corynebacterium glutamicum strain.
Mutat Res 649:239-244

Ozaki H, Shiio I (1983) Production of lysine by pyruvate kinase mutants of Brevibacterium
flavum. Agric Biol Chem 47:1569-1576

Patek M, Krumbach K, Eggeling L, Sahm H (1994) Leucine synthesis in Corynebacterium
glutamicum: enzyme activities, structure of leuA, and effect of leuA inactivation on lysine
synthesis. Appl Environ Microbiol 60:133-140

Pathania A, Sardesai AA (2015) Distinct paths for basic amino acid export in Escherichia coli:
YbjE (LysO) mediates export of L-lysine. J Bacteriol 197:2036-2047

Peters-Wendisch PG, Schiel B, Wendisch VF, Katsoulidis E, Mdckel B, Sahm H, Eikmanns BJ
(2001) Pyruvate carboxylase is a major bottleneck for glutamate and lysine production by
Corynebacterium glutamicum. J Mol Microbiol Biotechnol 3:295-300

Petersen S, Mack C, de Graaf AA, Riedel C, Eikmanns BJ, Sahm H (2001) Metabolic
consequences of altered phosphoenolpyruvate carboxykinase activity in Corynebacterium
glutamicum reveal anaplerotic mechanisms in vivo. Metab Eng 3:344-361

Pfefferle W, Mockel B, Bathe B, Marx A (2003) Biotechnological manufacture of lysine. In:
Faurie R and Thommel J (eds) Adv Biochem Eng Biotechnol vol 79, Microbial production of
L-amino acids. Springer-Verlag, Berlin, Heidelberg, pp 59-112

Radmacher E, Eggeling L (2007) The three tricarboxylate synthase activities of Corynebacterium
glutamicum and increase of L-lysine synthesis. Appl Microbiol Biotechnol 76:587-95

Riedel C, Rittmann D, Dangel P, Mdckel B, Sahm H, Eikmanns BJ (2001) Characterization,
expression, and inactivation of the phosphoenolpyruvate carboxykinase gene from

Corynebacterium glutamicum and significance of the enzyme for growth and amino acid

37



production. J Mol Microbiol Biotechnol 3:573-583

Rittmann D, Lindner SN, Wendisch VF (2008) Engineering of a glycerol utilization pathway for
amino acid production by Corynebacterium glutamicum. Appl Environ Microbiol
74:6216-6222

Sano K, Shiio | (1970) Microbial production of L-lysine. I11. Production by mutants resistant to
S-(2-aminoethyl)-L-cysteine. J Gen Appl Microbiol 16:373-391

Sano K, Shiio I (1971) Microbial production of L-lysine. V. Selection of lysine-producing
mutants from Brevibacterium flavum by detecting threonine sensitivity or halo-forming
method. J Gen Appl Microbiol 17:97-113

Sassi AH, Deschamps AM, Lebeault JM (1996) Process analysis of L-lysine fermentation with
Corynebacterium glutamicum under different oxygen and carbon dioxide supplies and redox
potentials. Process Biochem 31:493-497

Schrumpf B, Eggeling L, Sahm H (1992) Isolation and prominent characteristics of an L-lysine
hyperproducing strain of Corynebacterium glutamicum. Appl Microbiol Biotechnol
37:566-571

Seibold G, Auchter M, Berens S, Kalinowski J, Eikmanns BJ (2006) Utilization of soluble starch
by a recombinant Corynebacterium glutamicum strain: growth and lysine production. J
Biotechnol 124:381-391

Shiio I, Miyajima R (1969) Concerted inhibition and its reversal by end products of aspartate
kinase in Brevibacterium flavum. J Biochem 65:849-859

Shiio I, Nakamori S (1989) Coryneform bacteria. In: Neway JO (ed) Fermentation process
development of industrial organisms, Marcel Dekker, New York and Basel, pp133-168

Shiio I, Ozaki H, Ujigawa-Takeda K (1982) Production of aspartic acid and lysine by citrate

synthase mutants of Brevibacterium flavum. Agric Biol Chem 46:101-107

38



Shiio I, Toride Y, Sugimoto S (1984) Production of lysine by pyruvate dehydrogenase mutants of
Brevibacterium flavum. Agric Biol Chem 48:3091-3098

Shiratsuchi M, Kuronuma H, Kawahara Y, Yoshihara Y, Miwa H, Nakamori S (1995)
Simultaneous and high fermentative production of L-Lysine and L-glutamic acid using a
strain of Brevibacterium lactofermentum. Biosci Biotechnol Biochem 59:83-86

Sugimoto M, Otsuna S, Nagase K, Tsuchiya M, Matsui H, Yoshihara Y, Nakamatsu T (1996)
Sucrase gene derived from coryneform bacteria. EU Patent 0724017 A2

Takeno S, Hori K, Ohtani S, Mimura A, Mitsuhashi S, Ikeda M (2016) L-Lysine production
independent of the oxidative pentose phosphate pathway by Corynebacterium glutamicum
with the Streptococcus mutans gapN gene. Metab Eng 37:1-10

Takeno S, Murata R, Kobayashi R, Mitsuhashi S, Ikeda M (2010) Engineering of
Corynebacterium glutamicum with an NADPH-generating glycolytic pathway for L-lysine
production. Appl Environ Microbiol 76:7154-7160

Takeno S, Ohnishi J, Komatsu T, Masaki T, Sen K, Ikeda M (2007) Anaerobic growth and
potential for amino acid production by nitrate respiration in Corynebacterium glutamicum.
Appl Microbiol Biotechnol 75:1173-1182

Tateno T, Fukuda H, Kondo A (2007) Production of L-lysine from starch by Corynebacterium
glutamicum displaying a-amylase on its cell surface. Appl Microbiol Biotechnol
74:1213-1220

Tosaka O, Hirakawa H, Takinami K, Hirose Y (1978) Regulation of lysine biosynthesis by
leucine in Brevibacterium lactofermentum. Agric Biol Chem 42:1501-1506

Ueda T, Nakai Y, Gunji Y, Takikawa R, Joe Y (2005) L-amino acid-producing microorganism and
method for producing L-amino acid. International Patent WO 2005/073390 A2

van Ooyen J, Noack S, Bott M, Reth A, Eggeling L (2012) Improved L-lysine production with

39



Corynebacterium glutamicum and systemic insight into citrate synthase flux and activity.
Biotechnol Bioeng 109:2070-2081

Vrlji¢ M, Sahm H, Eggeling L (1996) A new type of transporter with a new type of cellular
function: L-lysine export from Corynebacterium glutamicum. Mol Microbiol 22:815-826

Wendisch VF, Bott M, Kalinowski J, Oldiges M, Wiechert W (2006) Emerging Corynebacterium
glutamicum systems biology. J Biotechnol 124:74-92

Wittmann C, Becker J (2007) The L-lysine story: From metabolic pathways to industrial
production. In: Wendisch VF (ed) Microbiology monographs, amino acid biosynthesis -
pathways, regulation and metabolic engineering. Springer, Berlin Heidelberg, pp 39-70

Wu'Y, Li P, Zheng P, Zhou W, Chen N, Sun J (2015) Complete genome sequence of
Corynebacterium glutamicum B253, a Chinese lysine-producing strain. J Biotechnol
207:10-11

Ying H, He X, Li Y, Chen K, Ouyang P (2014) Optimization of culture conditions for enhanced
lysine production using engineered Escherichia coli. Appl Biochem Biotechnol
172:3835-3843

Yokomori M, Totsuka K, Kawahara Y, Miwa H, Ohsumi T (1994) Process for producing L-lysine
by fermentation employing a microorganism resistant to acyl-lysine or methylated acyl-lysine.
US Patent 5304476 A

Yokota A, Shiio | (1988) Effects of reduced citrate synthase activity and feedback-resistant
phosphoenolpyruvate carboxylase on lysine productivities of Brevibacterium flavum mutants.
Agric Biol Chem 52:455-463

Xu J, Han M, Zhang J, Guo Y, Zhang W (2014) Metabolic engineering Corynebacterium
glutamicum for the L-lysine production by increasing the flux into L-lysine biosynthetic

pathway. Amino Acids 46:2165-2175

40



Table 5.1 Typical lysine-producing strains

. Culture Titer | Yield | Productivity
Strain Remarks . Reference
conditions (o/L) (%) (g9/L/h)
Micrococcus glutamicus i} glucose 10% Nakayama
(C. glutamicum ) No. 901 | Hse 28°C, 3-4days | 129 | 129 - etal. 1961
Brevibacterium flavum glucose 10% Sano and
r
FA-3-115 AEC 30°C, 72 h 318 | 318 - Shiio 1970
AEC', csP, pkP, glucose 10% Ozaki and
B. flavum No. 22 HDP. and £PS 30°C 51 51 _ Shiio 1983
: AEC" Rif" SM' and | molasses Hirao et
C. glutamicum B-6 AUT 32°C. 48 h 100 _ 2.1 al. 1989
. AEC' Rif", SM', AU", | sucrose 10% Nakano et
C. glutamicum H-8241 NG, Iturin', and TIT" 32°C. 72 h 48 48 _ al. 1994
. ) _ r glucose 18% Sassi et al.
C. glutamicum Hse™, Leu”, and AEC 27°C. 70 h 60 33.3 _ 1996
C. glutamicum r IS . Eqaelin
MH20-22B AECT (AK™) and Leu™ | gj,c0se 10% 50 50 _ ggl 19%8
/pJC23 dapA on plasmid etal.
Brevibacterium - r r 0 .
lactofermentum Hse™, AEC', CCL', and glucgse 3.6% 118 398 B Yokomori
B. lactofermentum r i} glucose 120.5 iSQtlrsltsuch
AJ12937 AEC, and Ala 31.5°C, 58 h ' - - '
1995
B. lactofermentum AEC' Ala", and CCL" | sucrose 95 Sugimoto
AJ11082/pSSM30BS sucrase gene on plasmid | 31.5°C, 35 h - - etal. 1996
r - r
B. lactofermentum AEC, Ala”, and CCL™ | a1yc0se 10% 152 | 452 Hayakawa
AJ11082/pCL and pPwm | YSC. IysA, and ppcon | 31 5ec 72 1 ' : - etal. 1998
plasmids
B. lactofermentum AEC'! Ala™, and CCL' lucose 10% Araki et al
AJ11082/pCABL and lysC, dapA, dapB, lysA, g o 48.8 48.8 _
: 31.5°C,72h 1999
PORF1 and aspC on plasmids
Kojima
B. lactofermentum transhydrogenase gene | glucose 3.6% 145 403 and
AJ3990/pHSG:: THYB on plasmid 31.5°C,72h ' ' - Totsuka
2002
Reengineered strain
. gzqgrl:g o mutations on glucose Ikeda and
C. glutamicum AGL-6 (hom59, IysC311, 40°C. 30 h 100 40 3.3 '2I'gll<§no

pyc458, gnd361,
mqo224, and leuC456)
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Defined strain with 12
genetic modifications
on genome (hom59,
lysC311, pyc458,

. duplication of ddh and | glucose Becker et
C. glutamicum LYS-12 lysA, overexpression of | 30°C, 30 h 120 55 4.0 al. 2011
lysC, dapB, pyc, fbp,
and zwf-opcA-tkt-tal,
deletion of pck, and
attenuation of icd)
Eggeling
C. glutamicum classical producer glucose 170 _ 3.8 and Sahm
45h
1999
IySCC932T pyCGlA,C1372T
hom™"¢, AilvNc.t,
AaceE::lysA,
AalaT::dapA,
C. glutamicum Lys5-8 | AavtA::ddh, gg“ﬁose 130.82 | 47.06 |  2.73 ;((;‘lit al.
AldhA::dapB,
Amdh::asd,
AgapA::gapC,
Apck::lysC %327
Corynebacterium thermotolerant . _
thermoaminogenes Corynebacterium glsli?sszlg % 30 30 _ sz{aigg
AJ12521 AECS ’ '
E. coli W3110tyrA dapA, lysC, dapB, and glucose 4% 1223 | 306 Kojima et
/pCABD2 ddh on plasmid 37°C,30h ‘ ' - al. 1995
E. coli AJ13069 AECS glucose 4% 76 19 Ueda et al.
Thr'and Met” ;
. glucose Ying et al.
E. coli NT1003 ppc, pntB, and aspA on | 7op 134.9 | 454 19 2014
plasmid
i i thermotolerant
Bacillus methanolicus methylotroph meothanol 47 Lee et al.
NOA2#13A52-8A66 50°C, 60 h - - 1996

Hse™, AEC', and Lys"

Hse, L-homoserine; Leu, L-leucine; Ala, L-alanine; Lys, L-lysine; Thr, L-threonine; Met,

DL-methionine; AEC, S-(2-aminoethyl)-L-cysteine; FP, B-fluoropyruvate; Rif, rifampicin; SM,

streptomycin; AU, 6-azauracil; NQ, naphtoquinoline; TIT, 3, 3°, 5-L-triiodo-L-thyronine; CCL,

a-chlorocaprolactam; DOL, N*N®-dioctanoyl-L-lysine; AK, aspartokinase; CS, citrate synthase;

PK, pyruvate kinase; HD, homoserine dehydrogenase; DDH, meso-diaminopimelate
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dehydrogenase; !, resistant; S, sensitive; D decreased or deficient activity; IS insensitive to

feedback regulation; -, auxotroph
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Table 5.2 Phylogeny of defined lysine producers reengineered by the genome breeding

approach
Strain Genotype Titer (g/L) Time (h) Productivity (g/L/h)
ATCC 13032 | _
(Wild-type) 0 30 0
HD-1 hom59
10 30 0.33
AK-1 lysC311
55 30 1.83
AHD-2 hom59, lysC311
80 30 2.67
AHP-3 hom59, lysC311,
0yCA58 85 30 2.83
APG-4 hom59, lysC311,
pyc458, gnd361 90 30 3.0
AGM-5 hom59, lysC311,
pyc458, gnd361, 94 30 3.13
mqo224
AGL-6 hom59, lysC311,
pyc458, gnd361, 100 30 3.33

mqo224, leuc456

Cultivations for lysine production were carried out at 40°C in 5-L jar fermenters using a medium

consisted of (per liter) 50 g of glucose, 20 g of corn steep liquor, 25 g of NH4Cl, 1 g of urea, 2.5 g

of KH,POy, 0.75 g of MgSO,4+7H,0, and some trace elements and vitamins (pH 7.0). After the

sugar initially added was consumed, a solution containing glucose, NH,4ClI, and D-biotin was

continuously fed until the total amount of sugar in the medium reached 25% (Ohnishi et al. 2002;

Ikeda et al. 2006)
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Fig. 5.1 Changes in estimated global markets (bars) and prices (circles) for lysine during the

past decade

Fig. 5.2 Targets of metabolic engineering for lysine production

Fig. 5.3 Design of S. mutans-type redox metabolism in C. glutamicum. Endogenous
NAD-dependent glyceraldehyde 3-phosphate dehydrogenase (GapA) of C. glutamicum was
replaced with nonphosphorylating NADP-dependent glyceraldehyde 3-phosphate dehydrogenase
(GapN) of S. mutans, leading to a C. glutamicum strain with an NADPH-generating glycolytic

pathway

Fig. 5.4 Possible mechanism for an increase in lysine production, activated by switching the
glucose transport systems from the PTS to the iolT1-specified non-PTS route. Considering that
lysine production is generally limited by the pyruvate carboxylase (Pyc) reaction
(Peters-Wendisch et al. 2001), it is likely that the increased availability of phosphoenolpyruvate
(PEP) relative to pyruvate (Pyr) in the non-PTS strain contributes to a better balanced supply of
carbon from the central metabolism into the lysine-biosynthetic pathway through the two

anaplerotic reactions involving pyruvate carboxylase and PEP carboxylase (Ppc)

Fig. 5.5 Reengineering of defined lysine producers by genome breeding. This approach starts
with comparative genomic analysis to identify mutations and eventually leads to creation of a
defined mutant that carries a minimal set of beneficial mutations (e.g., hom59, lysC311) and no

undesirable mutations (x)
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Fig. 5.6 Mutated genes identified in the lysine-biosynthetic pathways and central carbon
metabolism through whole-genome sequencing of C. glutamicum B-6. Both grey and black boxes
represent genes in which mutations were identified. The five specific mutations indicated above
the black boxes were defined as positive mutations for lysine production. Abbreviations and

symbols for genes are as described in the previous report (Hayashi et al. 2002)

Fig. 5.7 Systems metabolic engineering for lysine production. On the basis of the metabolic
blueprint, twelve genetic modifications were introduced into a wild-type genome, which resulted
in the lysine hyperproducer C. glutamicum LYS-12. Abbreviations and symbols for genes are as

described in the previous report (Hayashi et al. 2002)
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