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Abstract 

Background:  Multi-monocistronic and multi-variate vectors were designed, built, and tested for the improved pro-
duction of cyanidin 3-O-glucoside (C3G) in Escherichia coli BL21 (DE3). The synthetic bio-parts were designed in such 
a way that multiple genes can be assembled using the bio-brick system, and expressed under different promoters 
in a single vector. The vectors harbor compatible cloning sites, so that the genes can be shuffled from one vector to 
another in a single step, and assembled into a single vector. The two required genes: anthocyanidin synthase (PhANS) 
from Petunia hybrida, and cyanidin 3-O-glucosyltransferase (At3GT) from Arabidopsis thaliana, were individually cloned 
under PT7, Ptrc, and PlacUV5 promoters. Both PhANS and At3GT were shuffled back and forth, so as to generate a combi-
natorial system for C3G production. The constructed systems were further coupled with the genes for UDP-d-glucose 
synthesis, all cloned in a multi-monocistronic fashion under PT7. Finally, the production of C3G was checked and con-
firmed using the modified M9 media, and analyzed through various chromatography and spectrometric analyses.

Results:  The engineered strains endowed with newly generated vectors and the genes for C3G biosynthesis and 
UDP-d-glucose synthesis were fed with 2 mM (+)-catechin and d-glucose for the production of cyanidin, and its sub-
sequent conversion to C3G. One of the engineered strains harboring At3GT and PhANS under Ptrc promoter and 
UDP-d-glucose biosynthesis genes under PT7 promoter led to the production of ~ 439 mg/L of C3G within 36 h of 
incubation, when the system was exogenously fed with 5% (w/v) d-glucose. This system did not require exogenous 
supplementation of UDP-d-glucose.

Conclusion:  A synthetic vector system using different promoters has been developed and used for the synthesis of 
C3G in E. coli BL21 (DE3) by directing the metabolic flux towards the UDP-d-glucose. This system has the potential of 
generating better strains for the synthesis of valuable natural products.
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Background
Phenolic compounds have potential antioxidant and 
anti-inflammatory properties, as well as other diverse 
health benefits when consumed as part of one’s diet 
[1–4]. Anthocyanins, the most important subclass of 
flavonoids and a major part of phenolic compounds, are 
highly colored plant pigments that are widely distrib-
uted in fruits and vegetables [5, 6], and are the products 
of the phenylpropanoid metabolism pathway. They are 
water-soluble glycosides of polyhydroxy and polymeth-
oxy derivatives of 2-phenylbenzopyrylium or flavylium 
salts, which are responsible for the scarlet, magenta, pur-
ple, and blue colors of many fruits, vegetables, and cereal 
kernels [7], and also impart red colors to autumn leaves. 
In addition to the colors that they impart, anthocyanins, 
along with other flavonoids and phenolic acids, have 
attracted substantial attention, due to their beneficial 
health effects.

Anthocyanins are widely applied in the pharmaceutical 
industry and food industry as natural colorants, and are 
also used in cosmetic manufacturing. Recently, anthocya-
nins have been explored for their application as natural 
food colorants in beverages, dairy products, and snacks 
[8–10]. Some of the health benefits associated with 
anthocyanins include their protection against cardio-
vascular diseases; their anti-inflammatory, antioxidant, 
and anti-aging properties; and their role in the preven-
tion of cancer [11, 12]. The health benefits of these plant 
metabolites have been attributed to not only their high 
antioxidant and antiradical activities, but also to other 
mechanisms, such as anti-mutagenesis, anti-carcinogen-
esis, and estrogenic activities; the inhibition of enzymes; 
and the induction of detoxification enzymes [13]. The 
antioxidant property of anthocyanins is associated with 
their ability to serve as free radical scavengers, which is 
attributed to their catechol ring backbones, which play 
important roles in their bioactivity [14].

The anthocyanin biosynthetic pathway has been exten-
sively studied, and most genes encoding enzymes in 
the pathway have been isolated in many plant species. 
Anthocyanins are naturally synthesized from flavanones, 
such as naringenin or eriodictyol, starting with their 
conversion to dihydroflavonols by the enzyme flavanone 
3β-hydroxylase (F3H) [15, 16], which are then converted 
by dihydroflavonol 4-reductase (DFR) through the reduc-
tion of the carbonyl group at the C4 position in order to 
form leucoanthocyanidins [17, 18]. The enzyme leucoan-
thocyanidin reductase (LAR) catalyzes the formation of 
a flavonol (+)-catechin [19], which is further converted 
into an intermediate compound cyanidin by the action 
of anthocyanidin synthase (ANS), a 2-oxoglutarate iron-
dependent oxygenase [20]. ANS utilizes either catechins 
or leucoanthocyanidins as substrates to form cyanidin, 

an unstable intermediate, through a mechanism that 
comprises dehydrogenation, isomerization, and artificial 
dehydration in acidic conditions. Cyanidin eventually 
gets converted to anthocyanin through a C3 glucosyla-
tion reaction that is catalyzed by the activity of UDP-
d-glucose flavonoid 3-O-glycosyltransferase (3GT) [21, 
22], in order to produce cyanidin 3-O-glucosides (C3G) 
that are relatively stable under acidic conditions. In the 
recent past, extensive work has focused on different 
approaches toward the production of C3G biosynthesis 
in Escherichia coli. Various methods for increasing the 
C3G production titer have employed the optimization of 
pH of media, gene expression cassette, and the supply of 
UDP-d-glucose, along with induction optimization, and 
so on [23–25]. In recent years, there has been huge inter-
est in the development of a system for increasing the pro-
duction of C3G.

Various approaches, including the use of biological 
standard parts, such as BioBrick, have been extensively 
and routinely applied for the metabolic engineering of 
the pathways, and for the cloning of multiple genes. The 
BglBrick system uses the same principles of Biobrick with 
the use of isocaudomer pairs SpeI/XbaI, and BglII/BamHI 
compatible cohesive ends, and is thus used for the 
expression of various proteins and genes with varying 
copy numbers and under different promoters of different 
strengths [26, 27]. In this study, we developed a multi-
variate multi-monocistronic vector system based on a 
BglBricks system, and used three different promoters PT7 
(from previously constructed piBR181 vector [28]), Ptrc, 
and PlacUV5, in order to clone a total of six different genes, 
including the genes for UDP-d-glucose production and 
C3G production, in a combinatorial approach. For this 
purpose, an anthocyanidin synthase (PhANS: 1293  bp) 
gene from Petunia hybrida was selected because of its 
high catalytic activity, and flavonoid 3-O-glycosyltrans-
ferase from Arabidopsis thaliana (At3GT:1382  bp) was 
chosen for its regiospecific glucosylation of cyanidin. 
These two genes were synthesized, and cloned into these 
vectors, with four different genes (glf, glk, pgm2, and 
galU) for UDP-d-glucose synthesis in different combi-
nations (Fig.  1), and the resulting amount of product 
formed was compared under identical conditions.

Results
Design and construction of expression vector piBRTrc 
and piBRUV5
Two multi-monocistronic operon system (piBRTrc and 
piBRUV5) were constructed for this study using the 
same strategy of BglBricks, in which the bio-parts can be 
excised all at once, with a self-designing genetic circuit. 
A 382-bp ds-DNA construct containing the sequence of 
Ptrc promoter, derived from the E. coli lacUV5 and trp 
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promoter [29] and other bio-parts was computationally 
designed. The bio-parts consisted of five different restric-
tion sites namely BglII/SpeI/HindII/BamHI and XhoI 
including the lac Operator, Ribosome binding site (RBS) 
and rrnB T1 and T2 transcriptional terminators (Addi-
tional file 1: Figure S1) Similarly, a 172-bp ds-DNA con-
struct containing sequence for PlacUV5 promoter which is 
a modified form of lac promoter [30] and other bio-parts 
was computationally designed. The bio-parts consisted 
of exactly the same restriction sites as that of piBRTrc 
vector, including the lac Operator, Ribosome binding 
site (RBS) and T7 transcriptional terminator (Additional 
file 1: Figure S2).

The sequences were synthesized and assembled in the 
BglII/XhoI site of the pET28a (+) vector using restric-
tion digestion and the ligation of two different DNA frag-
ments, as described in “Methods” section. The newly 
constructed BglBrick vectors take advantage of two iso-
caudomer pairs, XbaI/SpeI and BglII/BamHI, which 
when digested generate a compatible cohesive end, and 
also form a scar sequence upon ligation that cannot be 
cleaved by their original restriction enzymes. The vec-
tors have SpeI/HindIII cloning sites. However, the BglII 
restriction sites were present before the promoter, and 
BamHI/XhoI were present after the transcription termi-
nation sites for multi-monocistronic operon assembly 
(Additional file 1: Figures S1, S2).

Using this vector system, it is applicable for multiple 
gene expression in multi-copy number transcriptome, so 
that a high yield production may be achieved. Because of 
the proximity of the promoter and the transcription ter-
mination sequences that are present at every end of the 
gene set, these vector systems may help in reducing the 

premature transcription termination and mRNA degra-
dation. Moreover, the necessity of using multiple vectors 
for heterologous protein expression and use of vari-
ous antibiotic creates stress to the culture, which can be 
reduced. However, the limitation is that the five restric-
tion sites (BglII, SpeI, HindIII, BamHI, and XhoI) must be 
absent from the gene sequence and the vector itself.

Validation of newly generated vectors
In order to check the working efficacy of the newly con-
structed vector systems, we cloned two different genes 
encoding different proteins. The first gene was apramy-
cin resistance gene (aprr), and the other was green fluo-
rescence protein (gfp) encoding gene. Individual gene 
harboring plasmids were generated using a standard 
cloning protocol, and were checked for the expression of 
each gene. The expression of GFP protein was observed 
through visually monitoring the fluorescence under blue 
light. The expression of aprr gene was checked by an anti-
biotic susceptibility test.

The E. coli strains harboring the plasmids piBRTrc-Apr 
and piBRUV5-Apr (Additional file 1: Figure S3a) were con-
structed, and the expression of each gene was compared 
with E. coli BL21 (DE3) wild-type strain, E. coli BL21 (DE3) 
harboring pET28a (+) vector with kanamycin resistance 
gene, and E. coli BL21 (DE3) containing piBR181-Apr 
plasmid. Alternatively, the GFP protein was also cloned 
in the newly constructed vectors and pIBR181 to generate 
piBRUV-gfp, piBRTrc-gfp, and piBR181-gfp (Additional 
file 1: Figure S3b). All the strains with aprr were subjected 
to disc diffusion assay with both kanamycin and apramy-
cin. A clear zone of inhibition was observed in both anti-
biotics kanamycin and apramycin in the case of E. coli 

Fig. 1  Engineered pathway for cyanidin-3-O-glucoside (C3G) biosynthesis from (+)-catechin using anthocyanidin synthase (PhANS) and 
3-O-glycosyltransferase (At3GT) in E. coli. Also shown in the overexpression of the sugar biosynthesis genes
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BL21 (DE3), whereas in the case of pET28a (+) vector, 
only a zone of inhibition in the presence of apramycin (up 
to 1  mg/mL) was observed, whereas no zone was visible 
in piBRTrc-Apr, piBRUV5-Apr, or piBR181-Apr, due to 
the presence of the apramycin resistance gene (Additional 
file  1: Figure S4). Further, the expression of aprr gene in 
each of these three different plasmids by 12% SDS-PAGE 
analysis was accessed. The expression of the aprr gene 
was observed at around 28  kDa (Fig.  2a). As expected, 
the highest amount of soluble protein was observed in 
piBR181-Apr, followed by piBRTrc-Apr and piBRUV5-
Apr, showing the strength of each promoter. Addition-
ally the GFP protein was expressed, and the fluorescence 
was checked under the blue light, in order to reconfirm 
the expression strength of the newly generated vectors 
with different promoters. A control strain of E. coli BL21 
(DE3) harboring pET28a (+) was taken for reference. As 
anticipated, the intensity of GFP protein was the high-
est in piBR181-gfp containing E. coli strain, followed by 
piBRTrc-gfp and piBRUV5-gfp plasmid harboring strains 
(Fig. 2b). This result clearly shows the strength of each pro-
moter in the expression of the protein, as expected. More-
over, the observed results further validated the two newly 
constructed plasmids as expression plasmids.

Construction of C3G biosynthesis systems from catechin
An anthocyanidin synthase (PhANS: 1293 bp) gene from 
Petunia hybrida and flavonoid 3-O-glycosyltransferase 
from Arabidopsis thaliana (At3GT:1382  bp) was syn-
thesized. Both genes were cloned in all three vectors 
having three different promoters; piBR181, piBRTrc, 
and piBRUV5 containing multi-monocistronic operon 
systems. Initially, PhANS and At3GT were cloned indi-
vidually into piBR181, piBRTrc, and piBRUV5, and then 
assembled together in a multi-monocistronic fashion, in 
order to generate the desired recombinants, as described 

in Table 1. Meanwhile, the PhANS and At3GT genes were 
also shuffled back and forth to generate different recom-
binants for C3G production (Additional file 1: Figure S5). 
The cloning strategies for each gene are explained in the 
materials and methods.

Construction of UDP‑d‑glucose genes harboring C3G 
biosynthesis system
Based on the previous studies, the cytosolic pool of 
UDP-d-glucose is the limiting factor for the enhanced 
production of C3G [24, 25]. Thus, we included UDP-
d-glucose pool enhancing biosynthesis pathway genes 
into the PhANS and At3GT harboring systems. The 
UDP-d-glucose system consisting of three biosynthesis 
genes: glucokinase (glk), phosphoglucomutase (pgm2), 
and a glucose 1-phosphate uridylyltransferase (galU) for 
making UDP-d-glucose, along with a glucose facilitator 
diffusion protein (glf), cloned into piBR181 under PT7 pro-
moter [31], was used to assemble plasmids with different 
combinations of PhANS and At3GT (Table 1, Additional 
file 1: Figure S6). The glf helps in the internalization of the 
externally added glucose, while the glk catalyzes the addi-
tion of phosphate groups into the 6-hydroxyl position 
of glucose immediately after entry into the cell, whereas 
the pgm2 synthesizes glucose 1-phosphate from glu-
cose-6-phosphate, and finally the galU transfers the uri-
dine diphosphate (UDP) group to make UDP-d-glucose, 
thereby increasing the pool of UDP-d-glucose [31]. The 
vector physical map of both sugar cassettes, along with 
the assembly of genes in different combinations, is given 
in the supplementary data (Additional file 1: Figure S6).

Production of cyanidin 3‑O‑glucoside, analysis 
and quantification
The biosynthesis of cyanidin and C3G was first car-
ried out in the recombinant E. coli strains S1–S6 by 

Fig. 2  Functionality assay of newly constructed piBRTrc and piBRUV5 vectors (a) SDS-PAGE analysis showing the expression of aprr in piBRTrc-aprr, 
piBRUV5-aprr, piBR181-aprr, and control (C) with empty pET28a (+) vector. b Visualization of gfp expression in piBR181-gfp, piBRTrc-gfp, piBRUV5-gfp 
harboring E. coli BL21 (DE3), and control (C) under blue light emission
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Table 1  The different vectors, plasmids, and strains used in this study

Vectors and plasmids Description Source/references

pGEM®-T Easy E. coli cloning vector, T7 and SP6 promoters, f1 ori, Ampr Promega, USA

pET28 a(+) E. coli expression vector, f1 pBR322 ori, Kmr Novagen, Germany

piBR181 Multi mono-cistronic vector modified from pET28a+, f1 pBR322 
ori, Kmr

Chaudhary et al. [28]

piBRTrc Multi mono-cistronic vector modified from pET28a+, f1 pBR322 
ori, Kmr

This study

piBRUV5 Multi mono-cistronic vector modified from pET28a+, f1 pBR322 
ori, Kmr

This study

piBR181.Apr piBR181 vector carrying aprr This study

piBRTrc.Apr piBRTrc vector carrying aprr This study

piBRUV5.Apr piBRUV5 vector carrying aprr This study

piBR181.gfp piBR181 vector carrying gfp This study

piBRTrc.gfp piBRTrc vector carrying gfp This study

piBRUV5.gfp piBRUV5 vector carrying gfp This study

piBR181-PhANS piBR181 vector carrying PhANS This study

piBR181-At3GT piBR181 vector carrying At3GT This study

piBR181-PhANS.At3GT piBR181 vector carrying PhANS.At3GT This study

piBR181- At3GT. PhANS piBR181 vector carrying At3GT.PhANS This study

piBRTrc-PhANS piBRTrc vector carrying PhANS This study

piBRTrc-At3GT piBRTrc vector carrying At3GT This study

piBRTrc-PhANS.At3GT piBRTrcvector carrying PhANS.At3GT This study

piBRTrc- At3GT. PhANS piBRTrc vector carrying At3GT.PhANS This study

piBRUV5-PhANS piBRUV5 vector carrying PhANS This study

piBRUV5-At3GT piBRUV5 vector carrying At3GT This study

piBRUV5-PhANS.At3GT piBRUV5 vector carrying PhANS.At3GT This study

piBRUV5- At3GT. PhANS piBRUV5 vector carrying At3GT.PhANS This study

pIBR181-glf.glk.pgm2.galU piBR181 vector carrying glf.glk.pgm2.galU Parajuli et al. [31]

piBR181-glf.glk.pgm2.galU.PhANS.At3GT piBR181 vector carrying glf.glk.pgm2.galU.PhANS.At3GT This study

piBR181-glf.glk.pgm2.galU.At3GT.PhANS piBR181 vector carrying glf.glk.pgm2.galU.At3GT.PhANS This study

piBRTrc-glf.glk.pgm2.galU.PhANS.At3GT piBRTrc vector carrying glf.glk.pgm2.galU under T7 promoter and 
PhANS.At3GT under trc promoter

This study

piBRTrc-glf.glk.pgm2.galU.At3GT.PhANS piBRTrc vector carrying glf.glk.pgm2.galU under T7 promoter and 
At3GT.PhANS under trc promoter

This study

piBRUV5-glf.glk.pgm2.galU.PhANS.At3GT piBRUV5 vector carrying glf.glk.pgm2.galU under T7 promoter 
and PhANS.At3GT under lacUV5 promoter

This study

piBRUV5-glf.glk.pgm2.galU.At3GT.PhANS piBRUV5 vector carrying glf.glk.pgm2.galU under T7 promoter 
and At3GT.PhANS under lacUV5 promoter

This study

Strains Description Source/references

Escherichia coli XL-1 blue (MRF′) General cloning host Stratagene, USA

E. coli BL21 (DE3) ompT hsdT hsdS (rB-mB-) gal (DE3) Novagen, Germany

E. coli BL21 (DE3) piBR181.Apr E. coli BL21 (DE3) carrying piBR181.Apr This study

E. coli BL21 (DE3) piBRTrc.Apr E. coli BL21 (DE3) carrying piBRTrc.Apr This study

E. coli BL21 (DE3) piBRUV5.Apr E. coli BL21 (DE3) carrying piBRUV5.Apr This study

E. coli BL21 (DE3) piBR181.gfp E. coli BL21 (DE3) carrying piBR181.gfp This study

E. coli BL21 (DE3) piBRTrc.gfp E. coli BL21 (DE3) carrying piBRTrc.gfp This study

E. coli BL21 (DE3) piBRUV5.gfp E. coli BL21 (DE3) carrying piBRUV5.gfp This study

E. coli BL21 (DE3) piBRUV5-PhANS E. coli BL21 (DE3) carrying piBRUV5-PhANS This study

E. coli BL21 (DE3) piBRUV5-At3GT E. coli BL21 (DE3) carrying piBRUV5-At3GT This study

E. coli BL21 (DE3) piBR181-PhANS E. coli BL21 (DE3) carrying piBR181-PhANS This study

E. coli BL21 (DE3) piBR181-At3GT E. coli BL21 (DE3) carrying piBR181-PhANS This study

E. coli BL21 (DE3) piBRTrc-PhANS E. coli BL21 (DE3) carrying piBRTrc-PhANS This study
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harvesting the E. coli strain cultured in Luria Bertaini 
(LB) medium. The cells were prepared following 18  h 
of induction of recombinant proteins by isopropyl-β-
d-thiogalactopyranoside (IPTG). The recombinant E. 
coli cells were harvested by centrifugation, and the thus 
obtained cell pellets were resuspended in the modified 
M9 minimal medium of pH 5, with a reduction in 1/5th 
of the initial volume at an OD600 ~ 15. To it, 1% ster-
ile d-glucose was added, and the medium was supple-
mented with other components, such as glutamate and 
thiamine, 1 mM of (+)-catechin, 1 mM IPTG, 0.1 mM 
2-oxoglutarate, 2.5  mM sodium ascorbate, and 50  μg/
mL of kanamycin, as described in the methods section. 
The fermentation was then continued for 36 h.

The fermentation broth was centrifuged, and the 
presence of different metabolites was analyzed in both 
intracellular fraction and extracellular fraction. The 
UHPLC-PDA analysis of the sample showed three dis-
tinct peaks at the retention times (tR) of (9, 12.7, and 7.5) 
min, respectively (Fig.  3a(i, ii, iii)). A peak appearing at 
9 min showing the UV maxima at ~ 280 nm was that of 
the substrate (+)-catechin (Fig. 3b(i)). The UV/VIS spec-
tra showed the maximum absorbance of 516 nm for two 

peaks appearing at (12.7 and 7.5) min, which resem-
ble the UV maxima of anthocyanidin compounds, such 
as cyanidin and C3G. Moreover, the standard C3G was 
used, in order to confirm the production of C3G from 
the engineered biosystem. The UHPLC-PDA analysis and 
absorbance of standard C3G exactly matched with the 
peak appearing at tR 7.5  min (Fig.  3b(ii, iii)). Each peak 
was further analyzed by high-resolution quadruple time-
of-flight electrospray ionization mass spectrometry (HR-
QTOF-ESI/MS) in positive mode ionization, in order to 
identify their structure. The peak appearing at tR 9  min 
showed a spectrum of m/z 291.0855, which resembles the 
calculated mass 291.0863  Da [C15H15O6

+] of substrate 
(+)-catechin (Fig.  3c(i)), whereas the peak appearing at 
tR 12.7 min showed a prominent spectrum m/z 287.0556 
with 100% relative abundance, which resembles the cal-
culated exact mass 287.0550  Da of cyanidin of molecu-
lar formula C15H11O6

+ (Fig.  3c(ii)). Similarly, the peak 
appearing at tR of 7.5 (Fig. 3a(ii)) showed a mass spectrum 
of m/z 449.1077, which matched with the mass of glucose 
conjugated cyanidin for which the exact calculated mass 
was 449.1078  Da [C21H21O11

+]. An additional fragment 
of m/z 287.0540 of cyanidin also appeared, which differed 

Table 1  (continued)

Strains Description Source/references

E. coli BL21 (DE3) piBRTrc-At3GT E. coli BL21 (DE3) carrying piBRTrc-At3GT This study

E. coli BL21 (DE3) piBRUV5-PhANS.At3GT (S1) E. coli BL21 (DE3) carrying piBRUV5-At3GT.PhANS in monocis-
tronic configuration

This study

E. coli BL21 (DE3) piBRUV5- At3GT. PhANS (S2) E. coli BL21 (DE3) carrying piBRUV5-At3GT.PhANS in monocis-
tronic configuration

This study

E. coli BL21 (DE3) piBR181-PhANS.At3GT (S3) E. coli BL21 (DE3) carrying piBR181-PhANS.At3GT in monocistronic 
configuration

This study

E. coli BL21 (DE3) piBR181-At3GT. PhANS (S4) E. coli BL21 (DE3) carrying piBR181-At3GT.PhANS in monocistronic 
configuration

This study

E. coli BL21 (DE3) piBRTrc-PhANS.At3GT (S5) E. coli BL21 (DE3) carrying piBRTrc-PhANS.At3GT in monocistronic 
configuration

This study

E. coli BL21 (DE3) piBRTrc- At3GT. PhANS (S6) E. coli BL21 (DE3) carrying piBRTrc-At3GT.PhANS in monocistronic 
configuration

This study

E. coli BL21 (DE3) piBRUV5-glf.glk.pgm2.galU.PhANS.At3GT (S7) E. coli BL21 (DE3) carrying piBRUV5 vector carrying glf.glk.pgm2.
galU under T7 promoter and PhANS.At3GT under lacUV5 pro-
moter in monocistronic configuration

This study

E. coli BL21 (DE3) piBRUV5-glf.glk.pgm2.galU.At3GT.PhANS (S8) E. coli BL21 (DE3) carrying piBRUV5 vector carrying glf.glk.pgm2.
galU under T7 promoter and At3GT.PhANS under lacUV5 pro-
moter in monocistronic configuration

This study

E. coli BL21 (DE3) piBR181-glf.glk.pgm2.galU.PhANS.At3GT (S9) E. coli BL21 (DE3) carrying piBR181-glf.glk.pgm2.
galU.PhANS.At3GT in monocistronic configuration

This study

E. coli BL21 (DE3) piBR181-glf.glk.pgm2.galU.At3GT.PhANS (S10) E. coli BL21 (DE3) carrying piBR181-glf.glk.pgm2.
galU.At3GT.PhANS in monocistronic configuration

This study

E. coli BL21 (DE3) piBRTrc-glf.glk.pgm2.galU.PhANS.At3GT (S11) E. coli BL21 (DE3) carrying piBRTrc vector carrying glf.glk.pgm2.
galU under T7 promoter and PhANS.At3GT under trc promoter 
in monocistronic configuration

This study

E. coli BL21 (DE3) piBRTrc-glf.glk.pgm2.galU.At3GT.PhANS (S12) E. coli BL21 (DE3) carrying piBRTrc vector carrying glf.glk.pgm2.
galU under T7 promoter and At3GT.PhANS under trc promoter 
in monocistronic configuration

This study
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from the exact mass of 162.0537 Da, representing the loss 
of glucose moiety from C3G (Fig. 3c(iii)). Figure 3c shows 
the structures of these compounds. This spectromet-
ric evidence, along with ultra-high performance liquid 
chromatography-photo diode array (UHPLC-PDA) com-
parison with standard C3G, confirmed the production of 
cyanidin and C3G from the engineered system.

After centrifugation of the fermentation broth, the cell 
pellets were extracted with 1% hydrochloric acid (HCl) in 
water for up to six times by sonication, as described in 
“Methods” section. The UHPLC-PDA analysis was done 
for the supernatant and all the extracted samples, which 
showed the production of C3G. An E. coli BL21 (DE3) 
strain without anthocyanin producing genes was taken 
as a control (Fig. 4a). The total amount of C3G titre was 
calculated on the basis of the peak area of the superna-
tant and the extracted samples. The concentration of the 
C3G decreased after each extraction with decrease in 
color intensity of the extracted sample in the HPLC vials 
(Fig.  4b). A very small amount of C3G along with the 
intermediate could be seen in the extracted cell pellet of 
different C3G producing strains after final extraction, as 

evidenced by the light shade of magenta retained by the 
cell (Fig. 4c).

Production profiles of cyanidin and C3G in combinatorial 
engineered strains
The production profiles of cyanidin and C3G were 
checked in all engineered strains (S1–S12) under the 
exactly identical conditions as described above. As antici-
pated, the production profiles of each strain varied from 
one another. The production profiles of the strains were 
slightly different when At3GT and PhANS were put forth 
and back under the same promoter. For example, the 
production profiles showed ~ 62 mg/L of C3G in S1 and 
~ 68 mg/L in S2, which were both under the influence of 
PlacUV5 promoter. In the case of strains S3 and S4, which 
were under PT7 promoter, the C3G production was (~ 70 
and ~ 79) mg/L, respectively, whereas in strains S5 and 
S6, the production increased to (~ 74 and ~ 85) mg/L, 
respectively, under the Ptrc promoter (Fig. 5).

Previous studies by various groups have noted the 
availability of UDP-d-glucose as the rate-limiting factor 
for the increased C3G production, as the anthocyanin 

Fig. 3  Spectroscopic analysis showing biosynthesis of cyanidin-3-O-glucoside (C3G) (a) UHPLC-PDA chromatogram, and b UV/VIS absorbance of (i) 
(+)- catechin, (ii) cyanidin and C3G, and (iii) C3G standard. c HR-QTOF-ESI/MS analysis confirming the production of C3G, along with the production 
of intermediate compound cyanidin (i) (+)-catechin, (ii) cyanidin, and (iii) C3G
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production occurs when the At3GT transfers glucose 
moiety from UDP-d-glucose to the 3-OH position of 
the intermediate cyanidin [22, 24, 25]. Keeping this in 
mind, the obvious choice for us was to overexpress the 
UDP-d-glucose biosynthesis genes with a glucose trans-
porter gene. Thus, the UDP-d-glucose biosynthesis cas-
sette was introduced into the system along with At3GT 
and PhANS, to generate the strains S7, S8, S9, S10, S11, and 
S12. These strains were checked for the production of 
C3G. The strains S7 and S8 with PlacUV5 promoter showed 
the C3G production of (90 and 100) mg/L, respectively, 
whereas in the strains S9 and S10 both under the PT7 
promoter, the production reached (102 and 111) mg/L, 
respectively. Likewise, the strains S11 and S12 with Ptrc 
promoter showed the C3G production of (125 and 150) 
mg/L, respectively. The C3G production increased in all 
these strains in which the UDP-d-glucose genes were 
over expressed; and among all strains, the strain S12 
showed a noticeable improvement (Fig. 5).

Glucose utilization and improved C3G production
After checking the production of C3G in all twelve dif-
ferent strains, the strain S12 with piBRTrc-glf.glk.pgm2.
galU.At3GT.PhANS plasmid, which initially gave the 
highest production of C3G, was chosen for further exper-
imentation for the improvement of C3G production. The 
UDP-d-glucose expression cassette consisted of the glf 
gene, which is a glucose transporter gene, and facilitates 
the uptake of glucose inside the cell. Thus, three different 
concentrations of glucose (5, 10, and 15)% and a control 

(1% of glucose) were supplemented in production culture 
of the strain S12. The substrate (+)-catechin at a concen-
tration of 2 mM was fed exogenously for the production 
of C3G, and the utilization of glucose was determined by 
the amount of C3G formation. The UHPLC-PDA analysis 
showed that at 5% glucose concentration, the C3G pro-
duction reached its highest at ~ 439 mg/L after 36 h incu-
bation time (Fig. 6).

Additionally, we also carried out the C3G production 
by varying the glucose gradient concentration between 
1 and 5%, i.e. 1%, 2%, 3%, 4%, 5%. C3G production in 
2%, 3% and 4% glucose was found to be ~ 210  mg/L, 
~ 316 mg/L and ~ 401 mg/L respectively and found that 
the highest production of C3G was observed in 5% glu-
cose concentration. Further increment in glucose con-
centration to (10 and 15)% did not increase the product 
formation, as the production remained almost the same 
at ~ 429  mg/L at 10% of glucose supplementation, and 
decreased to ~ 420 mg/L at 15% of glucose concentration 
at 36 h. Both the extracellular and the intracellular yield 
of C3G was determined and reported along with the total 
C3G yield. Thus, the use of the recombinant strain S12 for 
comparing the production profile under different glucose 
concentrations suggests that the presence of the glucose 
transporter protein along with the genes for the C3G bio-
synthesis gave the highest production when 5% glucose 
was fed exogenously with an increase of around 2.9-fold, 
when compared to the strain supplemented with only 1% 
glucose (Fig. 7).

Fig. 4  Isolation, extraction, and analysis of both extracellular and intracellular cyanidin-3-O-glucoside (C3G) in E. coli culture in modified M9 minimal 
medium after 36 h of incubation. a UHPLC-PDA profile of C3G. b Extraction of intracellular C3G by sonication, followed by centrifugation. The vials 1, 
2, 3, 4, 5, and 6 show supernatant after each extraction. c The remaining cell pellets of different C3G producing strains after final extraction
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Discussion
Extensive studies have been carried out on the biosynthe-
sis of plant-derived natural products like anthocyanins 
through the use of metabolic engineering approaches 
and synthetic biology tools. Anthocyanins are of par-
ticular interest, because of their wide application in the 
food and cosmetic industries and their health beneficial 
properties. However, their biosynthesis is complex as 
they are highly unstable compounds which makes it chal-
lenging for the commercial production of anthocyanins 
in controlled systems [32]. Various approaches have been 
applied previously for the increased production of C3G 
in E. coli, such as enhancing the substrate and precursor 
availability, optimizing the culture conditions, optimiz-
ing the expression level of the genes, and the use of the 
transporter proteins for the efflux of C3G from inside 
the cell [24, 25]. However, this study highlights the appli-
cation of the combinatorial approach using a BglBrick 

multi-monocistronic vector system with promoters 
of varying strength. A total of six genes from C3G and 
UDP-d-glucose production were cloned into a single vec-
tor, and this system was harnessed for the efficient bio-
synthesis of C3G starting from (+)-catechin.

A multivariate multi-monocistronic operon system 
with three different promoters PT7, Ptrc, and PlacUV5 was 
used. Two new vectors piBRTrc and piBRUV5 were con-
structed, in order to clone multiple genes; each under 
their own promoter. Out of these three promoters, the 
PT7 was shown to be a stronger promoter than the PlacUV5 
and Ptrc promoters. The use of different promoters of 
different strength affects the amount of soluble protein 
obtained, and this in turn affects the production of the 
final compound [33]. In addition, by tuning the promoter 
strength and other factors like plasmid copy numbers, 
various key secondary metabolites, like artemisinin, 
taxol, and naringenin, have been produced by optimizing 

Fig. 5  Cyanidin-3-O-glucoside (C3G) production comparison of twelve different recombinants showing the combinations of the genes, along with 
their respective promoters, in monocistronic fashion. Both the extracellular, intracellular and the total C3G titer of each strain has been shown. Error 
bars represent standard deviations. (NS) indicates not significant difference p > 0.05, and (*) denotes significant difference in C3G yield between the 
compared strain with p < 0.05
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the biosynthetic pathways [34–36]. The use of a single 
vector system for assembly of multiple genes in a multi-
monocistronic approach has proven beneficial over the 
obsolete strategies involving several vector system having 
different antibiotic resistance genes for the construction 
of microbial cell factories [37].

In order to validate whether the newly constructed vec-
tors worked efficiently, two reporter genes aprr and gfp 
were individually cloned in all the three vectors piBR181, 
piBRTrc, and piBRUV5, and the protein expression of the 
aprr checked. The fluorescence of gfp was also checked 
using blue light emission (Fig.  2b). Next, the genes for 
anthocyanin production: PhANS and At3GT were first 
cloned individually in all of the three vectors, followed by 
in multi-monocistronic fashion. A total of eighteen dif-
ferent strains were constructed, all harboring the genes 
for anthocyanin production in E. coli BL21 (DE3). Out 
of these eighteen strains, twelve strains were checked 
for the production of C3G. The two genes PhANS and 
At3GT were shuffled back and forth under the same 
promoter, and their production was compared. The 
production results showed that when the At3GT gene 
was placed first during the cloning, the yield of C3G 
increased, compared to the other strains in which PhANS 
was placed first. These strains could accumulate cyanidin 
as intermediate, because of limited UDP-d-glucose in the 

cytosol. The enhanced production of C3G when At3GT 
was placed forward is still subject of investigation. How-
ever, the possible reasons could be stability of the mRNA 
transcript and expression of the genes even though they 
are cloned under individual promoters. The difference in 
production of C3G in all these strains was noteworthy 
when UDP-glucose pathway genes were co-expressed 
along with glucose facilitator gene. Out of the 12 strains 
whose production was checked, the strain S12 gave the 
highest titer of ~ 150  mg/L of C3G (Fig.  5). This strain 
was chosen for further production optimization and the 
enhancement of C3G production.

In a microbial system, glucose catabolism takes place 
through glycolysis and the pentose phosphate path-
way. These pathways not only provide the energy for 
cell growth and other small molecules, but also support 
anabolic activities, which can further be used for the 
microbial synthesis of different natural products through 
different biosynthetic pathways and reactions [38]. Thus, 
the use of glucose exceeds not only in catabolism uses, 
but also as a carbon source for the biosynthesis of the 
structural units of the different glycosylated molecules 
necessary for microorganisms. Most of the metabolic 
engineering strategies involving NDP-sugar involves 
diversion of the metabolic flux either by deletion or over-
expression of pathway specific genes so that there is an 

Fig. 6  Time-dependent production profile of cyanidin-3-O-glucoside (C3G) using the recombinant strain S12 in 48 h cultivation time showing both 
extracellular, intracellular and the total C3G yield. The sample was taken at a 12 h time interval, and the recombinants were cultured in modified M9 
minimal media. Error bars represent standard deviations
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increase in the level of the desired sugar [39]. However, 
the deletion of genes and the pathway diversion tend to 
require additional reinforcement of the carbon source, 
thereby limiting the optimal growth of the desired strain.

As evident from the previous studies [24, 25], the avail-
ability of the glycosyl donor, UDP-d-glucose, is the key 
bottleneck in the production of C3G. Thus, when they 
overexpressed the UDP-d-glucose biosynthesis genes 
along with the C3G biosynthesis genes, the production 
was reported at around 120  mg/L, and with optimiza-
tion in culture conditions, induction optimization, and 
the fermentation approach, the production reached 
350 mg/L [25]. However, our study incorporated a strat-
egy that involved the overexpression of the genes for 
UDP-d-glucose biosynthesis, along with a glucose trans-
porter proteins glf that was responsible for the uptake of 
exogenously-fed glucose to inside the E. coli cytoplasm 
[40], and the enzymes glk, pgm, and galU redirected the 
flux of intracellular glucose to UDP-d-glucose synthe-
sis [39]. Although several glucose transporter genes are 
known in E. coli system, we choose glf-glk system for this 
study as it is well-characterized and readily available in 
our lab. Additionally, the working efficiency of this system 
has been already demonstrated to produce plant poly-
phenol glycosides and other polyketides in the previous 
studies [31, 40, 41]. This system increased UDP-d-glu-
cose production, thereby increasing the donor pool for 
subsequent glycosylation by the At3GT gene to produce 
C3G. The culmination of all this resulted in the highest 

production of C3G to ~ 439  mg/L, when 5% d-glucose 
and 2 mM (+)-catechin was fed using the strain S12. We 
also checked the time-dependent production of C3G, 
and identified the optimum production at 36  h (Fig.  6). 
The possible reason for enhanced production of C3G in 
the strains with PhANS and At3GT under Ptrc promoter 
could be because of the optimum amount of proteins 
production in the cell. Most importantly, the cell health is 
maintained as significant amount of cell energy is utilized 
when proteins are expressed under strong promoter such 
as T7. This generally leads to reduced cell growth when 
multiple genes are co-expressed under PT7 promoter.

A standard BglBricks protocol addresses the scar trans-
lation issue associated with BioBrick assembly. It employs 
BglII and BamHI restriction enzymes resulting in a six 
nucleotides scar sequence encoding glycine-serine, a 
peptide linker in most fusion proteins. In our approach, 
we have minimized such bottlenecks of BioBrick and 
have taken advantage of BglBricks [27] for efficient con-
struction of multi-monocistronic genetic circuit. Our 
approach helps to excise all the bioparts at once and 
facilitates engineering the genetic circuit. It demonstrates 
the bio-parts available in a commercial vector can also 
serve as a valuable resource for initial synthetic biology 
that can be further refined to be successfully applied for 
biotechnological significance. Importantly, we designed 
vectors with two different promoters PlacUV5 and Ptrc each 
having the same set of restriction sites which makes the 
bioparts compatible and interchangeable.

Fig. 7  Effect of different concentration of glucose of (1, 2, 3, 4, 5, 10, and 15)% on cyanidin-3-O-glucoside (C3G) production using the recombinant 
strain S12 after 36 h of cultivation showing both extracellular, intracellular and the total C3G yield. Maximum production of C3G was achieved while 
5% glucose was supplemented in the medium. Error bars represent standard deviations



Page 12 of 15Shrestha et al. Microb Cell Fact            (2019) 18:7 

We successfully completed the design-build-test cycle 
[42] for the enhanced production of C3G in engineered 
E. coli. We designed the bio parts computationally, fol-
lowed by the build stage, which began with commercial 
DNA synthesis, followed by digestion and ligation reac-
tions into the vector backbone, in order to generate the 
suitable plasmids. Functionality assays of the newly con-
structed systems were also carried out via protein expres-
sion. Finally, in order to test the constructs, the newly 
obtained recombinants that includes C3G synthesis 
genes were checked for C3G production. Thus, the sys-
tem efficiently produced a high titer of C3G, with 1.25-
fold increase in production, compared to the previously 
reported titer [25]. However, it must be kept under con-
sideration that the actual amount of C3G produced could 
be higher than our reported value, as evident from the 
figure, where even after the final extraction, the cell pel-
let retained the color because of remaining cyanidin and 
C3G inside the cytoplasm.

Methods
Chemicals and enzymes
(+)-Catechin was purchased from Sigma-Aldrich (St. 
Louis, MO, USA). Cyanidin 3-O-glucoside standard was 
purchased from Polyphenols (Sandnes, Norway). All 
restriction enzymes used in the cloning process were 
obtained from Takara (Shiga, Japan). Genes were synthe-
sized from GenScript® (Piscataway, NJ, USA), while oli-
gonucleotide primers were synthesized from Genotech 
(Daejeon, Korea). High-performance liquid chromatog-
raphy (HPLC) grade acetonitrile and water were pur-
chased from Mallinckrodt Baker (Phillipsburg, NJ, USA). 
All other chemicals used were of high analytical grades, 
and were commercially available.

Bacterial strains and culture conditions
Table 1 provides a list of all Escherichia coli strains and 
plasmids constructed in this work. Plasmid construction 
and propagation were performed in E. coli XL1-Blue. For 
the selection and maintenance of plasmids, E. coli strains 
were grown at 37  °C in Luria–Bertani (LB) broth, or on 
agar plates supplemented with an appropriate amount of 
antibiotics (kanamycin-50 μg/mL). All anthocyanin pro-
duction experiments were performed using E. coli BL21 
(DE3) as a host. The recombinant E. coli BL21 (DE3) with 
plasmids were first streaked into the LB agar plates con-
taining appropriate antibiotics, and incubated overnight 
at 37  °C. The cells were then inoculated into a 15  mL 
tube containing 5  mL LB broth with kanamycin. After 
incubation for 3 h, 1 mL of the preinoculum was trans-
ferred into the 500  mL conical flask containing 50  mL 
of LB medium with antibiotics, and grown at 37 °C with 

shaking, followed by 1 mM IPTG induction at the optical 
density of ~ 0.8 at OD600. Protein expression was allowed 
for 18 h at 20  °C. All production experiments were per-
formed in triplicate.

Plasmids
Two different bio-parts were designed and synthesized, 
in order to generate two different multi-mono-cistronic 
vectors sharing similar cloning sites but different pro-
moters (Ptrc and PlacUV5). Commercially available pET-
28a (+) vector was modified to a piBRTrc and piBRUV5 
expression vector using a synthetic dsDNA construct. 
Previously constructed piBR181 was also used for clon-
ing purposes. The genes PhANS and At3GT were syn-
thesized from Genescript® (Piscataway, NJ, USA). 
The genes were then excised using the restriction sites 
XbaI/HindIII, and ligated individually into each of the 
expression vectors piBR181, piBRTrc, and piBRUV5-
At3GT, and PhANS were then assembled into monocis-
tronic operon configurations with each gene flanked by 
its own promoter and terminator, followed by ligation of 
restriction digestion fragments from the plasmid. Table 1 
provides details of the expression and sub-cloning plas-
mids, as well as the strains used in this study.

Functionality assay of the newly constructed vector
An apramycin acetyltransferase resistance gene (aprr) 
from the pKC1139 [43] and green fluorescent protein 
(gfp) expression gene was PCR amplified using the primer 
sets given in Additional file 1: Table S1. Both genes were 
cloned into the newly constructed vector system piBRTrc 
and piBRUV5, along with piBR181 (for comparison pur-
poses). The amplification conditions for PCR were: 95 °C 
for 7 min, followed by 30 cycles at 95 °C for 1 min, 55 °C 
for 1 min, 72 °C for 1 min, and finally 72 °C for 7 min in a 
total volume of 50 μL. Following routine manipulation of 
the PCR products in pGEM®-T Easy vector, the aprr and 
gfp were digested with restriction enzyme XbaI/HindIII. 
They were ligated individually to piBR181, piBRTrc, 
and piBRUV5 expression vectors at SpeI/HindIII sites, 
in order to generate the plasmids piBR181-Apr, piBR-
Trc-Apr, piBRUV5-Apr, piBR181-gfp, piBRTrc-gfp, and 
piBRUV5-gfp.

Expression of aprr

The recombinant E. coli BL21 (DE3) harboring aprr in 
piBR181, piBRTrc, and piBRUV5 were cultured in 50 mL 
LB media and incubated at 37  °C, until the optical den-
sity at 600 nm (OD600) reached ~ 0.8. Induction was car-
ried out with the final concentration of 1 mM IPTG, and 
the culture was then further incubated at 20 °C for 18 h. 
Cells were harvested by centrifugation at 4 °C for 10 min 
at 842×g, and washed twice with 50 mM Tris–HCl buffer 
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(pH 7.5) containing 10% glycerol. The final cell pellet was 
re-suspended in 1 mL of the Tris–HCl buffer, and lysed 
by ultra-sonication in ice bath. Then, cell debris was 
removed by centrifugation at 13,475 for 30 min at 4  °C. 
Finally, the obtained soluble protein in the supernatant 
was analyzed by 12% sodium dodecyl sulfate polyacryla-
mide gel electrophoresis (SDS-PAGE).

Construction of plasmids for cyanidin 3‑O‑glucoside 
production
Table  1 lists all of the strains, vectors, and plasmids 
generated and used in this study. PhANS and At3GT 
gene were synthesized and cloned in the pUC57 vec-
tor. For the cloning of both genes into piBR181, piBR-
Trc, and piBRUV5 vectors, the genes were digested with 
the XbaI/HindIII restriction enzymes. piBR181, piBR-
Trc, and piBRUV5 were digested with the SpeI/HindIII 
enzymes. The digested amplicons and backbones were 
purified through gel electrophoresis, and individually 
ligated using T4 DNA ligase (Promega, USA), in order 
to construct the recombinants listed in Table 1. The liga-
tion of the genes with the vectors resulted in the “scar” 
formation at the SpeI-HindIII. The ligated products were 
transformed into E. coli XL-1 Blue, and confirmed by 
restriction digestion.

At3GT and PhANS were then assembled into monocis-
tronic configurations by ligation of the restriction diges-
tion fragments from piBR181-PhANS (BamHI/XhoI) 
and piBR181-At3GT (BglII/XhoI), and yielded plasmid 
piBR181-PhANS.At3GT, leaving the scar at the BamHI-
BglII sites. In addition, the ligation of restriction diges-
tion fragments from piBR181-PhANS (BglII/XhoI) 
and piBR181-At3GT (BamHI/XhoI) yielded plasmid 
piBR-At3GT.PhANS in a multi-monocistronic con-
figuration. Similarly, the ligation of restriction digestion 
fragments from piBRTrc-PhANS (BamHI/XhoI) and 
piBRTrc-At3GT (BglII/XhoI) yielded plasmid piBRTrc-
PhANS.At3GT, and the ligation of restriction digestion 
fragments from piBRTrc-PhANS (BglII/XhoI) and piBR-
Trc-At3GT (BamHI/XhoI) yielded plasmid piBRTrc-
At3GT.PhANS. Finally, plasmid piBRUV5-PhANS.At3GT 
and piBRUV5-At3GT.PhANS were generated by ligat-
ing the restriction fragments from piBRUV5-PhANS 
(BamHI/XhoI) and piBRUV5-At3GT (BglII/XhoI), and 
piBRUV5-PhANS (BglII/XhoI) and piBRUV5-At3GT 
(BamHI/XhoI), respectively. This process can be iterated 
successively, in order to assemble an arbitrary number of 
parts together, repetitively using the same protocol.

Next, piBR181-glf.glk.pgm2.galU plasmid (UDP-
d-glucose cassette harboring each genes under PT7 
promoter) from a previous study was used as the back-
bone for assembling the PhANS and At3GT genes 
that were cloned earlier, in order to generate the 

plasmids. The BglII/XhoI digested DNA fragments from 
piBR181-PhANS.At3GT, piBR-At3GT.PhANS, piBR-
Trc-PhANS.At3GT, piBRTrc-At3GT.PhANS, piBRUV5-
PhANS.At3GT, and piBRTrc-At3GT.PhANS were 
individually ligated with BamHI/XhoI digested piBR181-
glf.glk.pgm2.galU recombinant plasmid, in order to 
generate piBR181-glf.glk.pgm2.galU.PhANS.At3GT, 
piBR181-glf.glk.pgm2.galU.At3GT.PhANS, piBRTrc-
glf.glk.pgm2.galU.PhANS.At3GT, piBRTrc-glf.glk.
pgm2.galU.At3GT.PhANS, piBRUV5-glf.glk.pgm2.
galU.PhANS.At3GT, and piBRUV5-glf.glk.pgm2.
galU.At3GT.PhANS, respectively. In these plasmids, the 
glf, glk, pgm2, and galU genes are expressed under the 
individual PT7 promoter, while PhANS and At3GT are 
expressed under either the PT7, Ptrc, or PlacUV5 promoters. 
These plasmids were transformed into the E. coli BL21 
(DE3).

Flask experiments and fermentation
Escherichia coli BL21 (DE3) cells harboring PhANS and 
At3GT were cultured in 500  mL E. coli shake flasks at 
37 °C and at OD600 of ~ 0.8, then induced by 1 mM IPTG, 
and incubated at 20  °C for 18  h. Next, the culture was 
transferred to a 50  mL sterile conical tube, and centri-
fuged at 842×g at 4 °C for 15 min. The supernatant was 
then discarded, and the pellet was suspended in 10  mL 
modified M9 medium consisting of M9 salts (Na2HPO4, 
KH2PO4, NaCl, and NH4Cl), 0.4% glucose, 1 mM MgSO4, 
0.1  mM CaCl2, and 2 × 10−4% thiamine, 2 × 10−4% glu-
tamate, and pH adjusted to 5.0 by the addition of HCl. 
Cofactors like 2-oxoglutarate (0.1  mM) and sodium 
l-ascorbate (2.5  mM) were also added to the modi-
fied M9 media. Finally, the resuspended culture was fed 
with the substrate 2 mM (+)-catechin, 1 mM IPTG, and 
50 μg/mL of kanamycin, and incubated at 20 °C for 36 h, 
prior to its analysis for C3G production. The culture was 
fed with 1% glucose after 3  h of incubation, in order to 
increase the UDP-d-glucose concentration in the cell for 
glycosylation.

Extraction and analytical methods
Extraction of C3G
After 36 h of incubation, the colorless cell culture turned 
into a magenta color, which was caused by the produc-
tion of cyanidin and C3G. The cultures from fermenta-
tion were first acidified with 1% HCl, and centrifuged at 
842×g at 4 °C for 15 min, after which the supernatant and 
pellet were separated. The supernatant, which accounts 
for the extracellular C3G production, was collected in 
another tube, and to the remaining cell pellet, 1  mL 
water with 1% HCl was added, mixed well, and subjected 
to sonication for the extraction of the intracellular C3G 
from the cell of recombinant E. coli. Following sonication 
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for 10 min, the content was centrifuged at 13,475×g for 
5 min, and the supernatant and cell pellet were separated. 
The supernatant was isolated, and the extraction was 
repeated for the remaining cell pellet up to the sixth elu-
tion. After each elution, the sample was subjected to fur-
ther UHPLC-PDA analysis.

UHPLC analysis
The cell-free culture medium obtained from fermenta-
tions and the extracted compound were analyzed by 
UHPLC-PDA, using a Thermo Scientific Dionex Ulti-
mate 3000 ultrahigh-performance Liquid chromatogra-
phy (UHPLC) system with a reverse-phase C18 column 
(Mightysil RP-18 GP) (4.6 mm × 250 mm, 5 μm particle 
size) (Kanto Chemical, Japan). The solvents used were 
HPLC-grade water and acetonitrile both containing 0.1% 
(v/v) formic acid as the mobile phases at a flow rate of 
1.0 mL/min for 28 min. The elution protocol was as fol-
lows (acetonitrile concentration v/v): beginning with 10%, 
a linear gradient from (10 to 40%) for 10 min, 40–60% for 
5 min, and 60–10% for 2 min, followed by washing and 
equilibration of the column. The absorbance was meas-
ured at 520 nm. The production of C3G was confirmed 
by comparing the UHPLC profile of the standard C3G 
with that of the extracted product. C3G was quanti-
fied by the standard curve obtained from the UHPLC-
PDA profile of C3G injected at different concentrations 
of 5–200 μg/mL at the wavelength of 520 nm. The total 
production of C3G was determined based on the linear 
regression equation obtained from the standard curve. 
Furthermore, the production of C3G was characterized 
by HR-QTOF-ESI/MS [ACQUITY (UPLC, Waters, Mil-
ford, MA)-SYNAPT G2-S (Waters)] in positive ion mode.

Additional file

Additional file 1: Table S1. Primers used in this study. Figure S1. piBRTrc 
BglBrick 382 bp vector sequence showing the trc promoter, lac operator, 
ribosome binding site and a transcriptional terminator along with the 
five different restriction sites. Figure S2. piBRUV5 BglBrick 172 bp vector 
sequence showing the lacUV5 promoter, lac operator, ribosome binding 
site and a transcriptional terminator along with the five different restric-
tion sites. Figure S3. Construction of reporter genes for functionality 
assay of newly designed vectors (a) Apramycin resistance gene (aprr) were 
cloned separately into piBR181, piBRTrc and piBRUV5 generating different 
recombinants piBR181-Apr, piBRTrc-Apr, and piBRUV5-Apr respectively 
(b) GFP gene (gfp) were also cloned separately into piBR181, piBRTrc, and 
piBRUV5 generating piBR181-gfp, piBRTrc-gfp and piBRUV5-gfp respec-
tively. Figure S4. Functionality assay of newly constructed vector system. 
Kanamycin and apramycin antibiotics susceptibility test in E. coli BL21 
(DE3) harboring pET28a (+), piBR181, piBRTrc, and piBRUV5. Results shows 
a clear zone of inhibition in E. coli BL21 (DE3) in both antibiotics kanamy-
cin and apramycin. In case of pET28a (+) with kanamycin resistance gene, 
the zone of inhibition is visible only in presence of apramcyin whereas 
zone of inhibition is absent in both antibiotics in piBR181-Apr, piBRTrc-Apr 
and piBRUV5-Apr harboring E. coli BL21 (DE3). Figure S5. Cloning strategy 
for the construction of a recombinant cyanidin-3-O-glucoside (C3G) 

production cassette in piBRTrc, piBRUV5, and piBR181 multi-monocistron-
icvector. Two genes anthocyanidin synthase (PhANS) and flavonol-3-O-
glycosyltransferase (At3GT) were cloned together to generate the strains 
S1, S2, S3, S4, S5, and S6. Figure S6. Final assembly of cyanidin-3-O-gluco-
side system using the previously constructed UDP-d-glucose biosynthesis 
system in piBR181 to which the anthocyanidin synthase (PhANS) and 
flavonol-3-O-glycosyltransferase (At3GT) were further assembled in multi-
monocistronic fashion in various combinations to generate the strains S7, 
S8, S9, S10, S11 and S12.

Abbreviations
C3G: cyanidin 3-O-glucoside; UDP: uridine diphosphate; RBS: ribosome-
binding site; GFP: green fluorescence protein; LB: Luria Bertaini; HPLC: 
high-performance liquid chromatography; UHPLC-PDA: ultra-high per-
formance liquid chromatography-photo diode array; IPTG: isopropyl-β-d-
thiogalactopyranoside; HR-QTOF-ESI/MS: high-resolution quadruple time-of-
flight electrospray ionization mass spectrometry.

Authors’ contributions
BS and RPP performed the majority of the experimental work and wrote the 
majority of the manuscript. JKS, RPP and BS were responsible for the original 
concept and supervised the work. SD and PP did the majority of the molecular 
cloning work. JKS supervised and revised the manuscript. All authors read and 
approved the final manuscript.

Author details
1 Department of Life Science and Biochemical Engineering, SunMoon Uni-
versity, 70 Sunmoon‑ro 221, Tangjeong‑myeon, Asan‑si, Chungnam 31460, 
Republic of Korea. 2 Department of BT‑Convergent Pharmaceutical Engineer-
ing, SunMoon University, 70 Sunmoon‑ro 221, Tangjeong‑myeon, Asan‑si, 
Chungnam 31460, Republic of Korea. 

Acknowledgements
This work was carried out with the support of a grant from the Next-Gen-
eration BioGreen 21 Program (SSAC, Grant#: PJ013137), Rural Development 
Administration, Republic of Korea. We would like to thank Division of Magnetic 
Resonance, Korea Basic Science Institute, Ochang, Chungbuk, Korea for NMR 
analyses.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The datasets supporting the conclusions of this article are included within the 
article and its Additional files.

Consent for publication
All authors agreed to publish this manuscript.

Ethics approval and consent to participate
Not applicable.

Funding
This work was supported by a grant from the Next-Generation BioGreen 
21 Program (SSAC, Grant#: PJ013137), Rural Development Administration, 
Republic of Korea.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 13 August 2018   Accepted: 7 January 2019

https://doi.org/10.1186/s12934-019-1056-6


Page 15 of 15Shrestha et al. Microb Cell Fact            (2019) 18:7 

References
	1.	 Gündüz K, Serçe S, Hancock JF. Variation among highbush and rabbit eye 

cultivars of blueberry for fruit quality and phytochemical characteristics. J 
Food Compos Anal. 2015;38:69–79.

	2.	 Giampieri F, Alvarez-Suarez JM, Mazzoni L, Forbes-Hernandez TY, Gaspar-
rini M, Gonzalez-Paramas AM, Santos-Buelga C, Quiles JL, Bompadre S, 
Mezzetti B, Battino M. An anthocyanin-rich strawberry extract protects 
against oxidative stress damage and improves mitochondrial functional-
ity in human dermal fibroblasts exposed to an oxidizing agent. Food 
Funct. 2014;5:1939.

	3.	 Klimis-Zacas D, Vendrame S, Kristo AS. Wild blueberries attenuate risk 
factors of the metabolic syndrome. J Berry Res. 2016;6:225–36.

	4.	 Rodriguez-Mateos A, Feliciano RP, Cifuentes-Gomez T, Spencer JP. Bio-
availability of wild blueberry (poly) phenols at different levels of intake. J 
Berry Res. 2016;6:137–48.

	5.	 Fraige K, Pereira-Filho ER, Carrilho E. Fingerprinting of anthocyanins from 
grapes produced in Brazil using HPLC–DAD–MS and exploratory analysis 
by principal component analysis. Food Chem. 2014;145:395–403.

	6.	 Pérez-Gregorio MR, Regueiro J, Simal-Gándara J, Rodrigues AS, Almeida 
DP. Increasing the added-value of onions as a source of antioxidant 
flavonoids: a critical review. Food Sci Nutr. 2014;54:1050–62.

	7.	 Giusti MM, Wrolstad RE. Acylated anthocyanins from edible sources and 
their applications in food systems. Biochem Eng J. 2003;14:217–25.

	8.	 Cortez R, Luna-Vital DA, Margulis D, Mejia E. Natural pigments: stabiliza-
tion methods of anthocyanins for food applications. Compr Rev Food Sci 
Food Saf. 2017;16:180–98.

	9.	 Aguilera Y, Mojica L, Rebollo-Hernanz M, Berhow M, de Mejía EG, Martín-
Cabrejas MA. Black bean coats: new source of anthocyanins stabilized 
by β-cyclodextrin copigmentation in a sport beverage. Food Chem. 
2016;212:561–70.

	10.	 Chung C, Rojanasasithara T, Mutlilangi W, McClements DJ. Stabilization of 
natural colors and nutraceuticals: inhibition of anthocyanin degradation 
in model beverages using polyphenols. Food Chem. 2016;212:596–603.

	11.	 Tsuda T. Dietary anthocyanin-rich plants: biochemical basis and recent 
progress in health benefits studies. Mol Nutr Food Res. 2012;56:159–70.

	12.	 de Pascual-Teresa S, Moreno DA, García-Viguera C. Flavanols and antho-
cyanins in cardiovascular health: a review of current evidence. Int J Mol 
Sci. 2010;11:1679–703.

	13.	 Adom KK, Liu RH. Antioxidant activity of grains. J Agric Food Chem. 
2002;50:6182–7.

	14.	 Pietta PG. Flavonoids as antioxidants. J Nat Prod. 2000;63:1035–42.
	15.	 Britsch L, Grisebach H. Purification and characterization of (2S)-flavanone 

3-hydroxylase from Petunia hybrida. FEBS J. 1986;156:569–77.
	16.	 Miyahisa I, Funa N, Ohnishi Y, Martens S, Moriguchi T, Horinouchi S. Com-

binatorial biosynthesis of flavones and flavonols in Escherichia coli. Appl 
Microbiol Biotechnol. 2006;71:53–8.

	17.	 Ahmed NU, Park JI, Jung HJ, Yang TJ, Hur Y, Nou IS. Characterization of 
dihydroflavonol 4-reductase (DFR) genes and their association with cold 
and freezing stress in Brassica rapa. Gene. 2014;550:46–55.

	18.	 Wang H, Fan W, Li H, Yang J, Huang J, Zhang P. Functional characterization 
of dihydroflavonol-4-reductase in anthocyanin biosynthesis of purple 
sweet potato underlies the direct evidence of anthocyanins function 
against abiotic stresses. PLoS ONE. 2013;8:78484.

	19.	 Tanner GJ, Francki KT, Abrahams S, Watson JM, Larkin PJ, Ashton AR. 
Proanthocyanidin biosynthesis in plants purification of legume leucoan-
thocyanidin reductase and molecular cloning of its cDNA. J Biol Chem. 
2003;278:31647–56.

	20.	 Wilmouth RC, Turnbull JJ, Welford RW, Clifton IJ, Prescott AG, Schofield CJ. 
Structure and mechanism of anthocyanidin synthase from Arabidopsis 
thaliana. Structure. 2002;10:93–103.

	21.	 Nakajima JI, Tanaka Y, Yamazaki M, Saito K. Reaction mechanism from 
leucoanthocyanidin to anthocyanidin 3-glucoside, a key reaction for 
coloring in anthocyanin biosynthesis. J Biol Chem. 2001;276:25797–803.

	22.	 Yan Y, Chemler J, Huang L, Martens S, Koffas MA. Metabolic engineering 
of anthocyanin biosynthesis in Escherichia coli. Appl Microbiol Biotechnol. 
2005;71:3617–23.

	23.	 Leonard E, Yan Y, Fowler ZL, Li Z, Lim CG, Lim KH, Koffas MA. Strain 
improvement of recombinant Escherichia coli for efficient production of 
plant flavonoids. Mol Pharm. 2008;5:257–65.

	24.	 Yan Y, Li Z, Koffas MA. High-yield anthocyanin biosynthesis in engineered 
Escherichia coli. Biotechnol Bioeng. 2008;100:126–40.

	25.	 Lim CG, Wong L, Bhan N, Dvora H, Xu P, Venkiteswaran S, Koffas MA. 
Development of a recombinant Escherichia coli strain for overpro-
duction of the plant pigment anthocyanin. Appl Environ Microbiol. 
2015;81:6276–84.

	26.	 Lee TS, Krupa RA, Zhang F, Hajimorad M, Holtz WJ, Prasad N, Lee SK, 
Keasling JD. BglBrick vectors and datasheets: a synthetic biology platform 
for gene expression. J Biol Eng. 2011;5:12.

	27.	 Anderson JC, Dueber JE, Leguia M, Wu GC, Goler JA, Arkin AP, Keasling 
JD. BglBricks: a flexible standard for biological part assembly. J Biol Eng. 
2010;4:1–12.

	28.	 Chaudhary AK, Park JW, Yoon YJ, Kim BG, Sohng JK. Re-engineering of 
genetic circuit for 2-deoxystreptamine (2-DOS) biosynthesis in Escherichia 
coli BL21 (DE3). Biotechnol Lett. 2013;35:285–93.

	29.	 Brosius J, Erfle M, Storella J. Spacing of the -10 and -35 regions in the tac 
promoter. Effect on its invivo activity. J Biol Chem. 1985;260:3539–41.

	30.	 Wanner BL, Kodaira R, Neidhardt FC. Physiological regulation of a decon-
trolled lac operon. J Bacteriol. 1977;130:212–22.

	31.	 Parajuli P, Pandey RP, Trang NT, Chaudhary AK, Sohng JK. Synthetic sugar 
cassettes for the efficient production of flavonol glycosides in Escherichia 
coli. Microb Cell Fact. 2015;14:76.

	32.	 Zha J, Koffas MA. Production of anthocyanins in metabolically engineered 
microorganisms: current status and perspectives. Synth Syst Biotechnol. 
2017;2:259–66.

	33.	 Tegel H, Ottosson J, Hober S. Enhancing the protein production levels in 
Escherichia coli with a strong promoter. FEBS J. 2011;278:729–39.

	34.	 Anthony JR, Anthony LC, Nowroozi F, Kwon G, Newman JD, Keasling JD. 
Optimization of the mevalonate-based isoprenoid biosynthetic pathway 
in Escherichia coli for production of the anti-malarial drug precursor 
amorpha-4,11-diene. Metab Eng. 2009;11:13–9.

	35.	 Ajikumar PK, Xiao WH, Tyo KE, Wang Y, Simeon F, Leonard E, Mucha O, 
Phon TH, Pfeifer B, Stephanopoulos G. Isoprenoid pathway optimiza-
tion for taxol precursor overproduction in Escherichia coli. Science. 
2010;330:70–4.

	36.	 Xu P, Vansiri A, Bhan N, Koffas MA. ePathBrick: a synthetic biology platform 
for engineering metabolic pathways in Escherichia coli. ACS Synth Biol. 
2012;1:256–66.

	37.	 Na D, Kim TY, Lee SY. Construction and optimization of synthetic path-
ways in metabolic engineering. Curr Opin Microbiol. 2010;13:363–70.

	38.	 Wu Y, Sun X, Lin Y, Shen X, Yang Y, Jain R, Yuan Q, Yan Y. Establishing a 
synergetic carbon utilization mechanism for non-catabolic use of glucose 
in microbial synthesis of trehalose. Metab Eng. 2017;39:1–8.

	39.	 Mao Z, Shin HD, Chen RR. Engineering the E. coli UDP-d-glucose synthesis 
pathway for oligosaccharide synthesis. Biotechnol Prog. 2006;22:369–74.

	40.	 Dhakal D, Chaudhary AK, Yi JS, Pokhrel AR, Shrestha B, Parajuli P, Shrestha 
A, Yamaguchi T, Jung HJ, Kim SY, Kim BG, Sohng JK. Enhanced production 
of nargenicin A1 and creation of a novel derivative using a synthetic biol-
ogy platform. Appl Microbiol Biotechnol. 2016;100:9917–31.

	41.	 Shrestha A, Pandey RP, Dhakal D, Parajuli P, Sohng JK. Biosynthesis of 
flavone C-glucosides in engineered Escherichia coli. Appl Microbial 
Biotechnol. 2018;102:1251–67.

	42.	 Carbonell P, Jervis AJ, Robinson CJ, Yan C, Dunstan M, Swainston N, 
Vinaixa M, Hollywood KA, Currin A, Rattray NJ, Taylor S. An automated 
Design-Build-Test-Learn pipeline for enhanced microbial production of 
fine chemicals. Commun Biol. 2018;1:66.

	43.	 Bierman M, Logan R, O’Brien K, Seno ET, Nagaraja Rao R, Schoner BE. 
Plasmid cloning vectors for the conjugal transfer of DNA from Escherichia 
coli to Streptomyces spp. Gene. 1992;116(1):43–9.


	Combinatorial approach for improved cyanidin 3-O-glucoside production in Escherichia coli
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results
	Design and construction of expression vector piBRTrc and piBRUV5
	Validation of newly generated vectors
	Construction of C3G biosynthesis systems from catechin
	Construction of UDP-d-glucose genes harboring C3G biosynthesis system
	Production of cyanidin 3-O-glucoside, analysis and quantification
	Production profiles of cyanidin and C3G in combinatorial engineered strains
	Glucose utilization and improved C3G production

	Discussion
	Methods
	Chemicals and enzymes
	Bacterial strains and culture conditions
	Plasmids
	Functionality assay of the newly constructed vector
	Expression of aprr
	Construction of plasmids for cyanidin 3-O-glucoside production
	Flask experiments and fermentation
	Extraction and analytical methods
	Extraction of C3G
	UHPLC analysis


	Authors’ contributions
	References




