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Flavonoids, a major group of secondary metabolites in plants, are promising for use as
pharmaceuticals and food supplements due to their health-promoting biological activities.
Industrial flavonoid production primarily depends on isolation from plants or organic
synthesis, but neither is a cost-effective or sustainable process. In contrast,
recombinant microorganisms have significant potential for the cost-effective,
sustainable, environmentally friendly, and selective industrial production of flavonoids,
making this an attractive alternative to plant-based production or chemical synthesis.
Structurally and functionally diverse flavonoids are derived from flavanones such as
naringenin, pinocembrin and eriodictyol, the major basic skeletons for flavonoids, by
various modifications. The establishment of flavanone-producing microorganisms can
therefore be used as a platform for producing various flavonoids. This review summarizes
metabolic engineering and synthetic biology strategies for the microbial production of
flavanones. In addition, we describe directed evolution strategies based on recently-
developed high-throughput screening technologies for the further improvement of
flavanone production. We also describe recent progress in the microbial production of
structurally and functionally complicated flavonoids via the flavanone modifications.
Strategies based on synthetic biology will aid more sophisticated and controlled
microbial production of various flavonoids.

Keywords: microbial production, flavonoid, naringenin, metabolic engineering, synthetic biology, directed evolution,
biosensor

1 INTRODUCTION

Flavonoids are a major group of secondary metabolites in plants that shares a diphenylpropane
backbone (Cg-C;-Cg) in which three methylene units link two aromatic rings. Flavonoids are divided
into several subclasses based on modifications to the backbone: flavanone, flavone, dihydroflavonol,
flavonol, flavane-3,4-diol, anthocyanidin, flavane-3-ol, isoflavone and the derivatives of these
aglycones such as flavonoid glycoside and prenylated flavonoid (Figure 1). To date,
approximately ten thousand types of flavonoids have been identified from plants (Dixon and
Pasinetti, 2010) and are promising as pharmaceuticals and food supplements due to their health-
promoting biological activities (Harborne and Williams, 2000; Fraga et al., 2019).

Flavonoids are primarily isolated from plants or generated by organic synthesis; however,
neither plant-based isolation nor chemical synthesis are cost-effective and sustainable because
1) plants produce small quantities of flavonoids and large expanses of land and longtime are
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FIGURE 1 | Structure and biosynthesis of major flavonoid aglycones and their derivatives. The (A) represents the core structures and biosynthetic pathway of
flavonoid aglycones: flavanone, flavone, dihydroflavonol, flavonol, flavane-3,4-diol, anthocyanidin, flavane-3-ol, and isoflavone. In brief, flavanone is hydroxylated to
dihydroflavonol by F3H. FLS, and DFR catalyze the dehydration and hydroxylation of dihydroflavonol, yielding flavonol, and flavane-3,4-diol, respectively. Flavane-3,4-
diolis converted to anthocyanidin by ANS and flavane-3-ol by LAR. Flavone and isoflavone are also synthesized from naringenin by FNS and IFS, respectively. The

(B) shows the formation of derivatives via modification to flavonoid aglycones. Sugar and prenyl moieties are attached to the hydroxyl group(s) and carbon atom(s) of
flavonoid aglycones to form flavonoid glycosides and prenylated flavonoids, such as callistephin (pelargonidin-3-O-glucoside, one of anthocyanins) and vitexin (apigenin-
8-C-glycoside), 8-prenylnaringenin (8-PN) and 3’-prenylnaringenin (3'-PN). Red, blue, orange, and green arrows indicate enzymatic reactions of dehydration,
hydroxylation, glycosylation, and prenylation respectively. F3H, flavanone-3-hydroxylase; FLS, flavonol synthase; DFR, dihydroflavonol 4-reductase; ANS, anthocyanidin
synthase; LAR, leucoanthocyanidin reductase; FNS, flavone synthase; IFS, isoflavone synthase.
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required to grow these plants, making the isolation of
flavonoids, including harvest, extraction and purification,
arduous and expensive, and 2) organic synthesis is often
challenging, given the structural complexity of flavonoids.
As an alternative, flavonoids can be produced using
recombinant  microbes in a  cost-effective and
sustainable process due to their selective production of
valuable compounds from inexpensive substrates (Liu
et al., 2017b).

Most botanical flavonoids are biosynthesized from
flavanone by various enzymatic modifications, such as
hydroxylation, dehydration, methylation, glycosylation, and
prenylation (Figure 1). The establishment of flavanone-
producing microorganisms can therefore provide a platform
for producing structurally complicated flavonoids. Flavonoid
biosynthesis occurs in two steps: flavanone biosynthesis, and
its modification(s) (Winkel, 2006; Tohge et al., 2017).
Naringenin, the most common flavanone, is synthesized
through the aromatic amino acids phenylalanine and

tyrosine by sequential enzymatic reactions in plants
(Figure 2). First, phenylalanine ammonia lyase (PAL)
catalyzes the deamination of phenylalanine to form trans-
cinnamic acid, then trans-cinnamic acid is hydroxylated by
cinnamate-4-hydroxylase (C4H, cytochrome P450) coupled
with cytochrome P450 reductase (CPR) to yield p-coumaric
acid. Alternatively, p-coumaric acid is synthesized by direct
deamination of tyrosine by the enzymatic reaction of tyrosine
ammonia lyase (TAL). Then, 4-coumaroyl-CoA ligase (4CL)
catalyzes the ligation of CoA to p-coumaric acid to form
p-coumaroyl-CoA. Chalcone synthase (CHS) subsequently
catalyzes the Claisen-type condensation of p-coumaroyl-
CoA with three molecules of malonyl-CoA to yield
naringenin chalcone, then chalcone isomerase (CHI)
converts naringenin chalcone to naringenin by formation of
the C-ring. PAL has been identified in plants, whereas TAL has
not. Alternatively, plant uses a bifunctional phenylalanine/
tyrosine ammonia-lyase (PTAL) for p-coumaric acid synthesis
from tyrosine, which catalyzes the deamination of both
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FIGURE 2 | Biosynthetic pathway of flavanones. Flavanones are synthesized from aromatic amino acids, phenylalanine and tyrosine, via four enzymatic steps:
deamination of aromatic amino acid to phenylpropanoic acid, ligation of CoA with phenylpropanoic acid to yield phenylpropanoyl-CoA, the Claisen-type condensation of
phenylpropanoyl-CoA with three molecules of malonyl-CoA to form chalcone and isomerization of chalcone to form the C-ring. In this pathway, p-coumaric acid is
produced from phenylalanine by a combination of deamination-oxygenation by PAL and C4H (CPR) or directly synthesized from tyrosine via TAL-catalyzed
deamination. p-Coumaric acid is further hydroxylated by C3H (CPR) to form caffeic acid, a precursor for eriodictyol. Eriodictyol can be produced via hydroxylation of C3’
in the B-ring of naringenin by F3'H (CPR). PAL, phenylalanine ammonia lyase; TAL, tyrosine ammonia lyase; C4H, tans-cinnamate 4-hydroxylase; C3H, p-coumaric acid
3-hydroxylase; CPR, cytochrome P450 reductase; 4CL, 4-coumaroyl-CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3'H, flavonoid 3'-hydroxylase.
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phenylalanine and tyrosine (Barros and Dixon, 2020). The
biosynthesis of flavanones uses a common route with the
naringenin biosynthesis except for the difference in
phenylpropanoyl-CoA precursors (i.e., p-coumaroyl-CoA for
naringenin) for chalcone formation. In brief, pinocembrin and
eriodictyol are produced from trans-cinnamic acid and caffeic
acid via the phenylpropanoyl-CoA (trans-cinnamoyl-CoA and
caffeoyl-CoA, respectively) by the enzymatic reactions of 4CL,
CHS and CHI (Figure 2). Since flavanones share thus the same
precursors, amino acids (phenylalanine and tyrosine)
and malonyl-CoA, metabolic engineering strategies and
synthetic biology approaches have been employed to
increase the intracellular availability of these precursors in
microbial production of flavonoids especially de novo synthesis
of them.

The modification enzymes attach various functional groups
to the flavanone core structure to form diverse flavonoids. The

modification steps are categorized into two types: variation in
the heterocyclic C-ring by hydroxylation and dehydration, and
attachment of diverse side chains such as glycosylation and
prenylation (Figure 1). For example, flavone synthase (FNS)
catalyzes the dehydration of the C-ring in flavanone to flavone,
whereas flavanone-3-hydroxylase (F3H) attaches a hydroxyl
group onto C3 in the C-ring of flavanone to yield
dihydroflavonol, which is then converted to flavonol via
dehydration by flavanol synthase (FLS). Dihydroflavanol is
also converted to anthocyanidin or flavane-3-ol by sequential
modifications by dihydroflavonol 4-reductase (DFR) along
with anthocyanidin synthase (ANS) or leucoanthocyanidin
reductase (LAR). Several carbon atoms in the B-ring of
naringenin are hydroxylated to yield structurally different
compounds during these modification steps such as
hydroxylation of C3’ or both C3’ and C5’ in the B-ring of
flavonoids by flavanone-3'-hydroxylase (F3'H) and flavanone-

Frontiers in Chemical Engineering | www.frontiersin.org

()

July 2022 | Volume 4 | Article 880694


https://www.frontiersin.org/journals/chemical-engineering
www.frontiersin.org
https://www.frontiersin.org/journals/chemical-engineering#articles

Isogai et al.

TABLE 1 | Flavanones production using different microbes.

Enzymes for
flavanone biosynthesis?®

Escherichia coli
RrPAL, Sc4CL, GeCHS

RsTAL, At4CL, AtCHS

Pc4CL, PhCHS, MsCHI

At4CL, PhCHS
At4CL, PhCHS, CmCHI

RgTAL, Pc4CL, PhCHS, MsCHI

RgPAL, Pc4CL, PhCHS,
MsCHI, GhF3'H, CrCPR
FTAL, Gm4CL, AtCHS, AtCHI

AtPAL, Gm4CL, AtCHS, AtCHI
Gm4CL, AtCHS, AtCHI

FiTAL, GmACL, AtCHS, AtCHI,
SeC3H, Pk3OMT

RgTAL, Pc4CL, PhCHS, MsCHI

AtPAL, Os4CL, PeCHS
RgPAL, Pc4CL, PhCHS,
MsCHI

BoPAL, Pc4CL, GuCHS,
MsCHI

RmPAL, Sc4CL, GuCHS,
MsCHI

SeTAL, At4CL, PhCHS, AtCHI

TcTAL, Pc4CL, PhCHS, MsCHI

Carbon source

(+precursor supply)®

Glu

Glu (+Phe)
Glu (+Tyr)
Glu/Gly
Gly

Glu (+pCA)
Glu (+tCA)
Glu (+CA)

Glu
Glu

Glu (+pCA)
Glu (+CA)
Glu (+pCA)

Glu (+Tyr)

Gly

Gly (+Phe)
Gly (+CA)
Gly

Glu

Glu

Gly

Glu

Pathway engineering for increasing availabilities of
aromatic amino acids and malonyl-CoA

Overexpression of ACC and ACS

Overexpression of ACC and acetate kinase-phosphate
acetyltransferase

Bypass pathway from malonate by MatB and MatC;
Downregulation of transacylases FabB and FabF by
cerulenin

Overexpression of ACS; Knockout of genesd in TCA cycle
and ethanol synthesis

Overexpression of ACC and PDH; Downregulation of TCA
cycle®; Upregulation of glycolysis’

Downregulation of transacylase FabD by antisenseRNA

Bypass pathway from malonate by MatB and MatC;
Downregulation of FabB and FabF by antisenseRNA
Downregulation of malonyl-CoA consuming pathways by
CRISPRi®

Overexpression of ACC; Downregulation of fatty acid
synthesis by CRISPRI"

Overexpression of ACC and ACS; Deletion of ackA
Deletion of tyrR and phelA; Expression of PpsA, AroGP'46N
and Tyr. AMB3I/A354Y

Downregulation of transacylases by cerulenin

Expression of AroGP14eN and TyrAMSSVASS4Y: Deletion of
tyrR and pheA; Bypass pathway from malonate by MatB
and MatC

Expression of AroGP'4eN and TyrAMOSVASS4V.
Downregulation of FabB and FabF by cerulenin
Expression of AroGP &N and TyrAMSSVASS4Y: Bypass
pathway from malonate by MatB and MatC
Overexpression of ACC

Expression of AroF and PheA™?6": Bypass pathway from
malonate by MatB and MatC

Downregulation of malonyl-CoA; Consuming pathways by
CRISPRI

Overexpression of ACC, ACS and FabF

Overexpression of FabF; Supplementation of cerulenin

Expression of AroGP'#eN: Knockout of tyrR; Knocked down
of fatty acid metabolism regulator FadR

Bypass pathway from malonate by MatB and MatC
Optimization in expression levels of genes in malonyl CoA
and fatty acid synthesis’

Expression of AroGP'eN and TyrAMS3VASS4V: Knockout of
tyrR and pheA; Optimization in expression levels of genes in
malonyl CoA and fatty acid synthesis®

Microbial Production of Plant Flavonoids

Product®

NAR
PIN
NAR
PIN
NAR
PIN
NAR

NAR
PIN
EDT
NAR
PIN

EDT
NAR

NAR
EDT
NAR

NAR

EDT
NAR
PIN
EDT
HEDT

NAR

PIN

NAR

NAR

Yield References
(mg/1)
0.0833 Hwang et al.,
0.157 (2003)
0.0096
0.752
0.453
0.0389
7.53 Watts et al.,
20.8 (2004)
119 Leonard et al.,
429 (2007)
52
104
405
45
186 Leonard et al.,
(2008)
270 Fowler et al.,
150 (2009)

474 Xu et al., (2011)

91.3 Yang et al., (2015)
>200 Xiong et al., (2017)
272 Hwang et al.,
(2021)
391 Wu et al,, (2014a)
4,216 Wu et al., (2015)
1,073 Wu et al., (2021)

107 Zhu et al., (2014)

484 Dunstan et al.,
(2020)
198
88
17
46 Santos et al.,
(2011)
84
100.6 Wu et al., (2014b)
97 Kim et al., (2014)
40 Wu et al., (2013)

432 Wu et al., (2016a)
526 Wu et al., (2016b)

67.8 Cao et al., (2016a)
29.9 Caoetal., (2016b)
103.8 Yang et al., (2018)
191.9 Zhou et al., (2019)

524 Zhou et al., (2021)

588 Zhou et al., (2020)

(Continued on following page)
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TABLE 1 | (Continued) Flavanones production using different microbes.

Enzymes for Carbon source Pathway engineering for increasing availabilities of  Product® Yield References
flavanone biosynthesis?® (+precursor supply)® aromatic amino acids and malonyl-CoA (mg/l)

Corynebacterium glutamicum

FJTAL, Pc4CL, PhCHS, PhCHI  Glu (+pCA) Downregulation of transacylases by cerulenin NAR 35 Kallscheuer et al.,
Glu Expression of E. coli AroH in addition to the above 32 (2016b)
Expression of E. coli AroH; Overexpression of ACC; Deletion 24 Milke et al., (2019)

of fasR and sdhCAB and downregulation of gitA'
Streptomyces albus

RcTAL, Sc4CL, GmCHS, Glu — — Marin et al., (2018)
GmCHI.
Saccharomyces cerevisiae
AtC4H, At4CL, PhCHS, PhCH  Glu (+tCA) - NAR 0.2 Yan et al., (2005b)
Glu (+pCA) — 28.3
RtPAL, At4CL, HaCHS Glu - NAR 7 Jiang et al., (2005)
PIN 0.8
Ptr-PdePAL, GmC4H, Ptr- Glu (+Phe) — NAR 8.9 Trantas et al.,
PdePAL, Gm4CL, GmCHS, Glu (+pCA) 15.6 (2009)
GmCHI
Pc4CL, PhCHS, PhCHI Glu (+pCA) Co-expression of ACS with Cab1 and Ald6 NAR 12.5 Liu et al., (2017a)
AtPAL, AtC4H, AtCPR, At4CL, Glu Deletion of ARO3, ARO10, PDC5, and PDC6; Expression of  NAR 113 Koopman et al.,
AtCHS AtCHI, RSTAL Aro4 G268 (2012)
FTAL, At4CL, HaCHS, MsCHI  Suc/Gly Deletion of PHA2, ARO10 and PDC5; Expression of NAR 84 Lyu et al., (2017)
ArO4GQQGS
FTAL, Pc4CL, PhCHS, MsCHI ~ Glu Deletion of ARO70 and PDC5; Expression of Aro4%??% and  NAR 1.55 Rodriguez et al.,
Aro7C1418 (2017)
FTAL, At4CL, AtCHS, AtCHI Glu Deletion of ARO70 and PDC5; Expression of Aro4®??% and  NAR 144 Du et al., (2020)
Aro7141S; Overexpression of ACC with E. coli PDH
At4CL, HaCHS, PhCHI Glu (+pCA) — NAR 52 Wang et al.,
(2019)
Pc4CL, PhCHS, MsCHI Glu (+pCA) — NAR 1,210 Gao et al., (2020)
FiTAL, Pc4CL, PhCHS, MsCHI  Glu Deletion of ARO70; Expression of Aro4%22%S and Aro78'4'S;  NAR 1,129 Zhang et al.,
Overexpression of Pex11™ (2021)
Yarrowia lipolytica
RtTAL, Pc4CL, PhCHS, MsCHI  Glu Overexpression of Aro1™; Overexpression of ACC and ACS  NAR 254 Lv et al., (2019)
Overexpression of Aro1; Overexpression of ACC and ACS; 158 Lv et al., (2020)
Downregulation of malonyl-CoA consuming pathways by
CRISPRi®
— 100-125 Bowman et al.,
(2021)
SeTAL, Nt4CL, HsCHS Expression of tyrosine-insensitive Aro4 (Aro4K?21h) 898 Palmer et al.,
Overexpression of ACC and Pex10P (2020)
RgTAL, At4CL, AtCHS, AtCHI  Glu/Xy! - NAR 715 Wei et al., (2020)

aAbbreviations are indicated in Table 4. Codon of underlined enzymes are optimized for each host strain.

bGlu, Gly, Suc, Xyl, Phe, Tyr, tCA, pCA, and CA represent glucose, glycerol, xylose, phenylalanine, tyrosine, trans-cinnamic acid, p-coumaric acid, and caffeic acid respectively.
°NAR, PIN, EDT, and HEDT represent naringenin, pinocembrin, eriodictyol and homoeriodictyol respectively.

9Knocked out genes are sdhABCD, citE (TCA, cycle), and adhE (ethanol synthesis) that encode succinate dehydrogenase, citrate lyase, and alcohol dehydrogenase respectively.
°Downregulated genes in TCA cycle are acnA/acnB, fumB/C, madh, scpC, and sucC + sucD that encode aconitase, fumarase, malate dehydrogenase, propionyl-CoA, succinate CoA
transferase, and succinyl-CoA synthetase respectively.

"Upregulated genes in glycolysise are gapA and pgk that encode glyceraldehyde-3-phosphate dehydrogenase and phosphoglycerate kinase respectively.

9Target genes are ppsA, eno, adhE, mah, fumC, sdhA, sucC, citE, fabH, fabB, fabF, and fabl. ppsA and eno encode phosphoenoipyruvate synthase and phosphopyruvate hydratase
respectively. fabH, fabB, fabF, and fabl are genes involved in fatty acid synthesis.

hTarget genes are fabD, fabH, fabB, fabF, and fabl.

'Target genes are eno, adhE, madh, fumC, sucC, fabB, and fabF.

fTarget genes are ACC and ACS in malonyl-CoA synthesis and fabD, acpS, acpT, acpP, and acpH in fatty acid synthesis. acpS, acpT, acpP, and acpH are involved in acyl carrier protein
formation.

kTarget genes are ACC and ACS in malonyl-CoA synthesis and fabD, acpS, acpT, acoP, and acpH in fatty acid synthesis. acoS, acoT, acpP, and acpH are involved in acy! carrier protein
formation.

'fasR, sdhCAB, and gltA encode transcriptional repressor of fatty acid synthesis, succinate dehydrogenase complex and citrate synthase respectively.

MPEX11 encodes peroxisomal proliferation and fatty acids transport pathway protein and overexpression of Pex11 enhances p-oxidation.

"ARO1 encodes pentafunctional AroM that catalyzes enzymatic reactions from DAHP to 5-enolpyruvoyi-shikimate 3-phosphate.

°Target genes are fas1, fas2, and fabD.

PPEX10 encodes peroxisome biogenesis factor and overexpression of Pex10 enhances B-oxidation.
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TABLE 2 | Co-culturing system for production of naringenin and its derivatives.

Microbial Production of Plant Flavonoids

Production host Precursor?® Enzymes for flavonoid biosynthesis® and Pathway Flavonoid Yield References
(function of strain) engineering for increasing precursors product (mg/l)
E. coli (Supplying tyrosine) Xyl Knockout of tyrR and pheA; Expression of AroGPeN and Naringenin 21.2 Zhang et al.,
TwAMsa\/Asm\/ (2017)
S. cerevisiae (Synthesis of Tyr RITAL, Pc4CL, PhCHS, PhCHI
naringenin)
E. col® (p-Coumaric acid Glu RgTAL; Expression of AroGP#eN and TyraMSVASS4V: Deletion of tyrR — — Jones et al.,
synthesis) and pheA (2017)
E. col® (Naringenin p-CA Pc4CL, PhCHS, MsCHI; Deletion of fumC and sucC; Bypass pathway Naringenin —
synthesis) from malonate by MatB and MatC
E. colf (Flavane-3-ol NAR F3H, DFR, and LAR Afzelechin 26
synthesis)
E. colf" (Anthocyanin Afzelechin ANS and 3-O-GT (glucose as sugar donor) Callistephin 9.5
synthesis)
S. cerevisiae (Synthesis of Glu FTAL, At4CL, AtCHS, AtCHI; Deletion of ARO70 and PDC5; Naringenin 144 Du et al., (2020)
naringenin) Expression of Aro4%22%S and Aro7%'41S; Overexpression of ACC with
E. coli PDH

S. cerevisiae (Modification NAR F3H, FLS Kaempferol 168
of naringenin) Quercetin 154

Myrcetin 145

Pelargonidin 33
Cyanidin 32

aGlu, Xyl, Tyr, pCA, and NAR represent glucose, xylose, tyrosine, p-coumaric acid and naringenin respectively.
PNaringenin biosynthetic and modification enzymes are represented by double- and dotted-underiine respectively. Abbreviations for naringenin biosynthetic enzymes are indicated in

Table 4.

®Derived from Santos et al. Santos, C.N., Koffas, M., and Stephanopoulos, G. (2011). Optimization of a heterologous pathway for the production of flavonoids from glucose. Metab Eng 13,

392-400.

9Derived from Xu et al. Xu, P., Ranganathan, S., Fowler, Z.L., Maranas, C.D., and Koffas, M.A., Ibid.Genome-scale metabolic network modeling resuits in minimal interventions that

cooperatively force carbon flux towards malonyl-CoA. 578-587.

®Derived from Zhao et al. Zhao, S., Jones, J.A., Lachance, D.M., Bhan, N., Khalidi, O., Venkataraman, S., Wang, Z., and Koffas, M.a.G. (2015). Improvement of catechin production in

Escherichia coli through combinatorial metabolic engineering. 1bid.28, 43-53.

'Derived from Cress et al. Cress, B.F., Leitz, Q.D., Kim, D.C., Amore, T.D., Suzuki, J.Y., Linhardt, R.J., and Koffas, M.A. (2017). CRISPRi-mediated metabolic engineering of E. coli for

O-methylated anthocyanin production. Microb Cell Fact 16, 10.

3'5-hydroxylase (F3'5'H) respectively. For example,
eriodictyol can be synthesized by hydroxylating C3’ of
naringenin (Amor et al., 2010) as well as synthesized from
caffeic acid described above (Figure 2). Similarly, myricetin,
one of flavonol, is biosynthesized from naringenin by
combination of F3H, FLS, and F3'5'H (Leonard et al,
2006). Additionally, isoflavone synthase (IFS), a P450
monooxygenase, catalyzes the transposition of the B-ring
from C2 to C3 in the C-ring.

Glycosylation and prenylation convert naringenin-derived
flavonoids into more complex flavonoids in plants (Figure 1).
Glycosylation increases the solubility and bioactivity of
flavonoids, with the increased solubility contributing to their
utilization upon eating the plants. Plant glycosyltransferase
produces flavonoid glycosides mainly by linking the activated
sugar moiety to the oxygen atom of the flavonoid backbone
(O-glycosylation) or by directly forming a C-C linkage between
the sugar and the flavonoid (C-glycosylation). An alternative
modification to glycosylation, prenylation, attaches one or more
prenyl groups, such as dimethylallyl (Cs) and geranyl (C;)
moieties, to the flavonoid backbone. Prenylation increases the

liposolubility of flavonoids, contributing to the maintenance of
these compounds in cell membranes compared with non-
prenylated flavonoids (Mukai et al, 2012). Additionally, the
attachment position and chain length of the prenyl moieties,
and further modification after prenylation, can alter and enhance
the biological activity of flavonoids. These modifications are
essential for the various biological activities of flavonoids and
their structural diversity.

In this review, we summarize current engineering strategies
for improving the microbial production of plant flavonoids. First,
we describe metabolic engineering strategies, including the
screening of host organisms and plant-derived enzymes, and
pathway designs using these organisms and enzymes mainly
focusing on naringenin. Next, we describe evolutionary
strategies utilizing high-throughput screening techniques to
identify cells with improved production of naringenin and its
derivatives. Moreover, we explain how genetic circuits that
regulate pathway gene expression improve the production of
flavonoids and their precursors. Finally, we describe recent
progress in the microbial production of structurally
complicated flavonoids using various modification enzymes.
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TABLE 3 | Microbial production of diversified flavonoids.

Production host

Hydroxylation/dehydration
E. coli

Modification enzyme

F3H, DFR and ANS

F3H, FLS

F3H, FLS, and F3'5'H with CPR

Substrate

Naringenin
Eriodictyol
p-Coumaric acid®
Naringenin
Caffeic acid®
Eriodictyol
p-Coumaric acid®

Microbial Production of Plant Flavonoids

Product

Cyanidin
Pelargonidin
Dihydrokaempferol, Kaempferol

Eriodictyol

Dihydroquercetin, Quercetin
Dihydrokaempferol, Kaempferol,
Dihydroquercetin, Quercetin

Reference

Yan et al., (2005a)

Leonard et al., (2006)

Naringenin Dihydrokaempferol, Kaempferol,
Dihydroquercetin, Quercetin, Myricetin
Eriodictyol Dihydroquercetin, Quercetin, Myricetin
FLS Dihydrokaempferol Kaempferol Siedler et al., (2014)
F3H, DFR, and LAR Naringenin Afzelechin Zhao et al., (2015)
Eriodictyol Catechin
F3H and FLS Tyrosine® Kaempferol Boada et al., (2020)
C. glutamicum F3H and FLS p-Coumaric acid® Kaempferol Kallscheuer et al., (2017)
Caffeic acid® Quercetin
Lactococcus lactis ANS Catechin Cyanidin Solopova et al., (2019)
S. albus F3H and FLS Glucose” Kaempferol Marin et al., (2018)
F3H, FLS, and F3'H Quercetin
F3H, FLS, F3'H, and F3'5'H Myricetin
Streptomyces bacteria Endogenous hydroxylase Naringenin; Daidzein; Hydroxynaringenin Shrestha et al., (2021)
Genistein
7,3,4'-
trihydroxyisoflavone
Hydroxygenistein
S. cerevisiae FNS and CPR trans-Cinnamic acid® Chrysin Leonard et al., (2005)
p-Coumaric acid® Apigenin
Caffeic acid® Luteolin
FNS® Naringenin chalcone Apigenin Ralston et al., (2005)
Isoliquiritigenin 7,4'-Dihydroxyflavone
F3H° Naringenin chalcone Dihydroxykaempferol
Isoliquiritigenin 3,7,4'-Trihydroxyflavonol
IFS°© Naringenin chalcone Genistein, 4'-tetrahydroxyisoflavanone
Isoliquiritigenin Daizein and other isoflavones
IFS F’heﬂylalaﬂim—}d Genistein Trantas et al., (2009)
FLS and F3H p-Coumaric acid® Kaempferol
FLS, F3H, and F3'H Naringenin Quercetin
F3'H Naringenin Eriodictyol Amor et al., (2010)
F3H and FLS® Glucose Kaempferol Duan et al., (2017)
F3H, FLS, and F3'H/CPR® Kaempferol Quercetin Rodriguez et al., (2017)
FNS and F6H® Scutellarein Liu et al., (2018)
F3H and FLSP Kaempferol Lyu et al,, (2019)
F3H, F3'H° dihydromyricetin Li et al., (2020)
FNS and F6H® Balclein Liu et al., (2020)
FNS and F8H® Norwogonin
Y. lipolytica F3'H/CPR and F3H° Glucose Taxifolin Lvetal, (2019)
Pichia pastoris P450 from Aspergillis oryzae with CPR Genistein 3'-Hydroxygenistein Wang et al., (2016b)
(Komagataella phaffii)
Rhodotorula glutinis Endogenous hydroxylase Naringenin Carthamidin, Isocarthamidin Sordon et al., (2016)
Apigenin 8-Hydroxyapigenin
Hesperetin 8-Hydroxyhesperetin
Luteolin Hypoletin
Chrysin Norwogonin
Glycosylation'
E. coli O-glycosyltransferase (GT) (Glucose, 7-OHand ~ Quercetin Quercetin 7,3'-di-O-glucosides Lim et al., (2004)
3'-OH) Quercetin 7-O-glucosides
Quercetin 3'-O-
glucosides
O-GT (Rhamnose, 3-OH) Quercetin Quercetin 3-O-rhamnosides Kim et al., (2012)
Kaempferol Kaempferol 3-O-rhamnosides
O-GT (Glucose, 3-OH) Quercetin Quercetin 3-O-glucoside-7-O-rhamnoside Kim et al., (2013)
O-GT (Rhamnose, 7-OH) Quercetin 3,7-O-
O-GT (Rhamnose, 3-OH) O-GT (Rhamnose, bisrhamnoside
7-OH)
O-GT (Rhamnose, 3'-OH) Hesperetin Hesperetin 3'-O-rhamnosides Ruprecht et al., (2019)
(Continued on following page)
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TABLE 3 | (Continued) Microbial production of diversified flavonoids.

Production host

C. glutamicum
L. lactis
S. cerevisiae

Prenylation
S. cerevisiae

Modification enzyme

O-GT (Glucose, 3-OH) with F3H, DFR and ANS

C-GT (Glucose, C6)

O-GT (Glucose, 3-OH) with ANS
O-GT (Glucose, 3-OH) with ANS
O-GT (Glucose, 7-OH and 4'-OH)

O-GT (Glucose, 7-OH)

O-GT (Glucuronic acid, 7-OH) with FNS and
FeH®

O-GT (Glucuronic acid, 7-OH) with FNS and
FeH®

O-GT (Glucose, 3-OH) with F3H, F3'H, F3'5'H,
DFR, LAR, and ANS®

O-GT (Glucose, 3-OH) with F3H, DFR, and
ANS?

C-GT (Glucose, C6) with flavanone 2-
hydroxylase (F2H)

C-GTs (Glucose, C6 and C8) with FNS, F3'H,
and F2H?

SN8DT-1

Fungal promiscuous prenyltransferase

Substrate

Quercetin

Kaempferol
Naringenin

Eriodictyol
2-Hydroxy-pinocembrin
2-Hydroxy-naringenin
Phloretin

Catechin

Catechin

Naringenin
Naringenin 4'-O-
glucosides

Phloretin

Naringenin

Scutellarein
Glucose

Glucose

Naringenin

Glucose

Naringenin
p-Coumaric acid®
Glucose?
Phenylalanine®

24CL, CHS, and CHI are co-expressed for flavanone synthesis from phenylpropanoic acids.
PTAL, 4CL, CHS, and CHI are co-expressed for naringenin synthesis.

°Co-expressed with CHI.

9PAL, C4H, CPR, 4CL, CHS, and CHI are co-expressed for naringenin synthesis.
®PAL, C4H, 4CL, CHS, and CHiI are co-expressed for flavanone synthesis.
fSugar donor and modification site of flavonoids for glycosyltransferase (GT) are indicated in parenthesis of the “Modification enzyme” column.

Microbial Production of Plant Flavonoids

Product

Quercetin 3-O-rhamnosides
Kaempferol 3-O-rhamnosides
Cyanidin 3-O-glucoside
Pelargonidin 3-O-glucoside

2-Hydroxy-pinocembrin C-glucosides

2-Hydroxy-naringenin C-glucosides
Nothofagin

Cyanidin 3-O-glucoside

Cyanidin 3-O-glucoside

Naringenin 7-O-glucosides

Phleretin 2'-O-glucoside
Naringenin 7-O-glucosides
Naringenin 4'-O-glucosides
Scutellarein 7-O-glucoside
Apigenin 7-O-glucuronides
Scutellarein 7-O-glucuronides
Baicalin

Pelargonidin 3-O-glucoside
Cyanidin 3-O-glucoside
Delphinidin 3-O-glucoside
Kaempferol 3-O-glucoside
Quercetin 3-O-glucoside
Myricetin 3-O-glucoside
Pelargonidin 3-O-glucoside

2-Hydroxynaringenin-C-glucoside
Vitexin (8-C-glucoside)

Isovitexin (8-C-glucoside)
Qrientin (8-C-glucoside)

Isoorientin (6-C-glucoside)

8-Prenylnaringenin

3'-Prenylnaringenin

Reference

Yan et al., (2005a)

Ito et al., (2014)

Zha et al., (2018)
Solopova et al., (2019)
Werner and Morgan,
(2009)

Werner and Morgan,
(2010)

Wang et al., (2016a)
Liu et al., (2018)

Liu et al., (2020)

Eichenberger et al.,
(2018)

Levisson et al., (2018)

Brazier-Hicks and
Edwards, (2013)
Vanegas et al., (2018)

Sasaki et al., (2009)
Li et al, (2015)
Levisson et al., (2019)
Isogai et al., (2021)

9PAL, C4H, CPR, 4CL, CHS, CHiI, and TAL are co-expressed for naringenin synthesis.

2 FLAVANONES PRODUCTION IN
MICROORGANISMS

Most structurally and functionally diverse flavonoids are
biosynthesized from flavanones such as naringenin,
pinocembrin and eriodictyol (Figure 1). Since naringenin
is the most basic skeleton for flavanone, there have been
many studies on reconstructing naringenin biosynthetic
pathways in microorganisms. In this section, we introduce
various aspects of microbial flavanone production, including
metabolic engineering strategies and synthetic
biology approaches, with a focus mainly on naringenin as
well as some studies on pinocembrin and eriodictyol
(Tables 1, 2).

2.1 Production Host

Bacteria and yeasts, especially Escherichia coli and Saccharomyces
cerevisiae, have generally been used for the microbial production
of flavonoids (Tables 1-3). Differences between these hosts
significantly influence the strategy for reconstructing flavanone
biosynthetic ~ pathways. This section summarizes the
characteristics of these host strains and examples of their
development with respect to flavanone production.

2.1.1 Bacteria

In general, bacteria grow faster than yeasts. In addition,
heterogeneous genes can be expressed in a polycistronic
manner in bacteria, decreasing the complexity of designing
genetic systems. Furthermore, some bacteria represented by
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E. coli have extraordinarily powerful expression systems for
proteins, which often leads to the clear phenotype change by
the introduced metabolic enzymes. In some cases, however,
functional expression of eukaryotic enzymes is difficult in
bacteria. For example, Watts et al. (2004) has reported to fail
a functional expression of the plant C4H enzyme, a cytochrome
P450 monooxygenase, in E. coli, resulting in the accumulation of
trans-cinnamic acid. The lack of C4H enzyme significantly
influenced the conversion efficiency of phenylalanine to
p-coumaric acid when only PAL from the yeast Rhodotorula
mucilaginosa, which catalyzes the deamination of phenylalanine
and tyrosine, was expressed, resulting in low naringenin
production compared with tyrosine supplementation (Hwang
et al, 2003). Reconstruction of the naringenin biosynthetic
pathway in E. coli thus utilized microbial TAL (usually a yeast
enzyme), bacterial/plant 4CL, and plant CHS and CHI using
tyrosine (Watts et al., 2004; Wu et al., 2014a; Wu et al.,, 2014b; Wu
et al,, 2015; Yang et al., 2018; Zhou et al., 2019; Zhou et al., 2020;
Zhou et al, 2021). Expressing these heterogonous genes by
engineering precursor metabolic pathways provided the
highest levels of naringenin production in E. coli to date:
1,073 mg/L from tyrosine (Wu et al, 2021) and 588 mg/L
from glucose (Zhou et al, 2020). As well as the naringenin
production, expressing 4CL, CHS and CHI enzymes enabled
pinocembrin production from trans-cinnamic acid (Leonard
et al, 2007). An additional expression of PAL allowed to
produce pinocembrin from glucose (Hwang et al,, 2003; Wu
et al,, 2013; Kim et al,, 2014; Cao et al., 2016a; Wu et al., 2016a;
Cao et al., 2016b; Wu et al., 2016b) or phenylalanine (Dunstan
et al,, 2020). Similarly, the engineered E. coli produced eriodictyol
from caffeic acid by expressing 4CL, CHS and CHI (Leonard
etal,, 2007; Fowler et al., 2009; Dunstan et al., 2020) or tyrosine by
additional expression of TAL, F3'H and CPR with those pathway
enzymes (Zhu et al., 2014).

Recently, several studies employed Corynebacterium
glutamicum as the host strain instead of E. coli (Kallscheuer
et al., 2016b; Milke et al.,, 2019). C. glutamicum is used for the
several million ton-scale industrial production of amino acids
such as glutamate and lysine (Koffas et al., 2003; Becker et al.,
2011), and therefore might have a great potential to supply the
precursor tyrosine through its endogenous pathway. Kallscheuer
etal. (2016a) have previously found the potential of this organism
to grow on several phenylpropanoids and identified the
phenylpropanoid degradation pathway (Phd pathway),
reporting an engineered C. glutamicum that produces 35 mg/L
of naringenin from p-coumaric acid with deletion of the pathways
for degradation and unspecific conversion of the
phenylpropanoid substrates (Kallscheuer et al, 2016b). They
also achieved 32 mg/L of naringenin from glucose followed by
increasing the intracellular availability of precursors (tyrosine and
malonyl-CoA) by additional engineering of the shikimate
pathway and supplementation of cerulenin, an inhibitor of
fatty acid synthesis (see Section 2.4) (Kallscheuer et al,
2016b). In a subsequent study by the same group, the authors
modulated gene expressions of the fatty acid synthesis and the
tricarboxylic acid (TCA) cycle of the host strain to enhance the
malonyl-CoA supply without the supplementation of any

Microbial Production of Plant Flavonoids

inhibitors, achieving 24 mg/L of naringenin from glucose
(Milke et al., 2019).

Furthermore, some cyanobacteria species, such as
Synechocistis and Synechococcus, have been used as production
host for plant secondary metabolites including flavonoids and
their pathway intermediates (Xue et al.,, 2014; Ni et al,, 2016),
achieving 7.1 mg/L of naringenin with cerulenin supplementation
(Ni et al,, 2016). Although further improvement in productivity
and pathway design is required, cyanobacterium is an attractive
host for flavonoid production owing to following features (Jin
etal., 2021). They can use carbon dioxides (CO,) and sunlight as
carbon and energy sources, respectively, contributing sustainable
and low-cost microbial production of flavonoids. They can also
supply large quantities of energies and reductants, ATP and
NADPH, by photosynthetic system, facilitating the reaction
steps of energy consumption (e.g., 4CL) and P450 enzymes
(e.g., C4H, F3H and IFS) in the biosynthesis of flavonoids.

2.1.2 Yeasts
Leveraging the eukaryotic nature of yeasts facilitates the functional
expression of plant-derived genes. For example, heterogeneous
production of naringenin in S. cerevisiae has been achieved by
introducing a five- or six-step pathway from phenylalanine
(Trantas et al, 2009; Koopman et al, 2012) or a four-step
pathway from tyrosine (Lyu et al,, 2017; Rodriguez et al., 2017;
Du et al,, 2020). Furthermore, additional expression of microbial
TAL in yeast harboring the naringenin biosynthetic pathway from
phenylalanine improved the p-coumaric acid supply, leading to a
1.5-fold improvement in naringenin production (Koopman et al.,
2012). To our knowledge, the highest reported production of
naringenin from phenylalanine and glucose in S. cerevisiae is
89 mg/L (Trantas et al, 2009) and 1,129 mg/L (Zhang et al,
2021), respectively. Furthermore, pinocembrin production in S.
cerevisiae was achieved by expressing PAL, 4CL and CHS (Jiang
et al., 2005) and additional expression of CHI (Liu et al., 2020).
Recent research used the non-conventional yeast Yarrowia
lipolytica as a host strain instead of S. cerevisiae. Although the
genetic background of Y. lipolytica is less well understood in
terms of gene manipulation than laboratory yeast, this yeast strain
is expected to have superior malonyl-CoA cell availability, with
the potential to enhance naringenin biosynthesis (Beopoulos
et al, 2009). Indeed, the production of naringenin by Y.
lipolytica was achieved by reconstructing the naringenin
biosynthetic pathway and enhancing precursor supply (Lv
et al, 2019; Palmer et al, 2020; Wei et al, 2020). The
engineered Y. lipolytica generated 898 mg/L of naringenin
from glucose (Palmer et al, 2020). Nonetheless, the
introduction of several genes into yeasts to construct a multi-
step pathway is laborious due to the monocistronic nature of their
gene expression; thus, recent studies employed the four-step
pathway from tyrosine, a simpler genetic design compared
with that from phenylalanine (Lyu et al, 2017; Rodriguez
et al,, 2017; Du et al,, 2020). To address this drawback, Zhang
et al. reported a co-culture system of S. cerevisiae and E. coli, in
which the former is engineered to efficiently produce naringenin
from tyrosine and the latter is engineered to supply the precursor
tyrosine from D-xylose to the former. This system resulted in the
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TABLE 4 | Enzyme list for flavanone biosynthesis.

Enzyme Function

PAL Phenylalanine ammonia lyase
TAL Tyrosine ammonia lyase
C4H trans-Cinnamate 4-hydroxylase
C3H p-Coumarate 3-hydroxylase
CPR Cytochrome P450 reductase
4CL 4-Coumaroyl-CoA ligase
CHS Chalcone synthase

CHI Chalcone isomerase

F3'H Flavonoid 3'-hydroxylase
30MT 3-O-methyltransferase

production of 21.16 mg/L naringenin (Zhang et al., 2017). More
recently, a co-culture system of two different S. cerevisiae strains
was designed to efficiently produce naringenin derivatives (Du
et al., 2020) (Table 2).

In addition to the above-mentioned bacteria and yeasts, the
bacteria Lactococcus lactis (Solopova et al., 2019) and Streptomyces
albus (Marin et al.,, 2018) and the non-conventional yeast Pichia
pastoris (Komagataella phaffii) (Wang et al., 2016) have recently
been used as alternative hosts for flavonoid production, but further
engineering is necessary to improve the productivity and design
pathways (Tables 1, 3).

2.2 Heterologous Genes for Flavanone

Biosynthesis

Various plants produce flavonoids as secondary metabolites with
different productivities and diversities. It is thus likely that genes
from high-producing organisms encode pathway enzymes
(Figure 2) with high catalytic activity. However, genes from a
limited number of plants have been tested to date, as listed in
Table 4 due to a lack of genetic information on these natural
producers. Because of this situation, Arabidopsis thaliana, one of
the well-characterized plant species, has been widely used as the
source organism for naringenin and flavonoid biosynthesis genes
despite of its lower productivity. Recently, Mark et al. (2019)

Microbial Production of Plant Flavonoids

Source organism Abbreviation

Populus trichocarpaxPopulus deltoides Ptr-PdePAL
Rhodotorula mucilaginosa RmPAL
Rhodotorula rubra RrPAL
Rhodosporidium toruloides RtPAL
Bambusa oldhamii BoTAL
Flavobacterium johnsoniae FTAL
Rhodobacter capsulatus RcTAL
Rhodotorula glutinis RgTAL
Rhodobacter sphaeroides RsTAL
Saccharothrix espanaensis SeTAL
Trichosporon cutaneum TcTAL
Arabidopsis thaliana AtC4H
Saccharothrix espanaensis SeC3H
Populus trichocarpa x Populus deltoides Ptr-PdeCPR
Catharanthus roseus CrCPR
Glycine max Gm4CL
Nicotiana tabacum Nt4CL
Oryza sativa Os4CL
Petroselinum crispum PcaCL
Streptomyces coelicolor A3(2) Sc4CL
Arabidopsis thaliana AtCHS
Glycyrrhiza echinate GeCHS
Glycyrrhiza uralensis GuCHS
Huperiza serrata HsCHS
Hypericum androsaemum HaCHS
Petunia hybrida PhCHS
Populus euramericana PeCHS
Cattleya maxima CmCHS
Glycine max GmCHS
Medicago sativa MsCHS
Gerbera hybrida GmF3'H
Populus kitakamiensis Pk3OMT

demonstrated that using 4CL and CHS from different plants such
as Medicago truncatula and Vitis vinifera instead of A. thaliana
resulted in the increased production of naringenin. In addition,
expressing PAL from Bambusa oldhamii and 4CL from
Petroselinum crispum instead of those from Rhodotorula
mucilaginosa and Streptomyces coelicolor A3(2) increased
intracellular trans-cinnamic acid, resulting in a 3.5-fold
increase in pinocembrin production (Cao et al, 2016a).
Similarly, Dunstan et al. (2020) evaluated the different
combinations of three TAL, five 4CL and two CHS genes from
various plants, from which they identified the pathway constructs
that enabled efficient flavanone production in E. coli; 484 mg/L of
naringenin and 17 mg/L of homoeriodictyol from glycerol,
198 mg/L of pinocembrin from phenylalanine and 88 mg/L of
eriodictyol from caffeic acid with cerulenin supplementation,
respectively. Taken together, reconstruction of the flavanone
biosynthetic pathways with different combinations of pathway
genes screened from various plants will be promising for
increasing flavanone production by engineered microorganisms.

2.3 Biosynthesis From Pathway

Intermediates
Supplementation of precursor aromatic amino acids and their
derivative phenylpropanoids (e.g., tyrosine and p-coumaric acid)
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FIGURE 3 | Metabolic engineering of endogenous biosynthetic pathways for precursors. (A,B) Biosynthesis of aromatic amino acids in E. coli (A) and S. cerevisiae

(B). Phenylalanine and tyrosine are synthesized via the shikimate pathway. DAHP synthase and chorismate mutase, which catalyze the first and last step of the shikimate
pathway, respectively, are subjected to feedback regulation by aromatic amino acids (indicated by gray-dashed lines). Chorismate is bypassed to tryptophan. Red and
blue arrows indicate the enzymatic reactions catalyzed by DAHP synthase and chorismate mutase, respectively. (A) The transcriptional regulator TyrR represses

the expression of genes involved in the biosynthesis of phenylalanine and tyrosine, such as arof and tyrA (indicated by black-dashed lines). (B) The enzymatic activity of
Aro7 is activated by tryptophan. Green arrow indicates degradation of phenylpyruvate and p-hydroxyphenylpyruvate, precursors of phenylalanine and tyrosine,
respectively, to the corresponding alcohols by decarboxylases, Aro10, and Pdc5, and alcohol dehydrogenase (ADH). PEP: phosphoenolpyruvate, E4P: p-erythrose-4-
phosphate, DAHP: 3-deoxy-p-arabino-heptulosonate 7-phosphate. (C) Biosynthesis of malonyl-CoA. Endogenous malonyl-CoA is synthesized from acetyl-CoA by
ACC. MCS catalyzes the formation of malonyl-CoA from malonate, which is used as the bypass pathway in malonyl-CoA synthesis, in addition to the natural metabolic
pathway. Acetyl-CoA is synthesized in the PDH complex from pyruvate and by ACS from acetate in S. cerevisiae. The Ack-Pta pathway from acetate is also used in
addition to these biosynthetic pathways in E. coli. PanK catalyzes the phosphorylation of pantothenate to 4-phospho pantothenate, a precursor of CoA. Red arrows
represent two key enzymatic reactions for directly increasing intracellular malonyl-CoA, which are catalyzed by ACC ant MCS. Whereas, blue arrows indicate pathways
for acetyl-CoA consumption by glycolysis, the TCA cycle, and fatty acid synthesis, and malonyl-CoA consumption by the synthesis of fatty acids and phospholipids.
Cerulenin inhibits fatty acid synthesis as indicated by grey dotted line. Pyruvate, a precursor for acetyl-CoA, is catabolized to acetate, another precursor of acetyl-CoA,
and ethanol via acetaldehyde. The reaction catalyzed by ADH is bi-directional; thus, overexpression of ADH that prefers to convert ethanol to acetaldehyde, such as
Adh2in S. cerevisiae, was used for increasing acetate availability. ACC, acetyl-CoA carboxylase; MCS, malonyl-CoA synthetase; PDH, pyruvate dehydrogenase; ACS,
acetyl-CoA synthetase; Ack, acetate kinase; Pta, phosphate acetyltransferase; PDC, pyruvate decarboxylase; ADH, alcohol dehydrogenase; ALDH, acetaldehyde
dehydrogenase; PanK, pantothenate kinase.
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to the culture medium increases their intracellular availability in
engineered microorganisms, improving flavanone production
without modulating their biosynthetic pathways. For example,
phenylalanine supplementation increased p-coumaric acid
production in S. cerevisiae, enabling the production of 8.9 mg/
L naringenin from phenylalanine (Trantas et al, 2009).
Moreover, the addition of tyrosine and phenylalanine to the
culture medium resulted in a five-fold increase in production
of naringenin and pinocembrin in E. coli, respectively (Hwang
et al, 2003). More recent research reported naringenin
production using engineered E. coli expressing the genes

responsible for naringenin biosynthesis from tyrosine
(ie, TAL, 4CL, CHS, and CHI) wupon tyrosine
supplementation, achieving 1,073 mg/L naringenin from

tyrosine (Wu et al., 2014b; Wu et al, 2015; Wu et al.,, 2021).
Furthermore, supplementation of trans-cinnamic acid or
p-coumaric acid improved naringenin production in both
E. coli (Leonard et al., 2007; Fowler et al., 2009; Xu et al,
2011) and S. cerevisiae (Yan et al., 2005b; Trantas et al., 2009).
Similarly, supplementation of trans-cinnamic acid enabled
pinocembrin production in E. coli expressing 4CL, CHS, and
CHI (Leonard et al., 2007), while eriodictyol production in E. coli
was achieved by addition of tyrosine (Zhu et al., 2014) or caffeic
acid (Leonard et al., 2007; Fowler et al., 2009; Dunstan et al.,
2020), respectively. The addition of these pathway intermediates
can decrease the necessity of introducing the genes responsible
for intermediate biosynthesis, therefore simplifying the
expression system. However, the use of these intermediates
often negatively influences the microbial production of
flavanone due to the increase in precursor cost, the toxicity
(e.g., acidic nature) of these compounds, and the low solubility
of these intermediates.

2.4 Pathway Design for De Novo Synthesis

From a Sole Carbon Source

De novo synthesis from a simple sole carbon source such as
glucose is the most cost-effective approach for microbial
flavanone production, but would lead to an insufficient supply
of precursors (the aromatic amino acids phenylalanine and
tyrosine, and malonyl-CoA) due to tight regulation of the
biosynthetic pathways for these compounds in a host
microorganism. In the following subsections, we summarize
efforts to date to overcome these limitations by the metabolic
engineering of biosynthetic pathways for precursors (Table 1)
(Santos et al., 2011; Koopman et al., 2012; Wu et al., 2014b; Kim
et al, 2014; Zhu et al., 2014; Cao et al., 2016a; Wu et al., 2016a;
Cao et al., 2016b; Wu et al., 2016b; Rodriguez et al., 2017; Yang
etal., 2018; Zhou et al., 2019; Du et al., 2020; Dunstan et al., 2020;
Zhou et al., 2020; Zhou et al., 2021).

2.4.1 Biosynthesis of Aromatic Amino Acids

Phenylalanine and tyrosine are biosynthesized from
phosphoenolpyruvate (PEP) and D-erythrose-4-phosphate
(E4P) via the shikimate pathway (Figures 3A,B). 3-Deoxy-
D-arabino-heptulosonate ~ 7-phosphate = (DAHP)  synthase
catalyzes the first step of the shikimate pathway by condensing
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PEP and E4P to form DAHP. Next, DAHP is converted to
chorismite through shikimate via two-step enzymatic
reactions.  Then, chorismate mutase catalyzes the
rearrangement of chorismate to prephenate, which is the last
step in the shikimate pathway. Finally, prephenate is converted to
tyrosine and phenylalanine via dehydrogenation and
transamination in parallel pathways. The biosynthesis of
phenylalanine and tyrosine via chorismate (the shikimate
pathway) is tightly regulated at both the biochemical and
genetic levels. DAHP synthases are feedback-inhibited by
phenylalanine, tyrosine, and tryptophan, whereas chorismate
mutases are subjected to feedback inhibition by phenylalanine
and tyrosine. In addition, the expression of these biosynthetic
enzymes is regulated in response to these aromatic amino acids
(Braus, 1991; Rodriguez et al., 2014). These regulations of the
pathway enzymes inhibit the overproduction of phenylalanine
and tyrosine in the cell, leading to insufficient supply of these
compounds. Therefore, removing the negative regulation of
aromatic amino acid biosynthesis is a promising approach for
enhancing the endogenous biosynthesis of these precursors.

In E. coli, there are three isozymes of DAHP synthase (AroF,
AroG, and AroH) and two isoforms of chorismate mutase (TyrA,
and PheA) (Figure 3A). tyrA and pheA encode the bifunctional
enzyme that catalyzes the conversion of chorismate to prephenate
(chorismate mutase) and the dehydrogenation of prephenate
(prephenate dehydrogenase). AroF, AroG, and AroH are
feedback-inhibited by tyrosine, phenylalanine and tryptophan,
respectively, whereas the enzymatic activities of TyrA and PheA
are subjected to feedback inhibition by tyrosine and
phenylalanine, respectively. Previous studies described AroG
and TyrA mutants that are insensitive to such feedback
inhibition (Kikuchi et al, 1997; Lutke-Eversloh and
Stephanopoulos, 2005). Since AroG contributes 80% of total
cellular DAHP synthase activity, the expression of these AroG
and TyrA mutants (AroG”'*N and TyrAM>*"A?**V) increases
intracellular tyrosine in E. coli even in the presence of tyrosine-
sensitive AroF (Liitke-Eversloh and Stephanopoulos, 2007).
Introducing the aroG and tyrA mutants (AroG"'*oN,
TyrAM®VA354Y)  resulted in increased tyrosine supply in
E. coli, enabling the production of over 80 mg/L of naringenin
from glucose (Santos et al., 2011; Wu et al., 2014b; Yang et al,,
2018). Because tyrosine biosynthesis in E. coli is transcriptionally
regulated by TyrR (Pittard et al, 2005), the removal of
downregulation by TyrR also increases intracellular tyrosine
(Kim et al., 2018), contributing to the increase in naringenin
production (Yang et al, 2018). Furthermore, Dunston et al.
(2020) demonstrated that deletion of pheA together with the
introduction of ppsA that catalyzes the generation of PEP from
pyruvate enabled 484 mg/L of naringenin production from
glucose in combination with above mentioned strategies
(ie., the introduction of aroG and tyrA mutants and the
knockout of #yrR). In contrast, the similar approach was
employed to increase intracellular phenylalanine availability
for heterologous pinocembrin production from phenylalanine
via trans-cinnamic acid. Previous study reported that co-
expression of PheA mutant (PheAT™3?°?) that is insensitive to
feedback inhibition by phenylalanine with the wild-type AroF
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increased intracellular phenylalanine pool (Zhou et al., 2010).
Introducing the wild-type aroF and the pheA mutant resulted in
40 mg/L of pinocembrin production from glucose (Wu et al,
2013), subsequently achieving 432 mg/L along with optimization
of PAL expression level by modifying its mRNA secondary
structure (Wu et al., 2016a).

In S. cerevisiae, two DAHP synthases, Aro3 and Aro4, are
subjected to feedback inhibition by phenylalanine and tyrosine,
respectively, while one chorismate mutase, Aro7, is inhibited by
tyrosine but activated by tryptophan (Figure 3B) (Schnappauf
et al., 1997; Helmstaedt et al, 2005). Koopman et al. (2012)
deleted the ARO3 gene and introduced the tyrosine-insensitive
ARO4 mutant (Aro4°??%%) (Hartmann et al, 2003) into
engineered S. cerevisize to enhance the flux from glucose to
phenylalanine. They also deleted genes encoding decarboxylase
(Arol0, Pdc5, and Pdc6) to alleviate the loss of phenylpyruvate, a
precursor of phenylalanine. Next, they introduced both PAL and
TAL to the resultant strain to form p-coumaric acid from
phenylalanine and tyrosine, enabling the production of
113mg/L of naringenin from glucose. Later, tyrosine-
insensitive Aro4 and/or Aro7 mutants (Aro4****" and
Aro7"%) were used to increase naringenin production
together with the heterologous expression of TAL in S.
cerevisige (Lyu et al., 2017; Rodriguez et al., 2017; Du et al,
2020). This strategy would improve the production of chorismate
and prephenate; however, these compounds are also converted to
tryptophan (by Trp2/Trp3) and phenylalanine (by Pha2),
respectively, resulting in the loss of tyrosine. Lyu et al. (2017)
revealed that weakening PHA2 expression resulted in a 20%
improvement in naringenin production due to enhanced
tyrosine availability. Additionally, p-hydroxy-phenylpyruvate, a
precursor of tyrosine, is degraded by endogenous decarboxylases,
such as Arol0 and Pdc5. Deletion of these decarboxylases aided
the accumulation of intracellular tyrosine (Rodriguez et al., 2015;
Rodriguez et al., 2017), resulting in an approximately two-fold
improvement in naringenin production (Lyu et al, 2017; Du
et al., 2020).

2.4.2 Biosynthesis of Malonyl-CoA

The metabolic engineering of pathways responsible for malonyl-
CoA biosynthesis is another effective strategy for enhancing
naringenin production (Figure 3C). Endogenous synthesis of
malonyl-CoA depends on the conversion from acetyl-CoA by
acetyl-CoA carboxylase (ACC) using adenosine triphosphate
(ATP) (Milke and Marienhagen, 2020). Additional expression
(overexpression) of ACC is therefore the most common way to
enhance the intracellular malonyl-CoA pool and thus increase
productivities of naringenin (Leonard et al., 2007; Xu et al., 2011;
Du et al., 2020; Wu et al,, 2021), pinocembrin (Leonard et al.,
2007; Kim et al., 2014; Cao et al., 2016a), and eriodictyol (Leonard
etal,, 2007; Zhu et al., 2014). Another strategy is the addition of a
synthetic bypass pathway for malonyl-CoA synthesis. For
example, malonyl-CoA synthetase (MCS) encoded by matB
can directly synthesize malonyl-CoA from malonate (An and
Kim, 1998). Co-expression of MatB and the malonate carrier
protein MatC in engineered E. coli would enhance intracellular
malonyl-CoA by supplementing malonate (Wu et al., 2014a; Wu
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et al., 2014b), resulting in between a 1.6-2.7-fold increase in
naringenin production (Leonard et al., 2008; Santos et al., 2011).
Similarly, expression of bypass pathway from malonate was
employed to increase malonyl-CoA supply for pinocembrin
production (Wu et al, 2013; Wu et al, 2016a). Further
improvement of the intracellular malonyl-CoA pool can be
accomplished by increasing acetyl-CoA availability and
deleting the branching pathway from malonyl-CoA to fatty
acids and phospholipids. In S. cerevisiae, acetyl-CoA is
synthesized by the pyruvate dehydrogenase (PDH) complex
from pyruvate and by acetyl-CoA synthetase (ACS) from
acetate using ATP, whereas acetate kinase-phosphate
acetyltransferase catalyzes the formation of acetyl-CoA in
addition to PDH and ACS pathways in E. coli. Therefore, the
overexpression of these enzymes can increase acetyl-CoA
availability. For example, PDH (Xu et al, 2011), ACS
(Leonard et al., 2007; Fowler et al, 2009), and ACC and
acetate kinase-phosphate acetyltransferase (Ack-Pta) (Leonard
et al,, 2007) were overexpressed in engineered E. coli. More
recently, Zhu et al. (2014) overexpressed the genes encoding
endogenous ACS (acs) and heterologous ACC (accBC and dtsR1
from C. glutamicum), and removed the acetate competition
pathway by deletion of acetate kinase gene (ackA), achieving
107 mg/L of eriodictyol production from tyrosine in E. coli (Zhu
etal,, 2014). Similarly, a heterologous ACS mutant (Acs"**'* from
Salmonella  enteric) co-expressed with endogenous
acetaldehyde dehydrogenase (Ald6) to bypass acetyl-CoA
synthesis from PDH pathway, producing 2.9mg/L of
naringenin from p-coumaric acid in engineered S. cerevisiae.
They also achieved 10.5mg/L of naringenin followed by
increasing CoA availability by additional expression of
endogenous pantothenate kinase (PanK encoded by CABI).
Pantothenate supplementation to this yeast led to another 19%
increase in naringenin production (12.5 mg/L) (Liu et al., 2017).
In the subsequent studies, Adh2, an enzyme converting ethanol to
acetaldehyde, or Adh2 and ACC were additionally expressed to
further increase malonyl-CoA availability in engineered S.
cerevisiae which produce derivatives of naringenin and
pinocembrin (see Section 3.1 and 3.2) (Liu et al, 2018; Liu
et al., 2020). Additionally, the downregulation of acetyl-CoA and
pyruvate consuming pathways enhanced acetyl-CoA availability
by, for example, deleting the genes involved in the TCA cycle and
ethanol synthesis in engineered E. coli (Fowler et al., 2009) and
deleting or downregulating ergosterol biosynthetic enzymes in
engineered S. cerevisiae (Du et al, 2020). Furthermore,
downregulation of the TCA «cycle combined with the
upregulation of glycolysis and malonyl-CoA synthesis achieved
a four-fold increase in intracellular malonyl-CoA, enabling the
production of 474 mg/L of naringenin by engineered E. coli (Xu
et al., 2011). Interception of malonyl-CoA from fatty acid
synthesis was also reported to increase malonyl-CoA
availability in cells. Transacylases that catalyze the
condensation of acyl-CoA (acetyl-CoA and malonyl-CoA)
with acyl carrier protein were downregulated by the inhibitor
cerulenin (Leonard et al., 2008; Cao et al., 2016b; Dunstan et al.,
2020), antisense RNA (Wu et al., 2014a; Yang et al., 2015) and
knockdown of the regulator (Yang et al,, 2018) in engineered

was

Frontiers in Chemical Engineering | www.frontiersin.org

13

July 2022 | Volume 4 | Article 880694


https://www.frontiersin.org/journals/chemical-engineering
www.frontiersin.org
https://www.frontiersin.org/journals/chemical-engineering#articles

Isogai et al.

E. coli. This strategy was also adopted for optimizing malonyl-
CoA allocation in Y. lipolytica using CRISPRi-based genetic
circuits (see Section 2.6) (Lv et al, 2020). Furthermore,
CRISPRi-based downregulation of the various pathways for
malonyl-CoA consumption, TCA cycle, ethanol synthesis and
fatty acid synthesis, increased intracellular malonyl-CoA supply
in E. coli, achieving the production of naringenin up to 1,073 mg/
L from tyrosine (Wu et al., 2015; Lv et al., 2020; Wu et al., 2021)
and 526 mg/L of pinocembrin from glucose (Wu et al., 2016b).
These engineering efforts resulted in a 1.14- to 24-fold increased
production of naringenin, 4- to 12-fold of pinocembrin and 2- to
3-fold of eriodictyol compared with the parental strains of E. coli,
S. cerevisiae and Y. lipolytica, respectively. In addition,
these engineering strategies were employed to modulate
intracellular availability in C. glutamicum, resulting in the
production of 24 mg/L of naringenin by the overexpression of
ACC and downregulation of the TCA cycle (Milke et al., 2019).
More recently, overexpression of peroxisomal proliferation and
free fatty-acid transport pathway protein (Pex11) increased
acetyl-CoA  availability via [-oxidation, enabling the
production of 1,129 mg/l of naringenin in S. cerevisiae (Zhang
et al., 2021). The similar approach enabled the production of
898 mg/1 of naringenin from glucose in Y. lipolytica (Palmer et al.,
2020).

2.5 Directed Evolution/Pathway Tuning

The expression of heterogonous genes such as flavonoid
biosynthetic genes in microorganisms often utilizes an
inducible or constitutive expression system, but the resulting
high-level expression of heterogonous genes often causes
metabolic flux imbalance, a reduction in cell growth, an
accumulation of (toxic) intermediates, and the synthesis of
undesired by-products, resulting in reduced carbon influx into
flavonoid biosynthesis. To overcome this problem, fine-tuning of
the expression level of pathway gene(s) and directed evolution of
pathway enzyme(s) have been used to optimize the introduced
biosynthetic pathway (Jones et al., 2015).

The expression of pathway genes can be efficiently balanced by
constructing strains with different expression levels of each
pathway gene, followed by screening for high naringenin
production. Zhou et al. (2019) established a high-throughput
method to evaluate naringenin production using ultraviolet
spectrophotometry—fluorescence spectrophotometry. In this
method, cells are incubated in the presence of aluminum ion
(AP’") to allow the binding of AI’* to naringenin, and the
resulting Al’*-bound naringenin is measured using
fluorescence excitation at 382nm and emission at 505nm
and/or UV absorbance at 373 nm. This approach was used to
fine-tune the pathway enzymes to optimize promoter strength for
naringenin pathway genes in both E. coli (Zhou et al., 2019) and S.
cerevisiae (Gao et al., 2020). Another example utilized the
naringenin-inducible transcription factor FdeR and its cognate
binding site (fdeO) to construct a naringenin-responsive
transcription switch in S. cerevisiae (Wang et al., 2019). This
biosensor enabled the high-throughput screening of as many as
972 combinations of expression cassette with different promoter-
terminator pairs and plasmid vectors for three naringenin
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biosynthetic genes 4CL, CHS, and CHI, leading to identify the
yeast strain producing 52.0 mg/L naringenin. Additionally,
naringenin-responsive riboswitches have been developed (Jang
et al,, 2017; Xiu et al, 2017) and utilized for fine-tuning the
expression of multiple enzymes in E. coli, enabling a 3-fold
improvement in naringenin production (Hwang et al., 2021).

The high-throughput screening approaches using genetically
encoded biosensors described above can be used not only to
balance the expression of pathway enzymes, but also to perform
directed evolution of the catalytic activity of these enzymes. To
this end, several genetically encoded biosensors that translate
intracellular concentrations of naringenin and malonyl-CoA into
reporter gene expression levels have been described. For example,
the transcription factor TtgR from Pseudomonas putida and its
target promoter have been evolutionarily engineered in E. coli to
respond to resveratrol, which is synthesized from p-coumaroyl-
CoA by stilbene synthase (resveratrol synthase) catalysis (Xiong
et al., 2017). The resultant biosensor was used to screen 4CL1 (A.
thaliana 4CL) mutants with improved activity from a randomly
mutagenized 4CL1 library, leading to the enhanced production of
naringenin  and  resveratrol  with  p-coumaric  acid
supplementation. Furthermore, the repressor QdoR from
Bacillus  subtilis  responsive for downstream flavonoids
(flavonols; quercetin and kaempferol, see Section 3.1 for more
information on these compounds) can be used for the high-
throughput screening of functional FLS mutants that convert
dihydrokaempferol into kaempferol with different efficiencies
(Siedler et al., 2014).

As mentioned above, biosensor-assisted metabolic
engineering is a powerful technique to obtain high production
of flavonoids, but this strategy requires well-optimized biosensors
for each host species. Both rational and irrational engineering
toolboxes have been described in detail for E. coli and S. cerevisiae,
but not for non-conventional microbes such as Y. lipolytica.
Recently, Bowman et al. (2021) addressed this problem by
developing a droplet-based high-throughput screening
technique that enables the co-encapsulation of two different
microbes in a single droplet: one is a mutant cell that
produces naringenin, and the other is a sensor cell that
translates the naringenin concentration inside the droplet into
an altered level of gene expression. Different flavonoids can be
monitored by simply changing the sensor cells using this method.

2.6 Dynamic Regulation for Optimizing the
Allocation of Precursors in Flavonoid
Synthesis

Since flavonoids share the same precursors as lipids during
biosynthesis, reallocation of the precursors could increase
flavonoid production. To this end, metabolite sensors that
respond to flavonoids or their precursors have been assembled
into genetic circuits to dynamically control the expression of
branching pathway enzymes. Lv et al. (2020) constructed
CRISPRi-based, fatty acid-responsive genetic circuits in Y.
lipolytica to improve naringenin production by optimizing
malonyl-CoA allocation. They used a synthetic, fatty acid
inducible promoter, based on the regulatory components from
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natural fatty acids inducible promoter, POX2 (Shabbir Hussain
et al., 2017), to regulate the expression of three gRNAs that
repress three genes responsible for fatty acids synthesis [FASI,
FAS2, and YALIOE18590g (equivalent to bacterial fabD or yeast
MCT1)], together with constitutively expressed dCas9. This
approach repressed fatty acid synthesis in response to
excessive fatty acid synthesis, enabling an increase
naringenin production by up to 74.8%. The expression of
pathway genes can be regulated in response not only to
intracellular metabolite concentrations but also to cell density.
For example, Dinh and Prather created an autonomous genetic
circuit that leads to the activation of TAL and 4CL gene
expression along with the CRISPRi-based downregulation of
malonyl-CoA consuming pathway genes (fabF and sucC) in
response to high cell density in E. coli (Dinh and Prather,
2019). This dynamic regulation resulted in a 6-fold increase in
naringenin production compared with the control strain without
the dynamic control and the CRISPRi-based downregulation
even in a bioreactor fermentation.

In addition to pathway gene regulation, metabolite sensors can
be used for the selective growth of cells producing target
metabolites to increase productivity. Lv et al. (2020) created a
naringenin-responsive transcription switch based on the
transcription factor FdeR and its binding sites (fdeO) fused to
the TEFI promoter, without an upstream activation sequence
controlling the LEU2 gene. In this system, only cells producing
sufficient naringenin to induce LEU2 expression can grow in
medium lacking leucine. This strategy, together with the
aforementioned fatty-acid responsive CRISPRi system, enabled
stable naringenin production by up to 324 generations.

Despite the wide utility of metabolite sensors described above,
the sensors are often saturated by the metabolite to be sensed. In
naringenin production, the FdeR-based naringenin sensor could
not detect naringenin over 40 mg/L. Boada et al. (2020) addressed
this problem by indirectly detecting large amounts of naringenin
by converting a small fraction of the naringenin into kaempferol
(see Section 3.1 for more information on this compound), which
can be detected using the kaempferol-responsive transcription
factor QdoR.

in

3 MICROBIAL PRODUCTION OF
DIVERSIFIED FLAVONOIDS

In plants, structurally complicated flavonoids are synthesized
using flavanones as starting compounds (Figure 1) (Winkel,
2006). Introducing plant-derived genes encoding modification
enzymes into microbes allows microbial production of these
complicated flavonoids. This section introduces the microbial
production of structurally complicated flavonoids derived from
naringenin, pinocembrin and eriodictyol using various types of
modifications (Table 3).

3.1 Hydroxylation/Dehydration

Flavone, dihydroflavonol, flavonol, anthocyanidin, flavane-3-ol,
and isoflavone can be synthesized via flavanone (Figure 1). This
has prompted many studies on the bioconversion of naringenin
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and eriodictyol by the expression of one or several modification
enzymes or the partial reconstruction of the biosynthetic pathway
in E. coli (Yan et al., 2005a; Leonard et al., 2006; Zhao et al., 2015)
and S. cerevisiae (Leonard et al., 2005; Ralston et al., 2005; Trantas
et al.,, 2009; Amor et al., 2010). In E. coli, kaempferol, a flavonol,
was produced by expressing FLS (FLS1) from A. thaliana to
convert  dihydrokaempferol, a  dihydroflavonol.  The
concentration of kaempferol produced was monitored by a
QdoR-based metabolite sensor responsive to kaempferol and
quercetin (flavonols) but not to dihydrokaempferol (see
Section 2.5) (Siedler et al, 2014). Furthermore, kaempferol
was produced in E. coli from tyrosine by expressing F3H and
FLS in addition to the naringenin biosynthetic pathway via
feedback control of CHS expression (downregulation) using a
genetic circuit incorporating the QdoR-based kaempferol
biosensor (see Section 2.6) (Boada et al., 2020). Recently, the
production of these derivatives using bacteria and yeasts other
than E. coli and S. cerevisiae has been reported: kaempferol and
quercetin production from phenylpropanoic acids by C.
glutamicum expressing F3H and FLS together with 4CL, CHS
and CHI (Kallscheuer et al., 2017), hydroxylation of genistein (an
isoflavone) by P. pastoris (Wang et al., 2016), and conversion of
catechin (a flavane-3-ol) to cyanidin (a anthocyanidin) by L. lactis
expressing ANS (Solopova et al,, 2019). This engineered L. lactis
further glycosylated cyanidin to anthocyanin (see Section 3.2).

The de novo synthesis of various naringenin derivatives,
including kaempferol and quercetin, was recently achieved by
expressing suitable modification enzymes in S. cerevisiae carrying
the reconstructed naringenin biosynthetic pathway, namely, the
production of kaempferol (Duan et al., 2017; Rodriguez et al,,
2017; Lyu et al,, 2019) and quercetin (Rodriguez et al., 2017) by
expression of FLS, and dihydromyricetin (a dihydroflavonol) by
multiple hydroxylases, including F3H (Li et al., 2020). In addition,
Liu et al. (2018) identified P450 enzymes responsible for
hydroxylation of C6 (F6H) and C8 (F8H) of flavanone
backbone. Expression of these hydroxylases with FNS achieved
the production of hydroxylated flavones from glucose in
engineered S. cerevisiae: expression of F6H, FNS and
naringenin  biosynthetic enzymes produced scutellarein,
whereas that of F6H or F8H with FNS and genes responsible
for pinocembrin biosynthesis enabled the production of balclein
and norwogonin respectively (Liu et al., 2020). The engineered S.
cerevisiae further glycosylated these flavones by additional
expression of glycosyltransferase  (see  section  3.2).
Furthermore, engineered S. albus and Y. lipolytica de novo
synthesized flavonols (myricetin, kaempferol and quercetin)
(Marin et al., 2018) and taxifolin (a dihydroflavonol) (Lv et al.,
2019), respectively. More recently, the co-culture system of two
different S. cerevisiae strains has been developed, in which one
strain synthesized naringenin and the other converted it to its
derivatives (Table 2) (Du et al., 2020). This platform enabled the
production of different flavonols and anthocyanidins simply by
exchanging naringenin-converting strain with that expressing
different modification enzymes. Another approach for the
hydroxylation of flavonoids involves the bioconversion of
flavonoids using yeast or Streptomyces bacteria without the use
of heterogeneous genes (Sordon et al., 2016; Shrestha et al., 2021).
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3.2 Glycosylation

Several studies reported the bioconversion of flavonoid scaffolds
to O-glycosylated derivatives using E. coli (Lim et al., 2004; Kim
et al, 2012; Kim et al, 2013; Ruprecht et al, 2019) and S.
cerevisize (Werner and Morgan, 2009, 2010; Wang et al,
2016) by expressing botanical O-glycosyltransferase (Figure 1).
E. coli (Ito et al,, 2014) and S. cerevisiae (Brazier-Hicks and
Edwards, 2013) expressing C-glycosyltransferase converted
flavone and dihydrochalcone to the corresponding
C-glycosylated derivatives. Moreover, anthocyanins, which are
pigments synthesized via the glycosylation of anthocyanidins,
were biosynthesized from flavanone (eriodictyol and naringenin)
in engineered E. coli expressing O-glycosyltransferase with F3H,
DFR, ANS (Yan et al, 2005a), and from catechin by C.
glutamicum (Zha et al,, 2018) and L. lactis (Solopova et al,
2019) expressing O-glycosyltransferase and ANS.

More recent studies reported the de novo synthesis of
anthocyanins by the expression of O-glycosyltransferase, F3H,
DFR, and ANS with reconstruction of the naringenin
biosynthetic pathway in engineered S. cerevisiae (Eichenberger
et al., 2018; Levisson et al, 2018). Additionally, a co-culture
system comprising four different E. coli strains was developed for
the de novo synthesis of anthocyanin. Each E. coli strain was
designed to provide one of the following modules: synthesis of
phenylpropanoic acids from glucose, formation of flavanones,
conversion of flavanones to flavane-3-ols, and production of
anthocyanins from flavane-3-ols (Table 2) (Jones et al., 2017).
Furthermore, the de novo synthesis of flavonoid-7-
O-glucuronides, such as apigenin-7-O-glucuronide, scutellarin
and baicalin, were reported by the expression of 7-O-
glucuronosyltransferase with FNS in engineered S. cerevisiae
that produce naringenin (Liu et al., 2018) or pinocembrin (Liu
et al., 2020). Similarly, C-glycosylated flavones were de novo
synthesized using C-glycosyltransferase together with the
reconstruction of the naringenin biosynthetic pathway in yeast
(Vanegas et al.,, 2018).

3.3 Prenylation

Flavonoid prenyltransferases, a class of enzymes responsible for
flavonoid prenylation, are membrane-bound and strictly control
the stereoselectivity of prenyl transfer (Figure 1). The
prenyltransferase SIN8DT-1, isolated from Sophora flavescens,
is responsible for the C8-prenylation of naringenin. Expression of
this enzyme in S. cerevisiae resulted in the bioconversion of
naringenin to 8-prenylnaringenin (Sasaki al.,  2009).
Moreover, SIN8DT expression in naringenin-producing S.
cerevisiae resulted in the synthesis of 8-prenylnatingenin from
glucose (Levisson et al., 2019), phenylalanine (Isogai et al., 2021)
and p-coumaric acid (Li et al., 2015).

However, to date only 13 flavonoid prenyltransferases have
been identified from plants, limiting the microbial production of
prenylated flavonoids. For example, three kinds of
prenylnaringenins have been isolated from plants: 8-, 6-, and
3'-prenylnaringenin carrying the dimethylallyl moiety at C8 or
C6 in the A-ring, and at C3' in the B-ring, respectively. However,
only the prenyltransferase SEN8DT'-1 was identified, and enzymes
responsible for the C6- and C3’-prenylation of naringenin remain
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unidentified. Recently, the in wvivo production of 3'-
prenylnaringenin was achieved by the expression of fungal
prenyltransferase with broad substrate specificity (Isogai et al.,
2021). Such microbial promiscuous enzyme may also be able to
catalyze prenylation of other positions of flavonoids, for which
specific enzymes have not yet been identified.

4 CONCLUSION AND FUTURE
PERSPECTIVES

Flavonoids are promising as pharmachemicals and food supplements
due to their various biological activities; however, their supply is
not stable or environmentally friendly. Therefore, the development
of microbial production platform for flavonoids is desired. In this
review, we focused on the strategies to increase microbial production
of flavanones, specifically naringenin, pinocembrin, and eriodictyol,
that serve as a starting compound for diverse flavonoids. The
strategies are mainly the pathway engineering for the biosynthesis
of flavanones and their precursors (aromatic amino acids and
malonyl-CoA) by selecting host organism, gene source and
optimizing enzyme expression levels.

As described in Section 2.6, several recent studies have
demonstrated that genetically encoded biosensors for flavonoids
can be useful for improving naringenin production by dynamically
controlling the expression of pathway enzymes in response to
cellular conditions. However, such strategies largely depend on the
specifications of the biosensors, thereby necessitating the
reconstruction of biosensors for functional fine-tuning or
improvement. To this end, both rational and evolutionary
methodologies for engineering synthetic promoters (Snoek et al.,
2020; Cazier and Blazeck, 2021; Tominaga et al.,, 2021) can be
adapted. The assembly of well-optimized biosensors into genetic
circuits to control the important pathway enzymes will further
sophisticate the flavonoids production as well as balancing their
expression levels via translational control using a ribosome binding
site (RBS) library (Wang et al., 2021).

We also described recent progress in the microbial production
of structurally and functionally diverse flavonoids via flavanones
such as naringenin, some of which have complex structures.
Diverse flavonoids can be efficiently produced by introducing
modification enzymes into flavanone-producing microbes.
Although thousands of flavonoids are known to be produced
in plants, there are few reports describing the microbial
production of such flavonoids, and these were summarized in
this review. Progress faces two possible bottlenecks: only a few
modification enzymes from plants have been identified, and these
enzymes are membrane-bound, complicating their functional
expression in bacteria. Methodologies for the rapid identification
and microbial expression of these enzymes need to be developed.
The massive increase in genomic information due to the expansion
of next-generation sequencing will help to uncover novel microbial
enzymes, as well as botanical enzymes suitable for various
modification steps (Unamba et al., 2015; Medema and Osbourn,
2016). Alternatively, microbial promiscuous enzymes can be used
not only as modification enzymes but also as easy-to-express
counterparts of Dbotanical enzymes. Altogether, advanced
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methodologies combining metabolic engineering and synthetic
biology will enable microbial production of an incredibly diverse
range of plant flavonoids.
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