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1  Introduction

L-amino acids find various applications in food and feed
biotechnology [1–4] and as synthons for the chemical
industry [5]. Essential L-amino acids are used in human
parenteral nutrition and as feed supplements, while L-glu-
tamate and its salts are used as flavor enhancers [5, 6].
The growing world population and a higher demand for
animal products drive the amino acid market growth,
which is countered by increased production facilities,

strain optimization and amino acid process intensifica-
tion. Fermentative production of L-amino acids in the mil-
lion-ton-scale can be considered a major achievement of
biotechnology [6]. 

Amino acid producing strains of Corynebacterium
glutamicum, which has been used safely for more than 
50 years in food biotechnology [6–8], and of Escherichia
coli are continuously improved using metabolic engineer-
ing approaches [5, 6]. This review focuses on metabolic
engineering of C. glutamicum by sensor-based methods
of classical strain breeding, synthetic pathway engineer-
ing for access to alternative carbon sources and for ren-
dering this bacterium biotin-prototrophic. A large variety
of compounds can be produced by C. glutamicum
(Table 1) with a traditional focus on L-amino acids such as
L-glutamate and L-lysine [9], but also L-arginine [10], 
L-alanine [11], L-isoleucine [4], L-methionine [12], L-ser-
ine [13] or L-valine [14] (Table 1). D-Amino acids including
D-arginine and D-serine are also produced [15]. Decar-
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Table 1. Selected compounds produced by Corynebacterium glutamicum

Product Application Titer (g L–1) Productivity Reference
(g L–1 h–1)

Amino acids
L-Arginine Building block in chemistry 93 1.3 [10]
L-Alanine Component of infusion solutions, dietics 98 3.10 [186]
L-Citrulline 7.7 0.32 [27]
L-Glutamate Flavor-enhancer 100 3.00 [9]
L-Histidine Dietary supplementation 23 0.19 [187]
L-Isoleycine Component of infusion solutions, dietics 21 0.21 [4]
L-Leucine Building block for novel pharmaceutical 24 0.60 [188]
L-Lysine Feed industry 120 4.00 [189]
L-Methionine Feed industry, pharmaceutical applications 2.9 0.02 [12]
L-Ornithine Dietary supplement in food and pharmaceutical industries 52 1.3 [90]
L-Phenylalanine Precursor for peptide sweetener Aspartam 28 0.40 [4]
L-Proline Animal feed and in chemical synthesis 13 0.52 [93]
L-Serine 43 0.44 [13]
L-Threonine Feed industry 52 0.58 [52]
L-Tryptophane Feed industry 58 0.73 [2]
L-Valine Dietary products, pharmaceuticals, cosmetics, precursor 150 0.27 [14]

for antibiotic and herbicide synthesis
D-Arginine Building block in chemistry 0.5 0.01 [15]
D-Lysine Building blocks in chemistry 4.2 0.11 [15]
D-Ornithine Building blocks in chemistry 6.3 0.13 [15]
D-Serine Building blocks in chemistry 8.5 0.12 [15]
GABA Pharmaceuticals, functional foods or in polyamide 4 39 0.54 [82]

Diamines
Cadaverine Precursor of polyamide 5,5 88 2.2 [17]
Putrescine Drop-in for production of polyamides such as PA4,10 or PA4,6 19 0.6 [16]

Alcohols
Ethanol Bulk chemical, alternative bio-fuel 6.9 2.3 [38]
Isobutanol Bulk chemical, alternative bio-fuel 73 2.6 [104]
1,2-propandiol 1.8 0.18 [190]

Organic acids
Glycolate Cosmetic industry, rinsing agent, precursor to specialized poylmers 5.3 0.1 [191]
Ketoisovalerate Therapeutic agent for chronic kidney disease 22 0.22 [19]
D-Lactate Precursor to biodegradable polymer 120 40 [192]
Oleic acid Pharmaceuticals, cosmetics, fuels 0.21 [41]
Palmitic acid Pharmaceuticals, cosmetics, fuels 0.05 [41]
Panthothenate Vitamine, food additive 1.8 0.04 [40]
Succinate Precursor to specialized polyesters, acidity regulator 146 3.2 [23]

in food applications

Biopolymers
Poly-hydroxybutyrate Biopolymers, bioplastics 0.7 [42]

Terpenoids
Astaxanthin Antioxidant, food coloring 8.4 × 10–3 0.15 × 10–3 [44]
β-Carotene Provitamin A, food coloring 23 × 10–3 0.9 × 10–3 [43]
C.p.450 Antioxidant, light filter 16 × 10–3 [43]
Decaprenoxanthin Antioxidant, light filter 22 × 10–3 [43]
Lycopene Antioxidant, food coloring 2.3 × 10–3 [43]
Pinene Flavor, fragrence 0.2 × 10–3 3.7 × 10–6 [45]
Sarcinaxanthin Antioxidant, light filter 21 × 10–3 [43]
Valencene Flavor, fragrance 0.2 × 10–3 10 × 10–6 [46]
Zeaxanthin Food coloring 4.5 × 10–3 [43]
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boxylation leads to the diamines putrescine [16] and
cadaverine [17]. A number of organic acids, mostly imme-
diate precursors of the amino acids, can be produced, 
e.g. α-ketoglutarate [18], 2-ketoisovalerate [19], 2-ketoiso-
caproate [20] or pyruvate [21]. Importantly, succinate pro-
duction under aerobic and oxygen-deprivation conditions
has been widely studied [22–31] including succinate
transport [32–35]. Alcohols such as isobutanol [36, 37] and
in particular ethanol fermentation under oxygen-depriva-
tion conditions have been developed [38, 39]. Other prod-
ucts include vitamins [40], fatty acids[41], polymers [42],
carotenoids [43, 44] and terpenes [45, 46].

Recently the field has gained new impetus [47] since
the genome of C. glutamicum has been cleared of its
prophage DNA [48] and was further reduced by deletion
of genes shown to have no negative effect on growth in
glucose medium [49]. Such genome-stream lined strains
were used for the production of L-citrulline [50] and astax-
anthin [44]. In this review selected examples for the
accomplishments of metabolic engineering of C. glutam-
icum are given; the reader is referred to reviews covering
complementary examples [8, 18, 51–54].

2  Realizing a flexible feedstock concept:
Access to alternative carbon sources

In industry, molasses, glucose from starch hydrolysis or
thick juice find application [55]. Unlike many other micro -
organisms such as E. coli, B. subtilis or S. cerevisiae, 
C. glutamicum is able to simultaneously utilize a variety
of carbon sources [6] and typically neither shows diauxic
growth nor sequential utilization on mixed carbon
sources, which is highly appreciated for industrial appli-
cations [56]. Furthermore, this advantageous characteris-
tic prevails when exogenous carbon utilization pathways
were introduced, as it was observed when cultivated on
glucose with glycerol [57], xylose and arabinose [58], on
cellobiose with xylose and glucose [59] or on hexuronates
and glucose [60]. 

To meet the quest for more sustainable and less cost-
ly biotechnological processes C. glutamicum has been
successfully engineered for the consumption of alterna-
tive feed stocks with particular attention to those attained
from agro- and industry-wastes, which therefore do not
have competing applications in human nutrition. Since
biomass hydrolysates consist of complex mixtures of dif-
ferent carbon compounds C. glutamicum is favorable for
processes based on agro-wastes due to its ability to co-
utilize many different carbon sources. Beyond that, C. glu-
tamicum, in contrast to many other microorganisms,
shows relatively high resistance to various growth
inhibitors, such as acetate, alcohols, furans, phenols, and
acids, which form during lignocellulose pretreatment [61,
62] which is appreciated in fermentations based on plant
hydrolysates.

Xylose utilization in C. glutamicum has been estab-
lished via the isomerase [63] and the Weimberg pathway
[64], the latter of which avoids carbon loss in xylose-based
production of L-glutamate-family amino acids. Growth
and production (e.g. of amino acids, diamines or
carotenoids) has been described based on crude glycerol,
the major byproduct in biodiesel processes [65], on pen-
toses like arabinose and xylose, which constitute the most
abundant sugars in lignocellulosic hydrolysates [58], on
hexuronic acids as present in pectin [60] and on the amino
sugars glucosamine as well as the monomeric unit of
chitin, N-acetyl glucosamine [66, 67]. Succinic and lactic
acid production by C. glutamicum from renewable
resources was achieved and comprehensively reviewed
recently [25].

Apart from enabling access to alternative monomeric
carbon sources that can be purified from agro- and indus-
trial wastes, C. glutamicum has also been engineered for
the utilization of polymers such as starch [68, 69] or glu-
cans [70, 71]. Growth and synthesis of various bioprod-
ucts from rice straw and wheat bran hydrolysates [58, 72,
73] as well as grass juice [74] was shown.

3  Metabolic engineering of L-glutamate
amino acid family products: GABA, 
L-arginine, L-ornithine, L-proline and
putrescine

C. glutamicum can be considered a good source of L-glu-
tamate-derived products since it is an exquisite producer
of L-glutamate [53]. Various triggers of glutamate over-
production have been investigated in order to optimize
production and excretion [75]: addition of ethambutol [76]
or penicillin [77] as well as upward temperature shifts [78,
79] are only a few of the analyzed inducers of glutamate
production. 

3.1  Engineering γ-amino-butyrate (GABA)
producing strains

L-glutamate can be deaminated to α-ketoglutarate [18] or
decarboxylated to the α,ω-amino acid GABA. Efficient
conversion of glutamate to GABA, which can be used in
pharmaceuticals, functional foods or in polyamide 4,
required expression of glutamate decarboxylase genes
from E. coli or lactobacilli and deletion of the endogenous
GABA uptake genes [80]. By deletion of pknG, encoding
for serine/threonine protein kinase G, intracellular gluta-
mate concentration in a fermentative process from glu-
cose as carbon source could be increased and thereby
GABA production enhanced further up to 31  g/L [81].
More recently Choi and co-workers investigated growth
and production from glucose at different pH and achieved
a maximal GABA concentration of about 39 g/L by fed-
bath culture of a recombinant C. glutamicum [82].
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3.2  Production of L-ornithine, L-arginine, 
and L-proline

Ikeda and colleagues have pioneered production of the L-
glutamate family amino acid L-arginine and introduced
key mutations into the wild-type genome [83]. This strat-
egy has been followed widely [84–89] and classical muta-
genesis paired with metabolic engineering led to high-
producing strains [10]. L-ornithine can be considered a
key intermediate of L-arginine biosynthesis and a number
of L-ornithine producing strains have been obtained [85,
90–92].

L-ornithine can be converted to L-proline, a secondary
proteinogenic amino acid used for animal feed and in
chemical synthesis [5, 6], in a reaction catalyzed by
ornithine cyclodeaminase. This enzyme occurs in plants,
animals and bacteria such as Pseudomonas putida. Het-
erologous expression of the P. putida gene in a L-ornithine
accumulating strain enabled production of about 13 g/L
L-proline with a yield of 0.36 g L-proline per g glucose [93]. 

3.3  Establishing and optimizing production 
of the diamine putrescine

L-ornithine can be decarboxylated to the α,ω-diamine
putrescine (1,4-diaminobutane) [94], which finds applica-
tion as drop-in for production of polyamides such as
PA4,10 or PA4,6. Heterologous expression of the ornithine
decarboxylase gene speC from E. coli in a L-ornithine pro-
ducing C. glutamicum strain led to putrescine production
[95]. Leaky expression of ornithine transcarbamoylase
gene argF from an addiction plasmid enabled the highest
putrescine yield (about 0.26 g/g) reported in bacteria and
made the addition of antibiotics to the fermentation broth
dispensable [16]. Recently, it was found that the 
TetR-family transcriptional repressor CgmR responds to
putrescine and other diamines in physiologically relevant
concentrations, which function as inducers of cgmRA
expression [96]. Overexpression of the putative transport
gene cgmA increased putrescine production [96]. Since
N-acetylputrescine was formed as significant by-product
of putrescine production, a systematic screen of all
genome-encoded (putative) N-acetyltransferase genes
revealed that a single N-acetyltransferase, named SnaA,
caused putrescine acetylation [96]. SnaA uses acetyl-CoA
or propionyl-CoA to acetylate putrescine and other
diamines, but in particular the triamine spermidine and
the tetraamine spermine [96]. In the absence of SnaA nei-
ther cadaverine [97] nor putrescine [96] were acetylated.
Deletion of snaA in the putrescine producing strain
PUT21 prevented acetylputrescine formation and
improved the putrescine yield by about 41%. Based on
analysis of a genome-scale stoichiometric model of a 
C. glutamicum strain with reduced ornithine transcar-
bamoylase activity, derepressed arginine biosynthesis,
and heterologous expression of E. coli ornithine decar-

boxylase gene speC, glycolysis and anaplerosis were
enhanced by plasmid-borne overexpression of the genes
for glyceraldehyde 3-phosphate dehydrogenase and pyru-
vate carboxylase. Moreover, 2-oxoglutarate dehydroge-
nase activity was reduced by changing the translational
start codon of the chromosomal gene for 2-oxoglutarate
dehydrogenase subunit E1o and changing threonine 15 of
OdhI to alanine. The latter modifications improved spe-
cific productivity to 0.045 g g–1 h–1 [98]. Putrescine was
also produced from alternative substrates such as pen-
toses, hemicellulosic hydrolysates [72], hexuronic acids
[60], crude glycerol [99], glucosamine [66], N-acetylglu-
cosamine [67] and by a biotin-prototrophic putrescine
producing strain [89].

3.4  Strain engineering for production of L-citrulline

L-ornithine can be carbamoylated by L-ornithine car-
bamoyltransferase ArgF to yield L-citrulline. A C. glutam-
icum strain accumulating L-citrulline as major product
has recently been developed [50]. The arginine repressor
gene argR was deleted to derepress L-arginine biosyn-
thesis and deletion of the argininosuccinate synthetase
gene argG blocked conversion of L-citrulline to L-argi-
nine. When in addition argF, encoding L-ornithine car-
bamoylphosphate transferase, and argBfbr, encoding a
feedback-resistant variant of N-acetyl L-glutamate kinase,
were overexpressed, about 44 mM L-citrulline were pro-
duced from glucose with a yield of 0.38 ± 0.01 g g–1 and a
volumetric productivity of 0.32 ± 0.01 g L–1 h–1. In princi-
ple, starch, xylose and glucosamine also served as sub-
strates for the production of L-citrulline by the respective
recombinant strains [50].

4  Metabolic engineering of L-aspartate
amino acid family products: 
5-aminovalerate and cadaverine

The α,ω-amino acid 5-aminovalerate can be converted to
valerolactam, which in turn can be used for ring-opening
polycondensation to yield nylon 5. L-lysine serves as
 precursor for 5-aminovalerate. Heterologous expression 
of the Pseudomonas putida davAB encoding δ-amino-
valeramidase and lysine 2-monooxygenase in E. coli
enabled production of 5-aminovalerate [100, 101]. Addi-
tional heterologous expression of P. putida gabTD genes
encoding 5-aminovalerate aminotransferase and glu-
tarate semialdehyde dehydrogenase allowed for produc-
tion of the α,ω-dicarboxylic acid glutaric acid, when 
α-ketoglutarate was added externally in stoichiometric
concentrations. Polyamide 5,5 can be generated using
glutaric acid and cadaverine. 

The α,ω-diamine cadaverine (1,5-diaminopentane) is
amenable to fermentation by coupling L-lysine fermenta-
tion to L-lysine decarboxylation as first described by
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Mimitsuka and colleagues [102]. Cadaverine yields were
improved by export engineering and elimination of the
acetylated by-product [51]. Moreover, alternative carbon
sources were used for cadaverine production [69, 73, 103]. 

5  Metabolic engineering 
of isobutanol production

2-Ketoisovalerate (KIV), the key-metabolite of L-leucine
and L-valine biosynthesis, also serves as precursor for
isobutanol production. Isobutanol is an attractive alterna-
tive bio-fuel due to its higher energy density and lower
hygroscopy compared to ethanol, which makes it more
suitable for currently existing pipelines and combustion-
engines. Apart from that, isobutanol is used as educt in
the isobutene synthesis needed for the production of sev-
eral other chemicals. Microbial production of isobutanol is
challenging due to its high cell toxicity. C. glutamicum is
one of the more isobutanol-tolerant industrial microor-
ganisms; therefore, it was successfully used for the con-
version of KIV to isobutanol in aerobic and anaerobic
processes [37, 104]

For fermentative production of the precursor KIV in 
C. glutamicum transaminase gene ilvE was deleted and
ilvBNCD genes, responsible for the KIV biosynthesis from
pyruvate, were overexpressed. Deletion of aceE and pqo
encoding for the pyruvate dehydrogenase subunit AceE
and pyruvate quinone oxidoreductase Pqo, respectively,
entailed enhanced pyruvate supply and led to 188  mM
KIV, which is about 22 g L–1, and a productivity of about
0.5 g L–1 h–1 [19]. Based on this strain, C. glutamicum was
engineered for isobutanol production from glucose [36].
Since isobutanol is a more reduced compound than KIV or
L-valine its biosynthesis from glucose requires more
reduction equivalents. Thus, anaerobic production was
preferably pursued in order to provide sufficient NADH
supply. Efficient conversion of KIV to isobutanol under
oxygen deprivation was achieved by inactivation of L-lac-
tate and malate dehydrogenases by directed gene dele-
tion, heterologous expression of the ketoacid decarboxy-
lase gene kivD from Lactococcus lactis and the pntAB
transhydrogenase genes from E. coli, and overexpression
of the native alcohol dehydrogenase gene (adhA). In a
two-phase fed-batch fermentation with an aerobic
growth phase and subsequent anaerobic production
phase this strain produced 175  mM isobutanol and an
overall yield of about 0.48 mol per mol glucose [36]. In a lat-
er approach, Yamamoto and co-workers addressed avoid-
ance of product inhibition by continuous extraction of
isobutanol from the reaction mixture using oleyl alcohol.
Continuous extraction and tripling of the cell concentra-
tion in the reaction mixture increased the isobutanol titer
to 981 mM [104].

6  Metabolic engineering of production 
of carotenoids and terpenes

Isoprenoids denote an extensive group of natural second-
ary metabolites with more than 55 000 structures; a num-
ber which is constantly rising due to new discoveries
[105, 106]. They serve versatile biological functions, like
e.g. hormones, volatile signals, pigments or plant regula-
tory molecules [107, 108] and are commercially employed
for a wide range of applications in the food, cosmetic and
pharmaceutical industry [109, 110]. Apart from that, iso-
prenoids have recently emerged as sustainable alterna-
tives to petroleum-derived fuels [110, 111]

All isoprenoids are composed of a varying number of
isoprene units and are derived from the universal five-car-
bon precursor isopentenyl pyrophosphate (IPP) and its
isomer dimethylallyl pyrophosphate (DMAPP) [112]
(Fig. 1). The C5 building block IPP can be synthesized by
two distinct pathways, the mevalonic acid (MVA) path-
way, which occurs mainly in eukaryotes, archaea, and a
limited number of bacteria, and the methylerythritol phos-
phate (MEP) pathway, present in most bacteria and plant
plastids [113–118]. 

6.1  C. glutamicum as host for production of C40
and C50 carotenoids

Carotenoids are yellow-to-red colored pigments originat-
ing from the isoprenoid biosynthetic pathway. They are
ubiquitous in nature and synthesized by plants, fungi,
algae, and bacteria. Carotenoids are classified according
to the lengths of their carbon backbone with the majority
consisting of a C40 backbone, but also C30 and C50
carotenoids are known [119]. Although numerous micro-
bial carotenoids are identifiedand and their microbial pro-
duction is intensively investigated accompanied by a ris-
ing interest for their efficient and environmental-friendly
production by microbial hosts, only a few are produced to
industrial scale by biological systems as they are often not
cost competitive compared to chemical synthesis [114,
120–122]

C. glutamicum belongs to a rare group of bacteria that
produce long chain C50 carotenoids, that have been
mainly isolated from extremely halophilic archaea [123,
124] and from Gram-positive bacteria of the order Actino-
mycetales [125]. The cyclic C50 carotenoid decaprenox-
anthin and its glucosides give C. glutamicum its charac-
teristic yellow phenotype. The biosynthetic pathway was
elucidated in C. glutamicum by Sandmann and co-work-
ers and the respective carotenogenic genes have been
identified [126–128]. The genome exhibits two caroteno -
genic gene clusters: the major of the two crt-clusters com-
prises the genes crtE, cg0722, crtB, crtI, crtYe, crtYf, crtEb,
encoding enzymes for the full conversion of IPP and
DMAPP to decaprenoxanthin, and one gene of unknown
function (cg0722). A second small crt cluster includes the
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gene crtB2 (cg2672), which codes for a second functional
phytoene synthase [128]. The carotenoid glucosyltrans-
ferase of C. glutamicum, which was demonstrated to glu-
cosylate decaprenoxanthin as well as other cyclic C50
carotenoids, is encoded by gene crtX (cg0730), located
about 6 kb downstream the major crt-cluster [129].

The heterologous expression of C. glutamicum
carotenogenic genes has been conducted in several stud-
ies [125, 126, 130, 131], but also the potential of this Gram-
positive organism for carotenoid overproduction has been
investigated [43, 128] (Fig. 1). A platform strain has been
engineered for elevated production of a variety of different
C40 and C50 carotenoids up to 3–4 mg g–1 DW [43]. In that
work the strain design focused on the terminal carotenoid
pathway. Therefore, genes for conversion of lycopene to
decaprenoxanthin were deleted, yielding the lycopene
accumulating platform strain (LYC1). Flux towards
lycopene was enhanced by plasmid-borne overexpres-
sion of an artificial operon comprising the native genes
crtE, crtB and crtI. Heterologous expression of lycopene
processing genes from various organisms, Pantoea ana-
natis, Micrococcus luteus or Dietzia sp. resulted in the
production of the respective carotenoid. Furthermore, the
presence or absence of an appropriate glucoslyltranferase

allowed the production of carotenoids in both, their diglu-
cosylated and in their non-glucosylated form [43]. 

6.2  Short chain isoprenoids

Apart from carotenoids, several other isoprenoid com-
pounds are synthesized by C. glutamicum, involved in the
menaquinone and cytochrome biosynthesis or the compo-
sition of the cell wall [132, 133]. Isoprenoid precursors in
C.  glutamicum derive from the MEP-pathway [44, 134,
135]. Recently, the optimization of the IPP precursor supply
for carotenoid production was investigated by chromoso-
mal overexpression of genes of the MEP pathway [44].

Moreover, the production of short chain isoprenoids
has been facilitated in C. glutamicum: production of the
sesquiterpene valencene was achieved by heterologous
expression of the (+)-valencene synthase gene from the
sweet orange Citrus sinensis. Increased titers were
obtained upon expression of valencene synthase from
Nootka cypress with up to 0.25 ± 0.03 mg g–1 DW [46].
However, expression of the valencene synthase gene
alone was not sufficient to enable valencene production,
most likely due to a deficit of the immediate precursor far-
nesyl pyrophosphate (FPP). On that account the deletion
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Figure 1. Biosynthesis of endogenous and heterologous terpenoids by recombinant C. glutamicum. Production of the monoterpene pinene, the sesquiter-
pene valencene, C40 carotenoids and C50 carotenoids are depicted (black boxes). Gene names are indicated next to the reactions catalyzed by the respec-
tive gene products. Heterologously expressed genes for pinene production (3Pinus taeda, 4Abies grandis), for valencene production (1S. cerevisiae, 2E. coli,
5Citrus sinensis, 6Callitropsis nootkatensis) and for carotenoid production (7P. ananatis, 8B. aurantiaca, 9M. luteus, 10Dietzia sp. CQ4) are illustrated in frames.
(GAP, Glyceraldehyde 3-phosphate; DXP, 1-deoxy-D-xylulose 5-phosphate; DMAPP, dimethylallyl pyrophosphate; GGPP, geranylgeranyl pyrophosphate)
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of the two native geranylgeranyl pyrophosphate (GGPP)
synthases genes idsA and crtE and the heterologous pro-
duction of FPP synthase either from Escherichia coli or
from Saccharomyces cerevisiae was necessary to estab-
lish the sesquiterpene production [46, 136]. In addition to
that, production of the monoterpenoid pinene, deriving
from geranyl pyrophosphate (GPP) could be achieved in
metabolically-engineered C. glutamicum [45]. GPP syn-
thase and pinene synthase from Pinus taeda and Abies
grandis, respectively, were co-expressed with two native
MEP-pathway genes, encoding 1-deoxy-d-xylulose-5-
phosphate synthase (Dxs) and isopentenyl diphosphate
isomerase (Idi), which resulted in an α-pinene yield of
about 0.027 ± 0.007 mg g–1 DW [45]. Thus, the yield for this
monoterpene was about ten-fold lower than the yield for
the sesquiterpene (+)-valencene [46]. An overview of syn-
thetic pathways towards endogenous and heterologous
terpenoids by recombinant C.  glutamicum is given in
Fig. 1.

7  Chassis for metabolic engineering: 
Biotin prototrophy and genome reduction

Apart from high product formation in terms of yields,
titers and productivities metabolic engineering also aims
at reduction of production costs. Both aspects are impor-
tant for making microbial production processes economi-
cally viable. Hence, the use of inexpensive media compo-
nents for fermentation and the eschewal of cost-intense
supplements are desirable. 

7.1  Engineering biotin prototrophic C. glutamicum

C. glutamicum is auxotrophic for biotin. While biotin lim-
itation elicits L-glutamate production, sufficient biotin is
required for L-lysine production [137, 138]. C. glutamicum
possesses only two biotin-containing proteins: pyruvate
carboxylase and acetyl-CoA carboxylase. Both proteins
are biotinylated at a specific lysyl residue by biotin-pro-
tein ligase BirA [139]. 

Unexpectedly, most of the genes for biotin biosynthe-
sis and even its regulation are present in C. glutamicum:
it possesses the biotin uptake system BioYMN, the tran-
scriptional regulator BioQ and functional enzymes for the
last three reactions of biotin synthesis starting from
pimeloyl-CoA, namely, BioA, BioD, and BioB [89]. While
initially biotin auxotrophy of C. glutamicum was suggest-
ed to be due to the lack of BioF [140], heterologous expres-
sion of bioF from E. coli, encoding 7-keto-8-amino -
pelargonic acid synthase, enabled growth of C. glutam-
icum without added biotin, but required pimelic acid sup-
plementation instead. Two pathways of pimeloyl-CoA/
ACP biosynthesis exist: the E. coli BioC-BioH pathway
[141] and the Bacillus subtilis BioI-BioW pathway [142]. In
E. coli, BioC methylates malonyl-CoA to yield a methyl

ester that enters fatty acid biosynthesis and after two
elongation cycles is demethylated to pimeloyl-ACP by
BioH [141]. However, combined expression of bioF, bioC
and bioH from E. coli did not render C. glutamicum biotin
prototrophic. Possibly, the type-I fatty acid synthase com-
plex (FAS-I) of C. glutamicum, unlike type-II fatty acid
synthase (FAS-II) from E. coli, may not accept methyl-mal-
onyl-CoA as substrate and/or BioH may not gain access
to methyl-pimeloyl-ACP in FAS-I [89]. By contrast, plas-
mid-borne expression of the bioWAFDBI gene cluster
from B. subtilis resulted in biotin-independent growth of
C. glutamicum for at least eight serial transfers to biotin-
depleted medium and production of L-lysine, L-arginine,
putrescine and lycopene could be demonstrated [89].
Thus, the P450 enzyme BioI catalysing oxidative cleavage
of fatty acyl chains appears compatible with FAS-I of 
C. glutamicum [143]. While it can be postulated from two
studies on engineering biotin prototrophic C. glutamicum
strains [89, 143] that heterologous expression of bioI com-
bined with bioF would be sufficient to endow C. glutam-
icum with biotin-prototrophy, this still needs to be
demonstrated experimentally.

7.2  Genome stream-lined C. glutamicum
for use as chassis organism

Although metabolic engineering has advanced during
the last decades, incomplete understanding of the meta-
bolic and regulatory complexity of the microbial cell
remains a big challenge in strain development. Systemat-
ic genome reduction follows the aim to reduce this com-
plexity by creating a simplified and defined chassis that
can be engineered more efficiently [144, 145]. Theoreti-
cally, a minimal genome should only possess the essential
parts that define a living cell. Importantly, the genetic
repertoire to maintain homeostasis with respect to pH,
osmolality, salts etc. in response to ever changing envi-
ronmental conditions in nature is dispensable if such an
organism is kept under stable physiological conditions.
Biotechnology rather targets chassis organisms with
reduced genome sizes that, however, retain robust
growth and production characteristics under defined cul-
tivation conditions. 

There are two basic approaches towards a minimal
genome following either a top-down, in which the
genome is gradually reduced in either a targeted or untar-
geted manner, or a bottom-up strategy, where the entire
genome is created from scratch [47]. Since the former
strategy can be implemented more easily, several studies
on rational genome reduction of biotechnologically rele-
vant bacteria have been performed trimming the genome
in a range from 7 to 22% [146–148]. Also in C. glutamicum
extensive genome engineering has been conducted in
the last years. 

C. glutamicum represents a promising target for cre-
ating a minimal organism as its comparably small genome
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was sequenced and made available in 2003 [134, 149], a
wide range of genetic engineering tools are established
and omics data are constantly expanding [150–152]. In
2005, Suzuki et al. undertook several investigations on tar-
geted genome reduction in C. glutamicum R [153–155].
By comparison of the genomes of the two C. glutamicum
strains, R and ATCC 13032, they identified eight distinct
regions that were targeted for deletion in C. glutamicum
R [154]. A combined deletion of 188 open reading frames,
including transposable elements, prophages, genes for
phenylacetic acid degradation as well as genes of
unknown function, yielded a genome reduction of 5.7%
[155]. Genome reduction efforts have recently been
described also for C. glutamicum ATCC 13032. In a first
attempt the prophage-cured strain MB001 was con-
structed with a 6% reduced genome. This strain did not
show any unfavorable properties under the standard and
stress conditions tested; it rather exhibited increased
transformation efficiency and plasmid copy number [48].
Subsequently, an elaborate analysis of the C. glutamicum
genome and a classification of genes with essentiality for
maintaining fast growth on defined medium identified 
41 clusters with a high content of non-essential or unclas-
sifiable genes and sizes ranging from 3.7 to 49.7 kbp as
potential targets for deletion (Fig. 2). Out of those 41 clus-
ters 36 were successfully deleted and thereby the predic-
tion for non-essentiality was confirmed [49]. Experiments

for step-wise reduction of the native genome are still
ongoing and first combinatory deletions have been con-
ducted. A deletion of all irrelevant gene clusters identified
in this study would decrease the genome by 22%, which
would be comparable to the highest genome reduction
achieved for E. coli [156] and B. subtilis [146]. However,
due to different sizes of the wild-type genomes, the
reduced genomes of E. coli and B. subtilis are still larger
than the genome-reduced C. glutamicum strain MB001. 

As first applications, C. glutamicum MB001 was
already used for metabolic engineering of carotenoid, pro-
tein and amino acid producing strains. C. glutamicum
MB001 was engineered for improved precursor supply for
carotenoid production by chromosomal overexpression of
the MEP-pathway genes [44]. This concept was applied
for the production of lycopene, decaprenoxanthin and
astaxanthin [44]. To enable high-level and uniform protein
overproduction, part of the DE3 region of E. coli
BL21(DE3) including the T7 RNA polymerase gene 1
under control of the lacUV5 promoter was integrated into
the chromosome of C. glutamicum MB001 [157]. As test
cases, eyfp and the endogenous pyruvate kinase gene pyk
were expressed in MB001(DE3) and single-cell analysis
revealed that 99% of the cells were fluorescent due to eyfp
expression from the T7 promoter, while pyk overexpres-
sion led to a specific activity of 135 U mg–1 for pyruvate
kinase [157]. C. glutamicum MB001 also served as start-
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Figure 2. Classification of gene essentiality for C. glutamicum ATCC 13032 by (A) combining data from genome and RNA sequencing as well as targeted
and untargeted knockout studies and (B) genome map with classification results of essential, non-essential, and unclassifiable genes (modified from [49]).
A C. glutamicum strain devoid of prophages (CGP123) has also been described [48]. Reprinted with permission from Wiley [49].
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ing point to develop an L-citrulline overproduction strain
and a yield of 0.38 ± 0.01 g · g–1 was achieved [50].

8  Intracellular metabolite sensors 
and classical mutagenesis

Amino acid excreting bacteria such as C. glutamicum
and acidophilic Pantoea ananatis have been isolated
based on auxanographic plate assays, i.e. in overlays with
L-glutamate auxotrophs as indicator strains [6, 158, 159].
Directed engineering towards the overproduction of
metabolites can be supported by the use of genetically-
encoded biosensors that detect the level of a specific
compound and translate this information into an optical
signal [160–162]. So for example, intracellular amino acid
concentrations can be visualized based on transcription-
al regulatory proteins and their metabolite binding capac-
ities in combination with fluorescent reporter proteins.
High intracellular concentrations of either L-leucine, 
L-isoleucine, L-valine or L-methionine are sensed by the
transcriptional regulator Lrp in C. glutamicum [163],
which in response activates expression of a promoter-less
gene encoding a fluorescent protein fused to the Lrp-reg-
ulated promoter of the brnFE operon [164]. The construc-
tion and proof of principle of the biosensor based on the
Lrp-BrnFE was described in detail by Mustafi et al. [165].
Among the fluorescent mutants also mutants excreting
branched-chain amino acid could be isolated [165]. It has
to be noted that in this setup transport deficient mutants
unable to excrete amino acids give rise to the same fluo-
rescent phenotype. This biosensor strategy has been fol-
lowed for various amino acids including L-lysine, O-acetyl
serine and O-acetyl homoserine, of L-serine and of L-argi-
nine [166]. As an extension, activation of E. coli SoxR by
an increased cellular NADPH demand e.g. for biocatalysis
was employed to isolate variants of NADPH-dependent
enzymes [167, 168].

9  Concluding remarks and outlook

C. glutamicum biotechnology is constantly evolving and
strain development embraces more and more approach-
es. Classical mutagenesis and selection [169], overcom-
ing allosteric feedback inhibition of key enzymes [170,
171], and metabolic engineering, like e.g. engineering of
cofactor availability [172], have been combined with sys-
tems biology [173–177], omics analyses such as tran-
scriptome sequencing [178] and quantitative proteomics
[179] and the respective high-throughput screening [180].
As reviewed here, synthetic biology approaches have
been applied to C. glutamicum strain development with
two aims: (i) embedding synthetic pathways into the host
metabolism to generate new function, e.g. access to alter-
native carbon sources or enabling formation of new prod-

ucts, and (ii) developing the host into a versatile chassis,
e.g. by rendering C. glutamicum biotin prototrophic or by
reducing its genome size without compromising its fast
growth in defined glucose-based medium. First proof-of-
concept applications of genome-stream lined C. glutam-
icum strains equipped with synthetic pathways leading
to formation of non-native products have been reported
already. Besides the strategies to engineer C. glutamicum
mentioned here further strategies are followed, including
protein or riboswitch engineering [172, 181] and
microscale cultivation at single-cell level [182]. Moreover,
general understanding of basic cell functions and its
adaption to environmental changes on the genetic level
contribute to rational strain design and conception of cul-
tivation conditions, respectively [183–185]. We foresee
rapid and continuous technical improvements that help
to gain deeper insights into C. glutamicum physiology
and genetics and that will drive strain engineering and
process intensification.
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