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Flavonoids are secondary metabolites that represent a heterogeneous family of plant polyphenolic compounds. The
research has determined that the health benefits of fruits and vegetables, as well as the therapeutic potential of medicinal
plants, are based on the presence of various bioactive natural products, including a high proportion of flavonoids. In plant
metabolite research, flavonoids have become the center of attention due to their significant bioactivity associated with
anti-cancer, antioxidant, anti-inflammatory, and anti-microbial activities.
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| 1. Introduction

Flavonoids comprise an essential and diverse class of polyphenolic compounds that are synthesized in plants as bioactive
secondary metabolites, consisting of more than 6000 classified phenolics RIZEI4 The synthesis of these secondary
metabolites in plants is tissue-specific and highly regulated &, They contain 15 carbon atoms and two phenyl rings linked
together with a 3-carbonated heterocyclic ring, forming a C6-C3-C6 structure BIEIE pye to variations in the structure of
the backbone, an enormous level of chemical diversity is observed in flavonoids 9. Based on these variations, the
flavonoids are organized into six main groups, namely: flavan-3-ols, flavanones, flavones, flavanols, anthocyanidins, and
isoflavones WIAIEIL0 These natural compounds are generally found in citrus grain seeds, vegetables, fruits, nuts,
chocolate, cocoa, legumes, black tea, red wine, green tea, soy, herbs, onions, berries, apple, grapes, and cider EIEIZIE]
(L1 |n plants, flavonoids are responsible for protecting against oxidative stress, by acting as free radical scavengers, and
provide coloration to flowers, leaves, and fruits, hence attracting pollinators. Moreover, these phytochemicals act as UV
filters and protect plants from damage caused by UV radiation, function as signaling molecules, serve as antimicrobial
defensive compounds, and act as chelators for toxic heavy metals EAI1213] Flayonoid compounds have been reported
to have a wide range of potential biological applications in humans, including antibacterial 14, antifungal &, antiviral 2],
anticancer W, cardioprotective [, anti-inflammatory 8], antidiabetic 2, antiaging 17, and radioprotective activities [&.

The current methods of producing flavonoids are largely dependent on plant extraction, which has several limitations and
drawbacks. Firstly, many plants rich in flavonoids also act as a food source. Hence, their consumption for the production
of flavonoids may result in depletion of the overall food supply 1819 Secondly, extraction yields are limited due to low
concentrations or loses during extraction; moreover, long breeding seasons, unfavorable climate conditions, small
plantation sizes, cultivation difficulties, and variation in plant species also effect production BIL8I29]  Simultaneously, the
flavonoid concentration in these plants is comparatively low, limiting their large-scale production 28, An alternative
approach could be chemical synthesis, but due to the complexity of some flavonoid structures, this synthesis approach is
expensive and time-consuming 181, Moreover, the use of potentially hazardous chemicals and intense reaction conditions
also restrict the de novo synthesis of these plant secondary metabolic compounds El[29[21] As a result, these factors add
up to a costly, energy-intensive preparation process with room for further improvement as well 18!, |n this context, the
reconstitution of biosynthetic gene fragments in plants and industrially important microorganisms holds a lot of promise for
flavonoid exploration and scalable production 11122, plant metabolic engineering promises to increase the production of
specific beneficial flavonoids and to expand the chemical range of novel flavonoids L1231 pyt still, it is difficult and
technically challenging to engineer a plant genome. The editing of a plant genome for enhanced metabolite production
often results in several challenges and limitations in terms of titer variability, aggregation susceptibility, growth rate, stress,
and heterogeneity of culture 241, The various methods of synthesizing flavonoids are depicted in Figure 1.
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Figure 1. Graphical representation of the various methods used to synthesize a variety of flavonoids, as well as their
potential biological activities.

Recently, the microbial production of flavonoids has received ample attention due to its low energy requirements, high
purity of the product, and low emissions of waste, such as sulfates, nitrates, or nitrites 24, Synthetic and system biology
technologies have revolutionized the field of metabolic engineering over the past two decades, allowing for the
establishment of bio-based production in numerous engineered microbes 22261 This approach has several benefits, such
as a rapid growth rate, safety, economic substrates, ease of culture, range of various genetic techniques, and high
concentration of desired metabolites as compared to the native host 24, In recent years, apart from Escherichia coli, a
wide array of host strains, including Lactococcus lactis, Yarrowia lipolytica, and Saccharomyces cerevisiae, have been
tested for flavonoid production 1. Nowadays, a different approach involving modular co-culture engineering has surfaced
to overcome the constraints of the conventional monoculture approach by harnessing the power of two or more strains of
engineered microbes to reconstruct the target biosynthetic pathway. In this way, it has largely reduced the biosynthesis
labor, as well as the associated metabolic burden on each microbial strain 22,

| 2. Flavonoid Biosynthetic Pathways in Plants

There are two distant biosynthetic pathways in plants for the production of flavonoid compounds, e.g., the acetate
pathway and the shikimic acid pathway. Initially, the acetate pathway that forms ring A (of flavonoids) and the shikimate
pathway that forms ring B (of flavonoids) merge together through a linking chain called ring C (generating the C6-C3-C6
structural components or building-blocks of the flavonoid skeleton) leading to the biosynthesis of flavonoids. The
transformation of glucose leads to the synthesis of three molecules of malonyl-CoA from which ring A is synthesized,
whereas the shikimate pathway generates the phenyl propanoids through the production of phenylalanine, which gives 4-
coumaroyl-CoA molecules as a ring B.

The shikimate pathway in plants leads to the biosynthesis of phenylpropanoids via the phenylpropanoid pathway.
Phenylalanine, which comes from the shikimate pathway, acts as a precursor amino acid in the phenylpropanoid
biosynthesis pathway, leading to the synthesis of flavonoids. This pathway is unique to plants because in addition to
flavonoid biosynthesis, it also produces coumarins, esters, lignin, hydroxycinnamates, and other plant secondary
metabolites (28], Flavonoids are vital for plant survival and play an essential role in plant metabolism, especially in defense
and pigmentation 22, The phenylpropanoid production occurs in specialized plant tissues and cells; however, biosynthesis
may also take place in response to environmental factors, such as ultraviolet (UV) damage or pathogenic attacks B9,
Naringenin chalcone also acts as a precursor molecule to produce flavonoids via the phenylpropanoid pathway B, The
first step involved in the phenylpropanoid pathway is the phenylalanine ammonia-lyase (PAL)-mediated deamination of
the amino acid phenylalanine to cinnamic acid. Next, cinnamate-4-hydroxylase (C4H) hydroxylates cinnamic acid to p-
coumaric acid, which is later activated by para-coumarate-CoA ligase (PCL) to form p-coumaroyl-CoA. The step-by-step
condensation of the malonyl-CoA three acetate units with p-coumaroyl-CoA is catalyzed by chalcone synthase (CHS),
which ultimately results in the production of naringenin chalcone B2, In the final step of flavonoid biosynthesis, chalcone
isomerase (CHI) converts naringenin chalcone to flavanone or naringenin, as represented in Figure 2. Different
flavonoids, such as flavones, isoflavones, and anthocyanidins, are further generated from various structural modifications
of naringenin B3, Due to the specific action of CHS, a variety of secondary metabolites are produced as part of the
phenylpropanoid pathway 2455 The A and B phenyl rings, which form the backbone of the flavonoid structure, arise via
the action of CHS, as it comhines three molecules of malonyl-CoA with p-coumaroyl-CoA to form a chalcone 28, CHI
takes part in the synthesis of the important C ring of the flavonoid backbone resulting in the formation of flavanone
(naringenin). Isoflavone synthase (IFS) catalyzes the transition of flavanone to isoflavone. Flavanone 3 (-hydroxylase



(F3H) hydroxylates naringenin to form dihydroflavonol, which is then converted to leucoanthocyanidin by dihydroflavonol
4-reductase (DFR) B4, Further catalysis mediated by anthocyanidin synthase (ANS) leads to the formation of
anthocyanidin from leucoanthocyanidins, whereas leucoanthocyanidin reductase (LAR) undergoes the reduction of
leucoanthocyanidins to flavan-3-ol (also referred to as flavanols, a complex class of flavonoids) 8!,
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Figure 2. Systematic representation of flavonoid biosynthesis. PAL: phenylalanine ammonia-lyase, C4H: cinnamate-4-
hydroxylase, 4CL: 4-coumarate:CoA ligase, CHS: chalcone synthase, CHI: chalcone isomerase, IFS: isoflavone synthase,
F3H: flavanone 3 -hydroxylase, FNS: flavone synthase, FLS: flavonol synthase, DFR: dihydroflavonol 4-reductase, ANS:
anthocyanidin synthase, UF3GT: anthocyanidin 3-O-glucosyltransferase, LAR: leucoanthocyanidin reductase.

Even though there have been numerous advancements in technologies in recent years, there are still challenges in
engineering flavonoid pathways in plants. Some of the major hurdles include the yield (very low metabolite production or
resource constraints of sufficient biomass), purity (heterogenous mixture of several molecules making it difficult to identify
one substance), and extraction (degradation of chemical structure). Apart from these, regulation at molecular, enzymatic,

and cellular levels is also associated with some key obstacles to genetic engineering approaches of metabolic pathways
[22]

| 3. Microbial Co-Culture Strategy for Flavonoid Biosynthesis

Co-culture engineering offers a robust and efficient toolbox for complex compound biosynthesis with long biosynthetic
pathways. The engineering of microbial consortia for the expression of complex biosynthetic pathways of flavonoids is a
promising approach for flavonoid production and has been extensively researched 2239, However, existing microbial
biosynthesis strategies depend primarily on the use of a single strain, generated via metabolic engineering, to
accommodate the complicated and long flavonoid pathways, which is an efficient way to biosynthesize valuable
compounds, but suffers from many drawbacks, such as severe metabolic imbalances, failure to achieve optimum
conditions for all pathway-specific enzymes to function, increased metabolic burden because of the reconstruction or
heterologous expression of complicated metabolic pathways, and unwanted by-product accumulation, making it difficult to
increase the yields of the final product B[40l Recently, co-culture systems utilizing two or more microbial strains were
developed to resolve these concerns and improve final titers 9 (Figure 3). Compared to the conventional monoculture
strategy, modular co-culture engineering exploits the power of multiple strains of microbes to reconstruct the target
biosynthetic pathway. As a result, it significantly reduces the biosynthesis labor of each microbial strain, as well as the
metabolic burden associated with it, and it also restricts the formation of undesired by-products 4142l These benefits are
exceptional for the biological synthesis of diverse natural plant products, involving intricate lengthy pathways, and
requiring extensive yet delicate engineering efforts B2, Microbial co-cultures provide numerous advantages over
monocultures in terms of removing pathway bottlenecks and enhancing metabolic productivity. These advantages include
metabolic labor division, the sharing of gene expression burdens, and the ability to allow cross-feeding of metabolites to
help improve pathway performance and metabolic robustness. A complete biosynthetic pathway is modularized using the
most extensively used co-culture approach, with each module tailored to achieve the maximum production volume and
intermediate metabolite yield. In co-culture, metabolic intermediates or precursors must be available and transported to
the downstream strains 43!, Moreover, cellular specialization and compartmentalization allow microbial consortia to cope
with major environmental fluctuations and to perform complicated tasks that individual members would be unable to carry
out. Thus, microbial co-cultures can improve productivity and precision by presenting a simple way of optimizing each



submodule by dividing the metabolic burden and reducing the strain on members of the consortia present in the culture
143]
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Figure 3. Graphical representation of modular co-culture approach for de novo biosynthesis of flavonoids (a) E. coli-E.
coli co-culture (b) S. cerevisiae—S. cerevisiae co-culture (c) E. coli-S. cerevisiae co-culture.

Microbial co-cultures have been used in recent studies to produce complex flavonoids (Table 1). The evolving modular co-
culture engineering method was adapted by Wang et al. B to rationally design, develop, and optimize an efficient E. coli
co-culture for sakuranetin production from glucose. The upstream E. coli strain was designed for the intermediate p-
coumaric acid synthesis pathway, while p-coumaric acid was converted to sakuranetin by the downstream strain. Via
stepwise co-culture system optimization, sakuranetin (29.7 mg/L) was produced from 5 g/L glucose over a duration of 48
h, which was substantially elevated in comparison to that with the typical monoculture-based synthesis approach.
Similarly, Akdemir et al. ¥4 co-cultured recombinant strains of E. coli to produce pyranoanthocyanins with increased yields
and titers. First, they engineered 4-vinylcatechol (4VC)- and 4-vinylphenol (4VP)-producing modules to achieve this task
and then co-cultured both strains with recombinant cells producing C3G to obtain pyranocyanidin-3-O-glucoside-phenol
(C3G with 4VP adduct) and pyranocyanidin-3-O-glucoside-catechol (C3G with 4VC adduct). Thuan et al. 21 presented a
co-culture system based on genetically engineered E. coli for the de novo biosynthesis of apigetrin. The culture system
consisted of an upstream module to synthesize apigenin from p-coumaric acid that included chalcone isomerase,
chalcone synthase, 4-coumarate:CoA ligase, and favone synthase |. Meanwhile, the downstream system is comprised of
a metabolic module to increase UDP-glucose production and glycosyltransferase expression to convert the apigenin to
apigetrin. A yield of apigetrin (16.6 mg/L) was obtained with the help of this co-culture approach. Recently, Du et al. 2
compared the pathway efficacy between the monoculture and co-culture of S. cerevisiae for flavonoid production. The
delphinidin titer produced via co-culture was considerably higher than that with monoculture of the strain sDPD2, which
harbored the entire pathway. Recently, eriodictyol was produced from D-glucose using a co-culture system based on E.
coli. The first E. coli strain possessed genes for p-coumaric acid synthesis from D-glucose, while the genes for eriodictyol
biosynthesis from p-coumaric acid were contained in the second strain. The co-culture produced a higher eriodictyol yield
of 51.5 mg/L than that with monoculture, which achieved 21.3 mg/L [43],

Table 1. Co-culture approach for the microbial production of flavonoids.

Co-Culture Strains Substrate Product Titer References
(mgiL)

E. coli-E. coli coculture Glucose Sakuranetin 29.7 [29]

E. coli-E. coli coculture (+)-Catechin and glucose Pyranocyanidin-3-O-glucoside- 13 [44]
catechol

E. coli-E. coli coculture (+)-Catechin, g_lucose, and Pyranocyanidin-3-O-glucoside- 19.5 [44]
tyrosine phenol

E. coli-E. coli coculture p-Coumaric acid Apigetrin 16.6 [41]

E. coli-E. coli coculture Apigenin and luteolin Orientin 7090 48]

E. coli-E. coli coculture Apigenin and luteolin Vitexin 5050 48]

E. coli-S. cerevisiae coculture Glucose Icaritin 19.7 47



Titer

Co-Culture Strains Substrate Product References
(mgiL)
i isi ingeni 48]
E. coli-S. cerevisiae coculture Xylose Naringenin 21.16
S. cerevisiae-S. cerevisiae Naringenin Delphinidin 26.1 [20]
coculture
S. cerevisiae-S. cerevisiae p-Coumaric acid Naringenin 18.5 8]
coculture
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