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Abstract
Bio-based production of industrially important chemicals provides an eco-friendly alternative to current petrochemical-based
processes. Because of the limited supply of fossil fuel reserves, various technologies utilizing microbial host strains for the
sustainable production of platform chemicals from renewable biomass have been developed. Corynebacterium glutamicum is a
non-pathogenic industrial microbial species traditionally used for L-glutamate and L-lysine production. It is a promising species
for industrial production of bio-based chemicals because of its flexible metabolism that allows the utilization of a broad spectrum
of carbon sources and the production of various amino acids. Classical breeding, systems, synthetic biology, and metabolic
engineering approaches have been used to improve its applications, ranging from traditional amino-acid production to modern
biorefinery systems for production of value-added platform chemicals. This review describes recent advances in the development
of genetic engineering tools and techniques for the establishment and optimization of metabolic pathways for bio-based produc-
tion of major C2–C6 platform chemicals using recombinant C. glutamicum.
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Bio-based chemicals

Introduction

Because of the significant increase in the global demand for
sustainable production of chemicals and materials from re-
newable resources instead of fossil fuels, bio-based processes
have been developed as an eco-friendly alternative to current
petrochemical-based production processes (Jang et al. 2012;
Oh et al. 2015a; Joo et al. 2017a). Recently developed
bioprocesses allow the utilization of a broad range of biomass
feedstocks, such as lignocellulosic hydrolysates, algal resi-
dues, and even recalcitrant coal for sustainable production of
chemicals with properties similar or superior to those of
petrochemical-based products (Chae et al. 2016; Choi et al.
2016; David et al. 2017a; Kind et al. 2014; Lee et al. 2011,
2014a; Sudheer et al. 2016). In bio-based production, the de-
velopment of efficient microbial cell factories, compatibility
with current production processes, optimization of product
purification, and availability of renewable substrates are key
factors to be considered (Lee et al. 2011). Over the years,
systems metabolic engineering, bioinformatics, and biotech-
nology for engineering microbial cell factories have signifi-
cantly improved, allowing the production of bio-based
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platform chemicals and polymers such as succinic acid, 1,4-
butanediol, isobutanol, isoprene, poly(2-hydroxybutyrate-co-
lactate), and poly(lactate-co-glycolate) (Erickson et al. 2012;
Chae et al. 2016; Choi et al. 2016). However, the commercial
production of platform chemicals such as butyrate, 3-
hydroxypropionic acid, isobutanol, terephthalic acid, and
adipic acid still relies on conventional petro-based processes
(Lee et al. 2011). Therefore, industrial microbial strains such
as Escherichia coli, Saccharomyces cerevisiae, and
Corynebacterium glutamicum have been developed for the
production of value-added chemicals, polymers, and biofuels
through fermentation of renewable biomass (Wendisch et al.
2006a; Buschke et al. 2013; Chae et al. 2016; Choi et al. 2016;
David et al. 2017b; Becker and Wittmann 2015; Shin et al.
2016; Yang et al. 2016, 2018). Systems-wide metabolic path-
way engineering of these strains has been successfully
employed for bio-based production of bio-fuels, bulk and fine
chemicals, polymers, feed additives, and high-value com-
pounds for nutritional and pharmaceutical applications
(Buschke et al. 2013). However, the use of S. cerevisiae and
E. coli as hosts for protein production is limited by the solu-
bility of target compound, as some proteins are retained in the
periplasm or aggregate in inclusion bodies (Liu et al. 2012;
Liu et al. 2015). Both strains also display strong catabolite
repression when mixed pentose and hexose sugars are used
as a carbon source, which limits their application in lignocel-
lulosic biorefineries (Buschke et al. 2013). Compared to
E. coli and S. cerevisiae, C. glutamicum exhibits low protease
activity and is able to secrete properly folded functional pro-
tein (Liu et al. 2015). Weak catabolite repression is also ob-
served in C. glutamicum strains engineered for mixed carbon
source utilization (Buschke et al. 2013).

C. glutamicum is a gram-positive, non-sporulating bacteri-
um that does not produce endotoxin and, thus, is generally
recognized as a safe microorganism. It has been widely used
for industrial production of amino acids, such as L-glutamate
and L-lysine (Hermann 2003). C. glutamicum has been exten-
sively studied, which has provided substantial insights in its
genomics, transcriptomics, central carbon metabolism, sys-
tems biology, and physiology that have been used to develop
metabolic engineering tools and strategies (Kalinowski et al.
2003; Ikeda and Nakagawa 2003; Wendisch 2003; Sun et al.
2017; Papagianni 2012; Wendisch et al. 2006b; Eggeling and
Bott 2005). Genome engineering strategies (Becker et al.
2018; Suzuki and Inui 2013) and expression vector systems
(Kirchner and Tauch 2003; Pátek and Nešvera 2013) have
been developed and routinely used for broadening its applica-
tions in biorefineries for platform chemical production (Woo
and Park 2014; Becker and Wittmann 2015; Lee and Kim
2015; Zahoor et al. 2012). Through systematic manipulation
of the C. glutamicum genome, the production of natural me-
tabolites, including L-ornithine, L-arginine, L-glutamate, and
L-lysine, has been successfully enhanced (Zhang et al. 2017;

Park et al. 2014; Schneider et al. 2011; Kind et al. 2010).
Improved genetic tools and strategies have enabled successful
implementation of heterologous synthetic pathways for the
utilization of alternative carbon sources and the production
of non-natural products (Heider and Wendisch 2015). For
example, heterologous pathway expression using opti-
mized expression vectors and promoters for the production
of recombinant proteins, such as endoxylanase, α-amylase,
and camelid antibody fragment (VHH), and non-natural
metabolites, such as gamma-aminobutyrate, cadaverine,
and 5-aminovalerate, by C. glutamicum has been success-
fully demonstrated (Yim et al. 2016a; Choi et al. 2015; Oh
et al. 2015b; Joo et al. 2017b).

Engineering C. glutamicum for sustainable production of
chemicals is potentially profitable because of its several
unique advantages, including (1) flexible cellular metabolism
(Buschke et al. 2013; Gopinath et al. 2012), (2) high stress
tolerance to carbon source and target product (Yamamoto
et al. 2013; Leßmeier and Wendisch 2015), (3) maintenance
of metabolic activity by growth-arrested cells and resistance to
fermentation inhibitors (Sakai et al. 2007), and (4) genetic
stability because of the lack of a recombination repair system
and limited restriction-modification system (Nakamura et al.
2003; Vertès et al. 1993). However, compared to E. coli and
S. cerevisiae, relatively few genetic engineering tools and
techniques tailored for C. glutamicum are available (Woo
and Park 2014; Lee and Kim 2015; Liu et al. 2015).
Therefore, comprehensive genetic and physiological studies
are needed to maximize its potential as an efficient microbial
cell factory for industrial bio-based chemical production.
Appropriate expression vector systems for enhanced chemical
production in C. glutamicum strains need to be evaluated.
Tools and techniques for the introduction and identification
of key mutations in C. glutamicum to allow the construction
of stable recombinant strains need to be developed. In this
review paper, genetic engineering tools and techniques avail-
able for metabolic engineering of C. glutamicum for C2–C4
platform chemical production are discussed, and we highlight
the strong potential of C. glutamicum as a versatile industrial
microbial strain.

Plasmids as synthetic biological circuit for gene
expression

In the engineering of recombinant C. glutamicum strains for
platform chemical production, the design of efficient biosyn-
thetic pathways and the reinforcement of pathways involved
in cell viability maintenance are crucial. For the implementa-
tion and evaluation of designed pathways, synthetic biological
circuits based on plasmid systems are generally used because
of their convenience. Synthetic biological circuits are com-
posed of synthetic DNA parts such as promoters, replication
origin, antibiotics as selective markers, 5′ untranslated region,
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expression cassette, and terminators (Table 1, Fig. 1). Each
part can be customized to the specific purpose, such as mod-
ulation of the expression level and optimization of designed
biosynthetic pathway.

Replication origin part for plasmid design in C. glutamicum

For synthetic biological circuit construction, the replication
origin is important for plasmid reproduction and maintenance.
Several origins of replication have been identified from native
plasmids of C. glutamicum, such as the endogenous cryptic
medium-copy plasmids (pBL1, pCG1, pGA1) and the broad
host-range, low-copy plasmid (pNG2). Using these,
C. glutamicum–E. coli shuttle vectors equipped with replica-
tion origins for E. coli have been developed to allow assembly
of an entire synthetic platform in E. coli and pathway evalua-
tion in C. glutamicum. The expression of key genes in
multicopy vectors with replicons from pBL1, pCG1, pGA1,
and pNG2 plasmids has enabled enhanced target product syn-
thesis (Nešvera and Pátek 2011; Pátek and Nešvera 2013).
This may be owing to higher gene dosage, which results in
an increase in desirable flux toward the target product. For
instance, the use of a multicopy plasmid with the pCG1 origin
significantly enhanced the expression of transketolase biosyn-
thetic operon, resulting in higher aromatic amino acid produc-
tion (Ikeda et al. 1999). On the other hand, gene dosage re-
duction may enhance biochemical production in certain cases;
for example, when the target product is toxic to the host strain,
a low-copy replication origin such as pNG2may be used. This
strategy enhanced isoleucine production without any negative

effect on cell growth by modulating the expression of threo-
nine dehydratase from E. coli (Guillouet et al. 1999).
Recently, adaptive laboratory evolution was used for the de-
velopment of high-copy-number plasmid. It was discovered
that mutation of the pCG1 replication origin of the pCES208
backbone vector resulted in higher copy numbers. The pCG1
replication origin is composed of three genes, including repA,
which encodes plasmid replication initiator, and parAB, which
is part of a partitioning system for autonomous plasmid repli-
cation. It was identified that a nonsense mutation, TGC to
TGA, in the parB locus led to a 10-fold increase in plasmid
copy number compared to the wild type. The use of the
engineered high-copy plasmid, pHCMS, enhanced
endoxylanase production in recombinant C. glutamicum
(Choi et al. 2017).

Compatible replication origins for multiple plasmid
maintenance in C. glutamicum

Compatibility of replication origins is important in synthetic
biological circuit construction because the co-existence of plas-
mids in the host strain depends on it. The construction of plasmids
with compatible replication origins provides an alternative ap-
proach to expressing large or multiple genes in a recombinant
strain. Current C. glutamicum–E. coli shuttle vectors are limited
in terms of the length and/or number of genes that can be inserted
because these vectors are already large, with sizes of 4–5 kb,
owing to the presence of two replication origins for plasmidmain-
tenance in both C. glutamicum and E. coli (Pátek and Nešvera
2013). Plasmid instability and low transformation efficiency may

Table 1 Synthetic biological circuits (plasmids) used for engineering C. glutamicum

Replication origin Vector Promoter Antibiotic Characteristics Reference

pBL1 pWYEG1088 Pbad Km Arabinose-inducible Zhang et al. 2012

pEKEx1 Ptac Km IPTG-inducible Eikmanns et al. 1991

pEKEx3 Ptac Sp IPTG-inducible Stansen et al. 2005

pXMJ19 Ptac Cm IPTG-inducible Jakoby et al. 1999

pCRA Plac Cm Constitutive expression Kotrba et al. 2001

pBbEB series Ptrc, Ptet, PlacUV5 Cm IPTG-inducible Kang et al. 2014

pCXM48 derivatives Ptac, Psod PilvC Cm IPTG-inducible Lee 2014

pMB1 pCH PHCE Km FLAG tag Tateno et al. 2009

pHM1519 pZ8–1 Ptac Km Constitutive expression Dusch et al. 1999

pCG1 pVWEx1 Ptac Km IPTG-inducible Peters-Wendisch et al. 2001

pEC901 PL or PR (λ) Km Heat-inducible Tsuchiya and Morinaga 1988

pSL360 P180 Km, Cm Constitutive expression Park et al. 2004

pHCMS PH36 Km parB nonsense mutation Choi et al. 2017

pGA1 pECXT99A Ptrc Tet Constitutive expression Kirchner and Tauch 2003

pTGR series (1–17) Ptac, Pcsp, Psod Km Constitutive expression Ravasi et al. 2012

Km kanamycin, Sp spectinomycin, Cm chloramphenicol, Tet tetracycline
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occur if the final vector size is more than 10 kb (Ohse et al.
1995). Compatible plasmids are useful in establishing path-
ways that require more than four genes (Anthony et al. 2009).
The use of plasmids such as CoryneBrick vectors (pBeB1c-
RFP, pBbEB2-c-RFP, pBbEB5RFP) and the pZ8 vector,
which have compatible replication origins, pBL1 and
pHM1519, may help increase the gene transcription efficiency
and enable stronger control of protein expression when differ-
ent promoters and regulators are used (Harth et al. 2004; Kang
et al. 2014). For the implementation of strategies that require
the expression of genes in three plasmids, pBL1, pCG1, and
pGA1, replication origins should be used as they are compat-
ible and can co-exist in the recombinant strain. Transfor-
mation of up to three plasmids was successfully demonstrated
using plasmids pVWEx1, pEKEx3, and pECXT99Awith com-
patible pCG1, pBL1, and pGA1 replication origins, respectively
(Jorge et al. 2017). For two-plasmid systems in C. glutamicum,
the pBL1 replication origin is compatible with the following rep-
lication origins: pCG1 (Pátek and Nešvera 2013), pSR1
(Venkova-Canova et al. 2004), pH1519 (Kang et al. 2014),
pGA1 (Jorge et al. 2017), and pCC1 (Cho et al. 2017). A recom-
binant strain harboring two compatible plasmids for the expres-
sion of lysine decarboxylase (pVWEx1-ldcC), and putrescine
transaminase and γ-aminobutyraldehyde dehydrogenase
(pEKEx3-patDA) could effectively produce 5-aminovalerate
from cadaverine. Expression of additional genes relevant to
starch, xylose, arabinose, and glucosamine utilization in the

pECXT99A plasmid enabled 5-aminovalerate production from
alternative carbon sources (Jorge et al. 2017).

Promoter part for modulation of gene expression
in C. glutamicum

The promoter is an important component of a synthetic bio-
logical circuit. This tunable part allows gene transcription reg-
ulation and, thus, modulation of gene expression. Promoters
are typically classified into two types: inducible and constitu-
tive. Inducible promoters used in recombinant C. glutamicum
are either adapted from E. coli systems, such as PlacUV5, PtacM,
Ptrp, and ParaBAD, or are native, such as PaceA, PaceB, PgntP, and
PgntK. The use of isopropyl β-D-1-thiogalactopyranoside (IPTG)
inducible promoters, such as PlacUV5 and PtacM, allows leaky
protein expression. As these are not tightly regulated, alternative
inducible systems, such as those in which gene transcription is
dependent on the concentration of arabinose, have been exploited
(Park et al. 2008; Zhang et al. 2012). However, in this system,
C. glutamicum requires heterologous expression of L-arabinose
permease as cells exhibit low permeability to arabinose (Zhang
et al. 2012). Native inducible promoters from acetate (aceA and
aceB) and gluconate (gntP and gntK) uptake operons have also
been evaluated. However, these promoters are somewhat imprac-
tical because for efficient gene transcription regulation, large
amounts of acetate and gluconate are required, which is toxic
to the host cell (Gerstmeir et al. 2003; Letek et al. 2006).

Fig. 1 Schematic diagram of plasmid-based synthetic biological circuits for engineering of C. glutamicum to produce biochemicals
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A heat-inducible C. glutamicum–E. coli shuttle vector,
pCeHEMG857, was constructed by fusion of two successive
lambda OL1 operators to a cryptic CJ1 promoter isolated from
Corynebacterium ammoniagenes. This expression vector suc-
cessfully activated attenuator binding protein (PyrR) expression
when the culture temperature was shifted from 30 to 42 °C (Park
et al. 2008).

Constitutive promoters, such as Ptrc, PcspB, PgapA, P-

sod, and Ptuf, have been used to enhance the expression of
target genes in C. glutamicum. Constitutive promoters are
generally preferred over inducible promoters because they
do not require an inducer and optimization of the culture con-
ditions (Yim et al. 2013). The constitutive expression vector,
pTRCphb, which expresses key genes for PHB synthesis un-
der control of the trc promoter, has been successfully used to
increase production of PHB in C. glutamicum (Liu et al.
2007). Similarly, recombinant C. glutamicum expressing α-
amylase from Streptococcus bovis 148 and lysine decarboxyl-
ase encoded by cadA from E. coli under the high constitutive
promoter HCE was able to produce cadaverine at high con-
centration (Tateno et al. 2009). However, the introduction of
heterologous genes in a recombinant strain often leads to met-
abolic burden, which can be observed as increased byproduct
formation and decreased growth rate. Therefore, optimization
of the recruited biosynthetic pathway expression in the recom-
binant strain is important for balanced target metabolite pro-
duction and maintenance of cell growth. To this purpose, plas-
mids equippedwith synthetic promoters of various predictable
strengths have been developed. Recently, pCES208 vectors
harboring synthetic promoters of different strength (PH36 >
PH30 > PI64 > PI16 > PL26 > PL10) have been developed for con-
stitutive target gene expression. These plasmids have been
employed in recombinant C. glutamicum for enhanced pro-
duction of cadaverine, 5-aminovalerate, gamma-
aminobutyrate, lysine, endoxylanase, α-amylase, camelid an-
tibody fragment (VHH), antibody fragment (scFv), and green
fluorescent protein (Oh et al. 2015b; Joo et al. 2017b; Shin
et al. 2016; Choi et al. 2015; Yim et al. 2013, 2014, 2016a,
2016b; An et al. 2013).

5′ UTR part for fine tuning of metabolic pathways
in C. glutamicum

The UTR of a synthetic biological circuit has a role in trans-
lational regulation of the coded genes. Modulation of gene
expression to improve biochemical production is possible
through modification of the 5′ UTR site via ribosome binding
site (RBS) engineering, such as the application of antisense
small RNA (asRNA), RBS libraries, and synthetic RBS, and
the replacement of the conserved Shine–Dalgarno (SD) se-
quence. AsRNA is a powerful tool for modulation of protein
expression via interference and attenuation of mRNA tran-
scription, RNA cleavage, or gene translation blockage

(Fig. 1). In recombinant C. glutamicum, expression of odhA-
antisense RNA with overexpression of the odhA gene,
encoding the 2-oxoglutarate dehydrogenase complex, enabled
enhanced glutamate production (Kim et al. 2009). The sRNAs
recently discovered in C. glutamicum could be useful for con-
structing DNA/RNA parts tailored for C. glutamicum engi-
neering (Mentz et al. 2013). Tunable 5′ UTR libraries with
conserved RBS (AGGA) and synthetic riboswitches have
been constructed and successfully applied for the synthesis
of tunable promoters and a lysine riboswitch (Yim et al.
2013; Zhou and Zeng 2015). Replacement of the conserved
SD sequence in the translation initiation region of a target
gene has been reported to significantly improve protein ex-
pression and enzyme activity. For example, translation effi-
ciency in C. glutamicum significantly increased when the na-
tive SD of the tpi gene, encoding triosephosphate isomerase,
was replaced with an E. coli SD in a GFP expression vector
(Teramoto et al. 2011). For efficient initiation of translation,
the predicted putative SD sequence was replaced with a con-
sensus SD sequence in C. glutamicum. High-level expression
of nitrile dehydratase from Rhodococcus rhodochrous was
achieved by introducing a conserved SD sequence
(GAAAGGCGA) and seven random mutations in the transla-
tional initiation region (Kang et al. 2014).

Expression cassette part for improvement of protein
expression

In synthetic biological circuits, codon optimization,
engineered start codons, and addition of a his-tag to the target
gene have enabled enhanced protein expression. Codon opti-
mization allows the improvement of protein expression in
C. glutamicum by tailoring codon usage and the GC content
of genes recruited from heterologous donor strains. Codon
optimization of lysine decarboxylase (ldcC) from E. coli and
lysine 2-monooxygenase and delta-aminovaleramidase
(davBA) from Pseudomonas putida improved cadaverine
and 5-aminovalerate production, respectively (Kind et al.
2010; Shin et al. 2016).

Start codon engineering is one of the popular methods to
modulate protein expression by regulation of transcription
rate. In this approach, rare start codon variants GTG and
TTG are changed to ATG. Start codon engineering of genes
encoding pyruvate dehydrogenase and isocitrate dehydroge-
nase resulted in improved lysine production (Becker et al.
2009, 2010). This method has also been applied to enhance
putrescine production by fine-tuning the expression of the
gene coding for ornithine transcarbamoylase (Schneider
et al. 2012). This strategy can also be applied to reduce gene
expression, by changing the ATG start codon to GTG, as
demonstrated by the reduced expression of isocitrate dehydro-
genase for enhanced glycolate production in recombinant
C. glutamicum (Zahoor et al. 2014). Target proteins with an

Appl Microbiol Biotechnol (2018) 102:3915–3937 3919



N′ terminal His6-tag reportedly demonstrate enhanced expres-
sion because of improved stability by the 5′ modification
(Cèbe and Geiser 2006). Enhanced 5-aminovalerate produc-
tion has been demonstrated in recombinant C. glutamicum
expressing a codon-optimized davAB operon, encoding lysine
2-monooxygenase and delta-aminovaleramide, through fu-
sion of a His6-tag at the N-terminus of davA (Shin et al. 2016).

Transcription terminators for efficient translational
termination in C. glutamicum

Transcription terminator is a region of nucleotide sequence
that marks the end of a gene or operon in genomic DNA
during transcription. The rrnB T1 terminator from E. coli
has commonly been used for construction of expression vec-
tors for C. glutamicum such as pEKEx3, pVWEx1, and pZ8-1
(Lange et al. 2018; Dusch et al. 1999). T7 terminator from
E. coli was also used for construction of IPTG-inducible T7
expression vector, pMKEx2 (Kortmann et al. 2015).
Palindromic structures that can act as transcription terminators
have been found in downstream regions of corynebacterial
genes such as thrB, sodA, and nusG (Srivastava and Deb
2002). Two different DNA fragments found downstream of
homoserine kinase (thrB) gene were identified as Rho-
independent functional transcriptional terminators. These
185- and 127-bp fragments were used for construction of ter-
minator–probe vectors, pULT1 and pULT2 (Mateos et al.
1994). Transcription terminator in Corynebacterium
melassecola was found to be located 18 and 88 bp down-
stream of stop codon in superoxide dismutase (sodA) gene
and was used for the construction of shuttle vector, pMM23
(Merkamm and Guyonvarch 2001). Downstream of gene for
anti-terminator protein (nusG), a 19-nucleotide inverted repeat
that was identified as transcriptional terminator was also used
for construction of promoter–probe vector, pULCE0 (Barreiro
et al. 2001). Recently, transcriptome sequencing for character-
ization of small RNAs in C. glutamicum ATCC 13032 have
detected 69 small RNAs of Rho-independent terminators
(Mentz et al. 2013), which may be used for the construction
of expression vectors for C. glutamicum.

Genetic modification in C. glutamicum

The complete genome sequences of C. glutamicum ATCC
13032 (Ikeda and Nakagawa 2003) and C. glutamicum R
(Yukawa et al. 2007) laid the foundation for genome-wide
analysis of C. glutamicum strains through transcriptomics
(Wendisch 2003; Hüser et al. 2005; Inui et al. 2007; Ehira
et al. 2009), proteomics (Hermann et al. 2001; Li et al.
2007), metabolomics (Bartek et al. 2008; Woo et al. 2010),
and fluxomics (Becker et al. 2007). Comparative analysis of
C. glutamicum genomes has provided insights into its native
metabolic network by identifying target genes in various

strains. The accumulated genome information is used as a
detailed guide for designing host strains with beneficial prop-
erties by introducing biosynthetic pathways for chemical pro-
duction and for identifying metabolic bottlenecks in both na-
tive and engineered pathways for further strain optimization
(Yang and Yang 2017). This strategy has been successfully
used for redirecting the carbon flux toward L-lysine, L-gluta-
mate, and L-valine synthesis in C. glutamicum (Kalinowski
et al. 2003; Yang and Yang 2017; Bartek et al. 2008).

Technologies for gene integration, replacement, and dis-
ruption for genome engineering of C. glutamicum have
evolved from routinely used homologous recombination-
based methods using suicide vector pK19mobsacB and Cre-
Lox to the modern RecFACS and clustered regularly
interspaced short palindromic repeat (CRISPR) recombina-
tion systems (Schäfer et al. 1994; Suzuki et al. 2005; Tsuge
et al. 2007; Binder et al. 2013; Jiang et al. 2015; Liu et al.
2017). Genome engineering of C. glutamicum currently relies
on randommutagenesis and recombination based on rare dou-
ble crossover events (Nešvera and Pátek 2011; Park et al.
2014; Schwarzer and Pühler 1991). Suicide vectors have been
developed for gene disruption and insertion in the
C. glutamicum genome. These are based on either SacB,
which hydrolyzes sucrose for levan synthesis leading to su-
crose sensitivity, or the Cre-LoxP system, in which Cre
recombinase catalyzes specific recombination between two
loxP sites (Suzuki et al. 2005; Choi et al. 2015). Other classic
methods for gene disruption and insertion are based on inte-
gration of a suicide vector into the chromosome, followed by
another recombination event for removal of plasmid back-
bone. A counter-selection step based on a conditionally lethal
marker is used for the identification of successful mutants.
However, both SacB- and Cre-LoxP-based methods are labo-
rious, time consuming, and inefficient because two rounds of
recombination are needed, and frequent spontaneous inactiva-
tion of sacB results in false positives (Schäfer et al. 1994).

Recently, RecFACS and CRISPR-based technologies
have been developed for simple, rapid, and precise ge-
nome editing. In the RecFACS method, heterologous
gene integration into the chromosome is based on the
multiplex automated genome engineering (MAGE) con-
cept, wherein a set of synthetic single-stranded DNAs is
directly introduced in the bacterial chromosome using a
phage homologous recombination protein encoded by a
different plasmid. Screening of successful mutants is
done by rapid and automated fluorescence-activated cell
sorting (FACS). An active L-lysine-producing mutant
with 12 different amino acid changes in the targeted
murE codon was isolated using this strategy (Binder
et al. 2013). However, the RecFACS method requires
the construction of target-gene specific biosensors and
FACS for colony selection, hampering its application in
systematic genome engineering.
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The CRISPR/Cas9 genome editing system was repurposed
for C. glutamicum engineering. CRISPRi technology for gene
deletion was developed for C. glutamicum to increase the
recombineering efficiency compared to previously developed
methods. It involves using deactivated Cas9 (dCas9) for re-
versible transcription by attaching to RBS to block gene tran-
scription (Fig. 2) (Cleto et al. 2016). For instance, reduced
expression of pgi, pck, and pyk encoding glucose-6-
phosphate isomerase, phosphoenolpyruvate caboxykinase,
and pyruvate kinase, respectively, in C. glutamicum was
achieved by using the CRISPR/dCas9 system, resulting in
improved L-lysine and L-glutamate titers comparable with
those in strains constructed with traditional gene deletion
(Cleto et al. 2016).

The CRISPR/Cpf1 sys tem was developed for
C. glutamicum because Streptococcus pyogenes Cas9 was
toxic to recombinant cells (Jiang et al. 2015). An all-in-one
plasmid containing Cpf1, a single-stranded RNA-guided en-
donuclease from Francisella novicida, CRISPR RNA, and
homologous arms enabled large gene deletions and insertions
in the C. glutamicum genome. A two-plasmid CRISPR/Cpf1-
assisted system using separate FnCpf1 and CRISPR RNA
(crRNA) sequences enabled genome editing by codon satura-
tion mutagenesis of γ-glutamyl kinase to relieve L-proline
inhibition (Jiang et al. 2015). Another strategy for overcoming
S. pyogenes Cas9 toxicity in C. glutamicum is through regu-
lation of Cas9 expression using the P-tac promoter. A two-
plasmid system using the developed RNA expression cassette
and the CRISPR/Cas9 plasmid mediated ssDNA
recombineering based on the RecT phage recombinase

system. This enabled the precise introduction of single-
nucleot ide changes and double- locus edi t ing in
C. glutamicum (Liu et al. 2017). Combined use of phage
recombinase RecT for target gene editing and CRISPR/Cas9
for counterselection of negative mutants enabled rapid ge-
nome engineering and screening of mutant C. glutamicum.
This strategy allowed generating and identifying seven differ-
ent mutants with three genomic deletions for improved
gamma-aminobutyric acid production (Cho et al. 2017)
(Fig. 2).

Fermentative production of platform chemicals

C. glutamicum is a well-studied non-pathogenic strain that is
currently used for industrial production of lysine and gluta-
mate (Zahoor et al. 2012). It is a promising strain for microbial
cell factory development because it can utilize a broad spec-
trum of carbon sources for the production of platform
chemicals, materials, and fuels in biorefineries (Becker and
Wittmann 2012; Wieschalka et al. 2013; Zahoor et al. 2012)
(Table 2). C. glutamicum has a flexible cellular metabolism
that has been engineered for application in microalgal, crude
glycerol, and lignocellulosic biorefineries (Buschke et al.
2013; Lee et al. 2014a; Meiswinkel et al. 2013; Gopinath
et al. 2012). Consolidated bioprocessing of microalgal bio-
mass as a carbon source for the production of succinate has
been successfully demonstrated (Lee et al. 2014a).
C. glutamicum strains have also been engineered for the utili-
zation of pure and crude glycerol for the production of L-glu-
tamate, L-lysine, L-ornithine, L-arginine, putrescine, succinate,

Fig. 2 The dCas9-based genome editing to modulate transcriptional rate and re-purposed Cas9–sgRNA RNP complex-based determinator for genomic
integration in C. glutamicum (Cleto et al. 2016; Cho et al. 2017)
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and 1,3-propanediol (Rittmann et al. 2008; Meiswinkel et al.
2013; Litsanov et al. 2013). As for lignocellulosic biorefinery,
C. glutamicum strains have been successfully engineered for
the production of succinate from xylose (Jo et al. 2017), ca-
daverine from hydrolyzed dried oat spelts (Buschke et al.
2013), and L-glutamate and L-lysine from rice straw or wheat
bran hydrolysate (Gopinath et al. 2011). Engineered
C. glutamicum strains have been used for consolidated
bioprocessing of hemicellulosic biomass for lysine and
xylonic acid production (Yim et al. 2016a; Yim et al. 2017).
Growth-arrested cells of C. glutamicum maintain metabolic
activity and exhibit high stress tolerance to carbon sources,
target products, and fermentation inhibitors, such as organic
acids, furans, and phenols, which allows these cells to main-
tain high production titer, yield, and productivity when labo-
ratory experiments are scaled up for industrial production
(Smith et al. 2010; Leßmeier and Wendisch 2015; Sakai
et al. 2007). In this section, we will discuss the recent progress
in C. glutamicum engineering for the production of represen-
tative industrially important C2–C4 chemicals in biorefinery
systems (Fig. 3).

C2 chemicals: ethanol, ethylene glycol, and glycolate

Ethanol is widely used as a biofuel and as a solvent in the food
and cosmetics industries. Current fermentative production of
ethanol relies on starch-based feedstocks using S. cerevisiae
as a microbial cell factory. However, its application in emerging
lignocellulose-based biorefineries is hampered by its inability to
utilize pentose sugars, which are abundant in lignocellulosic
biomass. Even in S. cerevisiae engineered for xylose utilization,
strong sugar catabolite repression was observed in mixed glu-
cose and xylose culture. S. cerevisiae also displays high sensi-
tivity to fermentation inhibitors, such as organic acid and phe-
nols (Oreb et al. 2012; Lee et al. 2014b; Cao et al. 2014). To
establish ethanol production from lignocellulosic biomass,
C. glutamicum is preferred because engineered xylose-
utilizing strains exhibit minimal sugar catabolite repression.
The culture of recombinant strains under oxygen deprivation
results in robustly growth-arrested cells, which are resistant to
furans, phenols, and acids, fermentation inhibitors usually
found in lignocellulosic hydrolysates (Kawaguchi et al. 2006;
Sakai et al. 2007). Fermentative ethanol production using
C. glutamicum was established through heterologous expres-
sion of a pyruvate decarboxylase gene (pdc) from Zymomonas
mobilis for the decarboxylation of pyruvic acid to acetaldehyde.
A native alcohol dehydrogenase gene (adhB) under lactate de-
hydrogenase A (ldhA) promoter control was used for acetalde-
hyde reduction to ethanol. The genes for lactate dehydrogenase
(ldhA) and phosphoenolpyruvate carboxylase (ppc) were
disrupted to prevent byproduct formation (Fig. 4). Under
growth-arrest conditions, 6.9 g/L of ethanol was obtained
(Inui et al. 2005). Recently, higher-titer ethanol production by

C. glutamicumwas achieved by overexpression of pgi, 6-phos-
phofructokinase (pfkA), glyceraldehyde 3-phosphate dehydro-
genase (gapA), pyk, and triosephosphate isomerase (tpi), and
heterologous expression of pdc and alcohol dehydrogenase
(adhb) from Z. mobilis in a ldhA- and phosphoenolpyruvate
carboxylase (ppc)-deficient background strain enabled in-
creased ethanol production rate and yield (Jojima et al.
2015). This recombinant C. glutamicum was capable of pro-
ducing 119 g/L of ethanol from 245 g/L of glucose, demon-
strating a 95% yield. Through the integration of genes for
xylose and arabinose utilization, 83 g/L of ethanol, with
90% yield, was achieved in this strain.

Ethylene glycol (EG) is an important precursor for the pro-
duction of polyethylene terephthalate. It is also a raw material
for the production of anti-freezing agent and coolant. To date,
natural EG production has been reported only for
Caldicellulosiruptor saccharolyticus, which can accumulate
only small amounts (Isern et al. 2013). To establish an EG
production system and verify the efficiency of constructed
pathway, E. coli was initially evaluated as a model host.
E. coli was engineered for EG production by direct fermenta-
tion of arabinose or xylose (Liu et al. 2013). However, the
theoretical yield of the proposed pathway was only 1 mol of
EG per mole of pentose. Furthermore, the proposed pentose
degradation pathway did not consider the utilization of su-
crose and glucose as substrates. To solve these problems, an
amino acid-derived synthetic pathway was suggested. Using
the serine biosynthesis pathway, 2 mol of EG per mole of
glucose is theoretically possible. Therefore, C. glutamicum
has been tested as a host for EG production because it is an
established amino acid-producing strain capable of high serine
accumulation (Stolz et al. 2007; Zhu et al. 2014). To this end, it
was firstly engineered for enhanced production of the im-
portant precursor serine (Chen et al. 2016a). Then, mod-
ules for establishing a synthetic EG production pathway
were constructed and transformed into the recombinant
strain for the evaluation of EG production (Fig. 4).
Firstly, competing pathways for serine degradation to gly-
cine and pyruvate were deleted to increase the intracellular
pool of serine in the prophage-free C. glutamicum host
strain MB001. An in-frame deletion of the pabABC oper-
on, encoding aminodeoxychorismate synthase and
aminodeoxychorismate lyase, resulted in reduced activity
of serine hydroxymethyltransferase (glyA), which converts
serine to glycine. An additional in-frame substitution in
sdaA, encoding serine dehydratase, led to reduced activity
of serine dehydratase (sdaA), which converts serine to py-
ruvate. To drive the metabolic flux toward serine produc-
tion, feedback-insensitive phosphoglycerate dehydroge-
nase, phosphoserine aminotransferase, and phosphoserine
phosphatase genes coded on the artificial operon serACB
under the strong constitutive P1 promoter were introduced
into the recombinant strain (Chen et al. 2016a).
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An engineered serine-overproducing strain C. glutamicum
PABS1, harboring two modules encoding two different biosyn-
thetic pathways, was constructed and evaluated for EG produc-
tion. Through the pathway on module 1, serine is deaminated
into hydroxypyruvate by an alanine-glyoxylase amino-transfer-
ase from Arabidopsis thaliana. Hydroxypyruvate is then
decarboxylated into glycoaldehyde by a benzoylformate decar-
boxylase (mdlC) from Pseudomonas putida. Through the path-
way module 2, serine is decarboxylated to ethanolamine by a
serine decarboxylase from A. thaliana. Ethanolamine is then
oxidized to glycoaldehyde by an amine oxidase from
Arthrobacter sp., and glycoaldehyde is reduced to EG by alco-
hol dehydrogenase (yqhD) from E. coli. C. glutamicum PABS1
harboringmodule 1 yielded 0.7 g/L of EG in shakeflask culture,
and the engineered host harboring module 2 produced 1.7 g/L
of EG. The strain expressing both modules produced 2.2 g/
L of EG in batch fermentation, and accumulation of EG
was detected after 6 h of cultivation, with a final concen-
tration of 3.5 g/L at 72 h, resulting in a 0.25 mol/mol
glucose yield. Although the final concentration of EG pro-
duced using recombinant C. glutamicum was lower than

EG production from xylose by recombinant E. coli, the
proposed pathway provides a basis for developing efficient
microbial strains for EG production using glucose as a
carbon source (Chen et al. 2016a).

Glycolate is a simple alpha-hydroxy acid commonly used
in the cosmetic industry for skin treatments. Glycolate poly-
mers are used in packaging materials and medical applica-
tions. Currently, the production of glycolate relies on high-
pressure and high-temperature carbonylation of formaldehyde
or enzymatic conversion of glycolonitrile using microbial
nitrilases (He et al. 2010; Panova et al. 2007). Even though
these methods are well established, the hydrogen cyanide and
formaldehyde used in the chemical conversion produce harm-
ful degradation products. A more eco-friendly alternative pro-
duction process through whole-cell conversion of EG to
glycolate by Gluconobacter oxydans has been reported (Wei
et al. 2009). However, for sustainable glycolate production in
biorefineries, microbial cell factories should be engineered for
direct production glycolate from glucose derived from renew-
able biomass. A biosynthetic pathway of glycolate from glu-
cose has been established using E. coli as a model system. In

Fig. 3 Pathway overview of Corynebacterium glutamicum for amino
acids and C2–C5 platform chemical production. The pathways are
based on enhanced production of key precursors, dihydroxy-acetone
phosphate (dihydroxy-acetone P), glycerate 3-phosphate (3P-glycerate),
pyruvate, oxaloacetate, succinate, glyoxylate, and α-ketoglutarate.
Production of organic and amino acids with industrially relevant

derivatives are indicated in gray. C2 chemicals, ethanol, ethylene
glycol, and glycolate, are enclosed in solid square. C3 hydroxy acid
chemical, 3-hydroxypropionic acid, is enclosed in dashed square. C3
diols, 1,2-propanediol and 1,3-propanediol, are enclosed in solid round
square. C4 alcohols, isobutanol and 2,3-butanediol, are enclosed in
dashed round square
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E. coli, glycolate is a natural metabolite that is synthesized
through reduction of the main precursor glyoxylate by en-
dogenous glyoxylate reductase (ycdW), but the glyoxylate
shunt is repressed when glucose is used as carbon source.
For deregulation of the glyoxylate shunt, isocitrate dehy-
drogenase kinase/phosphatase (aceK) was expressed to pre-
vent conversion of isocitrate to 2-ketoglutarate. Then, ex-
pression of isocitrate lyase (aceA) was employed to direct
the flux toward glyoxylate production. Finally, overexpres-
sion of glycolate reductase resulted in the production of
only 1.4 g/L of glycolate in recombinant E. (Martin et al.
2013). C. glutamicum has been evaluated as a host strain
because its glyoxylate shunt remains active in the presence
of acetate (Gerstmeir et al. 2003). To direct carbon flux
toward glycolate production, isocitrate dehydrogenase ex-
pression was repressed by changing the translational start
codon from ATG to GTG. To prevent the conversion of
glyoxylate to malate, the malate synthase gene (aceB) was

deleted (Fig. 4). Finally, heterologous expression of E. coli
ycdW in C. glutamicum resulted in the production of 5.3 g/L
of glycolate from co-utilization of glucose and acetate. This
titer is higher than that achieved by engineered Bacillus
subtilis (Kabisch et al. 2013), Kluyveromyces lactis
(Koivistoinen et al. 2013), and E. coli (Martin et al. 2013).

C3 hydroxy acids: 3-hydroxypropionic acid (3-HP)

3-HP is a promising platform chemical for the production
of a wide range of industrial chemicals, such as acrylic
acid, acrylamide, malonic acid, and 1,3 propanediol.
E. coli (Chu et al. 2015; Lim et al. 2016; Liu et al. 2016)
and Klebsiella pneumoniae (Ashok et al. 2013a, b;
Huang et al. 2016) have been extensively engineered for
3-HP production from glucose and glycerol. The pathway
for 3-HP production in established strains involves the con-
version of glycerol to 3-hydroxypropionaldehyde by diol

Fig. 4 Pathway engineering of Corynebacterium glutamicum for
production of C2 chemicals; ethanol, ethylene glycol, and glycolate.
Ethanol, ethylene glycol, and glycolate are produced via its key
precursor: pyruvate, serine, and glyoxylate, respectively. A suggested
synthetic pathway for production of glycolate from glycoaldehyde is
indicated by broken arrows. Enzymes: pdc, pyruvate decarboxylase; adh,

alcohol dehydrogenase; ycdW, glyoxylate reductase; serA ,
phosphoglycerate dehydrogenase; serC, phosphoserine aminotransferase;
serB, phosphoserine phosphatase; AGT, serine decarboxylase; AO, amine
oxidase; AGT1, alanine-glyoxylase amino-transferase; mdlC,
benzoylformate decarboxylase; yqhD, alcohol dehydrogenase.
Abbreviations: 3P-glycerate, glycerate 3-phosphate
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dehydratase. 3-Hydroxypropionaldehyde is converted to 3-
hydroxypropionic acid by diol dehydrogenase. Although 3-
HP product ion is wel l es tabl ished in E. col i and
K. pneumoniae, 3-HP production inC. glutamicum has been
evaluated because it would be safer than using pathogenic
K. pneumoniae. Furthermore, C. glutamicum displays weak
carbon catabolite repressionwhen used as biocatalyst for the
production of organic acids (Zahoor et al. 2012). A 3-HP
producingC. glutamicum strain was constructed by improv-
ing the pathway for accumulation of the main precursor,
glycerol, and introducing a 3-HP biosynthetic pathway
(Chen et al . 2016b). Under anaerobic condit ions,
C. glutamicum naturally accumulates a small amount of
glycerol by dephosphorylation and reduction mediated by
dihydroxyacetone phosphate (DHAP) phosphatase and
(S,S)-butanediol dehydrogenase, encoded by the hdpA and
butA genes. To increase glycerol production, codon-
optimized gpd and gpp genes, encoding glyceraldehyde 3-

phosphate dehydrogenase and glycerol 3-phosphatase from
S. cerevisiae, were integrated into the C. glutamicum MB001
strain, resulting in a yield of 0.35 g/g glucose and accumulation
of 28 g/L of glycerol. Finally, 3-hydroxypropionaldehyde is
converted to 3-HP by heterologous expression of diol dehydro-
genase and activator encoded by pduCDEGH from
K. pneumoniae and aldehyde dehydrogenase encoded by
gabDE209Q/E269Q (Fig. 5). This recombinant C. glutamicum
was able to produce 21 ± 1.3 g/L of 3-HP with a yield of
0.27 g/g glucose. As significant amounts of lactate and acetate
were produced as byproducts, the ldhA gene was deleted,
resulting in a 19.4% increase in 3-HP titer (25.8 ± 71.8 g/
L). Furthermore, deletion of pta-ackA and poxB genes,
encoding phosphate acetyltransferase, acetate kinase, and
pyruvate:quinone oxidase, to block acetate synthesis re-
sulted in a 52.8% reduction of acetate accumulation and
an increase in 3-HP production (27.2 ± 1.2 g/L) (Chen et al.
2016b).

Fig. 5 Pathway engineering of Corynebacterium glutamicum for
production of C3 chemicals: 3-hydroxypropionic acid, 1,2-propanediol,
and 1,3-propanediol. All relevant chemicals are produced via a key
precursor, dihydroxy-acetone phosphate. A suggested synthetic
pathway for production of 3-HP and 1,3-PD intermediate is indicated
by red broken line. Alternative pathway from DHAP to glycerol in
C. glutamicum is indicated as black and broken red arrow, which is
mediated by endogenous dihydroxyacetone phosphatase (hdpA) and
unknown enzyme, respectively (Jojima et al. 2012). Potential alternative
pathway, not yet reported in literature, for acetol to S-1,2-propanediol is

indicated as violet broken line. Enzymes: gpd, glyceraldehyde 3-
phosphate dehydrogenase; gpp, glycerol 3-phosphatase; hdpA,
dihydroxyacetone phosphatase; pduCDEGH, diol dehydratase and its
activator; yqhD, alcohol dehydrogenase; gabD*, mutant aldehyde
dehydrogenase (gabDE209Q/E269); mgs, methyglyoxal synthase; cg_
2242, methylglyoxal reductase; fucO, lactaldehyde reductase; gldA,
glyceraldehyde dehydrogenase. Abbreviations: dihydroxy-acetone P,
dihydroxy-acetone phosphate; 3-HPA, 3-hydroxypropionaldehyde; 3-
HP, 3-hydroxypropionic acid; 1,3-PD, 1,3-propanediol; S-1,2-PD,
S-1,2-propanediol; R-1,2-PD, R-1,2-propanediol
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Production of 3HP from xylose was also demonstrated by
integration of the xylAB operon from E. coli, encoding xylose
isomerase and xylulokinase, under control of the strong con-
stitutive promoter H36, at the ldhA locus for stable expression
of genes relevant for xylose utilization and deletion of lactate
byproduct accumulation. Furthermore, arabinose transporter
(araE) from C. glutamicum ATCC 31831 under the H36 pro-
moter was integrated into the pyruvate oxidase (poxB) locus.
To enhance the flux toward 3-HP production, the phospho-
transferase system (PTS) glucose uptake system was replaced
with a non-PTS glucose uptake route for decoupling glucose
utilization from phosphoenolpyruvate (PEP) synthesis. To this
end, the native PEP-dependent PTS was inactivated by dele-
tion of ptsH, encoding the general PTS component HPr
(Fig. 5). Then, non-PTS glucose uptake was activated by de-
letion of iolR (cgp_0196), encoding the transcriptional regu-
lator of the iol regulon (Ikeda et al. 2011) (Fig. 5). A higher
titer of 3-HP (36.8 g/L) was achieved; however, the glucose
consumption and 3-HP production rates were lower than those
of previously constructed strains. To enhance the glucose up-
take rate, the strong sod promoter was applied for stronger
expression of inositol permease and glucokinase encoded by
iolT1 (cgp_0223) and glk (cgp_2399). This resulted in a final
production of 38.6 g/L of 3-HP via the non-PTS glucose up-
take strategy. The resulting recombinant strain MH15 was
capable of simultaneous utilization of glucose and xylose for
3-HP production with a titer and yield of 36.2 g/L and 0.45 g/g
of sugar carbon source. Fed-batch fermentation using this
strain with glucose and xylose as carbon sources enabled 3-
HP production of 54.8 g/L and a yield of 0.49 g/g of sugar.
After 72 h, 3.9 g/L of glycerol and 4.3 g/L of glycerol was
accumulated in the medium. Fed-batch fermentation using
engineered strain MH15 with glucose as a sole carbon source
resulted in 62.6 g/L of 3-HP and a yield of 0.51 g/g glucose at
72 h. The only byproduct detected was 3.2 g/L of acetate
(Chen et al. 2016b).

C3 diols: 1,2-propanediol (1,2-PD) and 1,3-propanediol
(1,3-PDO)

1,2-PD is mainly used in food, cosmetics, and pharmaceutical
industries. Currently, the demand for 1,2-PD is accommodat-
ed by petroleum-based production processes, which produce
toxic intermediates and byproducts. Engineered E. coli,
Thermoanaerobacterium thermosaccharolyt icum ,
Clostridium sphenoides, and S. cerevisiae have been proposed
as sustainable alternatives for 1,2-PD production (Altaras and
Cameron 2000; Altaras et al. 2001; Junget al. 2008). In the
pathway for 1,2-PD synthesis in microorganisms, dihydroxy-
acetone phosphate (DHAP) is the main metabolite from the
glycolytic pathway. This is converted to lactaldehyde or
acetol, the main precursor for 1,2-PD production (Niimi
et al. 2011). Natural production of 1,2-PD from glucose in

C. sphenoides and T. thermosaccharolyticum resulted in pro-
ductions of 2 and 9 g/L, respectively (Tran-Din and
Gottschalk 1985; Sanchez-Rivera et al. 1987). However, these
strains are not well studied. Therefore, 1,2-PD synthesis in
industrial microorganisms such as E. coli, S. cerevisiae, and
C. glutamicum has been evaluated. The pathway for R-1,2-
propanediol production in E. coli involves the conversion of
dihydroxyacetone phosphate to methylglyoxal by overexpres-
sion of methyglyoxal synthase (mgs). Methyglyoxal is re-
duced to acetol by alcohol dehydrogenase (adhI) or L-
lactaldehyde by glycerol dehydrogenase (gldA) (Altaras and
Cameron 2000). The gldA gene from E. coli exhibits broad
substrate specificity, allowing it to convert methyglyoxal and
lactaldehyde into R-lactaldehyde and R-1,2-PD, respectively
(Misra et al. 1996). Disruption of ldhA in E. coli resulted in a
production of up to 4.5 g/L of R-1,2-PD (Altaras and Cameron
2000). In S. cerevisiae , delet ion of tpi encoding
triosephosphate isomerase and integration of E. coli mgs and
gldA enabled it to produce 1.11 g/L of 12-PD in flask culture
(Jung et al. 2008). As C. glutamicum naturally produces small
amounts of 1,2-PD, its genome was studied for identifying
genes encoding 1,2-PD pathway-related enzymes. An
NADPH-dependent methylglyoxal reductase gene
(cgr_2242) was identified. To increase 1,2-PD production,
heterologous expression of mgs for the conversion of dihy-
droxyacetone phosphate to methylglyoxal was implemented.
The resulting strain produced 1.9 g/L of 1,2-propanediol after
96 h of flask culture with high acetol concentration (3.3 g/L)
(Niimi et al. 2011). To improve 1,2-propanediol production in
recombinant C. glutamicum, heterologous expression of
E. coli mgsA, gldA, and yqhD was used. However, heterolo-
gous expression of both gldA and yqhD resulted in the pro-
duction of glycerol as a byproduct as the gene products also
reduce DHAP to glycerol; therefore, the hdpA gene was de-
leted. Further expression of aldehyde dehydrogenase encoded
by fucO gene from E. coli for conversion of toxic
methylglyoxal to L-lactaldehyde did not improve 1,2-PD pro-
duction. Additionally, ldh was deleted to improve production
under oxygen-deprived conditions. The resulting recombinant
C. glutamicum strain was able to produce 4.56 g/L of 1,2-
propandiol, with a yield of 0.14 g/g and productivity of
0.09 g/L (Siebert and Wendisch 2015).

1,3-PDO is an important platform chemical used in textile,
solvent, food, and pharmaceutical industries. It is used as
monomer for the synthesis of polyethers, polyurethanes, and
polytrimethylene terephthalate. Commercial production of
1,3-PDO from glucose using recombinant E. coli has been
established by DuPont. The recent rapid development of bio-
fuel refineries has generated large amounts of crude glycerol
as a byproduct. This provides substantial amounts of substrate
for glycerol-based biorefinery, allowing sustainable and eco-
nomical production of 1,3-PDO. In microorganisms such as
Klebsiella, Clostridia, Enterobacter, Citrobacter, and
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Lactobacilli, 1,3-PDO production from glycerol involves de-
hydration of glycerol to 3-hydroxypropionaldehyde by glyc-
erol dehydratase and reduction of 3-hydroxypropionaldehyde
to 1,3-propanediol by 1,3-propanediol dehydrogenase (Zhang
and Xiu 2009; Ren et al. 2016; Gonzalez et al. 2008;Maervoet
et al. 2016). Although established strains produce high titers,
fermentation processes have low yields of 1,3-propanediol
because 40–50% of the glycerol is converted into undesired
byproducts, such as formate, acetate, lactate, and 2,3-
butanediol, making downstream processes complex and cost-
ly (Saxena et al. 2009; Celińska 2010; Kaur et al. 2012). As
1,3-PDO biosynthesis is a reduction process that requires
NADH, provision of this cofactor via glycerol oxidation of
engineered glutamate-producing strains of C. glutamicum
should increase the yield of 1,3-PDO production from glycer-
ol, improving the economic feasibility of glycerol-based
biorefinery. C. glutamicum has been evaluated as a host strain
for 1,3-PDO production as well as efficient co-factor regener-
ation by production of glutamate, as strains engineered for
glutamate production are able to produce excess NADH dur-
ing the conversions of glyceraldehyde-3-phosphate to 3-
phosphate-glycerate and pyruvate to acetyl-CoA, thus main-
taining a high intracellular pool of NADH. Co-production of
glutamate and 1,3-PDO is advantageous because oxidative
phosphorylation of excess NADH is necessary for high gluta-
mate yield (Huang et al. 2017). However, C. glutamicum can-
not utilize glycerol as a sole carbon source; therefore, glycerol
assimilation genes pduCDEGH encoding diol dehydratase
and its activator from K. pneumoniae and dhaT encoding
1,3-propanediol dehydrogenase were introduced into the re-
combinant PT01 strain. Additional deletion of 2-oxoglutarate
dehydrogenase (odh) was used to drive the flux toward gluta-
mate overproduction (Fig. 5) (Asakura et al. 2007). For the
maintenance of cell growth and NADH production, glucose
(80 g/L) was added as a co-substrate for cultivation in medium
containing 20 g/L glycerol as the carbon source. The
engineered C. glutamicum strain OD01 allowed simultaneous
production of 1,3-PDO and glutamate, yielding 14.4 g/L of
1,3-PDO and 32.5 g/L of glutamate. Glutamate production in
this recombinant strain was better than that in the control strain
used, suggesting that 1,3-PDO production benefits glutamate
production. The NADH/NAD ratio in the engineered strain
was significantly lower, indicating that NADH from gluta-
mate production was utilized for 1,3-PDO production
(Huang et al. 2017). The co-produced 1,3-PDO and glutamate
were purified by crystallization and distillation.

C4 alcohols: isobutanol and 2,3-butanediol (2,3-BDO)

Isobutanol is currently an attractive bio-based alternative fuel
because of its high energy density and low hygroscopic activ-
ity compared to ethanol, making it suitable for use in existing
pipelines and combustion engines (Smith et al. 2010). Several

anaerobic Clostridium species naturally produce isobutanol
through a co-enzyme acetyl coA-dependent pathway
(Blombach and Eikmanns 2011). In engineered aerobic strains
of E. coli and B. subtilis, the pathway for isobutanol produc-
t ion involves conversion of 2-ketoisovalerate to
isobutyraldehyde by 2-ketoacid decarboxylase and conver-
sion of isobutyraldehyde to isobutanol by alcohol dehydroge-
nase (Blombach et al. 2011). High titers of up to 50 g/L of
isobutanol were obtained by aerobic fermentation by recom-
binant E. coli JCL260/pSA55/pSA69 (Baez et al. 2011).
However, this process is limited because isobutanol is toxic
to the recombinant cells. As isobutanol production involves 2-
ketoacid pathways, which are precursors for amino acids,
C. glutamicum was evaluated as a host strain. C. glutamicum
harbors great potential for application in biorefineries because
of its high tolerance to isobutanol compared to E. coli, high 2-
ketoisovalerate production, and maintenance of metabolic ac-
tivity under oxygen deprivation (Smith et al. 2010; Krause
et al. 2010).

For isobutanol production in recombinant C. glutamicum,
pathway improvement for high intracellular 2-ketoisovalerate
accumulation and a recruited isobutanol synthesis pathway
were established (Smith et al. 2010). Initial evaluation of
isobutanol production was done using a pyruvate carboxylase
(pyc) and ldh-deficient host strain for overexpression of
acetolactate synthase (alsS) from B. subtilis for pyruvate to
acetolactate conversion. Acetohydroxyacid isomeroreductase
and dihydroxyacid dehydratase (ilvCD) of C. glutamicum
were overexpressed for the conversion of acetolactate to 2-
ketoisovalerate. Then, 2-ketoacid decarboxylase (kivD) from
L. lactiswas introduced for conversion of 2-ketoisovalerate to
isobutyraldehyde. Finally, native adhA catalyzed the conver-
sion of isobutyraldehyde to isobutanol (Fig. 6). The resulting
recombinant strain was able to produce 4.9 g/L of isobutanol.

For enhanced product ion of i sobutanol , a 2-
ketoisovalerate-overproducing strain was constructed. To in-
crease the intracellular 2-ketoisovalerate pool, the pyruvate
dehydrogenase complex (aceE), pyruvate:quinone oxidore-
ductase (pqo), and transaminase B (ilvE) genes were deleted
to attenuate competing pathways. Additionally, overexpres-
sion of ilvBNCD, encoding acetohydroxyacid synthase,
acetohydroxyacid isomeroreductase, and dihydroxyacid
dehydratase, was established to drive the flux toward 2-
ketoisovalerate. To establish a pathway for isobutanol produc-
tion, kivD from L. lactis, adh2 from S. cerevisiae, and
transhydrogenase (pntAB) from E. coli were introduced.
ldhA and malate dehydrogenase (mdh) were deleted to atten-
uate competing pathways (Fig. 6). The production process
was optimized by separating aerobic 2-ketoisovalerate pro-
duction from oxygen-deprived isobutanol production. Using
this strategy, isobutanol production increased up to 13 g/L
(Blombach et al. 2011). In another approach, isobutanol pro-
duction was achieved through in an oxygen-deprived
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fermentation using a recombinant strain harboring alcohol de-
hydrogenases fromE. coli (adhP) and S. cerevisiae (adh2) and
kivD from L. lactis (Yamamoto et al. 2013). A high titer of
73 g/L of isobutanol was achieved by continuous extraction of
isobutanol from the reaction mixture using oleyl alcohol.

2,3-BDO is an important platform chemical with a wide
range of applications, e.g., as plasticizer, fumigant, and
antifreezing agent. It is also used as a precursor of important
chemicals, such as 1-butanediene and 2-butanone, which are
used in synthetic rubber production and as a fuel additive and
resin solvent, respectively (Rados et al. 2015). In bacteria, 2,3-
BDO is formed from pyruvate via three consecutive steps,
starting with the condensation of two pyruvate molecules into
α-acetolactate byα-acetolactate synthase. Acetolactate is con-
verted to acetoin by aldehyde decarboxylase (Yang et al.
2015). Finally, acetoin is converted to 2,3-butanediol by 2,3-
butanediol dehydrogenase. For microbial production of 2,3-
BDO, an engineered K. pneumoniae strain that is capable of
producing up to 111.3 g/L of meso-2,3-butanediol, with a
productivity of 2.71 g/L·h in fed-batch fermentation, has been
well studied (Kim et al. 2014). However, because of safety
concerns regarding the use of K. pneumoniae, production of

(2R,3R)-2,3-BDO using engineered E. coli strains was evalu-
ated; it was able to produce up to 73.8 g/L (Xu et al. 2014).
However, alternative hosts remain to be considered for safe
and sustainable production of 2,3 BDO. Therefore, L. lactis,
B. subtilis, P. polymyxa, and S. cerevisiae have been
engineered; however, the production efficiencies were low
or complicated nutrition were required, and thus, these strains
were not economically practical (Gaspar et al. 2011; Fu et al.
2014; Xu et al. 2014). C. glutamicum has been studied as an
alternative host for 2,3-BDO production because it is a natural
2,3-BDO producer; however, it does not have α-acetolactate
decarboxylase (Dickschat et al. 2010). Only a small amount of
(2S,3S)-2,3-BDO is produced by conversion of S-acetoin to
(2S,3S)-2,3-BDO using native butanediol dehydrogenase
(Rados et al. 2015). To improve 2,3-BDO production in
C. glutamicum, genes encoding α-acetolactate synthase, α-
acetolactate decarboxylase, and butanediol dehydrogenase
were heterologously expressed in the host strain to attenuate
byproduct formation. Fermentation was established using a
two-stage process for aerobic culture of cells for increasing
cell density, and oxygen-limited 2,3-BDO production by
growth-arrested cells (Rados et al. 2015; Yang et al. 2015).

Fig. 6 Pathway engineering of Corynebacterium glutamicum for
production of 2,3-butanediol and isobutanol. The relevant chemicals are
produced via key precursor, pyruvate. Endogenous pathway in
C. glutamicum is indicated in black arrow. Enzymes: alsS/budB,

acetolactate synthase; budA/aldB, acetolactate decarboxylase; butA,
acetoin reductase; ilvC, acetohydroxy isomeroreductase; ilvD,
dihydroxyacid reductase; kivD, 2-ketoacid decarboxylase; adhA, alcohol
dehydrogenase. Abbreviation: DHV, 2,3-dihydroxyisovalerate
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In one approach, to improve the intracellular pool of the
important precursor, pyruvate, and for deletion of acetate, suc-
cinate, and lactate byproducts, the E1-subunit of the pyruvate
dehydrogenase complex (aceE) , mdh , ldhA , and
pyruvate:quinone oxidoreductase (pqo) of C. glutamicum
were deleted. To improve 2,3-BDO production, α-
acetolactate synthase (als), α-acetolactate decarboxylase
(aldB), and butanediol dehydrogenase (butA) from L. lactis
were introduced into the engineered host (Fig. 6). To optimize
conditions for fermentative 2,3-BDO production, a two-stage
process was established, wherein the engineered
C. glutamicum cells were grown in aerobic conditions using
acetate or glucose as a carbon source to achieve high cell
density, and then, cells (50 g CDW/L) were collected and used
for conversion of glucose to 2,3-BDO under growth-arrest
anaerobic conditions. This strategy yielded 6.3 g/L of meso-
2,3-BDO (Rados et al. 2015).

In another approach, acetolactate decarboxylase and α-
acetolactate synthase (budAB) from K. pneumoniae were in-
troduced into C. glutamicum ATCC 13032 (Fig. 6). The re-
combinant strain, C. glutamicum SGSC102, produced 18 g/L
of 2,3-BDO with byproduct formation of 2.49 g/L acetoin,
8.43 g/L lactate, 2.16 g/L succinate, and 2.36 g/L acetate.
2,3-BDO production for biorefinery by utilization of renew-
able biomass was demonstrated using this strain in batch cul-
tures with 80 g/L of cassava powder (56.7 g/L glucose and
2.17 g/L fructose) as a carbon source. This resulted in the
production of 12.0 g/L of 2,3-BDO (Yang et al. 2015).

Conclusions and outlooks

Recent advances in the development of genetic tools and
techniques for metabolic engineering have enabled
C. glutamicum to be evolved as an industrial microbial
strain beyond traditional amino-acid production, into mod-
ern platform chemical production. Combined systems bi-
ology and comparative omics analyses have enabled the
development and successful application of genetic engi-
neering tools and techniques, such as RecT and CRISPR/
Cas9-based genome editing, tunable synthetic promoter-
based expression plasmids, and compatible plasmids.
These tools have allowed establishing heterologous path-
ways, thus broadening the product portfolio of recombi-
nant C. glutamicum for efficient production of platform
chemicals. C. glutamicum is a promising robust and versa-
tile industrial microbial strain for applications in sustain-
able platform chemical production through biorefinery.
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