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Introduction

Muconic acid (MA), also known as 2,4-hexadienedioic 
acid, has attracted great attention in recent years because 
of its potential use as a precursor and platform chemical 
for the production of several bio-plastics [5]. The prod-
ucts, including the commercially important bulk chemicals 
adipic acid, terephthalic acid, and trimellitic acid, have a 
wide variety of uses in the production of nylon-6, 6, pol-
ytrimethylene terephthalate, polyethylene terephthalate, 
dimethyl terephthalate, trimellitic anhydride, industrial 
plastics, pharmaceuticals, plasticizers, cosmetics, etc. [30]. 
Worldwide production of adipic acid has already exceeded 
2.5 million tons per year [26]. Traditional chemical pro-
cesses for MA production rely on non-renewable, petro-
leum-based feedstock and high concentrations of heavy 
metal catalysts, which results in environmental pollution, 
petroleum depletion, and high-cost separation processes 
[30]. Thus, a sustainable, environmentally friendly, and 
cost-effective biotechnological process for MA production, 
based on inexpensive carbohydrate raw materials, is very 
desirable.

MA is a naturally occurring metabolic product of some 
organisms, such as Acinetobacter sp., Pseudomonas sp., 
and Sphingobacterium sp. [17, 25, 28], which have meta-
bolic pathways for the degradation of aromatic compounds. 
However, no known organisms can naturally produce MA 
from renewable carbon sources, such as glucose.

So far, four pathways have been designed for MA syn-
thesis from glucose. Draths and Frost [6] reported the first 
synthetic route for MA production from glucose in Escher-
ichia coli. This pathway was based on three heterologous 
genes, encoding 3-dehydroshikimate dehydratase (AroZ), 
protocatechuic acid decarboxylase (AroY) from Kleb-
siella pneumoniae, and catechol 1,2-dioxygenase (CatA) 
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from Acinetobacter calcoaceticus, which convert 3-dehy-
droshikimate to MA via protocatechuic acid and catechol. 
Afterwards, the Frost group further optimized the strain by 
increasing the levels of phosphoenolpyruvate (PEP) and 
erythrose-4-phosphate (E4P), as well as by knocking out 
the 3-dehydroshikimate dehydrogenase gene aroE to block 
aromatic amino acid synthesis [18]. Recently, Apler’s and 
Boles’ groups reconstructed the same pathway to produce 
MA in Saccharomyces cerevisiae [5, 27]. Moreover, the 
Yan group assembled two more artificial pathways for MA 
production. In one of the pathways, tryptophan biosynthe-
sis was shunted and MA was generated via anthranilate 

[23]. In the other, salicylic acid served as the precursor of 
MA, while salicylic acid was generated from isochorismate 
by isochorismate pyruvate lyase [13].

Some efforts have been made to study the mechanism of 
the enterobactin pathway [19, 22]. According to Franke and 
Bujnicki’s work, the fermentation of E. coli strains AN193/
pDF3 (carrying entB and entC) and F111/pC20 (carrying 
aroF, entC, entB, aroB and aroL) showed that (S,S)-2,3-di-
hydroxy-2,3-dihydrobenzoic acid could be up to 4.6 and 
12 g/L, respectively [4, 8], which indicates that the entero-
bactin pathway can also be practically applied to MA pro-
duction. Very recently, the Yan group found a prokaryotic 
2,3-dihydroxybenzoic acid decarboxylase and applied it 
to MA production [24]. In this study, we also successfully 
constructed a synthetic pathway to produce MA using the 
precursors of enterobactin, 2,3-dihydrobenzoate (2,3-DHB) 
(Fig. 1a). Two exogenous enzymes, 2,3-dihydroxybenzo-
ate decarboxylase (EntX) and catechol 1, 2-dioxygenase 
(CatA) were imported from Klebsiella pneumonia strain 
CICIM B7001 and Pseudomonas putida strain KT2440, 
respectively. Metabolic optimization by increasing the flux 
enterobactin biosynthesis pathway and by regulating the 
shikimate pathway, as well as optimization of IPTG induc-
tion resulted in a concentration of 605.18 mg/L of MA 
from glucose in a shaking flask culture.

Materials and methods

Microbial strains and plasmids

Escherichia coli strain JM109 was used for plasmid con-
struction, while E. coli strain JM109 (DE3) was used for 
protein expression and MA production. Strains and primers 
used in this study are summarized in Tables 1 and 2. Stand-
ard cloning and bacterial transformations were performed 
according to Sambrook and Russell [20]. All restriction 
enzymes, DNA ligase, and the Prime STAR HS DNA Poly-
merase were purchased from TaKaRa (Dalian, China). The 
compatible vectors pETDuet-1, pCDFDuet-1, pRSFDuet-1, 
and pACYCDuet-1 were kindly provided by Prof. Zhou 
[29]. Plasmids used in this study are listed in Table 1. The 
gene entX (a hypothetical gene, named in this study, encod-
ing 2,3-dihydroxybenzoate decarboxylase) was amplified 
from Klebsiella pneumonia CICIM B7001 genomic DNA 
by PCR using primers entX-F and entX-R. Additionally, the 
catA gene, encoding catechol 1,2-dioxygenase, was ampli-
fied from Pseudomonas putida KT2440 genomic DNA by 
PCR using primers catA-F and catA-R. Then, both entX and 
catA were sequentially cloned into vector pACYCDuet-1 
using BglII and KpnI, and EcoRI and HindIII, respectively. 
The resulting plasmid was named pACYC-XA. pET-XA 
was constructed by digesting pACYC-XA and pETDuet-1 

Fig. 1  a. A metabolic pathway for the biosynthesis of MA. Light 
gray arrows indicate native metabolic pathways of chorismate in 
E. coli, dark gray arrows indicate practical metabolic pathways for 
enterobactin production in E. coli, and black arrows indicate the 
introduced artificial pathway for MA production. PEP phospho-
enolpyruvic acid, E4P D-erythrose 4-phosphate, 2,3-DHB 2,3-dihy-
droxybenzoate, MA muconic acid, EntC isochorismate synthase, EntB 
isochorismatase; aroGfbr, encoding phenylalanine feedback inhibi-
tion-resistant 3-deoxy-D-arabinoheptulosonate 7-phosphate (DAHP) 
synthase, aroL encoding shikimate kinase, EntA 2,3-dihydro-2,3-di-
hydroxybenzoate dehydrogenase, EntX 2,3-dihydroxybenzoate decar-
boxylase, CatA catechol 1,2-dioxygenase. b. Gene organizations in 
the three cassettes. Genes entX, catA, entC, entBA, aroGfbr, and aroL 
encode EntX, CatA, EntC, EntBA, DAHP synthase, and shikimate 
kinase, respectively
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Table 1  Strains and plasmids used in this study

Plasmids or strains Characteristics Source

Plasmids

pETDuet-1 T7 expression vector, ColE1 origin, Ampr Wu et al. [29]

pCDFDuet-1 T7 expression vector, CloDF13 origin, Smr Wu et al. [29]

pRSFDuet-1 T7 expression vector, RSF origin, Kanr Wu et al. [29]

pACYCDuet-1 T7 expression vector, P15A origin, Cmr Wu et al. [29]

pKD136 pBR322 origin, Ampr, containing aroF, aroB, and tktA ATCC

pACYC-XA pACYCDuet-1 vector containing entX and catA This study

pET-XA pETDuet-1 vector containing entX and catA This study

pRSF-CBA pRSFduet-1 vector containing entC and entBA This study

pCDF-GL pCDFDuet-1 vector containing aroGfbrand aroL This study

Strains

Jm109 recA1, endA1, gyrA96, thi-1, hsdR17, supE44, relA1, Δ (lac-proAB)/F′ [traD36, proAB+, lacIq, 
lacZΔM15]

Our lab

Jm109 (DE3) recA1, endA1, gyrA96, thi-1, hsdR17, supE44, relA1, Δ (lac-proAB)/F′ [traD36, proAB+, lacIq, 
lacZΔM15], dcm (DE3)

Our lab

Jm-1a Jm109 (DE3) harboring pACYC-XA This study

Jm-1b Jm109 (DE3) harboring pET-XA This study

Jm-2 Jm109 (DE3) harboring pACYC-XA and pRSF-CBA This study

Jm-3 Jm109 (DE3) harboring pET-XA and pRSF-CBA This study

Jm-4 Jm109 (DE3) harboring pACYC-XA, pRSF-CBA and pCDF-GL This study

Jm-5 Jm109 (DE3) harboring pET-XA, pRSF-CBA, and pCDF-GL This study

Jm-6 Jm109 (DE3) harboring pACYC-XA, pRSF-CBA, and pKD136 This study

Jm-7 Jm109 (DE3) harboring pACYC-XA, pRSF-CBA, pCDF-GL, and pKD136 This study

Table 2  Primers used in this study

Primers cloning 
genes

Sequence (5′–3′) Digestion  
site

Primers  
RT-qPCR

Sequence (5′–3′)

entX-F GAAGATCTCATGCGCGGAAAAATTGCTT BglII entX-qF GCCACCCTGGCATTGCAGAA

entX-R GGGGTACCTTATTTAATGTTAAATACGCGG KpnI entX-qR GCCATGCTCGCTATCTTTAACG

catA-F GGAATTCGATGACCGTGAAAATTTCCCAC EcoRI catA-qF GCACCATCGAAGGCCCGTTGTA

catA-R CCCAAGCTTTTAGCCCTCCTGCAACGCCCG HindIII catA-qR CATCGAACACCTGGCCCTGA

entC-F GAAGATCTCATGGCTATTCCAAAATTAC BglII entC-qF CTGAGGAAGTACAGCAGACCAT

entC-R GGGGTACCTTATGCCCCCAGCGTTGAG KpnI entC-qR TTTGCTGGAAGGGACTGTCG

entBA-F GGAATTCGATGGCTATTCCAAAATTAC EcoRI entB-qF CTTACGCACTGCCGGAGTCT

entBA-R CCCAAGCTTTTATGCCCCCAGCGTTGAG HindIII entB-qR TCGCCCCAGAAGCTGACAAA

aroG-F GAAGATCTCATGAATTATCAGAACGACG BglII entA-qF TAGCTGAAACGGAGCGACTG

aroGm-down ATTCAGGAATTCACCCGCCGCTG None entA-qR AAAGTCTGCTGCCAGTCCTC

aroGm-up CAGCGGCGGGTGAATTCCTGAATATGATCA None aroG-qF TACTTCCTCCTGTCGCATTG

aroG-R GGGGTACCTTACCCGCGACGCGCTTT KpnI aroG-qR CAACCAACAGGCGATCATCA

aroL-F CGAGCTCGATGACACAACCTCTTTTTC SacI aroL-qF CAACCTCTTTTTCTGATCGGGC

aroL-R CCCAAGCTTTTAACAATTGATCGTCTG HindIII aroL-qR CAACCACTGATCGGTATCGAC

16S-qF CCGCGTGTATGAAGAAGGCC

16S-qR TTCTTCTGCGGGTAACGTCA
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with EcoRI and KpnI, followed by ligation of the appropri-
ate fragments.

The E. coli K-12 entC gene, encoding isochorismate 
synthase, was isolated by PCR using primers entC-F and 
entC-R. E. coli K-12 entBA, encoding isochorismatase 
and 2,3-dihydro-2, 3-dihydroxybenzoate dehydrogenase, 
was isolated by PCR using primers entBA-F and entBA-R. 
Then, both entC and entBA were sequentially cloned into 
vector pRSFDuet-1 using BglII and KpnI, and SacI and 
HindIII, respectively. The resulting plasmid was named 
pRSF-CBA.

E. coli K-12 aroGfbr, encoding a feedback inhibition-
resistant 3-deoxy-D-arabinoheptulosonate 7-phosphate 
(DAHP) synthase, was isolated by fusion PCR using prim-
ers aroG-F, aroGm-down, aroGm-up, and aroG-R. E. coli 
K12 aroL, encoding shikimate kinase, was isolated by PCR 
using primers aroL-F and aroL-R. Then, both aroGfbr and 
aroL were sequentially cloned into vector pCDFDuet-1 
using BglII and KpnI, and SacI and HindIII, respectively. 
The resulting plasmid was named pCDF-GL.

The plasmid pKD136, which expresses aroF (encoding 
3-deoxy-7-phosphoheptulonate synthase), aroB (encoding 
3-dehydroquinate synthase), and tktA (encoding transketo-
lase), was isolated from strain E. coli ATCC 69875, which 
produces MA [6].

Strains Jm-1a and Jm-1b were constructed by trans-
forming strain E. coli JM109 (DE3) with the plasmids 
pACYC-XA and pET-XA, respectively, to allow expres-
sion of entX and catA upon induction with isopropyl β-D-1-
thiogalactopyranoside (IPTG). Similarly, strains Jm-2 and 
Jm-3 were constructed by transforming Jm-1a and Jm-1b 
with the plasmid pRSF-CBA, which expresses entC and 
entBA upon induction with IPTG. Strains Jm-4 and Jm-5 
were constructed by transforming strain Jm-2 and Jm-3 
with the plasmid pCDF-GL, which expresses aroGfbr and 
aroL upon induction with IPTG. Finally, strains Jm-6 and 
Jm-7 were created by transforming Jm-2 and Jm-4 with the 
plasmid pKD136, which expresses aroF, aroB, and aroL 
upon induction with IPTG.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) analysis

Overnight culture of E. coli Jm-1a were inoculated into 
30 mL LB medium and grew at 37 °C till OD660 reached 
0.6, then induced with 0.20 mM IPTG. After 4 h induc-
tion, cells were harvested by centrifugation for 2 min at 
12,000×g and suspended to 5 mL with 50 mM sodium 
phosphate buffer (pH 7.0), and treated by the ultrasonica-
tor. SDS-PAGE was carried out on 12 % (w/v) polyacryla-
mide slab gels, which were stained with Coomasie brilliant 
blue R-250.

Reverse transcription-quantitative PCR (RT-qPCR)

Strains were grown in minimal medium. The cells were 
harvested by centrifugation for 2 min at 12,000×g and 4 °C 
and washed once with distilled water. The RNA was iso-
lated using an RNAisoPlus kit (TaKaRa, Dalian, China). 
1,000 ng of total RNA was treated with a iScript™ cDNA 
synthesis kit (Bio-Rad, Shanghai, China). The obtained 
cDNA was subjected to quantitative PCR (qPCR) using the 
LightCycler 2.0 system (Roche, Basel, Switzerland) and 
SYBR Premix Ex Taq (TaKaRa, Dalian, China). The 16S 
rRNA gene was set as reference for normalization. Primers 
used in RT-qPCR were listed in Table 2.

Culture conditions

LB medium (composed of 5 g/L yeast extract, 10 g/L 
peptone, and 10 g/L NaCl) and TB medium (composed 
of 24 g/L yeast extract, 12 g/L peptone, 40 g/L glycerol, 
17 mM KH2PO4, and 72 mM K2HPO4) were used for 
inoculations and cell propagation. The synthetic minimal 
medium as described in [16] was used for MA production. 
Various combinations of ampicillin (100 mg/L), kanamycin 
(40 mg/L), chloramphenicol (20 mg/L), and streptomycin 
(40 mg/L) were added to cultures of plasmid-bearing E. 
coli strains. All strains were cultivated with 220 rpm orbital 
shaking. Strains were stored at −70 °C in 15 % glycerol.

Feeding experiments

Feeding experiments were conducted to examine the 
enzyme efficiency of EntX and CatA, which converted 2,3-
DHB into MA. A single colony of strain Jm-1a, harboring 
pACYC-XA, was inoculated into 5 mL LB medium con-
taining 20 μg/mL chloramphenicol and grown overnight 
at 37 °C. Two percent (v/v) of the overnight cultures were 
inoculated into 50 mL of TB medium containing 20 μg/mL 
chloramphenicol. The cultures were grown at 37 °C until 
the OD660 reached 0.6 and then they were induced at 30 °C 
with 0.20 mM IPTG. After 4 h, cells were harvested and re-
suspended in 50 mL minimal medium. The cultures were 
supplemented with 2 mM 2,3-DHB and incubated at 30 °C 
with shaking, a 50 μL of 2 M 2,3-DHB solution was added 
into the cultures per hour. Samples were taken at 2, 4, 6, 
and 8 h. MA concentrations were analyzed by high-perfor-
mance liquid chromatography (HPLC).

Microbial production of MA from glucose

Single colonies of the MA-producing strains were inocu-
lated into 5 mL of LB medium containing appropriate anti-
biotics and grown overnight at 37 °C. Four percent (v/v) of 
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the overnight cultures were inoculated into 50 mL minimal 
medium containing appropriate antibiotics and cultivated 
at 37 °C with shaking at 220 rpm in baffled shaker flasks. 
When the OD660 values of the cultures reached 0.6, IPTG 
was added to a final concentration of 0.20 mM to induce 
MA production. Samples were taken every 12 h. OD660 
values were measured, and the products were analyzed by 
HPLC. All liquid cultivations were conducted in triplicate, 
at least.

HPLC analysis

Muconic acid (MA) (Sigma Aldrich, Shanghai, China) 
was used as the standard. Both the standard and samples 
were analyzed using a HPLC system (Waters, Milford, 
MA, USA) with a reverse-phase Agilent C18 column and 
a refractive index detector (Waters). A mobile phase of 
0.33 mM H2SO4 solution at a flow rate 0.5 mL/min was 
applied to the column. The column temperature was set to 
35 °C. Quantification of MA was based on the peak areas at 
260 nm absorbance.

Results

Assembly of the MA biosynthetic pathway

In this study, a MA biosynthesis pathway using precur-
sors of enterobactin was presented, which included the 
upstream pathway from glucose to shikimate to chorismate, 
the midstream pathway from chorismate to 2,3-DHB, and 
the downstream pathway from 2,3-DHB to MA (Fig. 1a). 
In this pathway, 2,3-DHB was regarded as the precursor of 
catechol that was subsequently transformed to MA, even 
though 2,3-DHB was the intermediate of enterobactin in 
E. coli, and chorismate was converted into 2,3-DHB by 
the enzymes EntC and EntBA. Considering there is no 2,3-
DHB decarboxylase in E. coli, which converts 2,3-DHB 
into catechol, we assembled the downstream pathway of 
MA by co-expressing the heterologous genes entX and catA 
in E. coli. To accumulate 2,3-DHB from the chorismate 
pool, the partial enterobactin pathway (the midstream path-
way) was reinforced by overexpressing entC and entBA. 
Moreover, to increase the carbon flow in the upstream path-
way, a phenylalanine feedback inhibition-resistant gene, 
aroGfbr (which has a D146N mutation), encoding 3-deoxy-
D-arabino-heptulosonate 7-phosphate synthase, was cloned 
and co-expressed with shikimate kinase gene (aroL). The 
above genes, organized into three cassettes, are shown in 
Fig. 1b. Therefore, the MA biosynthetic pathway from glu-
cose was constructed by relying upon the degradation of 
2,3-DHB via EntX and CatA.

Bioconversion of 2,3-DHB to MA in E. coli

The downstream pathway from 2,3-DHB to MA was 
critical in the aforementioned MA biosynthetic pathway 
because E. coli lacks EntX activity, which converts 2,3-
DHB into catechol. Earlier reports have shown that some 
fungi, such as Aspergillus niger and Trichosporon cuta-
neum, have EntX activity [2, 21]. Nevertheless, eukaryotic 
protein production in E. coli is limited because of prob-
lems associated with transcription, translation, and proper 
folding of proteins [7]. According to the KEGG database, 
the entX gene product of Klebsiella pneumoniae sub sp. 
pneumoniae NTUH-K2044 was defined as putative ami-
dohydrolase, which was homologue 2,3-dihydroxybenzo-
ate decarboxylase. A new literature of Yan group amplified 
entX from K. pneumonia, and verified the protein, which 
35.9 % similarity with that from A. niger, showed decar-
boxylase activity [24]. In addition, catechol 1,2-dioxgenase 
from Pseudomonas putida strain KT2440 has a high CatA 
activity described by Sun et al. [13]. Therefore, to assem-
ble the downstream pathway for MA production, we co-
expressed the heterologous genes entX and catA in E. coli, 
the genes entX (999 bp) from K. pneumonia CICIM B7001 
and catA (936 bp) from P. putida KT2440 were cloned into 
the double T7 expression vector pACYCDuet-1, resulting 
in the expression vector pACYC-XA (Fig. 2a), and thereby 
generating strain Jm-1a.

SDS-PAGE analysis of supernatant protein lysates from 
strain Jm-1a showed that the two recombinant proteins 
(EntX and CatA) were expressed with molecular weight of 
35.7 and 36.1 kDa, respectively (Fig. 2b), which were of 
the expected molecular weight similar with that reported by 
Sun et al. (EntX, 38 kDa band) [24] and Guzik et al. (CatA, 
33.1 kDa band) [10]. Because 2,3-DHB was found toxic to 
the growth of E. coli cells in our previous work (see Sup-
porting Information), a substrate feeding strategy was used 
to evaluate its potential in the bioconversion of 2,3-DHB 
to MA. Strain Jm-1a was pre-cultivated and transferred 
to the minimal medium containing 2,3-DHB. As seen in 
Fig. 3, by the end of 2, 4, 6, and 8 h incubation, the con-
centrations of MA reached 596.55, 1,173.92, 1,617.79, 
and 1,919.52 mg/L, respectively. The conversion rate of 
2,3-DHB to MA reached about 100 % after 2 h and was 
83.3 % after 8 h, while there is no MA detected by E. coli 
JM109 (DE3) harboring pACYCDuet-1, demonstrating the 
enzymatic efficiency of EntX and CatA with this plasmid. 
Accumulation of MA by reinforcing the enterobactin path-
way and copy numbers of the XA cassette. Six genes, ent-A 
to -F, encode enzymes for the biosynthesis of enterobactin 
from the precursor chorismate. In the initial stage of enter-
obactin biosynthesis, the enzymes EntC, EntB, and EntA 
converted chorismate to 2,3-DHB. The remaining enzymes, 
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Ent-D to -F, together with the bifunctional enzyme EntB, 
convert 2,3-DHB to enterobactin [15]. In E. coil, entC, 
entE, entB, and entA are adjacent on chromosome, accord-
ing to the KEGG database. Besides, EntC is more active 
than its isozyme MenF [14]. Thus, we cloned entC, but 
not menF, and entBA into pRSFDuet-1, for the purpose of 
accumulating more 2,3-DHB.

As seen in Fig. 4, the titer of MA produced by strain 
Jm-1a, which only harbors pACYC-XA, was 1.25 mg/L. 
To increase flux through the enterobactin pathway 
from the chorismate pool, both EntC and EntBA were 

overexpressed by strain Jm-2, which resulted in a MA titer 
of 102.71 mg/L. Considering the aromatic compound 2,3-
DHB, which is produced by EntCBA, is potentially toxic 
to E. coli [3], we further altered the copy number of the 
XA cassette by subcloning entX and catA from a low copy 
plasmid, pACYCDuet-1, to a relatively high copy num-
ber plasmid, pETDuet-1, thereby yielding strain Jm-3. As 
a result, MA production increased to 155.47 mg/L. The 
transcript levels of entX and catA in strain Jm-3 was much 
higher than those in Jm-2 (Fig. 5), which demonstrated that 
increase of copy numbers of XA cassette could improve the 
mRNA transcript levels of entX and catA, thereby, promote 
production of MA.

Fig. 2  Identification of cloning and co-expressing EntX and CatA 
in E. coli. a Agarose gel electrophoresis of entX and catA amplified 
from pACYC-XA. Ma, 1 kb Ladder; Lane 1 entX gene of 999 bp, 
Lane 2 catA gene of 936 bp. b SDS-PAGE analysis of supernatant 
protein lysates. Mb, PageRuler Prestained Protein Ladder. Lane 1 
recombinant EntX and CatA proteins, 35.7 and 36.1 kDa, respectively

Fig. 3  Fed-batch experiment of the conversion of 2,3-DHB to MA 
by strain Jm-1a (filled square) and control E. coli JM109 (DE3) har-
boring pACYCDuet-1 (filled triangle). The data were generated from 
three independent experiments

Fig. 4  MA production from glucose by all recombinant strains used 
in this study. Strains are described in more detail in Table 1. All val-
ues were determined by HPLC after at least 72 h of batch flask cul-
tures. Standard deviations are based on triplicate experiments

Fig. 5  The transcription levels of entX and catA genes relative to 16S 
RNA in strains Jm-2 (gray) and Jm-3 (black). The 16S rRNA was set 
as 1.0. Standard deviations are based on triplicate experiments
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Regulation of the shikimate pathway

In E. coli, the genes aroF, aroG, and aroH encode three 
3-Deoxy-D-arabinoheptulosonate 7-phosphate (DAHP) 
synthase isozymes that are sensitive to tyrosine, phenyla-
lanine, and tryptophan, respectively. Carbon flow through 
the shikimate pathway is regulated initially through repres-
sion and feedback inhibition by these three amino acids. 
In wild-type cells grown in minimal medium, Phe-, Tyr-, 
and Trp-sensitive DAHP synthases constitute about 80, 20, 
and 1 % of the total DAHP synthase activity, respectively 
[12]. Therefore, we overexpressed aroGfbr (which has a 
D146N mutation) in pCDFDuet-1 to relieve phenylalanine 
feedback repression. Additionally, shikimate kinase (aroL), 
which was reported to stimulate the shikimate pathway 
[4], was co-expressed in pCDFDuet-1 along with aroGfbr. 
Strains Jm-4 and Jm-5 were obtained, respectively. Further-
more, as the plasmid pKD136 from the strain ATCC 69875, 
which was reported to improve MA production [6], carries 
the genes encoding transketolase (tktA), DAHP synthase 
(aroF), and DHQ synthase (aroB), we also chose pKD136 
as a candidate to regulate the shikimate pathway. We co-
expressed pKD136 with the plasmids pRSF-CBA and 
pACYC-XA, thereby resulting in strain Jm-6.

Although pKD136 intensified the shikimate pathway, it 
failed to show a notable effect on MA accumulation in the 
presence of pACYC-XA and pRSF-CBA, which resulted in 
a MA yield by Jm-6 of only 111.75 mg/L. A possible rea-
son for this low yield was that aroF in pKD136 does not 
relieve tyrosine feedback inhibition and relies upon weak, 
autologous promoters, and aroF comprised only about 
20 % of the total DAHP synthase activity, while aroG com-
prised 80 % [12], which may has a much more poor effect 
on regulating shikimate pathway than pCDF-GL. Addition-
ally, even when pCDF-GL was transformed into Jm-6, the 
titer of MA by Jm-7 was only 118.13 mg/L, which was 
not a significant improvement. The reason may be that 
pKD136 is a high copy number plasmid with a pBR322 
origin, resulting in a metabolic burden with other 3 plas-
mids in Jm-7 from the expression of plasmid-borne genes 
and the replication of the plasmids. Strains Jm-4 and Jm-5, 
which overexpressed aroGfbr and aroL, showed a remark-
able increase in MA production. Strain Jm-4 yielded up to 
337.00 mg/L of MA, a 328 % increase compared to strain 
Jm-2, while the titer of MA in Jm-5 reached 456.77 mg/L, 
which was a 249 % increase by compared to Jm-3, and a 
365-fold increase over Jm-1a (Fig. 4).

Relieving the metabolic burden of three plasmids in E. coli 
Jm-5

Because of expression of plasmid-borne resistance and 
replication of the plasmids, the three plasmids in E. coli 

Jm-5 could impose a metabolic burden on the host strain. 
One solution to alleviate the metabolic burden was to 
delay IPTG induction and change the concentration of 
IPTG [1, 11, 29]. Strain Jm-5 were cultured and induced 
by 0.20 mM IPTG at an OD660 value of 0.16, 0.63, 1.08, 
1.66, 1.92, 2.30, or 3.02, respectively. As shown in Fig. 6, 
when IPTG induction was delayed, the final OD660 was 
increasing, but the production titer increased until an OD660 
of 1.66. The addition of IPTG at an OD660 of 1.66 yielded 
the highest production titer (575.02 mg/L), and therefore, 
inductions in subsequent experiments were performed at an 
OD660 of 1.6.

Based on the result of delaying IPTG induction, strains 
were induced at an OD660 value of 1.6 by different con-
centration of IPTG of 0, 0.10, 0.15, 0.20, 0.25, 0.30 or 
0.40 mM. Figure 7 showed that low concentration of IPTG 

Fig. 6  Effect of IPTG induction at different cells growth stages 
(OD660 values) on MA production titers and final OD660 of strain 
Jm-5. MA (filled square), OD660 (filled column)

Fig. 7  Effect of IPTG induction at different IPTG concentration 
on MA production titers and final OD660 of strain Jm-5. MA (filled 
square), OD660 (filled column)
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was beneficial to MA production. The highest production 
titer of MA reached 605.18 mg/L by 0.15 mM IPTG.

Furthermore, the transcript levels of all expressed genes 
in the recombination strain Jm-5 were investigated. It can 
be seen from Fig. 8, comparing to control strain (E. coli 
JM109 (DE3) harboring pETDuet-1, pRSFDuet-1, and 
pCDFDuet-1) the transcript levels of overexpressed entC, 
entB, and entA in enterobactin biosynthesis pathway were 
increased more than 15 times, while that of aroGfbr and 
aroL in the shikimate pathway raised about five times. 
After optimization of IPTG induction, the transcript levels 
of aroGfbr and aroL, which related the regulating shikimate 
pathway improved about 50 %, and the genes encoding 
chorismate to MA were expressed more than 5–15 %, indi-
cating the metabolic burden was lightened.

Discussion

Muconic acid (MA) is a promising bulk chemical due to 
its extensive industrial applications [30]. In this study, we 
assembled a synthetic, composite pathway to produce MA 
by comprising two distinct enzymes, EntX and CatA. We 
also used several strategies to improve MA production. 
First, we strengthened the enterobactin pathway by over-
expressing EntC and EntBA. Second, the copy numbers of 
the XA cassette were regulated. Then, the upstream path-
way was intensified by overexpressing aroGfbr and aroL.

As can be observed, this pathway was based on the 
shikimate pathway, which leads to the biosynthesis of 
aromatic compounds that are essential in E. coli. Prior to 

this study, three artificial pathways derived from the shi-
kimate pathway were reported for the microbial produc-
tion of MA. Draths and Frost first reported the creation of 
metabolism of glucose to MA by introducing three heter-
ologous enzymes, namely AroZ, AroY, and CatA, respec-
tively, as well as disrupting shikimate dehydrogenase gene 
to accumulate more 3-dehydroshikimate. 16.8 mM of MA 
was produced in shake flask by E. coli AB2834/pKD136/
pKD8.243A/pKD8.292 [6]. They further used this pathway 
to construct E. coil WN1/pWN2.248, which synthesized 
36.8 g/L of MA after 48 h by culturing under fed-batch 
fermentations [18]. However, this blocked the shikimate 
pathway, which had the effect of turning the strain into an 
auxotroph for aromatic amino acids (phenylalanine, tyros-
ine, and tryptophan) and aromatic vitamins or vitamin-like 
intermediates (4-hydroxybenzoate, 4-aminobenzoate, and 
2,3-dihydroxybenzoate) [6, 18]. Aromatic amino acids are 
relatively expensive, and their requirement would result in 
a large increase in the cost of MA production. Thus, there is 
also a need for a process that does not require these expen-
sive nutrients to be added to the growth medium. Two stud-
ies used Saccharomyces cerevisiae to produce MA from 
glucose by the same pathway. However, the yields were 
140 and 1.5 mg/L, respectively [5, 27]. In another MA pro-
ducing pathway that shunted tryptophan biosynthesis from 
anthranilate, reported by the Yan group, there is a rate-
limiting transamination step that converts chorismate into 
anthranilate. This reaction requires glutamine, which lim-
ited the efficiency of the whole pathway [23]. In the third 
pathway, MA was synthesized via salicylic acid. The yield 
of MA reached 1.5 g/L [13]. Although the formation of cat-
echol from salicylic acid requires the coenzyme NADH.

Similarly to our work of MA production approach, the 
Yan group is the first to achieve the de nove production 
of 2,3-DHB and the conversion of 2,3-DHB to MA with 
plasmids pCS-entCBA-APTA and pZE-kpBDC-CDO, 
they assembled the two partial pathways in E. coil strain 
BW25113 ΔentE for microbial production of MA from 
glucose, and MA titer reached up to 480 mg/L at fermenta-
tion temperatures of 37 °C [24]. Here, we imported three 
cassette (pET-XA, pRSF-CBA, and pCDF-GL) to assemble 
strain Jm-5. Although the transcript levels of the expressed 
genes were not balanced (Fig. 5), the highest titer of MA 
reached 605.18 mg/L after optimization of IPTG induction. 
The transcriptional levels of the midstream pathway from 
chorismate to 2,3-DHB, and the downstream pathway from 
2,3-DHB to MA was higher than the upstream pathway 
from glucose to shikimate to chorismate (Fig. 8), suggest-
ing the upstream pathway may be continued to improve for 
production of MA.

Further work can also be performed on this pathway 
to enhance MA production. For example, AhpC, an alkyl 
hydroperoxide reductase, may participate in 2,3-DHB 

Fig. 8  The transcription levels of aroG, aroL, entC, entB, entA, 
entX and catA relative to 16S RNA in strains control E. coli JM109 
(DE3) harboring pETDuet-1, pRSFDuet-1, and pCDFDuet-1 (Light 
gray) and Jm-5. Jm-5 cells were induced at an OD660 value of 0.6 by 
0.20 mM IPTG (dark gray), that of Jm-5* were at an OD660 value of 
1.6 by 0.15 mM IPTG. The 16S rRNA was set as 1.0 (black). Stand-
ard deviations are based on triplicate experiments
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synthesis by increasing the availability of chorismate or 
increasing the efficiency with which EntC uses choris-
mate [15]. Thus, AhpC could be a potential key enzyme 
to improve MA production from this pathway. Gerstle 
et al. [9] reported that, RybA (one of the orphan sRNAs), 
downregulates aromatic amino acid biosynthesis under per-
oxide stress, and might increase the availability for other 
downstream products, such as products in the enterobactin 
pathway.

In summary, we constructed a MA biosynthetic 
approach by making use of the precursors of enterobactin. 
The final production of MA reached 605.18 mg/L, indicat-
ing that this biosynthetic pathway is promising for further 
modification and use in industrial MA production.
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