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Abstract Interest in sustainable development has led to efforts
to replace petrochemical-based monomers with biomass-based
ones. Itaconic acid, a C5-dicarboxylic acid, is a potential mono-
mer for the chemical industry with many prospective applica-
tions. cis-aconitate decarboxylase (CadA) is the key enzyme of
itaconate production, converting the citric acid cycle interme-
diate cis-aconitate into itaconate. Heterologous expression of
cadA from Aspergillus terreus in Escherichia coli resulted in
low CadA activities and production of trace amounts of
itaconate on Luria-Bertani (LB) medium (<10 mg/L). CadA
was primarily present as inclusion bodies, explaining the low
activity. The activity was significantly improved by using lower
cultivation temperatures and mineral medium, and this resulted
in enhanced itaconate titres (240 mg/L). The itaconate titre was
further increased by introducing citrate synthase and aconitase
from Corynebacterium glutamicum and by deleting the genes
encoding phosphate acetyltransferase and lactate dehydroge-
nase. These deletions in E. coli’s central metabolism resulted in
the accumulation of pyruvate, which is a precursor for itaconate
biosynthesis. As a result, itaconate production in aerobic bio-
reactor cultures was increased up to 690 mg/L. The maximum
yield obtained was 0.09 mol itaconate/mol glucose. Strategies
for a further improvement of itaconate production are
discussed.

Keywords Itaconic acid . Escherichia coli . Metabolic
engineering . Citrate synthase . Aconitase . cis-aconitate
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Introduction

Itaconic acid is a C5-dicarboxylic acid that can be used as a
building block for the production of a diverse set of isomeric
lactones, diols, cyclic ethers (Geilen et al. 2010) and polymers
(Hughes and Swift 1993). The polymers are potential substit-
uents for many acrylic-based materials such as resins or syn-
thetic fibres (Okabe et al. 2009; Willke and Vorlop 2001).

Since the 1960s, itaconic acid has been commercially pro-
duced using natural mutants of the filamentous fungus
Aspergillus terreus (Klement and Büchs 2013; Willke et al.
2001). Kuenz et al. (2012) recently reported one of the best
performing itaconic acid producing A. terreus cultivations,
which had a productivity of 0.51 g/L/h, a maximum titre of
86.2 g/L and a yield of 86 mol%. Better achievements seem
possible because the productivity is relatively low and is
caused by the low oxygen transfer rates that can be achieved
with the filamentous growth form (Klement et al. 2012); the
yield is only 65 % of the maximum theoretical yield of
1.33 mol itaconic acid, and titres over 200 g/L citric acid—a
precursor of itaconic acid—have been achieved by closely
related A. niger. Other disadvantages of A. terreus are sensi-
tivity of the filament pellets to hydro-mechanical stress, labo-
rious handling of spores (Klement et al. 2012), low reproduc-
ibility of fermentations (Kuenz et al. 2012) and the fact that an
interruption of oxygen supply strongly decreases itaconic acid
production (Klement et al. 2012).

Several groups have searched for other microorganisms
able to produce itaconic acid. Ustilago sp. and Candida sp.
(Tabuchi et al. 1981) have also been found to produce itaconic
acid, but with titres below 55 g/L. Recombinant production
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hosts such as Escherichia coli have been proposed for cheaper
production of itaconic acid (Yu et al. 2011). As a facultative
anaerobic bacterium, E. coli has many advantages as a produc-
tion host, like rapid growth under both aerobic and anaerobic
conditions, simple medium requirements and well-established
protocols for genetic modification.

Wild-type E. coli does not produce itaconate, because it
misses cis-aconitate decarboxylase (CadA), which catalyses the
conversion of cis-aconitate to itaconate (Yahiro et al. 1995) and is
the key enzyme for itaconate biosynthesis in A. terreus. It has
been successfully expressed in E. coli (Li et al. 2011), but
product titres remained low.

In this paper, we investigate the potential of E. coli to produce
itaconate by introducing cis-aconitate decarboxylase (CadA)
from Aspergillus terreus and the effects of the introduction of
the heterologous enzymes citrate synthase and aconitase from
C. glutamicum and the elimination of the native phosphate
acetyltransferase and lactate dehydrogenase activities, which
could stimulate itaconate production by enhancing the availabil-
ity of precursors. The proposed itaconate pathway in E. coli is
shown in Fig. 1.

Materials and methods

Bacterial strains and plasmids

The bacterial strains and plasmids used in this study are listed
in Table 1.

Deletion of phosphate acetyltransferase (pta) and lactate
dehydrogenase (ldhA) genes

The gene encoding lactate dehydrogenase (ldhA) was inactivated
in E. coli BW25113 Δpta by using the Lambda red-mediated
gene replacement method described by (Datsenko and Wanner
2000). Shortly, E. coli BW25113 Δpta was transformed with
pKD46 and cultured in the presence of L-arabinose to induce λ-
red recombinase expression, which is an inducer for recombina-
tion. The target gene ldhA was replaced by a kanamycin

resistance gene flanked by flippase recognition target (FRT) sites.
For this, a deletion cassette containing a kanamycin resistance
gene with FRT sites was amplified from pKD4 by using Phusion
high-fidelity DNA polymerase (Thermo Scientific) and primers
that contain 50 bp targeting flanks to the ldhA region in the
genome (Table 2) and transformed into E. coli BW25113 Δpta
(pKD46). Transformantswere screened for their proper genotype
by selecting for kanamycin resistance and colony PCR (GoTaq
Green polymerase, Promega) using primers that flank the target
gene. The phenotype was verified in liquid cultures. The kana-
mycin resistance gene was subsequently eliminated by using the
temperature-sensitive helper plasmid pCP20 encoding the
flippase (FLP), followed by curing of the temperature-sensitive
plasmids by culturing strains at 42 °C for 16 h.

Site-specific integration of the λDE3 prophage

Site-specific integration of the λDE3 prophage into E. coli
BW25113 and into its derivative E. coli BW25113 Δpta
ΔldhA was done using the λDE3 Lysogenization Kit
(Novagen). The integration of the λDE3 prophage and expres-
sion of T7 polymerase in strains were verified according to the
protocol in the kit. Besides, the functional expression of T7
polymerase was confirmed by transforming the strains with
pET101/D/lacZ. The transformants were able to cleave 5-bro-
mo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal) after in-
duction with isopropyl-beta-D-thiogalactopyranoside (IPTG).

Construction of pACYC expression vectors

The expression vector pACYCDuet-1 (Novagen) was used to
express the genes cadA (NCBI reference sequence ID:
BAG49047.1), acnA (ID: NP_600755.1) and gltA (ID:
NP_600058.1) under the transcriptional control of the T7 pro-
moter. All genes were codon optimized according to the algo-
rithm of OptimumGeneTM (GenScript) and synthesized by
GenScript, USA. The sequences of the codon-optimized cadA,
acnA and gltA can be retrieved from GenBank (ID: KM464677,
ID: KM464678, ID: KM464679, respectively. cadAwas ligated
between the NcoI-HindIII restriction sites in MCS1 of
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Fig. 1 Itaconate production
pathway in E. coli. The bold
arrows indicate the introduced
pathway consisting of genes
encoding citrate synthase (gltA)
and aconitase (acnA) from
C. glutamicum and cis-aconitate
decarboxylase (cadA) from
A. terreus. The dotted lines indicate
that phosphate acetyltransferase
(pta) and lactate dehydrogenase
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pACYCDuet-1, yielding pKV-C. acnA and gltAwere respective-
ly ligated between the NdeI-XhoI and XhoI-PacI sites in MCS2
of pKV-C, yielding pKV-CGA, Table 1. An additional ribosomal
binding site (rbs), identical to those in pACYCDuet-1, was
introduced upstream of gltA gene.

Cultivation conditions

Culture media

For plasmid construction and gene expression analysis, E. coli
strains were cultured on Luria-Bertani (LB) agar plates or in LB
liquid medium at either 30 or 37 °C. Recombinants harbouring
temperature-sensitive plasmids were cultured at either 30 °C for
cultivation or 42 °C to cure the selection markers. Expression of
lacZ was detected by blue/white screening in agar plates on top

of which 40 μL of 20 mg/mL X-gal in dimethyl sulfoxide and
40 μL of 1 M IPTG were spread on top of the plates. When
needed, medium and plates were supplemented with ampicillin
(50 μg/mL) or chloramphenicol (35 μg/mL). Induction of gene
expression in liquid cultures was started by the addition of 1 mM
of IPTG when the optical density at 600 nm (OD600) of the
culture reached approximately 0.4.

The other cultivations were done in M9 minimal medium
(MM), which contained per 1 L: 200 mL 5×M9 minimal salts
(BDDifco) supplemented with 50mmoles of glucose, 2mmoles
of MgSO4, 0.1 mmoles of CaCl2, 15 mg of thiamine and

Table 1 E. coli strains and plasmids used in this study

Strains and plasmids Characteristics References

Strains

BW25113 lacIq rrnBT14ΔlacZ WJ16 hsdR514 Δara BADAH33 Δrha BADLD78 CGSCa

BW25113 (DE3) BW25113 DE3 T7 RNA polymerase This study

BW25113Δpta BW25113 Δpta −779::kan CGSC

BW25113 (DE3) Δpta ΔldhA BW25113 Δpta ΔldhA DE3 T7 RNA polymerase This study

Plasmids

pET101/D/lacZ pBR322 ori lacI T7 AmpR Invitrogen

pKD46 AmpR plasmid with temperature-sensitive replication and arabinose
induction of λ-red recombinase

CGSC

pKD4 KanR plasmid with R6K-γ replicon CGSC

pCP20 AmpR and CmR plasmid with temperature-sensitive replication and
thermal induction of FLP synthesis

CGSC

pEV pACYCDuet-1 overexpression vector using T7 promoter capable to carry
two multiple cloning sites, CmR

Novagen

pKV-C pACYCDuet-1 derivative, synthetic cadA gene This study

pKV-CGA pACYCDuet-1 derivative, synthetic cadA, acnA and gltA genes This study

a The Coli Genetic Stock Center at Yale University

Table 2 List of primers used in this study (50-bp flanking regions
underlined)

Name Sequence

For ldhA deletion

ldhA flank F AAATATTTTTAGTAGCTTAAATGTGATT
CAACATCACTGGAGAAAGTCTTGTGT
AGGCTGGAGCTGCTTC

ldhA flank R ATTGGGGATTATCTGAATCAGCTCCCCT
GGAATGCAGGGGAGCGGCAAGAAT
GGGAATTAGCCATGGTCC

For PCR verifications

ldhA check F AAATATTTTTAGTAGCTTAAATGTG

ldhA check R ATTGGGGATTATCTGAATCAGCTCC
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Fig. 2 Conversion of cis-aconitate to itaconate in CFE of E. coli
BW25113 (DE3) (pKV-C) that was cultured in bioreactors at either
30 °C (circles) or 37 °C (squares). Protein concentrations in the assay
mixtures were 5.8 and 4.3 mg/mL, respectively. The activities of CadA
were derived from the slopes of the lines
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0.30 mg of selenite. Medium was buffered with 0.1 M 3-(N-
morpholino) propanesulfonic acid (MOPS), and the pH was
adjusted to 6.9 with NaOH.

Cultivation in bioreactors

E. coli BW25113 (DE3) and E. coli BW25113 (DE3)
Δpta-ΔldhA containing either pEV, pKV-C or pKV-CGA
were cultivated at 30 °C in 0.5 L mini bioreactors, connected
to myControl controller units (Applikon, The Netherlands)
with a working volume of 400 mL. The pH was maintained
at 6.9 by the automated addition of 2 M NaOH. Cultures were
continuously stirred at 1200 rpm and sparged with medical air
at 400 mL/min. Bioreactors were inoculated with 5 % (v/v) of
a pre-culture that was grown in a 250-mL Erlenmeyer flasks
with 50 mL ofMM at 250 rpm and 30 °C for 24 h. Samples of
2 mL were regularly taken to determine the OD600 of the
cultures and the concentrations of substrate and products.

Enzymatic assays

For enzymatic assays, 50mL of bioreactor culture was harvested
by centrifugation (5 min, 7745×g) after 17 h of cultivation in the
presence of IPTG andwashedwithMM.Cell free extracts (CFE)
were made according to the Y-PER Yeast Protein Extraction
Reagent kit instructions (Thermo Scientific). Protein concentra-
tions were determined by using the Total Protein Kit, Micro
Lowry, Peterson’s Modification (Sigma Aldrich).

The activity of cis-aconitate decarboxylase (CadA) was
measured by using a method adapted from Dwiarti et al.
(2002) and Li et al. (2011): CFE’s were incubated with
17 mM of cis-aconitate in 200-mM sodium phosphate buffer

(pH 6.2) for 10 min at 30 °C. Reactions were terminated by
adding 1 M HCl. Supernatants were analysed for itaconate
formation by HPLC.

The activity of aconitase was measured by monitoring the
formation of cis-aconitate at 240 nm in a UV-vis spectrophotom-
eter (UV-1650PC SHIMADZU) using an extinction coefficient
for cis-aconitate of 3.5 mM−1 cm−1 (Baumgart and Bott 2011).
The assays were performed at 30 °C in 100-mMTris–HCl buffer
(pH 8.0) and 20-mM trisodium citrate as a substrate.

Citrate synthase activity was determined by monitoring the
hydrolysis of the thioester of acetyl coenzyme A (acetyl-CoA),
which results in the formation of CoA. The thiol group of CoA
reacts with 5,5′-dithiobis-(2-nitrobenzoic acid (DTNB) in the
reaction mixture to form 5-thio-2-nitrobenzoicacid (TNB). The
formation of TNB was measured at 412 nm by using
13.6 mM−1 cm−1 as extinction coefficient at 30 °C according to
Morgunov and Srere (1998) with minor adjustments. The reac-
tion mixture contained 0.31-mM acetyl-CoA, 0.5-mM oxaloac-
etate, 0.1-mM DTNB and ca. 0.25 % Triton X-100 in 100-mM
Tris–HCl (pH 8.0).

Analytical methods

The cell density was determined by measuring the OD600 by
using a spectrophotometer (Dr. Lange XION 500).

The concentrations of glucose and organic acids were deter-
mined by using HPLC by using a Dionex Ultimate 3000
(Thermo Fisher) equipped with an RI detector (Shodex, RI-
101) and a UV detector (Dionex, 3400 RS at 210 nm). The
samples were separated on a Micro-Guard Cation H pre-column
(30×4.6 mm, Biorad) and an Aminex HPX-87H column
(300×7.8 mm, Biorad) at 35 °C using 0.6 mL/min of 5 mM
H2SO4 as an eluent.

Results

Heterologous expression of cadA, acnA and gltA

Gene cadA from A. terreus was codon optimized and expressed
in E. coli to enable itaconate production. Small amounts of
itaconate were produced (below 10 mg/L) when E. coli
BW25113 (DE3) (pKV-C) was cultivated in LB in shake flask
cultures at 37 °C, but no detectable CadA activity was found in
CFE of these cultures. SDS-PAGE analysis showed that almost
all CadA was present in the form of inclusion bodies (data not
shown). As inclusion bodies are often associated with fast and
high-level expression of heterologous proteins (Jurgen et al.
2010), twomeasures were taken to reduce these rates: cultivation
in MM instead of LB and cultivation at lower temperatures.
When E. coli BW25113 (DE3) (pKV-C) was grown in MM in
pH-controlled bioreactors at 37°, CadA could be detected in CFE
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Fig. 3 Specific enzymatic activities (U/mg) of cis-aconitate decarboxyl-
ase (hatched lines), citrate synthase (horizontal lines) and aconitase
(diagonal lines) in CFE of E. coli BW25113 (DE3) containing either
pEV, pKV-C or pKV-CGA. Strains were cultured in bioreactors at 30 °C
on MM medium. The average values and standard deviations (SD) of
duplicate parallel studies are given
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with a specific activity of 0.03 U/mg. The activity was further
increased to 0.38 U/mg when the cultivation temperature was
lowered to 30 °C (Fig. 2). SDS-PAGE analysis showed that the
amount of soluble protein had increased by these measures (data
not shown).

To channel more acetyl-CoA to itaconate, the codon-
optimized genes encoding citrate synthase (gltA) and aconitase
(acnA) from C. glutamicum were overexpressed in E. coli to-
gether with cadA, yielding E. coli BW25113 (DE3) (pKV-
CGA). The expression levels of the heterologous genes were
determined by measuring the activities of the corresponding
enzymes in CFE of E. coli BW25113 (DE3) strains containing
either pEV, pKV-C or pKV-CGA. The activities of citrate syn-
thase and aconitase in CFEs of E. coli BW25113 (DE3) (pKV-
CGA) increased 4 and 40 times, respectively, compared to the
native activities measured in E. coli BW25113 (DE3) (pKV-C)
(Fig. 3). It appeared that expression of cadA increased the native
citrate synthase and aconitase activities in E. coli BW25113
(DE3) (pKV-C), as the activities of these enzymes were lower
in E. coliBW25113 (DE3) (pKV-EV), which might be due to an
activating effect of itaconate. Simultaneous expression of gltA
and acnA together with cadA resulted in a lower specific CadA
activity compared to the E. coli BW25113 (DE3) (pKV-C),

which is probably due to a dilution effect caused by the overex-
pression of the two additional genes.

Itaconate production in E. coli BW25113 (DE3)

Itaconate production by E. coli BW25113 (DE3) containing
either pEV, pKV-C or pKV-CGA was monitored in pH-
controlled bioreactors in MM at 30 °C for 72 h. Itaconate was
produced up to 1.9 mM with both E. coli BW25113 (DE3)
(pKV-C) and BW25113 (DE3) (pKV-CGA), but not in the
control strain (Fig. 4). Overexpression of gltA and acnA together
with cadA had no significant impact on itaconate production
under these conditions as the production profiles were similar
with both pKV-C and pKV-CGA plasmids. This suggests that
the availability of precursors is limiting itaconate production.

During growth on glucose, acetate was observed in all cul-
tures after 1 day of cultivation, which accumulated up to 55mM.
When glucose was depleted from the medium, the cells started
consuming acetate. In addition, low concentrations (below
5 mM) of ethanol, citrate, pyruvate, lactate, succinate and for-
mate were detected in the medium during cultivation of all
strains, and some cis-aconitate (<5 mM) was formed by E. coli
BW25113 (DE3) (pKV-C) and BW25113 (DE3) (pKV-CGA)
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(data not shown). Most of these compounds were only interme-
diary products and disappeared over time.

Itaconate production inE. coliBW25113 (DE3)Δpta-ΔldhA

To increase the availability of precursors, E. coli BW25113
(DE3) was made deficient in acetate and lactate production.
Deletion of pta, encoding phosphate acetyltransferase, is
known to result in accumulation of pyruvate in the cells,
which may be redirected to itaconate. As Δpta strains have
been reported to convert pyruvate to lactate (Castano-Cerezo
et al. 2009), this conversion was eliminated as well by deleting
ldhA. To test the effect of these eliminations, the resulting
strain E. coliBW25113 (DE3)Δpta-ΔldhA, containing either
pEV, pKV-C or pKV-CGA, was cultivated in pH-controlled
bioreactors in MM at 30 °C.

E. coli BW25113 (DE3) Δpta-ΔldhA (pKV-CGA) pro-
duced three times more itaconate than its wild-type equivalent.
Overexpression of gltA and acnA was essential to improve
itaconate production, as production was not enhanced in
E. coli BW25113 (DE3) Δpta-ΔldhA (pKV-C) (Fig. 5). In
all E. coli BW25113 (DE3) Δpta-ΔldhA cultivations, pyru-
vate accumulated up to 30 mM, after which it was consumed.
Acetate was still produced in the double knockout strain, but
with a significant delay. Citrate and/or cis-aconitate were also
observed, but at trace levels without clear correlations with
strain and growth conditions (results not shown).

The results show that the simultaneous elimination of pta
and ldhA and the heterologous expression of gltA and acnA
increased the flux through CadA, resulting in higher itaconate
titers of up to 690 mg/L, which corresponds to an itaconate
yield from glucose of 0.09 mol/mol,

Discussion

In recent years, several microorganisms have been investigat-
ed for their ability to produce itaconic acid, besides the well-
known itaconic acid producer A. terreus. Some studies have
focused on non-conventional natural producers of itaconic
acid, such as Pseudozyma antarctica (Levinson et al. 2006)
and Ustilago maydis (Klement et al. 2012). Besides, several
heterologous production hosts, like A. niger (van der Straat
et al. 2014), Yarrowia lipolytica (Wang et al. 2011) and potato
(Koops et al. 2011) were studied since cadAwas identified as
the gene responsible for itaconic acid biosynthesis in
A. terreus (Kanamasa et al. 2008).

E. coli has been widely studied for the production of
chemicals, such as lactic acid (Zhou et al. 2003), succinic acid
(Lee et al. 2005), 1,3-propanediol (Tong et al. 1991) and 1,4-
butanediol (Yim et al. 2011); (Yu et al. 2011). So far, E. coli
has not been studied extensively for itaconic acid production.

Only one study is published (Li et al., 2011), in which E. coli
was used as a control strain for the identification of enzymes
from A. terreus that are relevant for itaconic acid production.
Overexpression of cadA in E. coli resulted in itaconate pro-
duction, but at low titres (56 mg/L).

We focused on improving E. coli’s potential for itaconate
production. Also in our work, the introduction of cadA result-
ed in low levels of itaconate (<10 mg/L). Expression of
heterologous genes in E. coli often causes problems that lead
to the synthesis of inactive enzymes, such as protein
misfolding and inclusion body formation (Baneyx 1999).
This was also observed in our study, but we could significant-
ly enhance the heterologous production of active CadA by
optimizing expression conditions (temperature and culture
medium), which resulted in higher itaconate titres up to
240 mg/L.

The metabolic flux to itaconate does not only depend on
CadA activity, but also on the availability of precursors. This
availability is the resultant of the flux to itaconate and the
fluxes to by-products. E. coli excretes acetate under aerobic
conditions as an overflow metabolite when glucose is in
excess (Castano-Cerezo et al. 2009). This indicates that the
capacity of the glycolytic pathway is higher than the capacity
of the TCA cycle. Citrate synthase is known to exert a strong
control on the TCA flux, due to inhibition by high NADH
concentrations (Holms 1996), which is at least one of the
reasons for acetate overflow, even at aerobic conditions
(Vemuri et al. 2006). So, a feasible approach to enhance
itaconate production is to reduce acetate production and to
diminish the control on the TCA flux.

As the citrate synthase of C. glutamicum (GltA) is not
inhibited by high NADH concentrations (Eikmanns et al.
1994), we overexpressed gltA and simultaneously introduced
the aconitase gene (acnA) from the same organism in E. coli.
The corresponding enzymatic activities increased significant-
ly inE. coli, but did not result as such in higher itaconate titres.

Acetate is produced from acetyl-CoA by phosphate acetyl-
transferase (pta), which is constitutively expressed under both
aerobic and anaerobic conditions (Chang et al. 1999).
Deletion of pta reduces the formation of acetate and results
in the accumulation of pyruvate (Chang et al. 1999; Diazricci
et al. 1991); (Tarmy and Kaplan 1968). Acetate formation is
still possible in E. coliΔpta strains, due to the direct oxidation
of pyruvate to acetate that is catalysed by pyruvate oxidase
(poxB) (Abdel-Hamid et al. 2001).

Castano-Cerezo et al. (2009) reported a significant tran-
sient accumulation of lactate during cultivation of a Δpta
strain on glucose. We therefore decided to knock out both
pta and ldhA, which resulted in a strain that accumulated
pyruvate but not lactate, and showed a delayed acetate pro-
duction. Overexpression of cadA in this Δpta-ΔldhA strain
did not result in enhanced itaconate production, but itaconate
production was significantly improved up to 690mg/Lwhen a
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combination of cadA, gltA and acnAwas overexpressed in the
Δpta-ΔldhA strain.

The production of acetate was delayed in ourΔpta-ΔldhA
strain, which is in line with studies that showed that expres-
sion of poxB is repressed in the early exponential phase
(Castano-Cerezo et al. 2009) and is mainly activated at low
growth rates (Abdel-Hamid et al. 2001). Still, acetate
remained a dominant by-product in our process. Elimination
of poxB is an obvious strategy to decrease acetate formation,
although Phue et al. (2010) showed that acetate still accumu-
lated when both pta and poxB were deleted in E. coli, indicat-
ing that more metabolic pathways are involved in acetate
formation. An alternative approach is to overexpress the
acetyl-CoA synthetase gene (acs), which is known to reduce
acetate production and increase the intracellular acetyl-CoA
concentration during aerobic growth on glucose (Lin et al.
2006).

A. terreus produces itaconic acid at pH values around 3,
below the low pKa value of 3.85. Therefore, itaconic acid is
largely in its fully protonated form, which is also the required
final product. E. coli growth is generally applied at pH values
higher than 5.5, above the high pKa value of 5.45. Under these
conditions, itaconic acid will be largely in the fully
deprotonated form. This has consequences for both fermenta-
tion and downstream process. Itaconic acid production by
E. coli will require titration with a base to maintain a constant
pH. During downstream processing, the pH will have to be
decreased by adding acid to form the final fully protonated
product, however, with concomitant production of salts.
Disposal or recycling of the salts contributes significantly to
the overall process costs. On the other hand, organic acids are
generally more toxic to microorganisms in their fully proton-
ated form. Product inhibition will therefore be stronger at low-
pH itaconic acid production by A. terreus. A similar situation
occurs with the production of lactic acid, which has beenmore
extensively studied. Downstream processes at both low and
high pH are being developed and improved (Abdel-Rahman
et al. 2013), also in combination with in situ product removal
to prevent product inhibition (Dafoe and Daugulis 2014). At
the moment, it seems unclear if low or neutral pH processes
will be the best option for production of organic acids.

To our best knowledge, 690 mg/L is the highest itaconate
titre produced by metabolically engineered E. coli strains
published in peer-review journals. This was realized without
maximizing sugar concentrations and without employing
growth limiting conditions. We obtained this titre by increas-
ing the synthesis of soluble CadA and the availability of
precursors for itaconate by eliminating pta and ldhA and by
overexpressing the genes that are responsible for the conver-
sion of acetyl-CoA to the direct precursor cis-aconitate. The
maximum itaconate yield from glucose was 0.09 mol/mol,
which is only 7 % of the theoretical maximum yield of
1.33mol/mol. A significant improvement is therefore required

before the production of itaconate with E. coli can become
economically feasible. Further optimization of cadA expres-
sion and reduction of acetate formation are obvious strategies
to achieve this.
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