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ABSTRACT

Flavonoid is an industrially-important compound due to its high pharmaceutical and cosmeceutical values. However, 
conventional methods in extracting and synthesizing flavonoids are costly, laborious and not sustainable due to small 
amount of natural flavonoids, large amounts of chemicals and space used. Biotechnological production of flavonoids 
represents a viable and sustainable route especially through the use of metabolic engineering strategies in microbial 
production hosts. In this review, we will highlight recent strategies for the improving the production of flavonoids 
using synthetic biology approaches in particular the innovative strategies of genetically-encoded biosensors for in 
vivo metabolite analysis and high-throughput screening methods using fluorescence-activated cell sorting (FACS). 
Implementation of transcription factor based-biosensor for microbial flavonoid production and integration of systems 
and synthetic biology approaches for natural product development will also be discussed. 
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ABSTRAK

Flavonoid merupakan sebatian penting secara industri disebabkan oleh permintaannya yang tinggi dalam farmaseutik 
dan mempunyai nilai kosmeseutik.  Walau bagaimanapun, kebiasaannya kaedah pengekstrakan dan sintesis flavonoid 
adalah berkos tinggi, rumit dan tidak mapan disebabkan oleh penghasilan flavonoid semula jadi yang rendah. Selain itu, 
kaedah ini juga menggunakan ruang makmal yang besar dan bahan kimia dalam kuantiti yang banyak. Hasil pengeluaran 
bioteknologi daripada flavonoid menunjukkan berdaya maju dan laluan yang mapan. Ini dapat dilihat melalui pelbagai 
kaedah yang digunakan di dalam kejuruteraan metabolisme dan biologi sintetik dengan menggunakan mikrob sebagai 
hos bagi pengeluaran hasil produk. Di dalam ulasan kajian ini, kami akan mengetengahkan kaedah bagi meningkatkan 
penghasilan flavonoid menggunakan teknik biologi sintetik. Melalui kaedah ini, teknik biosensor berasaskan pengekod 
genetik yang digunakan bagi menganalisis metabolit secara in vivo dan kaedah saringan daya pemprosesan tinggi 
berasaskan pengisihan sel teraktif berpendarfluor (FACS). Oleh yang demikian, penggunaan bioteknologi terhadap 
penghasilan flavonoid pada masa kini menggunakan pendekatan integrasi antara biologi sistem dan biologi sintetik 
bagi perkembangan produk semula jadi akan dibincangkan dengan lebih lanjut. 

Kata kunci: Biologi sintetik; biosensor; flavonoid; kejuruteraan metabolisme; sistem mikrob

INTRODUCTION

BIOTECHNOLOGICAL USES OF FLAVONOIDS

Flavonoid is a C-15 molecule can be found in the 
form of glycosides and acylglycosides in fruits and 
vegetables. Flavonoid compound are naturally found 
in plant and have been reported in medicinal plants-
important Moringa oleifera (Ezhilarasi et al. 2016), 
Eurycoma longifolia (Mohamed et al. 2015), Orthosiphon 
stamineus (Pariyani et al. 2017), Andrographis paniculata 
(Triantafyllidi et al. 2015), and Polygonum minus (Ahmad 
et al. 2018; Khairudin et al. 2014; Rusdi et al. 2016). In 
phenylpropanoid pathway, phenylalanine ammonia-lyase 
(PAL) deaminates L-phenylalanine to yield cinnamic acid 
that serves as a substrate for hydroxylation reaction to 
p-coumaric acid by cinnamic-4-hydroxylase (C4H) aided 

by electron transfer partner cytochrome p450 reductase 
(CPR). Then, p-coumaric acid is sequentially converted 
to naringenin chalcone, the flavonoid precursor via the 
activities p-coumaryl CoA producing 4-coumarate: 
Coenzyme A ligase (4CL) and chalcone synthase (CHS), 
respectively, that catalyzes the stepwise condensation of 
three acetate units from malonyl-CoA with 4-coumaryl-
CoA. Naringenin chalcone is isomerized by chalcone 
isomerase (CHI) to naringenin flavone that will be further 
modified by hydroxylation, glycosylation, methylation 
and prenylation reaction in a variety compounds. 
Flavonoids play important roles in plants such as act as 
a signal molecule in plant-microorganism symbiosis. 
Carletti et al. (2014) reported that nodule meristem 
formation will activate nodulation (nod) genes with 
presence of isoflavone that allows nitrogen fixation in 
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the legume species. Beneficial effects of flavonoids on 
presymbiotic growth, such as spore germination, hyphal 
length, hyphal branching and formation of auxiliary cells 
and secondary spores of arbuscular mycorrhizal fungi 
has been studied by Scervino et al. (2005). Flavonoids 
can be group according to genus and/or species specific 
or only specific for a certain developmental stage of 
presymbiotic growth (Scervino et al. 2005). Another 
important role of flavonoid is in temperature acclimation 
that involves a number of physiological and biochemical 
changes occur as a result of temperature changes. Korn 
et al. (2008) reported the beneficial roles of quercetin 
as potent antioxidants during cold acclimation by ROS 
(reactive oxygen species) scavenging mechanism that 
corroborated with the findings by Watanabe and Ayugase 
(2015) on the increased antioxidant properties that 
reduced low-temperature-oxidative damage in spinach 
under winter sweet treatment. 

PHARMACEUTICAL AND PHARMACOLOGICAL          
PROPERTIES OF FLAVONOIDS

Flavonoid market demands were valued at USD 840.2 
million in 2015 and will reach above USD 1.047 billion 
in 2021 (Global Flavonoid Market 2016). Currently, 
there is a growing demand on flavonoids-based products 
in global pharmaceutical and cosmetic markets owing 
to well-known health benefits of flavonoids including 
antioxidant and anti-inflammatory activities. Plant 
secondary metabolites, including flavonoids and other 
phenolic compounds are reported responsible for variety 
pharmacological activities (Costa et al. 2016; Ng et al. 
2015; Rasines-Perea & Teissedre 2017). Functional 
hydroxyl groups in flavonoids mediate antioxidant 
activity by scavenging free radicals. These subgroups of 
flavonoid are isoflavones, flavones, flavonols, flavanones, 
flavanols or catechins and anthocyanins. Previous 
researches showed that the antimicrobial activities of 
flavonoids against bacterial (Djouossi et al. 2015) and 
viral infections (Lani et al. 2016; Lim et al. 2017). 
Besides that, flavonoid also acts against degenerative 
diseases such as cardiovascular diseases (Lovegrove et 
al. 2017), Alzheimer’s disease (Bakhtiari et al. 2017) and 
cancer (Youns & Hegazy 2017). Flavonoids has been 
increasingly used in skin care and cosmetic products 
as an ultraviolet radiation protectant (Jimtaisong 2015; 
Peng et al. 2015; Saewan & Jimtaisong 2015). Ko et 
al. (2015) had found plasma that contain geneistein 
(isoflavone) correlated to decrease risk of type 2 diabetes 
in women. There is an association of the anti-diabetic 
effect of isoflavone towards their physiological changes. 
Naringenin, one of the most abundant and essential 
flavonoids found in most citrus fruits. Naringenin has 
been shown to play important roles in induction apoptotic 
cell death in cancer cells (Park et al. 2017). Interestingly, 
naringenin is also reported to exhibit anti-dengue virus 
activity by impairing the infection of four dengue virus 
serotypes in human cells (Frabasile et al. 2017). 

EXTRACTION OF FLAVONOID COMPOUNDS FROM PLANTS

Flavonoids can be extracted via conventional and non-
conventional techniques. Conventional techniques include 
soxhlet extraction, maceration, hydro-distillation and 
solvent extraction. However, there are some limitations 
in the conventional techniques. This include lengthy 
extraction time, high cost, high purity solvents requirement, 
evaporation of the large amount of solvents and poor 
extraction selectivity (de Castro & Garcia-Ayuso 1998). In 
order to overcome these problems more non-conventional 
techniques were developed including ultrasound assisted 
extraction, enzyme-assisted extraction, microwave-
extraction, supercritical fluid extraction and pressurized 
liquid extraction. For instance, ultrasound assisted 
extraction is usually useful when handling with thermo 
sensitive extraction and unstable compounds (Celli et 
al. 2015). This method helps in reducing the extraction 
temperature and amount of solvent used and also shorten 
the extraction time. 
 Sample preparation is a crucial step in extraction 
process of plant metabolites. Fresh sample or dried plants 
are being used for extraction. Drying or grinding might 
affect the preservation of chemical substances in the 
samples. Factors such as extraction procedure, solvent 
used and solvent ratio are a few examples that influenced 
quality of extracts and contents of active ingredients 
in plant extraction. Sharifi et al. (2017) had compared 
quercetin extraction from Raphanus sativus by using 
different methods with various solvents such as ethanol, 
methanol, water and chloroform. Quercetin was optimally 
extracted from Raphanus sativus by gently heating with 40 
mL solvent at 35oC-40oC in maceration (Sharifi et al. 2017). 
The result showed that methanol was the best solvent as it 
gave highest yield of quercetin. Jovanović et al. (2017), had 
used three different extraction methods to extract Thymus 
serpyllum L. (Lamiaceae); maceration, heat-assisted and 
ultrasound-assisted extraction, respectively. This group 
reported that particle size, solid-to-solvent ratio, solvent 
type and extraction procedure are the other factor that may 
affected the extract sample. Although extraction method 
of flavonoids from plant is well described in the literature, 
this strategy is unfavourable. However, these techniques 
require laborious process optimization that often resulted 
in poor yield and productivity hence hampering further 
applications and commercialization.

MICROBIAL CELL FACTORY FOR FLAVONOID PRODUCTION 
USING METABOLIC ENGINEERING STRATEGIES

Metabolic engineering is defined as the alteration of 
metabolic pathways using recombinant DNA technology 
for overproduction of industrially-important fuels, 
chemicals and pharmaceutical products (Bailey 1991). 
This approach has widely employed in microbes as 
cell factory for sustainable and green practises using 
renewable feedstocks with low energy requirements, 
and low waste emission as compared to the conventional 
extraction practices that rely on plant quantity and 
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use of arable land (Marienhagen & Bott 2013). This 
approach is more suitable compared to extraction from 
plant and chemical synthesis of flavonoids. Metabolic 
engineering involved overexpression of target genes, 
manipulation of corresponding metabolic pathways and 
stoichiometric analysis that mainly aimed at increasing 
titer and productivity. Artificial gene cluster of flavonoids 
was first reported in E. coli for the biosynthesis of 
chalcone synthesis by introducing phenylalanine 
ammonia lyase (PAL) from yeast Rhodotorula rubra, 
4-coumarate coenzyme A ligase (4CL) from actinomycete 
Streptomyces coelicolor and chalcone synthase (CHS) 
from licorice of Glycyrrhiza echinata. Two flavanones, 
pinocembrin and naringenin were successfully formed 
when PAL deaminated phenylalanine and tyrosine with the 
addition of two precursor, cinnamic acid and 4-coumaric 
acids (Hwang et al. 2003). Meanwhile, Watts et al. (2004) 
managed to produce high-level of naringenin in E. coli 
when there is no tyrosine fed in the culture medium. A 
modification of the acetate–acetyl-CoA–malonyl-CoA 
metabolic node had been performed in order to improve 
malonyl-CoA precursor availability in flavanone-
producing recombinant E. coli strains (Leonard et al. 
2007). This approach targeted the multisubunit complex 
of acetyl-CoA carboxylase (ACC)-biotin ligase (BirA) 
and enzymes in acetate assimilation pathways in E. coli. 
The constructed strains were able to produce the highest 
flavonoid production for microbial production platforms. 
Thuan et al. (2017) had demonstrated the production 
of astilbin (taxifolin). Astilbin and D-glucose were 
produced in engineered E. coli BL21 (DE3) strain of which 
chromosomal glucose phosphate isomerase (pgi) and 
D-glucose-6-phosphate dehydrogenase (zwf) genes were 
knocked-out and overexpressed of rhamnose biosynthetic 
pathway to increase the yield (Thuan et al. 2017). 
 Apart from bacterial expression host, yeast 
is another well-established microbial platform 
for flavonoid production (Rodriguez et al. 2015). 
Saccharomyces cerevisiae is generally regarded as safe 
(GRAS) microorganism and well capable of performing 
posttranslational modifications of the eukaryotic 
proteins. The eukaryotic nature of yeast may facilitate 
functional expression of plant-derived flavonoid-
biosynthetic genes due to the highly similar physical and 
physiological environment with the help of molecular 
and synthetic biology techniques. The first construction 
of phenylpropanoid pathway for the synthesis of 
naringenin is reported in yeast (Jiang et al. 2005). Jiang 
et al. (2015) had inserted PAL from Rhodosporidium 
toruloides, 4CL from Arabidopsis thaliana and CHS 
from Hypericum androsaemum genes under different 
individual GAL10 promoter. Modulation of upstream 
flavonoid biosynthetic pathway was carried out for the 
conversion of phenylpropanoid to increase flavanones 
yield (Yan et al. 2005). The gene cluster consist of C4H 
from Arabidopsis thaliana, 4CL from Petroselinum 
crispum, CHI and CHS from Petunia × hybrid. 

RECENT ADVANCEMENT IN NATURAL PRODUCT 
BIOSYNTHESIS USING SYSTEMS AND SYNTHETIC         

BIOLOGY APPROACHES

The advent of synthetic biology research area has greatly 
aided in advancing natural metabolite production in 
microbial host. Principally, synthetic biology focuses 
on the design and construction of new biological parts, 
devices and systems and re-designing of existing biological 
systems for useful purposes which complement and 
work in parallel with the industrial biotechnology centric 
metabolic engineering principles (Nielsen & Keasling 
2011). Metabolic engineering and synthetic biology have 
been instrumental for biotechnological production of 
natural products using existing or novel genetic toolsets 
and circuits in tandem with increasing use of computer-
aided design and automated strain screening tools. The 
pioneering synthetic biology works in the generation 
of genetic oscillator and toggle switch have contributed 
toward changing the dynamics in the way researchers 
designed and controlled genetic networks and constructs a 
large electronic circuits (Elowitz & Leibler 2000; Gardner 
et al. 2000). Advances in genomics especially through 
the works of Craig Venter groups have led to the creation 
of synthetic minimal genome using homology-based 
recombination for synthesizing and joining of multiple 
DNA fragments in shorter amount of time (Gibson et al. 
2010, 2008). The greater ability to synthesize and design 
biosynthesis genes and genetic circuits have brought 
wonders in biotechnological production of bio-based 
products particularly as precursor for antimalarial drugs 
(amorphadiene), advanced biofuels (bisabolene) and 
analgesics (thebaine) (Galanie et al. 2015; Martin et 
al. 2003; Peralta-Yahya et al. 2011). For instance, the 
production of antimalarial drug in engineered E. coli and 
S. cerevisiae were successfully implemented using these 
biotechnological methods (Martin et al. 2003; Ro et al. 
2006). A more recent successful production of opioids 
was reported in engineered S. cerevisiae expressing 21 
and 23 alkaloid biosynthetic genes for the production 
of thebaine and hydrocodone, respectively (Galanie et 
al. 2015). This discovery has been greatly facilitated by 
the rapid expansion of the existing genetic databases 
through the advancement of systems biology approaches 
particularly next generation transcriptome analysis of 
non-model plants and other organisms (Farrow et al. 
2015; Galanie et al. 2015). Besides that, transcriptome 
data mining via next gene sequencing platform is one 
of the key strategies for discovery of novel genes and 
known enzymes with multiple functions in tropical and 
medicinal plants (Jamaluddin et al. 2017; Loke et al. 2017). 
In addition to transcriptomics, integrated systems biology 
approaches including proteomics and bioinformatics 
analysis have been instrumental in elucidating genetic and 
metabolites information of a variety of non-model plants, 
hence, allowing recursive data gene mining for metabolic 
engineering and synthetic biology applications (Diamond 
& Desgagne-Penix 2015; Rai et al. 2017). 
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GENETICALLY-ENCODED BIOSENSOR PLATFORMS FOR 
IMPROVING FLAVONOID BIOSYNTHESIS

Using model microbes as chassis and production hosts, 
the biosynthesis of flavonoids has been improved by 
multiple folds via the use of synthetic biology approaches 
and high-throughput methods such as fluorescence-
activated cell sorting (FACS) via the combination of 
the flavonoid biosynthesis pathway with recombinant 
fluorescent proteins as transducer and reporter systems 
(Siedler et al. 2014). High throughput methods mainly 
involve the designed and construction of genetically-
encoded biosensors for detecting and reporting flavonoid 
compounds produced by microbes overexpressing 
flavonoid biosynthetic pathway. This method has enabled 
rapid screening and isolation of flavonoid-producing 
microbes without the use of conventional chromatography 
and enzymatic assays techniques that are costly, laborious 
and time-consuming (Rogers & Church 2016; Siedler et 
al. 2014). The advantages of using biosensor-aided strain 
development have led to growing interest in implementing 
this strategy in metabolite analysis, product monitoring 
and metabolic engineering of natural products (Chou & 
Keasling 2013; Liang et al. 2017; Rogers et al. 2015). 
 Many of the genetically-encoded biosensors involved 
the use of transcription factors (TFs) as metabolite 
responsive and sensing component of highly regulated 
fluorescent-producing gene expression systems (Mahr & 
Frunzke 2016; Rogers et al. 2016). These TF-dependent 
biosensor approaches have been employed in improving 
intermediates and products in the flavonoid pathway which 
derived from L-phenylalanine or tyrosine as the entry point. 
Both amino acids have been explored for their conversion 
to p-coumaric acid an intermediate of the flavonoid 
pathway in which the tyrosine pathway did not require 
the expression of cytochrome-related P450 enzymes 
commonly found in plants (Rodriguez et al. 2017; Stahlhut 
et al. 2015). Table 1 shows a summary of these biosensor 
components to increase level of flavonoid biosynthesis 
in E. coli and yeast. In sum, the rapid development of 
synthetic biology will provide the ever expanding genetic 
tools for manipulating microbes to produce flavonoids and 
other natural products using sustainable and innovative 
approaches. 

CONCLUSION

Production of flavonoids using synthetic biology represents 
a sustainable and cost-effective means in getting the 
production of that targeted plant metabolites. Plant genetic 
manipulations are relatively difficult and limited only to 
model species. Deeper understanding metabolic regulation 
of the desired pathways of intermediates and enzymes 
is needed in order to increase the desired secondary 
metabolite compounds. Rapid development of advanced 
technologies and high throughput methods has enabled 
greater access to the nature’s genetic information hence 
providing well-endowed methods for natural product 
discovery and commercialization. Genetically-encoded 

biosensors represent an innovative and feasible synthetic 
biology approach for analysis and improvement of 
flavonoids in engineered microbes. Integration of systems 
biology and synthetic biology research fields will therefore 
lead to more intensive genetic discoveries and bio-product 
development that are crucial for greener and sustainable 
research and industrial practices.
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