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Abstract
Flavonoids are polyphenols that are important organic chemicals in plants. The health benefits of flavonoids that result in 
high commercial values make them attractive targets for large-scale production through bioengineering. Strategies such 
as engineering a flavonoid biosynthetic pathway in microbial hosts provide an alternative way to produce these beneficial 
compounds. Escherichia coli, Saccharomyces cerevisiae and Streptomyces sp. are among the expression systems used 
to produce recombinant products, as well as for the production of flavonoid compounds through various bioengineering 
approaches including clustered regularly interspaced short palindromic repeats (CRISPR)-based genome engineering and 
genetically encoded biosensors to detect flavonoid biosynthesis. In this study, we review the recent advances in engineering 
model microbial hosts as being the factory to produce targeted flavonoid compounds.
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Introduction

The diversity of chemical compounds found in many organ-
isms is tremendous, and the extent of their benefits towards 
human well-being are now extensively investigated [1, 2]. 
Plants produce various polyphenols that have the potential 
to serve as valuable fine chemicals. One of the major con-
stituents of polyphenols is flavonoids, particularly flavanones 

that act as a precursor to many flavonoid compounds. There 
are more than 9000 flavonoid compounds found in plants, 
comprising one of the largest families of natural products 
[3]. Tomatoes, limes and green tea leaves are among eas-
ily accessible fruits and plants carrying commercially valu-
able flavonoids such as quercetin, hesperidin and catechins, 
respectively [1, 4, 5].

Flavonoids are water soluble plant pigments derived from 
the phenylpropanoid pathway [6]. The production of these 
secondary metabolites in plants is highly regulated and tis-
sue-specific [7]. Flavonoids are involved in the secondary 
antioxidant defence system in plant tissues when exposed to 
various abiotic and biotic stresses [8]. They also act as UV 
protectants and activators of nodulation in plants [9]. Many 
flavonoids have medical and commercial values as nutra-
ceuticals [10], and some exhibit pesticide properties [11]. 
Flavonoids make their way into the human body through the 
ingestion of plant-based foods [12], and they help prevent 
chronic diseases such as cardiovascular problems, cancer 
and neurodegenerative disorders [13]. Recently, seven flavo-
noid compounds that include luteolin, myricetin, astragalin, 
rutin, epigallocatechin gallate, epicatechin gallate and gal-
locatechin gallate were reported to inhibit the NS2B-NS3 
protease of the Zika virus [2]. In addition, they are impor-
tant nutritional compounds found in foods and beverages 
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that offer various health benefits. Some flavonoids such as 
anthocyanins in prunes can act as antioxidants. Others are 
beneficial in many physiological and pharmacological indus-
tries by virtue of their anticancer, antiviral, anti-obesity and 
anti-diabetic activities [2, 14–17]. Flavonoids also act as 
anti-infection agents and microbial deterrents in plants [18, 
19]. Based on the latest report on the market profitability of 
flavonoids, their total market value can reach up to USD 1.05 
billion in 2021 [20]. Due to this high market value, flavonoid 
compounds are attractive targets for mass production.

Some of the important flavonoid products are extracted 
from plant species that are difficult to culture, require long 
growing seasons, and thus increasing production costs. 
In addition, the total chemical synthesis of various natu-
ral products such as flavonoids that are mostly complex 
compounds can be commercially infeasible [21] and often 
require extreme reaction conditions [7]. Another challenge 
faced by the extraction of flavonoid compounds is the slow 
growth rates of plants, which limits their large-scale pro-
duction [6]. Therefore, an alternative technique is needed 
to overcome this issue in procuring flavonoids from plant 
extracts or chemical synthesis, and the proposed solution is 
to engineer the flavonoid biosynthetic pathway into a micro-
bial host. The shortcomings described should be addressed 
with careful planning, since flavonoid compounds are expen-
sive in nature. For example, the market price for flavonoid 
compounds such as naringenin used in analytical experi-
mentation can amount to USD 248/g. In commercially avail-
able grapefruit juices, naringenin content can only reach up 
to 0–12.6 mg/100 mL [22]. Thus, the production of a vast 
amount of these expensive products could positively influ-
ence the business sectors dedicated towards flavonoid pro-
duction. This review highlights the structural and functional 
properties of different classes of flavonoids as well as their 
biosynthetic pathways in plants. Alternative strategies to 
produce flavonoids using microbial hosts such as E. coli, S. 
cerevisiae and Streptomyces sp. through metabolic engineer-
ing, newly emerging CRISPR technology and genetically 
encoded-biosensors capable of detecting these flavonoids 
(that are currently available only in E. coli and S. cerevisiae) 
are also discussed.

Classes of flavonoids and their importance

All flavonoids possess a C-15 carbon skeleton with a 
 C6–C3–C6 carbon framework. Flavonoids can be classified 
into several groups including flavones, flavonols, flavanones, 
flavanonols, flavan-3-ols, chalcones, anthocyanidins and iso-
flavones (Table 1). Basic flavonoid compounds are deline-
ated by the position of the linkage between the B-ring and 
the C-ring (benzopyrano moiety) [12]. Flavones, a class 
of flavonoids, are converted from flavanones by flavone 

synthase (FNS) through the introduction of a single dou-
ble bond between the second and third carbon atom [23]. 
These compounds are mostly found in various parts of the 
plants, such as in the stems, leaves, and roots, and are also 
responsible for interactions with other organisms, including 
microorganisms, other plants and insects [3].

Flavonols are the most abundant flavonoids in foods [8] 
and are present in fruits, vegetables, and teas [24]. The die-
tary intake of flavonols can lead to positive impacts such as 
the elevated activity of erythrocyte superoxide dismutase 
(an enzyme with antioxidant activity present in red blood 
cells), a reduction in lymphocyte DNA damage, a decrease 
in 8-hydroxy-2′-deoxyguanosine, a marker of oxidative dam-
age [25], and higher antioxidant capacity of plasma with the 
capability to scavenge free radicals [25, 26].

Flavanones are present in various fruits at high amounts, 
such as 98% in grapefruit, 96% in limes and 90% in lemons 
[5]. They have a saturated heterocyclic C ring, which has 
no conjugation between both rings A and B [8, 27].Thus, 
they often act as precursors to other classes of flavonoids 
and are referred to as the focal point in the biosynthesis 
of flavonoids [3, 4, 28]. Flavanonols such as taxifolin are 
types of flavonoids that lack the conjugation provided by the 
2,3-double bond with the 4-oxo group, making them weak 
antioxidants [29]. A functional flavanone, naringenin, is one 
of the intermediate precursors in plant flavonoid pathway. 
This compound serves as a key branch point in the synthesis 
of major classes of flavonoids, which include anthocyanins, 
flavanones and flavonols [30].

A group of flavonoids comprised of monomers is called 
flavan-3-ols. This class of flavonoids comprises basic units 
of oligomers and polymers known as proanthocyanidins or 
condensed tannins [24]. Flavan-3-ols and closely related fla-
van-3,4-diol analogues can be synthesized by the reduction 
transformation of dihydroflavonols [31]. Catechin, a flavan-
3-ol, present in green tea, was observed to help in the reduc-
tion of low-density lipoprotein (LDL), since this lipoprotein 
is a leading factor for higher risk of heart attacks [1].

Chalcones are a group of flavonoids that are characterized 
by the presence of two phenolic groups that are connected 
by an open three carbon bridge [3]. Plants, mostly do not 
accumulate chalcones as they are quickly isomerized into 
other compounds, as seen by the isomerization of narin-
genin chalcone by chalcone isomerase (CHI) into naringenin 
[4]. The antibacterial activities against methicillin-resistant 
Staphylococcus aureus [32], anticancer effects against oral 
carcinogenesis [33] and antioxidant properties [34] of chal-
cones, proved the potential of this flavonoid group that can 
be further be exploited for health and economic benefits.

Anthocyanidins and their glycosylated counterparts, 
anthocyanins, are derived from flavonols and have the 
basic structure of flavylium ion that is deprived of a ketone 
oxygen at the 4th-position [35]. Pollinating insects are 
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usually attracted to plants with vibrant colors and here 
anthocyanidins may play a role [29]. In addition, the use of 
anthocyanins extracted from plants as natural food color-
ants are widely practiced [35]. Meanwhile, health benefits 
of anthocyanidins and anthocyanins are due to their anti-
oxidant, anti-obesity, anti-inflammatory and anti-carcino-
genic properties [36]. Among members of this group are 
cyanidin, delphinidin, malvidin and pelargonidin [17] and 

are mostly found in fruits such as berries [35], vegetables, 
olive oil, cocoa and cereals [37].

Side branches of the flavonoid pathway led to the forma-
tion of various flavonoids, such as isoflavones, which are 
also intermediates in anthocyanin formation [4]. Isoflavone 
synthase (IFS) is responsible in the synthesis of isoflavone 
and legumes particularly, have unique enzymatic function 
that is involved in the 2,3 migration of B-ring present in 

Table 1  Groups of flavonoids

Groups Structures Examples Functions

Flavones Apigenin and luteolin Involved in the interactions between 
organisms [3] and possess antibacterial 
properties [8]

Flavonols Quercetin, isorhamnetin, kaempferol, and 
myricetin

Have functional properties against herpes 
simplex virus [8]

Flavanones Naringenin, eriodictyol, and hesperetin Precursors to various flavonoids [63]

Flavanonols Dihydroquercetin and dihydrokaempferol Possess weak antioxidant properties [29]

Flavan-3-ols (+)-catechin, (−)-epicatechin, epigallocat-
echin, and epigallocatechin gallate

Have positive effects towards total and 
low-density lipoprotein (LDL) cholesterol 
levels in humans [1] and showed inhibi-
tion against HIV-1 DNA polymerases [8]

Chalcones Phloretin and naringenin chalcone Antibacterial [32], anti-cancer [33] and 
antioxidant properties [34]

Anthocyanidins 
and anthocya-
nins

Cyanidin, delphinidin, malvidin, pelargoni-
din, and its glycosides (anthocyanin)

Food colorants [35], act as antioxidant, 
anti-diabetic, anti-obesity and anti-inflam-
matory [36]

Isoflavones Daidzein and genistein Reduce risk of breast [39] and prostate 
cancers [40]
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liquiritigenin and naringenin, yielding daidzein and gen-
istein respectively [38]. They are mostly found in legumi-
nous plants [17], with soy being the primary source of isofla-
vones. Based on several studies conducted, isoflavones have 
potentials in reducing the risk of breast [39] and prostate 
cancers [40].

Flavonoid biosynthesis pathway

Secondary metabolites in plants, such as flavonoids, are 
compounds that are not vital for the immediate survival of 
plants but provide evolutionary advantages for plant sur-
vival and reproduction [21]. Flavonoids are synthesized 
through the phenylpropanoid pathway. Two of the primary 
precursors involved in the flavonoid biosynthesis pathway 
are phenylalanine and tyrosine, which are produced through 
the shikimate and arogenate pathways [12]. Tyrosine ammo-
nia-lyase (TAL) and phenylalanine ammonia-lyase (PAL) 
are responsible for converting tyrosine and phenylalanine, 
respectively, into flavonoid intermediates. However, the 
pathway of phenylalanine conversion is longer than the path-
way that used tyrosine as an initial precursor. Phenylalanine 
is deaminated to produce cinnamic acid by PAL, and the 
subsequent cinnamic acid production is oxidised by cinna-
mate 4-hydroxylase (C4H) to p-coumaric acid. In compari-
son, TAL bypasses the C4H intermediate and directly pro-
ceeds to the formation of p-coumaroyl-CoA. The actions of 
respective enzymes on phenylalanine and tyrosine resulted 
in the formation of p-coumaroyl-CoA through the action of 
4-coumarate:CoA-ligase (4CL). The addition of 3 units of 
malonyl-CoA during the conversion of p-coumaroyl-CoA by 
chalcone synthase (CHS) leads to the production of narin-
genin chalcone, and the conversion of naringenin chalcone to 
naringenin can occur through the enzymatic action of chal-
cone isomerase (CHI) or non-enzymatically under alkaline 
conditions [41, 42]. The flavanone compound produced is 
used as a universal flavonoid precursor. Figure 1 includes 
the basic phenylpopanoid pathway for flavonoid synthesis.

Engineering flavonoid production 
in microbes

Extraction of flavonoid from its native producing plant 
becomes impractical when large amounts are required due 
to inherently slow growth of plants, complicated extraction 
methods and often low natural abundance of high-value 
flavonoids. Using well-studied and genetically tractable 
organisms like Escherichia coli and Saccharomyces cerevi-
siae, we are now able to design and implement heterologous 
pathways leading to flavonoid compounds in a more eco-
nomical and sustainable way [6, 43–48]. These microbial 

hosts are unable to produce flavonoids due to the lack of 
phenylpropanoid pathway in their systems [49, 50]. Early 
attempts of metabolic engineering for flavonoid overproduc-
tion involved: (1) enhancing metabolic flux through the phe-
nylpropanoid pathway by overexpressing heterologous rate 
limiting enzymes such as PAL, CHS, 4CL and TAL [41, 43], 
(2) optimizing precursor supply through changes in central 
carbon metabolism [45, 49] and (3) precursor feeding to the 
engineered hosts [46, 48].

Various strategies have been employed to engineer flavo-
noid biosynthetic pathways into these systems as mentioned 
peviously, and recently, increasing carbon flux towards fla-
vonoid production in microbial hosts using the CRISPR 
interference system [51–53], seemed to be the preferred 
option. The use of genetically encoded biosensor is gaining 
traction due to their apparent ability in detecting flavonoid 
compounds from metabolic engineering [54, 55]. A scheme 
of bioengineering strategies that have been employed for 
increasing flavonoid production in engineered microbial 
hosts is depicted in Fig. 1. Various strategies and techniques 
employed for the engineering of flavonoid biosynthesis path-
ways in E. coli, S. cerevisiae and Streptomyces sp. systems 
are summarized in Table 2.

Engineering flavonoid production 
in Escherichia coli

There have been various studies conducted to produce flavo-
noids in engineered microbial hosts. Recent discoveries in 
the microbial biotechnology field have found that expression 
of either partial or whole metabolic pathways has allowed for 
the biosynthesis of valuable end products in E. coli [19, 52, 
56, 57]. E. coli often the host of choice due to several advan-
tages: (1) it is a widely-recognized and well-studied biologi-
cal workhorse, (2) requires easily available rich medium, (3) 
short doubling-time, hence reducing time strain for prod-
uct extraction. Flavonoid production in engineered E. coli 
BL21(DE3) using genes involved in the phenylpropanoid 
pathways in a bacterial host was first investigated 16 years 
ago by Hwang et al. [43]. The early strategies to produce fla-
vonoid compounds such as pinocembrin and naringenin in E. 
coli involved the overexpression of three enzymes; PAL, 4CL 
and CHS [43, 44] in E. coli. The three genes were strategi-
cally cloned by placing T7 promoter and ribosome-binding 
sequences upstream of each cloned genes and this led to 
the production of pinocembrin and naringenin. However, 
the titres were observed to be low (0.75 and 0.45 mg/L of 
pinocembrin and naringenin, respectively) [43].

Flavonoid biosynthesis in microbial hosts require 
the heterologous expression of various phenypropanoid 
enzymes such as PAL, C4H, 4CL, CHS and CHI. However, 
C4H, a P450 cytochrome monooxygenase responsible for 
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hydroxylating trans-cinnamic acid into coumaric acid is 
nonfunctional in E. coli due to its instability and lack of 
specific cytochrome P450 reductase [41, 44]. Hence, simul-
taneous expression of heterologous 4CL and CHS with TAL 
(which substituted for PAL and C4H) in independent plas-
mids was utilized, and naringenin at titer of 20.8 mg/L was 
successfully achieved from this shortened naringenin bio-
synthetic pathway, 250 times higher than the yield observed 

in Hwang et al. [43] when tyrosine is not supplemented in 
the medium [44].

In the efforts to further increase the flavonoid biosynthe-
sis in E. coli, malonyl-CoA (precursor) pool was improved 
through co-expression of two sub-unit genes of acetyl CoA 
carboxylase, dtsR1 and accBC in addition to overexpression 
of PAL, cinnamate/coumarate:CoA ligase (ScCCL), CHS 
and CHI. The engineered E. coli produced about 3–4 times 

Fig. 1  Production of flavonoid in microbial hosts using bioengineer-
ing strategies. The strategies for increasing flavonoid production 
involve overexpression of key flavonoid biosynthesis genes, gene 
knockdown via CRISPR interference for eliminating of competing 
enzymes and biosensor-based high-throughput selection of highly 
productive strains. Recent efforts also focus on using non-natural sub-
strates such as xylose and methanol for flavonoid production. Main 
enzymes involved in flavonoid biosynthesis are highlighted in blue 
box. The competing pathway encoded by the listed genes (highlighted 
in white box) is targeted via CRISPR-dCas9-mediated gene repres-
sion. Fluorescent protein-based biosensor approach for increasing 
flavonoid production via genome engineering is represented by the 
FdeR transcriptional activator and green fluorescent protein (GFP). 
Thick arrow indicates increased activity or productivity. Dotted lines 
indicate multiple enzymatic steps, solid lines represent direct catalytic 

reaction and dotted line denotes gene repression. Grey color indicates 
non-natural substrates, yellow color represents native microbial host 
compounds and green color denotes plant-originated compounds. 
dCas9 (dead CRISPR-associated protein 9), gRNA (guide RNA), PEP 
(phosphenolpyruvate), ACC  (acetyl-CoA carboxylase), PAL (pheny-
lalanine ammonia-lyase), C4H (trans-cinnamate 4-monooxygenase), 
TAL (tyrosine ammonia-lyase), 4CL (4-coumarate-CoA ligase), CHS 
(chalcone synthase), CHI (chalcone isomerase), sucA (2-oxoglutarate 
dehydrogenase), sucB (dihydrolipoamide acetyltransferase), sucCD 
(succinyl-CoA synthetase), fabB (3-oxoacyl-acyl carrier protein 
synthase I), fabf (3-oxoacyl-acyl carrier protein synthase II), fumC 
(fumarate hydratase), adhE (acetaldehyde dehydrogenase), scpC 
(propionyl-CoA:succinyl-CoA transferase), eno (phosphopyruvate 
hydratase). (Color figure online)
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Table 2  Metabolic engineering of phenylpropanoid pathway into E. coli, S. cerevisiae and Streptomyces sp.

Engineered host Cloned genes End products Titer (mg/L) Codon-optimization References

E. coli PAL (Rhodotorula rubra)
4CL (Streptomyces coelicolor 

A3(2))
CHS (Glycyrrhiza echinata)

Pinocembrin
Naringenin
Cinnamic acid
4-coumaric acid

0.75
0.45
11.8
8.99

No [43]

E. coli 4CL and CHS (Arabidopsis 
thaliana)

TAL (Rhodobacter 
sphaeroides)

Naringenin 20.8 No [44]

E. coli PAL (Rhodotorula rubra)
ScCCL (Streptomyces coeli-

color A3(2))
CHS (Glycyrrhiza echinata)
CHI (Pueraria lobata)
dtsR1 and accBC (Corynebac-

terium glutamicum)

Naringenin
Pinocembrin

57
58

No [45]

E. coli PAL (Rhodotorula rubra)
ScCCL (Streptomyces coeli-

color A3(2))
CHS (Glycyrrhiza echinata)
CHI (Pueraria lobata)
dtsR1 and accBC (Corynebac-

terium glutamicum)
FNS I (Petroselinum crispum)
F3H (Citrus sinensis)
FLS (Citrus unshiu)

Apigenin
Chrysin
Kaempferol
Galangin

13
9.4
15.1
1.1

No [58]

E. coli F3H, DFR and LCR (Camilla 
sinensis)

(−)- epicatechin
(−)- epicatechin gallate
(+)- catechin hydrate
(−)- catechin gallate

0.01
0.36
0.13
0.04

No [59]

E. coli TAL (Rhodotorula glutinis)
4CL (Petroselinum crispum)
CHS (Petunia X hybrida)
CHI (Medicago sativa)

Naringenin 421.6 Yes [52]

E. coli 4CL (Vitis vinifera)
CHS, CHI (Citrus maxima)

Naringenin 18.9 Yes [51]

E. coli PAL (Rhodotorula glutinis)
4CL (Petroselinum crispum)
CHS (Glycyrrhiza uralensis)
CHI (Medicago sativa)

Pinocembrin 525.8 Yes [56]

E. coli ANS(Petunia hybrida)
AT3GT (Arabidopsis thaliana)
OMT1 (Vitis vinifera)
OMT2 (Cyclamen ‘Kaori-no-

mai’)

Peonidin 3-O-glucoside (P3G) 56 No [74]

Co-culture 
xylose-utiliz-
ing E. coli and 
S. cerevisiae

TAL (Rhodosporidium toru-
loides)

4CL (Petroselinum crispum)
CHS,CHI (Petunia x hybrida)

Naringenin 21.16 Yes [57]

E. coli At2g03770 (Arabidopsis 
thaliana)

Naringenin 7-sulfate 47.7 Yes [75]

S. cerevisiae PAL (Rhodosporidium toru-
loides)

4CL (Arabidopsis thaliana)
CHS (Hypericum androsae-

mum)

Naringenin
Pinocembrin
Phloretin
2′,4′,6′-trihydroxydihydroch-

alcone

7
0.8
9
11

No [6]
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Table 2  (continued)

Engineered host Cloned genes End products Titer (mg/L) Codon-optimization References

S. cerevisiae C4H (Arabidopsis thaliana)
Pc4cL-2 (Petroselinum 

crispum)
CHI-A and CHS (Petunia x 

hybrida)

Pinocembrin
Naringenin
Eriodictyol

16.3
28.3
6.5

No [46]

S. cerevisiae 
(co-incubation 
with E. coli)

PAL (Rhodotorula rubra)
ScCCL (Streptomyces coeli-

color A3(2))
CHS (Glycyrrhiza echinata)
CHI (Pueraria lobata)
IFS (Glycyrrhiza echinata)
dtsR1 and accBC (Corynebac-

terium glutamicum)

Genistein 5.8 No [49]

S. cerevisiae PAL (Populus trichocarpa x P. 
deltoides)

C4H (Glycine max)
4CL (Glycine max)
IFS (Glycine max)
CHS (Glycine max)
CHI (Glycine max)
F3′H (Glycine max)
FLS (Solanum tuberosum)
CPR (Populus trichocarpa x P. 

deltoides)

trans-resveratrol
Naringenin
Genistein
Kaempferol
Quercetin

0.31
15.6
7.7
4.6
0.38

No [18]

S. cerevisiae PAL1, C4H, CPR1, 4CL3, 
CHS3 and CHI1 (Arabidopsis 
thaliana)

cotal1 (Rhodobacter capsu-
latus)

Naringenin 400 µM Several genes were codon-
optimized

[63]

S. cerevisiae PAL, 4CL (Arabidopsis thali-
ana)

C4H (Ammi majus)
CPR, TSC (Saccharomyces 

cerevisiae)
CHS (Hypericum androsae-

mum)

Phloretin 42.7 All plant genes were codon-
optimized

[65]

S. venezuelae ScCCL (Streptomyces coeli-
color)

CHS (Arabidopsis thaliana)
CHS (Petunia hybrida)
CHI (Medicago sativa)
STS (Arachis hypogaea)

Naringenin
Pinocembrin
Resveratrol
Pinosylvin

4.0
6.0
0.4
0.6

Several genes were codon-
optimized

[47]

S. venezuelae FNS I (Petroselium crispum) Apigenin
Chrysin

1.4
2.9

Yes [69]

F3H (Citrus siensis)
FLS (Citrus unshius)

Kaempferol
Galangin

0.2
1.0

Yes

S. venezuelae ScCCL (Streptomyces coeli-
color)

CHS (Arabidopsis thaliana)
CHI (Arabidopsis thaliana

Naringenin
Pinocembrin

35.6
44.1

All genes except ScCCL were 
codon-optimized

[70]

ScCCL (Streptomyces coeli-
color)

CHS (Arabidopsis thaliana)
CHI (Arabidopsis thaliana)
FNS (Petroselium crispum)

Apigenin
Chrysin

15.3
30.9

S. albus TAL (Rhodobacter capsulatus)
4CL (Streptomyces coelicolor)
CHS & CHI (Glycine max)
FNS (Petroselinum crispum)

Apigenin 0.08 Yes [48]



6654 Molecular Biology Reports (2019) 46:6647–6659

1 3

higher naringenin and pinocembrin titers when compared 
to the strain that only express these flavonoid biosynthetic 
enzymes without acetyl-CoA carboxylase [45]. The pro-
duction of chalcone intermediates was also attributed to 
the affinity of PAL towards phenylalanine and tyrosine, and 
also due to the activity ScCCL as these enzymes helped to 
overcome the need of C4H expression in E. coli. The same 
strategy was then combined with newly constructed plasmid 
containing FNS 1, F3H and FLS which encode for flavone 
synthase, flavanone 3β-hydroxylase and flavonol synthase, 
respectively [58]. This led to the successful production of 
apigenin, chrysin, kaempferol and galangin. Meanwhile, 
various catechin production at low amounts (from 0.01 to 
0.36 mg/L) were observed when a cluster of genes encod-
ing; flavanone 3-hydroxylase (F3H), dihydroflavonol reduc-
tase (DFR), and leucoanthocyanidin reductase (LCR) from 
Camilla sinensis were cloned into E. coli and cultivated in 
the presence of eriodictyol [59].

Based on the above-mentioned discoveries, findings 
worth highlighting are the production of natural form of 
2S-flavanones and increased flavonoid production through 
incorporation of CHI enzyme in the recombinant host and 
increment of the malonyl-CoA pool through overexpression 
of acetyl-CoA carboxylase, respectively [45]. Natural form 
of (2S)-flavanones are crucial for biosynthesis of various fla-
vonoids, hence addition of CHI into the artificial gene cluster 
led to production of (2S)-naringenin and (2S)-pinocembrin 
[45]. Strategies implemented by Miyahisa et al. [45] showed 
the highest targeted flavonoid production in recombinant E. 
coli at 57–58 mg/L of flavanone compounds produced.

Engineering flavonoid production 
in Saccharomyces cerevisiae

Saccharomyces cerevisiae is an attractive microbial host for 
production of flavonoid owing to the facts that this organism 
is able to perform posttranslational modifications of eukary-
otic proteins that will result in a better expression of plant 
proteins [6] and, unlike E. coli, yeast can readily express 

type II P450 hydroxylases, many of which are involved 
in flavonoid biosynthesis [60]. During the early studies 
on the ability of recombinant yeast to produce flavonoid 
compounds, expression of PAL and C4H (the cytochrome 
P450 enzyme), together with a cytochrome P450 reductase 
(CPR) were found to be sufficient in channeling carbon flux 
into the phenylpropanoid pathway [61]. This gave a huge 
advantage to yeast system over recombinant E. coli strategy. 
In addition, production of flavonoids was not affected by 
any undesired modifications to the compounds due to the 
absence of this pathway in yeasts [49]. However, there is 
a challenge faced when engineering secondary metabolite 
pathway using yeast host, as they lack the ability to support 
multigene (polycistronic) transcriptional units that permit 
the coordinated expression of many heterologous genes in 
compact operons when compared to other bacterial hosts 
[62].

Heterologous expression of PAL, 4CL, and CHS from 
different sources resulted in 7 mg/L and 0.8 mg/L of nar-
ingenin and pinocembrin, respectively [6] (Table 2). This 
production was almost 10 times more than the yield obtained 
from flavonoid biosynthesis study in E. coli by Hwang et al. 
[43]. Higher naringenin and pinocembrin titers (28.3 mg/L 
and 16.3 mg/L, respectively) were produced when CHS, 
C4H, Pc4cL-2 and CHI-A were engineered under the control 
of a species-specific GAL1 promoter and fed with phenylpro-
panoid precursors such as; cinnamic acid, p-coumaric acid, 
caffeic acid, and ferulic acid [46].

Engineered yeast strains harboring various combi-
nations of flavonoid biosynthetic genes; PAL and CPR 
from P. trichocarpa x P. deltoides, C4H, 4CL, IFS, CHS, 
CHI and F3′H from Glycine max and FLS from Solanum 
tuberosum were later investigated for the production of 
various stilbenoids and flavonoids [18]. This study was 
the first to successfully express all flavonoid biosynthetic 
genes and to engineer the complete pathway involved for 
the synthesis of stilbenoid and other flavonoid compounds 
in S. cerevisiae host. The yield of products such as res-
veratrol was reported to be lower if compared to previ-
ous works when phenylalanine was utilized as the starting 

Table 2  (continued)

Engineered host Cloned genes End products Titer (mg/L) Codon-optimization References

TAL (Rhodobacter capsulatus)
4CL (Streptomyces coelicolor)
CHS & CHI (Glycine max)
F3′H (Arabidopsis thaliana)

Eriodictyol 0.002 Yes

TAL (Rhodobacter capsulatus)
4CL (Streptomyces coelicolor)
CHS (Glycine max)
CHI (Glycine max)
FNS (Petroselinum crispum)
F3H (Arabidopsis thaliana)

Luteolin 0.09 Yes
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biosynthetic precursor. This is due to the substrates fluxes’ 
that could not achieve the metabolon at constant saturating 
rates as to warrant maximal activity of enzyme involved 
in the flavonoid biosynthetic pathway [18]. It was also 
discovered that when the number of flavonoid biosynthetic 
genes in engineered microbial host is increased, the per-
formance of heterologous biosynthesis system is reduced. 
Trantas et al. [18] hypothesized that there is one or more 
enzymatic steps where the substrate saturation of key 
enzymes is suboptimal, hence leading to lower yield of 
end-products than expected.

In another strategy, flavonoid biosynthetic genes from 
a single organism, A. thaliana were transferred [63], in 
order to achieve optimal synergistic activity [64]. In addi-
tion to that, reduction in phenylethanol formation, which is 
a byproduct from yeast metabolism (by deletion of decar-
boxylase-encoding genes), genes’ codon optimization and 
improvement of precursors supply (phenylalanine and tyros-
ine) resulted in high-titer of naringenin formation at 400 µM 
(more than 100 mg/L) [63], the highest titre obtained so 
far by using recombinant yeast host. A recent report by 
Eichenberger et al. [65] demonstrated the de novo produc-
tion of phloretin from S. cerevisiae targeting the formation 
of dihydrochalcones (DHCs) with various commercial inter-
ests such as antioxidants and anti-diabetics. Overexpression 
of enoyl-CoA-reductase that is involved in the reduction of 
double bonds from p-coumaroyl-CoA, coupled with expres-
sion of PAL, C4H, CPR, 4CL and CHS resulted in the reduc-
tion of naringenin level and shifted the focus towards DHCs 
formation, whereby a yield of 42.7 mg/L phloretin formation 
was achieved [65].

Co‑cultivation strategy of S. cerevisiae and E. 
coli

Another interesting bioengineering approach involves the 
use of co-cultivation system as this platform allowed for 
the expression of complementary and complete biosynthetic 
pathways carried by individual microbial strains [49]. Co-
culturing of engineered S. cerevisiae and E. coli carrying 
various flavonoid biosythetic genes; PAL, ScCCL, CHS, CHI 
and IFS, successfully yielded 5.8 ± 0.3 mg/L of genistein in 
the presence of tyrosine [49]. A co-culture system consisted 
of a tyrosine-producing E. coli and a naringenin-producing 
S. cerevisiae from D-xylose was recently developed, where 
optimization of the medium components, inoculation size 
and the inoculation ratio of the two microorganisms were 
focused on to produce a high naringenin titer. The optimized 
culture produced up to 21.16 ± 0.41 mg/L of naringenin, and 
this gave an eightfold increment from the monoculture of the 
engineered yeast strains [57].

Engineering flavonoid production 
in Streptomyces sp.

Aside from E. coli and S. cerevisiae being used as biologi-
cal factories, actinomycetes have emerged as a potential 
host in manufacturing various polyketides [47]. However, 
Streptomyces venezuelae, a commonly used host for fla-
vonoid production as it is a fast growing actinomycete, 
ease of genetic manipulation and most importantly pos-
sesses abundant supplies of important substrates involved 
in biosynthesis of polyketides, such as malonyl-CoA [47, 
66–68]. However, the culture period of Streptomyces ven-
ezuelae is considered longer, between 3 and 4 days [66] 
when compared to the cultivation time of bacterial hosts 
(approximately 24–48 h), hence making it challenging to 
utilise these actinomycetes for flavonoid production.

Flavonoid and stilbene productions in Streptomyces sp. 
were first reported by Park et al. [47] which employed sev-
eral strategies such as supplementation with initial precur-
sors; 4-coumaric acid or cinnamic acid, placement of indi-
vidual promoters for each phenylpropanoid biosynthetic 
gene (ScCCL, CHS, CHI, and STS), as well as codon-opti-
mization of the plant genes [47]. Naringenin, pinocembrin, 
resveratrol, and pinosylvin at titers of 4.0 mg/L, 6.0 mg/L, 
0.4 mg/L and 0.6 mg/L were produced, respectively, from 
engineered S. venezuelae DHS2001, a pikromycin polyketide 
synthase devoid strain. This strain could hinder the struc-
tural modifications of post-PKS modifying enzymes such as 
PikC hydroxylase. The engineered strain was later utilized 
for heterologous expression of codon-optimized FNSI, F3H 
and FLS to produce various flavones and flavonols such as 
apigenin, chrysin, kaempferol and galangin [69].

Production of flavonoids in Streptomyces sp. was further 
enhanced by the integration of matB and matC genes encod-
ing for malonyl-CoA synthetase and the putative dicarbo-
xylate carrier protein, respectively (from S. coelicolor) into 
the chromosomal DNA of S. venezuelae mutant DHS2001 
and with exogenous supplementation of malonate precursor 
[70]. This led to the production of naringenin and pinocem-
brin at 35.6 mg/L and 44.1 mg/L which showed a 7- and 
6-fold increase from the engineered strain lacking matB and 
matC. Meanwhile, apigenin and chrysin production seen an 
increment of up to ninefold, to 15.3 mg/L and 30.9 mg/L 
in the mutant carrying the additional FNS gene specific for 
flavone synthesis [70]. Marin et al. [48] recently reported 
on the production of apigenin, luteolin and eriodictyol in 
engineered actinomycete S. albus, where various aspects 
were manipulated such as spore conditioning and precur-
sor feeding, in efforts to increase the amount of targeted 
product formations. However, small yields of 0.384 mg/L 
of apigenin, 0.002 mg/L of eriodictyol and 0.09 mg/L of 
luteolin were detected [48].
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Genome engineering using CRISPR‑Cas9 
system for flavonoid production in microbial 
hosts

CRISPR/Cas9 system is a recently discovered and pre-
ferred tool for metabolic engineering due to its apparent 
ability to speed up cell factory construction and to act as a 
target specific synthetic transcriptional regulator [53, 71]. 
The implementation of CRISPR/Cas9 tools is often initi-
ated in E. coli as genome modification that includes gene 
deletion and insertion often reached efficiency of nearly 
100% in this model organism [72]. Recent approaches 
towards flavonoid bioengineering using E. coli as a plat-
form, are making use of this (CRISPR)-based genome 
engineering strategies.

Catalytically-inactive or dead CRISPR-associated 
protein 9 (dCas9) has been utilized for transcriptional 
repression of targeted genes via user-defined guide RNA-
directed binding at the targeted promoter region that 
resulted in gene knockdown effect due to the transcription 
interference. This approach termed as CRISPRi, has been 
exploited in acquiring improved flavonoid production via 
genome-wide repression of gene in competing pathways 
[51, 52]. The use of CRISPR-Cas9 system in genome edit-
ing was first explored by Jiang et al. [73], where almost 
65% of recombinant E. coli recovered, carried introduced 
mutations. This finding paved way for a newer and a more 
efficient DNA recombineering technology using E. coli for 
various biotechnological purposes.

By developing the CRISPathBrick system, the repres-
sion of competing genes such as sucABCD, fumC and scpC 
in E. coli led to a 2.5-fold improvement in the naringenin 
concentration (18.9 mg/L) compared to a non-targeted 
control strain [51]. Another CRISPR-dCas9 interference 
system was developed to increase the supply of malonyl-
CoA, an important precursor in the flavonoid production. 
The multiple targeted repression of the fabB, fabF, fumC, 
sucC and adhE genes increased the naringenin titer up 
to 7.4-fold (421.6 mg/L) without affecting the growth of 
the engineered bacterial strains [52]. Repression of adhE 
and eno on top of the abovementioned genes increased 
pinocembrin titer to 525.8 mg/L [56] (a 20-fold increase).

Production of O-methylated anthocyanin (peonidin 
3-O-glucoside or P3G) was demonstrated through CRISPR 
interference in E. coli [74]. Silencing of metJ, a ligand-
responsive transcriptional repressor, deregulated methio-
nine and increased accumulation of S-adenosyl-l-methio-
nine (SAM), a precursor important for methylation leading 
to the targeted P3G product. Eventually, 21-fold increment 
of product titer of up to 56 mg/L (in scale-up to shake 
flask condition) was achieved from this CRISPRi strategy, 
when compared to non-targeting CRISPRi control strain 

[74]. In another study, overexpression of At2g03770, a sul-
fotransferase (ST) from A. thaliana and repression of cysH 
in E. coli BL21(DE3) enhanced the production of nar-
ingenin 7-sulfate (derivative of naringenin) at 47.7 mg/L 
of titer. The repression of cysH inhibited the intracellular 
3′-phosphoadenosine-5′-phosphosulfate consumption for 
sulfur metabolism, hence increasing the pool of sulfate 
donor in engineered E. coli [75].

Saccharomyces cerevisiae has an excellent homologous 
recombination capability, hence contributing to its suitabil-
ity as a recombinat host in genetic engineering [76], particu-
larly by using CRISPR-Cas9 system as a tool [77]. A modu-
lar and tunable approach for flavonoid biosynthesis was also 
demonstrated through the development of a CRISPR-Cas9-
based SWITCH system to control the genetic engineering 
and pathway control states of naringenin production in engi-
neered yeast [53]. This switchable system enables the engi-
neered yeast strain to fine tune naringenin production based 
on CasX-mediated recombination events that governed the 
genetic engineering and regulation states. The development 
of this switchable metabolic state in the engineered strain 
further illustrates the advancement and feasibility in the pro-
duction of targeted product via microbial synthetic biology.

Genetically encoded biosensors for rapid 
flavonoid detection in E. coli and S. cerevisiae

In recent years, there has been significant growth in the 
development of genetically encoded devices and systems 
for the detection of secondary metabolites particularly in 
microbial engineering. The design of these biosensors are 
based on several principles, (i) through implementation of 
heterologous regulator into targeted hosts; (ii) engineering 
of regulator variants for different inducer specificity; (iii) 
development of a novel synthetic inducible system by recon-
struction of novel transcriptional factors through fusion of 
unrelated protein modules [78]. The basic idea is to allow for 
screens and selections by these biosensors that are sensitive 
towards intracellular metabolite concentration and translates 
this to gene expression of reporter proteins [79].

The development of transcription factor (TF)-based bio-
sensor for the detection of plant secondary metabolites has 
aided in progress of high-throughput metabolite and strain 
screening process using fluorescence-activated cell sorting 
(FACS) platform. A naringenin-responsive transcriptional 
activator FdeR from Herbaspirillum seropedicae SmR1 was 
combined with green fluorescent protein (GFP) to serve as 
a genetically encoded biosensor for detecting and reporting 
intracellular naringenin level [80]. By integrating targeted 
genome-wide mutagenesis with the naringenin-report-
ing biosensor, naringenin production was increased up to 
61 mg/L in engineered E. coli [54].
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Jang et al. [81] had successfully developed riboswitches 
constructed using Systematic Evolution of Ligands by Expo-
nential Enrichment (SELEX). These in vivo naringenin-
sensitive artificial riboswitches were capable of activating 
reporter gene expression (tetA-sGFP) in E. coli. An increase 
of up to 2.91 fold in fluorescence was successfully detected 
from the supplementation of 200 mg/L of naringenin into the 
growth media [81]. Meanwhile, Xiu et al. [82] also applied 
the RNA riboswitch-based biosensor module in E. coli co-
cultures that is responsive to naringenin. High correlation 
was seen between the specific fluorescence of the biosen-
sor strain and titer of heterologous naringenin produced 
by the second E. coli in this co-culture system. They have 
successfully showed that the biosensor strain can lessen the 
metabolic burden encountered by this co-culture system 
and permitted module-specific optimization. In addition, 
library generation, screening and selection of naringenin 
high-producing E. coli strains were simplified as metabolite 
production is not affected by biosensor strain removal [82].

On the other hand, novel biosensor approach in S. cer-
evisiae employing prokaryotic LysR-type transcriptional 
regulators (LTTRs) was demonstrated to be instrumental in 
increasing naringenin biocatalysis via high throughput strain 
screening [55]. By expressing naringenin-responsive FdeR 
and inclusion of the corresponding LTTR operator sequence 
in the yeast regulatory components, the coupling of this spe-
cially-designed yeast biosensor with FACS screening strate-
gies has increased naringenin production up to 12.25 mg/L. 
Hence, advances in synthetic biology have generated more 
powerful and higher throughput techniques that enabled 
the rapid selection of flavonoid-overproducing engineered 
microbial strains.

Conclusions

In the near future, the production of flavonoids will not 
solely depend on plant extracts but can also be manufactured 
through biotechnological approaches via heterologous path-
way integration into targeted hosts, as well as genome edit-
ing. This metabolic engineering strategies in combination 
with growth optimization steps will become an effective way 
to meet the increasing market demands of various flavonoids 
for nutraceutical industry. The growth of flavonoid produc-
tion could contribute substantially to the business sector at 
the global scale.
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