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Introduction  

The biosynthesis of flavonoids involves a series of 

enzymatic reactions that convert simple precursor molecules 

into complex flavonoid compounds. By understanding 

the biosynthetic pathways of flavonoids, researchers can 

manipulate these pathways using synthetic biology tools to 

enhance the production of specific flavonoids with desired 

properties. This intersection between flavonoid biosynthesis 

and synthetic biology holds great promise for the development 

of novel plant-based products with improved nutritional, 

medicinal, and industrial applications.1 Flavonoids are not 

only essential for plants but also play a significant role in 

human health. They have a variety of beneficial properties, 

such as anti-cancer, anti-inflammatory, anti-fungal, anti-

bacterial, and anti-mutagenic effects, as well as coloring, 

flavoring, and preservative abilities. Due to these advantageous 

characteristics, flavonoids are widely used in various 

industries, including food and beverage, nutraceuticals, 

cosmetics, pharmaceuticals, and agriculture. They help 

protect food from light-induced quality deterioration.2 

Flavonoids are used as natural insecticides, growth 

regulators, and biopesticides to provide crop protection, 

apparently improving crop yield and quality. The anti-

inflammatory and antioxidant properties of flavonoids have 

made them highly desirable in the field of cosmetics.3,4 They 

are commonly integrated into skincare products to protect 

the skin from environmental stresses and preserve its vitality. 

Furthermore, the pharmaceutical industry has harnessed the 

potential medicinal properties of flavonoids. Additionally, 

consuming flavonoid-rich foods presents a promising nutra- 

ceutical approach to combating diseases associated with a 

shortened lifespan5 as they exhibit neuroprotective, anti-

tumorous, and cardiovascular protective effects6 (Figure 1). 

 

Structure of Flavonoid 

Flavonoids possess a C3-C6-C3 structural arrangement 

characterized by two phenyl aromatic rings; A and B, 

connected by an oxygen-containing heterocyclic pyrene C 

ring. These compounds are synthesized through two primary 

biosynthetic pathways: the phenylpropanoid and the 

polyketide pathway. The phenylpropanoid pathway is 

responsible for generating the C6-C3 phenylpropanoid 

skeleton. Based on the degree of saturation in their central 

(C) ring, flavonoids have been categorized into two groups: 

Saturated and Unsaturated. Examples of the former are 

flavanones, dihydroxyflavonols, and flavan-3-ols, while the 

latter encompasses anthocyanidins, flavones, flavonols, and 

isoflavones.7 Furthermore, flavonoids are subcategorized 

into distinct classes, including flavones, flavonols, isoflavones, 

anthocyanins, chalcone, aurones, neoflavanoids, and their 

dihydrogen derivatives. Common sugars, such as Flavonoids 

6,7 D-glucose, D-galactose, L-rhamnose, D-xylose, D-glucuronic  
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Figure 1. Schematic Representation of Synthetic Biology Approaches for the Production of Flavonoids. 

 

acid, sophorose, rutinose, tangerine peel sugar, and 

gentianose, can be attached to flavonoids. The diversity in 

flavonoids achieved through the introduction of various 

functional group modifications like methylation, methoxylation, 

glycosylation, acylation, malonylation, and alteration of 

phenolic hydroxyl group positions8,9 (Figure 2). 

Flavonoids are synthesized via the phenylpropanoid 

pathway, a complex metabolic route that involves numerous 

enzymatic steps. This pathway initiates with the conversion 

of phenylalanine into cinnamic acid, catalyzed by the 

enzyme phenylalanine ammonia-lyase (PAL). Subsequently, 

cinnamic acid is transformed into p-coumaric acid through 

the action of cinnamate 4-hydroxylase (C4H). Further 

conversion of p-coumaric acid into caffeic acid is facilitated 

by the enzyme coumaroyl-CoA ligase (4CL). Caffeic acid, 

in turn, undergoes conversion to p-coumaroyl-CoA under 

the influence of hydroxycinnamoyltransferase (HCT), and 

finally, p-coumaroyl-CoA is transformed into naringenin 

chalcone through the enzymatic action of chalcone synthase 

(CHS).10,11 Naringenin chalcone plays a pivotal role as the 

precursor for a large group of flavonoids, encompassing 

flavones, flavonols, and flavanones. The conversion of 

naringenin chalcone into distinct flavonoid types is 

orchestrated by specific enzymes with dedicated functions. 

For example, the production of flavones is mediated by 

flavone synthase (FNS), flavonol synthase (FLS) is responsible 

for generating flavonols, and chalcone isomerase (CHI) 

facilitates the production of flavanones.12 

 

Conventional Techniques of Flavonoid Extraction 

Conventional techniques for extracting flavonoids from 

plants include decoction, maceration, infusion, heat reflux, 

and percolation. The Soxhlet method,13 with modern 

adaptations, has also been widely utilized. The conventional 

approaches typically employ solvents like water and ethanol, 

and in some cases, environmentally hazardous solvents such 

as methanol, acetone, acetonitrile, ethyl acetate, dichloromethane, 

hexane, and petroleum ether. These methods often operate at 

high temperatures, exceeding 100 °C, in open containers, 

leading to the evaporation of solvents and most of them are 

time-consuming, with extraction periods extending up to 15 

days.14 A variety of unconventional extraction methods, 

including mechanical, electromagnetic, electric forces, or 

enzymatic methods, have been introduced to overcome the 

limitations of traditional approaches. However, these 

alternative methods are challenging as they are often labor-

intensive, requiring a series of pre-treatment steps15 and 

residue separation steps,16,17 along with prolonged extraction 

times.18 Furthermore, these methods are unreliable for 

commercial production since they can only be used for the 

production of limited quantities. These constraints underscore 

the need for more efficient, sustainable, scalable, and cost- 
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Figure 2. The Figure Depicts the Structure of the C3-C6-C3 Backbone of Flavonoids along with the Structures of Various Classes of Flavonoids. 

 

effective techniques for the production of flavonoids.19 

 

Flavonoid Synthetic Biology 

Synthetic biology involves the intentional engineering of 

biological systems to introduce novel functionalities that do 

not occur naturally.20 This process entails using standardized 

components, such as genes and proteins, and employing 

engineering principles to systematically design and construct 

these systems.21 This engineering approach extends to 

flavonoid synthetic biology, where synthetic biology techniques 

are applied to enhance the biosynthesis of flavonoids within 

microbial systems. The advancement of these methodologies 

has significantly facilitated the identification and character 

ization of key enzymes involved in flavonoid biosynthesis, 

enabling the optimization of metabolic pathways and leading 

to enhanced efficiency in flavonoid production.22 

Various microbial systems have been utilized as 

microbial cell factories for the production of flavonoids, 

including Escherichia coli,23 Saccharomyces cerevisiae,24 

Pichia pastoris,25 Yarrowia lipolytica,26 and Aspergillus 

niger.27 The selection of the appropriate microbial host 

depends on multiple considerations, such as the complexity 

of the biosynthetic pathway, the toxicity of intermediate 

compounds, and the availability of genetic manipulation tools.28 
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Synthetic Biology Approaches for the Production of 

Flavonoids  

The field of synthetic biology has helped in the production 

of flavonoids within microbial systems through various 

strategies. Some of these approaches include pathway 

engineering, gene dosage tuning, and metabolic flux analysis. 

Key techniques include chassis optimization, optimization of 

gene expression levels, and the modification or deletion of 

non-essential genes to achieve optimal flavonoid production. 
 

Chassis Optimization 

Chassis optimization is a technique, in which the selection, 

design, and genetic engineering of host organisms are 

necessary to serve as a robust and reliable platform for 

constructing synthetic biological systems, including 

flavonoid production.29 The key objective is to construct a 

standardized and reusable biological platform that possesses 

the ability to achieve predictable and controlled outcomes in 

terms of growth, yield, and stress tolerance under specific 

environmental conditions.30 Furthermore, it aims to enhance 

the performance and reliability of the microbes being used as 

the chassis. E. coli has been well explored as a chassis for 

the production of flavonoids, with biosynthetic pathways in 

E. coli leading to the de novo synthesis of flavanones such as 

naringenin, pinocembrin, eriodictyol, and homoeriodictyol.31 

Furthermore, yeast has been engineered to function as a 

microbial chassis for the de novo synthesis of various 

flavonoids, including naringenin, liquiritigenin, kaempferol, 

resokaempferol, quercetin, and fisetin.32 

 

Pathway Enzyme Engineering 

Synthetic biology also involves pathway enzyme 

engineering as a commonly employed strategy to enhance 

flavonoid production. Its objective is to rewire metabolism 

processes within the cell to promote the synthesis of target 

compounds, thereby facilitating the development of more 

efficient and sustainable production processes.33 It employs 

the application of directed evolution and rational design 

techniques to develop enzymes with improved activity or 

modified substrate specificity.11,34 For example, the 

existence of crystal structures for PALs from Rhodobacter 

sphaeroides, Petroselinum crispum, and Rhodosporidium 

toruloides, alongside histidine ammonia-lyase derived from 

the bacterium Pseudomonas putida, facilitate the potential 

use of homology modeling and rational design manipulating 

the structural insights. This approach facilitates crafting new 

TALs that exhibit improved tyrosine specificity and higher 

enzymatic activity.35,36 It involves subsequent techniques, 

these include: 

 

i) Codon Optimization 

Codon optimization involves scientific methods intended to 

improve the codon composition of a recombinant gene, 

considering various factors without altering the amino acid 

sequence.37 Codon optimization is usually carried out at the 

start of microbial engineering for flavonoid production. For 

example, the expression of codon-optimized genes encoding 

chalcone synthase (CHS) and chalcone isomerase (CHI) in 

the Corynebacterium glutamicum strain has led to increased 

production of naringenin and eriodictyol.38 

 

ii) Fusion Expression 

Fusion expression is a beneficial tool for optimizing 

flavonoid production. It involves the formation of fusion 

proteins by linking the sequences of two or more genes, 

creating a hybrid protein with combined functional 

properties. Enzyme activity can be efficiently improved by 

the translational fusion of several enzymes.39 An Alfalfa 

flavanone 3-hydroxylase promoter-gus fusion has been 

introduced in Nicotiana benthamiana for the controlled 

regulation of flavonoid production.40 

 

Metabolic Engineering 

The process by which the metabolic processes of an 

organism can be altered to facilitate the production of 

biofuels, pharmaceuticals, biochemical products, and other 

high-value compounds, including secondary metabolites, is 

known as Metabolic Engineering.41 This can be achieved 

through the manipulation of metabolic pathways and the 

modification of genes, enzymes, and other cellular components 

of an organism. The incorporation of native biosynthetic 

pathways of flavonoids from plants into microbial hosts 

offers a feasible method for the production of flavonoids.42 

An example of this involves the biosynthesis of catechin, a 

flavonol found in tea and cocoa. Zhao et al. (2015) have 

engineered E. coli to produce catechin by introducing the 

genes encoding for the enzymes flavanone 3-hydroxylase 

(F3H), dihydroflavonol 4-reductase (DFR), and leucoantho 

cyanidin reductase (LAR).43 Several strategies are employed 

in metabolic engineering, which include: 

 

i) Overexpression of Biosynthetic Genes: 

Gene overexpression involves enhancing the expression 

level of specific genes within the cell genome responsible 

for flavonoid production. The overexpression of flavonoid 

structural genes and transcription factors has been found to 

regulate flavonoid production, leading to differences in yield 

and types of flavonoids.44 One such example is, that 

overexpressing CtAC01 results in the increased accumulation 

of quercetin and its glycosylated derivatives, such as 

quercetin 3-β-D-glucoside and rutin, in safflower (Carthamus 

tinctorius L.).45 Similarly, the production of chrysin, 

wogonin, and baicalein also increased significantly after the 

elicitation of hairy roots of Scutellaria with MeJA+Chi 

which resulted in the upregulation of MYB7 and FNSII2 

genes in Scutellaria bornmuelleri.46 
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ii) Feedback Inhibition 

Feedback inhibition is a regulatory mechanism where the 

end product of a biosynthetic pathway inhibits an enzyme, 

thereby controlling metabolite production. Without such 

regulation, there is a risk of over-accumulation of flavonoids 

within microbial cells, which can lead to feedback 

inhibition.47 To counteract this issue, specific transporters 

can be employed to transport the final product into the 

extracellular space, reducing the intracellular concentration 

of flavonoids and mitigating feedback inhibition.48. 

Moreover, the construction of logic gates with higher-order 

processing capabilities has been explored in the context of 

managing flavonoid production effectively. This approach 

involves interconnecting logic gates into higher-order 

computation, leveraging inter-cellular communication enabled 

by quorum-sensing systems.49 For example, the dependence 

of phenylalanine ammonia-lyase (PAL) feedback inhibition 

on flavonols was confirmed through chemical implementation. 

Specifically, the use of naringenin effectively restored PAL 

repression in the tt4 ugt78d1 ugt78d2 system.50 This intricate 

approach showcases how manipulation of pathway 

regulation can be achieved to modulate flavonoid production 

efficiently. 

 

iii) Transcriptional Regulation 

Transcriptional regulation plays a vital role in optimizing 

flavonoid production. The mechanism involves governing 

gene expression through controlled binding of transcription 

factors to specific DNA sequences, thereby influencing the 

transcription initiation rate.51 This process is crucial in 

microbial flavonoid production as it directly affects the 

expression of genes involved in flavonoid biosynthesis. The 

regulation of flavonoid biosynthesis involves transcription 

factors such as MYB and bHLH, which directly control the 

expression of genes encoding enzymes responsible for 

flavonoid production.52 Additionally, introducing plant-

derived genes encoding modification enzymes into microbes 

enables the microbial production of complex flavonoids.53 

Since transcriptional regulation actively governs the 

expression of essential genes associated with biosynthesis, it 

plays a significant role in microbial flavonoid production by 

altering both the yield and the type of flavonoid.54 Moreover, 

optimizing microbial flavonoid production underscores the 

importance of transcriptional regulation, as seen in the 

proposal of transcription factor-based biosensors for 

microbial flavonoid production.55 

In yeast, the regulation of the shikimate pathway occurs 

at multiple levels, involving feedback genes and transcriptional 

regulators. This regulation is utilized to decrease the flux of 

the shikimate pathway, resulting in the overproduction of 

tyrosine, a precursor for (2S)-naringenin in flavonoid 

biosynthesis.56 Additionally, specific transcription factors 

involved in flavonoid biosynthesis, such as AaYABBY5, 

have been identified in Arabidopsis annua. These 

transcription factors play a crucial role in regulating the 

expression of genes related to flavonoid production.57 

Overexpression of transcription factors from the bHLH and 

MYB family, such as MY2 in A. annua, leads to increased 

levels of anthocyanin58 and artemisinin.59 

 

iv) Optimization of Culture Conditions 

Optimizing culture conditions involves adjusting various 

environmental and nutritional parameters within biological 

systems to maximize the yield of flavonoids. This includes 

adjustments in growth factors such as light, temperature, pH, 

nutrient availability, and the composition of nutrient 

media.47 An example of this is the supplementation of 

Phellinus igniarius with citric acid, resulting in a significant 

increase in flavonoid accumulation. The flavonoid content 

markedly increased when treated with 2.77 mM citric acid 

over 69.74 hours.60 

 

v) Introduction of Heterologous Pathways 

The successful introduction of heterologous pathways 

involves incorporating genes responsible for flavonoid 

biosynthesis from one organism into a different host 

organism, enabling the production of compounds not 

naturally synthesized by its genome.61 The most frequently 

used heterologous hosts include various eukaryotic 

microorganisms such as yeast Saccharomyces cerevisiae, 

Pichia pastoris, Candida boidinii, Hansenula polymorpha, 

Pichia methanolica, and Yarrowia lipolytica as well as other 

filamentous fungi like Aspergilli.62 For example, maize 

transcription factor genes LC and C1 were introduced into 

tomatoes to enable heterologous expression, resulting in the 

production of flavonoids in tomato flesh. Previously, 

anthocyanins were only found in the leaves of tomatoes, but 

the introduction of LC/C1 transcription factors upregulated 

the expression of genes necessary for flavonoid production.63 

Additionally, a four-step heterologous pathway was constructed 

within engineered L-tyrosine Escherichia coli, incorporating 

enzymes such as tyrosine ammonia lyase (TAL), 4-coumarate: 

CoA ligase (4CL), chalcone synthase (CHS), and chalcone 

isomerase (CHI). This enabled the direct production of 

naringenin from glucose.64 

 

vi) Metabolic Flux Optimization 

Metabolic flux optimization is a strategy that involves 

manipulating the metabolic pathways of a cell or organism 

to enhance the production of a specific metabolite or 

molecule. The objective of this approach is to maximize the 

flow of precursors through the targeted pathway while 

minimizing the competing pathways. This is achieved 

through the regulation of gene expression within the 

flavonoid biosynthesis pathway and ensuring the availability 

of necessary precursors and cofactors for efficient flavonoid 

production.65 Computational methods such as Flux Balance 

http://www.biotechrep.ir/


http://www.biotechrep.ir 

Anushtha et al 

 

1511  |  J Appl Biotechnol Rep, Volume 12, Issue 1, 2025  

Analysis (FBA) are employed to maximize the growth rate 

of microorganisms per unit of carbon consumption. FBA is a 

valuable tool used to optimize various aspects of metabolic 

networks, including maximizing biomass and ATP 

production or minimizing metabolic adjustments.66 

 

Gene Stacking 

Gene stacking is a procedure that involves combining 

multiple bioparts, including the gene of interest, into the 

genome of the host plant. This technique is utilized in 

synthetic biology to enhance the production of flavonoids. It 

involves the design and construction of new biological 

components, devices, and systems to engineer plants for 

increased production of flavonoids or specific types of 

flavonoids with desired characteristics.67 An example that 

illustrates this approach is the gene stacking in Arabidopsis 

thaliana plants to boost the production of proanthocyanidins, 

a specific type of flavonoid known for its role in plant 

defense against pathogens and diseases. In this case, genes 

CsF3’5’H and CsANR2 from the tea plant were introduced 

into Arabidopsis, resulting in elevated proanthocyanidin 

production in the new plant germplasm.68 

 

RNA Interference (RNAi) or Post-Translational Gene 

Silencing 

RNA interference (RNAi) is a valuable tool in synthetic 

biology for manipulating the expression of protein-coding 

genes and controlling cellular processes through sequence-

specific gene silencing. The RNAi process involves two key 

steps; the first step involves the introduction of double-

stranded RNA (dsRNA) into the cell and the subsequent 

degradation of the target mRNA. The introduction of dsRNA 

can be achieved through methods such as direct insertion 

into the cell via bombardment, virus-mediated transfer, and 

infiltration. The second step involves the transformation of 

cells with vectors that facilitate the production of dsRNA 

within the cell.69 An effective application of RNAi is the 

simultaneous silencing of GmFNSII-1 and GmFNSII-2 in 

the hairy roots of soybean, which resulted in a reduction in 

apigenin and luteolin production but a significant increase in 

genistein, a flavonoid compound.70 

 

Riboswitch-Guided Engineering 

Riboswitch-guided engineering involves using riboswitches 

to regulate gene expression by altering their conformation in 

response to the binding of specific effector molecules.71 

Some RNA biosensors act through a cis-regulatory mechanism, 

resulting in faster response times. These cis-regulating RNA 

biosensors are referred to as riboswitches.72 High-throughput 

screening, based on synthetic naringenin riboswitches, has 

yielded an optimized strain with a three-fold increase in 

naringenin production compared to the parental strain. This 

optimized strain achieved the highest reported concentration 

of 260.3 mg/l naringenin when glycerol and p-coumaric acid 

were used as substrates. These strategies contribute significantly 

to the improvement of flavonoid production in synthetic 

biology applications.73 

 

Genetic Circuits 

Genetic circuits are complex networks that consist of genes 

and regulatory components such as transcription factors and 

proteins that enable cells to control gene expression and 

metabolic processes.74 This concept of genes functioning as 

biological circuits traces its origins to pioneering work by 

Jacob and Monod, notably their investigation of the lac 

operon.75 A genetic circuit comprises three vital elements: a 

sensor that detects signals, internal logic circuits that process 

these signals, and an actuator for converting the processed 

signals into desired outputs.76 These genetic circuits can be 

engineered to regulate the expression of genes involved in 

flavonoid biosynthesis, resulting in enhanced production of 

flavonoids. 

 

Combinatorial Biosynthesis 

Combinatorial biosynthesis and synthetic biology are 

interconnected fields that utilize genetic and metabolic 

engineering to design and construct novel biosynthetic 

pathways for the production of desired compounds. Com 

binatorial biosynthesis is primarily focused on using 

different enzymes and substrates to generate a diverse range 

of both natural and unnatural compounds. Synthetic biology, 

on the other hand, attempts to create and engineer novel 

biological systems to produce specific products.77 An example 

of this synergy is the development of a single plasmid 

multigene expression system, termed pMGE-T7, which has 

been created to facilitate the heterologous production of 

naringenin in E. coli via combinatorial biosynthesis.78 

 

Synthetic Promoters 

Synthetic promoters play a crucial role in the context of 

flavonoid production as they enable precise regulation of 

gene expression to meet specific metabolic pathway 

requirements (Table 1).79 These promoters are designed to 

control gene expression predictably and can be customized 

to suit the specific requirements of the metabolic pathway 

under construction. By utilizing synthetic promoters, it is 

feasible to manipulate the expression of genes involved in 

flavonoid biosynthesis, maximizing flavonoid production 

while minimizing any adverse side effects.10 Notably, hybrid 

promoters have been developed in Y. lipolytica for 

heterologous gene expression. These hybrid promoters 

encompass elements derived from nitrogen (UAS1B) and the 

XPR2 promoter, which can be controlled by pH. Additionally, 

UASTEF is another synthetic promoter derived from the 

translation elongation factor 1-α (TEF1-α) gene, which has 

been specifically designed for use in Y. lipolytica.80 
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Table 1. Different Types of Flavonoids have been Produced Using Synthetic Biology Approaches 

Flavonoid Class Substrate used   Microbe Technique used Ref. 

Apigenin Flavones p-coumaric acid E. coli API and E. coli 

GPI (co-culture) 

Biotransformation 81 

luteolin Flavones Naringenin as supply from culture Streptomyces albus Culture optimization 82 

baicalein Flavones Tyrosine E. coli Enzyme self-assembly strategy 83 

liquiritigenin Flavanones phenylalanine S. cerevisiae Gene overexpression 84 

naringenin Flavanones p-ceramic acid 

  

D-xylose 

Acetate 

Malonate 

S. cerevisiae 

  

E. coli, S. cerevisiae  

E. coli 

C. glutamicum 

Metabolic flux optimization 

 Codon optimization and metabolic 

flux amplification 

Optimum flux rerouting 

Pathway engineering 

85 

 

86 

87 

88 

Eriodictyol Flavanones naringenin C. glutamicum Pathway engineering 89 

pinocembrin Flavanones L. phenylalanine E. coli Codon optimization, Use of promoter 90 

Kaempferol flavanol p-coumaric acid S. cerevisiae Gene overexpression 91 

di-hydroquerecitin Flavanols  Eriodictyol  S. cerevisiae Gene expression 92 

myricetin-3-O-α-L-

rhamnoside 

Flavonols  Myrecitin as supply from culture  E. coli Culture optimization 93 

Triacetin Flavonol Glycerol E. coli Metabolic engineering 94 

Scutellarin Flavonol L-phenylalanine Y. lipolytica Metabolic engineering 95 

Catechin Flavanonol Eriodictyol and dihydrokaempferol E. coli Combinatorial metabolic engineering 96 

 

Ethical, Safety, and Regulatory Considerations 

Ethical, safety, and regulatory considerations have become 

important in flavonoid synthetic biology. The production of 

flavonoids using synthetic biology approaches raises several 

ethical concerns, including the potential to produce novel 

compounds with unknown ecological and health impacts. 

Safety measures are crucial to ensure that engineered 

microorganisms do not pose any risks to the environment or 

human health. Regulatory frameworks need to be established 

to govern the production and use of synthetic flavonoids, 

addressing concerns about biosafety, biosecurity, and potential 

misuse of knowledge.97 Furthermore, using synthetic biology 

tools to produce flavonoids necessitates careful ethical 

evaluation, particularly regarding the potential for unintended 

consequences and blurring of boundaries between living 

organisms and machines. The societal implications of 

synthetic biology, including its ethical, safety, and security 

aspects, must be considered to ensure responsible research 

and development.98,99 

In the context of microbial production of flavonoids, 

synthetic biology approaches have the potential to improve 

the pharmacokinetics of flavonoids for clinical use, raising 

ethical considerations related to the development and use of 

modified compounds.51 Moreover, the use of synthetic 

biology pipelines for the rapid and tailored production of 

antiviral flavonoids requires careful ethical and safety 

assessments to mitigate potential risks and ensure responsible 

application.100 As flavonoid synthetic biology advances, it is 

important to address these issues to ensure responsible and 

sustainable development. Environmental risks in synthetic 

biology are assessed in terms of biosafety and biosecurity 

because synthetic organisms may be released into the 

environment, potentially leading to unintended effects on 

plant physiology and ecological systems.101 This can have 

consequences for biodiversity and natural sources of 

flavonoids. There is also a concern about the misuse of 

knowledge, which could result in creating novel pathogens 

harmful to the environment.102 Safety considerations are 

pivotal in the development of synthetic biology to ensure 

that they do not pose health hazards. Rigorous safety 

evaluations are essential, and producers must adhere to 

established safety guidelines and protocols for the approval 

of synthetic products.103 Regulatory agencies such as the 

FDA and FSSAI play a crucial role in evaluating safety 

protocols and ensuring proper monitoring of the safety and 

suitability of synthetic flavonoids for human consumption. 

 

Future Prospects and Directions 

Flavonoid synthetic biology holds promising prospects and 

directions, driven by recent advancements in synthetic 

biology and metabolic engineering. These disciplines offer 

potential solutions to the challenges that have hindered 

flavonoid drug discovery, such as low production efficiency 

from plants and chemical synthesis.104 Researchers are now 

focusing on producing flavonoids in microorganisms using 

metabolic engineering and synthetic biology, which opens 

new avenues for improved pharmacokinetics of flavonoids.105 

Moreover, the repositioning of microbial biotechnology 

against COVID-19 has highlighted the potential of synthetic 

biology in the fast and tailored production of valuable 

antiviral flavonoids, emphasizing the application of division 

of labor through co-cultivation/microbial community 

approaches to the Design, Build, Test, Learn (DBTL) 

principle.106 The future of flavonoid synthetic biology also 

involves the development of innovative strategies for 

improving flavonoid production using synthetic biology 

approaches, such as genetically encoded biosensors for in 

vivo metabolite analysis and high-throughput screening 

methods using fluorescence-activated cell sorting (FACS).107 

Furthermore, the potential convergence between synthetic 

biology and bioelectronics presents opportunities for developing 

synthetic biology-based therapies, offering novel therapeutic 

strategies for future clinical applications.108 The field of 

synthetic biology is actively moving forward, with immense 
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advancements in the synthetic biology of yeast, indicating 

the beginning of further development and the era of 

customized synthetic biology and automation.109 Additionally, 

modeling is likely to play a larger role in guiding synthetic 

biology, revealing subtle non-intuitive designs and becoming 

a significant field in the future.110 These advancements are 

expected to address the challenges in flavonoid drug 

discovery and pave the way for fast and tailored production 

of valuable flavonoids.12 

 

Conclusion 

In conclusion, flavonoids, ubiquitous phytopigments, play 

multifaceted roles in nature and industries. Synthetic biology 

offers significant potential for sustainable production of high 

-value products with considerable advantages. Conventional 

approaches are constrained by reliance on natural sources, 

which makes it challenging to increase production. The 

potential of flavonoid synthetic biology holds promise for 

meeting the increasing demand for these valuable compounds, 

with innovative approaches that not only enhance production 

but also maintain ethical and safety standards. As the field 

continues to evolve, it is poised to contribute significantly to 

various industries and our understanding of flavonoids, 

which enables the efficient synthesis of flavonoids in 

microbial systems, yielding higher purity and productivity. 

These advanced technologies facilitate their discovery and 

commercialization, streamlining the efforts of research 

institutions and industrial agencies. Nevertheless, further 

investigations are required to overcome these technological 

barriers and optimize manufacturing methods, especially for 

flavonoids that are not produced via synthetic biological 

routes. The development and optimization of additional 

synthetic biology chassis are necessary for enhanced production, 

necessitating the amalgamation of the various strategies 

outlined above. Furthermore, it is essential to address 

ethical, safety, and regulatory considerations in flavonoid 

synthetic biology to ensure responsible and sustainable 

development. Environmental risks, safety assessments, and 

adherence to regulatory guidelines are crucial aspects that 

must be carefully managed to ensure the safe and beneficial 

application of synthetic flavonoids. 

 

Authors’ Contributions 

KK and A conceived and designed the draft of the 

manuscript. A wrote the first draft of the manuscript. HC 

and YS reviewed, edited, and made additions to the data for 

the manuscript. All authors commented on the subsequent 

version of the manuscript. All authors have read and 

approved the final manuscript. 

 

Conflict of Interest Disclosures 

The authors declare that they have no conflicts of interest. 

References 
1. Dias MC, Pinto DC, Silva AM. Plant flavonoids: 

Chemical characteristics and biological activity. 

Molecules. 2021;26(17):5377. doi:10.3390/molecules2 

6175377 

2. Huvaere K, Skibsted LH. Flavonoids protecting food and 

beverages against light. J Sci Food Agr. 2015;95(1):20-35. 
doi:10.1002/jsfa.6796 

3. Schnarr L, Segatto ML, Olsson O, Zuin VG, Kümmerer K. 

Flavonoids as biopesticides–Systematic assessment of 

sources, structures, activities and environmental fate. Sci 

Total Environ. 2022;824:153781. doi:10.1016/j. 

scitotenv.2022.153781 

4. Arct J, Pytkowska K. Flavonoids as components of 

biologically active cosmeceuticals. Clin Dermatol. 2008; 

26(4):347-57. doi:10.1016/j.clindermatol.2008.01.004 

5. Janabi AH, Kamboh AA, Saeed M, Xiaoyu L, BiBi J, 

Majeed F, et al. Flavonoid-rich foods (FRF): A promising 

nutraceutical approach against lifespan-shortening 

diseases. Iran J Basic Med Sci. 2020;23(2):140-53. 

doi:10.22038/IJBMS.2019.35125.8353 

6. Ullah A, Munir S, Badshah SL, Khan N, Ghani L, Poulson 

BG, et al. Important flavonoids and their role as a 

therapeutic agent. Molecules. 2020;25(22):5243. 
doi:10.3390/molecules25225243 

7. Dias MC, Pinto DC, Silva AM. Plant flavonoids: 

Chemical characteristics and biological activity. 

Molecules. 2021;26(17):5377. doi:10.3390/molecules 

26175377 

8. Lou H, Hu L, Lu H, Wei T, Chen Q. Metabolic 

engineering of microbial cell factories for biosynthesis of 

flavonoids: a review. Molecules. 2021;26(15):4522. 
doi:10.3390/molecules26154522 

9. Li H, Lyv Y, Zhou S, Yu S, Zhou J. Microbial cell factories 

for the production of flavonoids–barriers and 

opportunities. Bioresour Technol. 2022;360:127538. 
doi:10.1016/j.biortech.2022.127538 

10. Hwang HJ, Lee SY, Lee PC. Engineering and application 

of synthetic nar promoter for fine-tuning the expression of 

metabolic pathway genes in Escherichia coli. Biotechnol 

Biofuels. 2018;11:103. doi:10.1186/s13068-018-1104-1  

11. Chica RA, Doucet N, Pelletier JN. Semi-rational 

approaches to engineering enzyme activity: combining 

the benefits of directed evolution and rational design. 

Curr Opin Biotechnol. 2005;16(4):378-84. doi:10.10 

16/j.copbio.2005.06.004 

12. Downing NS, Aminawung JA, Shah ND, Krumholz HM, 

Ross JS. Clinical trial evidence supporting FDA approval 

of novel therapeutic agents, 2005-2012. JAMA. 

2014;311(4):368-77. doi:10.1001/jama.2013.282034 

13. Chávez-González ML, Sepúlveda L, Verma DK, Luna-

García HA, Rodríguez-Durán LV, Ilina A, et al. 

Conventional and emerging extraction processes of 

flavonoids. Processes. 2020;8(4):434. doi:10.3390/pr 

8040434 

14. Rodríguez De Luna SL, Ramírez-Garza RE, Serna Saldívar 

SO. Environmentally friendly methods for flavonoid 

extraction from plant material: Impact of their operating 

conditions on yield and antioxidant properties. Sci World 

J. 2020;2020(1):6792069. doi:10.1155/2020/6792069 

15. Chaves JO, De Souza MC, Da Silva LC, Lachos-Perez D, 

Torres-Mayanga PC, Machado AP, et al. Extraction of 

flavonoids from natural sources using modern 

techniques. Front Chem. 2020;8:507887. doi:10.3389/f 

chem.2020.507887 

16. Chan CH, Yusoff R, Ngoh GC, Kung FW. Microwave-

assisted extractions of active ingredients from plants. J 

Chromatogr A. 2011;1218(37):6213-25. doi:10.1016/j. 

http://www.biotechrep.ir/
https://doi.org/10.3390/molecules26175377
https://doi.org/10.3390/molecules26175377
https://doi.org/10.1002/jsfa.6796
https://doi.org/10.1016/j.scitotenv.2022.153781
https://doi.org/10.1016/j.scitotenv.2022.153781
https://doi.org/10.1016/j.clindermatol.2008.01.004
https://doi.org/10.22038/IJBMS.2019.35125.8353
https://doi.org/10.3390/molecules25225243
https://doi.org/10.3390/molecules26175377
https://doi.org/10.3390/molecules26175377
https://doi.org/10.3390/molecules26154522
https://doi.org/10.1016/j.biortech.2022.127538
https://doi.org/10.1186/s13068-018-1104-1
https://doi.org/10.1016/j.copbio.2005.06.004
https://doi.org/10.1016/j.copbio.2005.06.004
https://doi.org/10.3390/pr8040434
https://doi.org/10.3390/pr8040434
https://doi.org/10.1155/2020/6792069
https://doi.org/10.3389/fchem.2020.507887
https://doi.org/10.3389/fchem.2020.507887
https://doi.org/10.1016/j.chroma.2011.07.040


http://www.biotechrep.ir 

Synthetic Biology Approaches for the Production of Flavonoids 

 

 J Appl Biotechnol Rep, Volume 12, Issue 1, 2025  |  1514 

chroma.2011.07.040 

17. Chaves JO, De Souza MC, Da Silva LC, Lachos-Perez D, 

Torres-Mayanga PC, Machado AP, et al. Extraction of 

flavonoids from natural sources using modern 

techniques. Front Chem. 2020;8:507887. doi:10.3389/ 

fchem.2020.507887 

18. Trantas EA, Koffas MA, Xu P, Ververidis F. When plants 

produce not enough or at all: metabolic engineering of 

flavonoids in microbial hosts. Front Plant Sci. 2015;6:7. 
doi:10.3389/fpls.2015.00007 

19. Sajid M, Channakesavula CN, Stone SR, Kaur P. Synthetic 

biology towards improved flavonoid pharmacokinetics. 

Biomolecules. 2021;11(5):754. doi:10.3390/biom11050 

754 

20. Serrano L. Synthetic biology: promises and challenges. 

Mol Syst Biol. 2007;3(1):158. doi:10.1038/msb4100202 

21. Gao H, Zhuo Y, Ashforth E, Zhang L. Engineering of a 

genome-reduced host: practical application of synthetic 

biology in the overproduction of desired secondary 

metabolites. Protein Cell. 2010;1(7):621-6. doi:10.1007/ 

s13238-010-0073-3 

22. Pandey RP, Parajuli P, Koffas MA, Sohng JK. Microbial 

production of natural and non-natural flavonoids: 

pathway engineering, directed evolution and 

systems/synthetic biology. Biotechnol Adv. 2016;34(5) 

:634-62. doi:10.1016/j.biotechadv.2016.02.012 
23. Putignani L, Massa O, Alisi A. Engineered Escherichia 

coli as new source of flavonoids and terpenoids. Int Food 

Res. 2013;54(1):1084-95. doi:10.1016/j.foodres.2013.0 

1.062 
24. Rodriguez A, Strucko T, Stahlhut SG, Kristensen M, 

Svenssen DK, Forster J, et al. Metabolic engineering of 

yeast for fermentative production of flavonoids. Bioresour 

Technol. 2017;245:1645-54. doi:10.1016/j.biortech. 

2017.06.043 

25. Kumokita R, Bamba T, Inokuma K, Yoshida T, Ito Y, 

Kondo A, et al. Construction of an L-tyrosine chassis in 

Pichia pastoris enhances aromatic secondary metabolite 

production from glycerol. ACS Synth Biol. 2022;11(6): 

2098-107. doi:10.1021/acssynbio.2c00047 

26. Lv Y, Marsafari M, Koffas M, Zhou J, Xu P. Optimizing 

oleaginous yeast cell factories for flavonoids and 

hydroxylated flavonoids biosynthesis. ACS Synth Biol. 

2019;8(11):2514-23. doi:10.1021/acssynbio.9b00193 

27. Cao H, Chen X, Jassbi AR, Xiao J. Microbial 

biotransformation of bioactive flavonoids. Biotechnol 

Adv. 2015;33(1):214-23. doi:10.1016/j.biotechadv.2014. 

10.012 

28. Jia H, Fan Y, Feng X, Li C. Enhancing stress-resistance for 

efficient microbial biotransformations by synthetic 

biology. Front Bioeng Biotechnol. 2014;2:44. doi:10.33 

89/fbioe.2014.00044 

29. Beites T, Mendes MV. Chassis optimization as a 

cornerstone for the application of synthetic biology based 

strategies in microbial secondary metabolism. Front 

Microbiol. 2015;6:906. doi:10.3389/fmicb.2015.00906 

30. de Lorenzo V, Krasnogor N, Schmidt M. For the sake of 

the Bioeconomy: define what a Synthetic Biology Chassis 

is!. N Biotechnol. 2021;60:44-51. doi:10.1016/j.nbt. 

2020.08.004 

31. Dunstan MS, Robinson CJ, Jervis AJ, Yan C, Carbonell P, 

Hollywood KA, et al. Engineering Escherichia coli 

towards de novo production of gatekeeper (2 S)-

flavanones: naringenin, pinocembrin, eriodictyol and 

homoeriodictyol. Synth Biol. 2020;5(1):ysaa012. doi:10. 

1093/synbio/ysaa012 

32. Yu S, Li M, Gao S, Zhou J. Engineering Saccharomyces 

cerevisiae for the production of dihydroquercetin from 

naringenin. Microb Cell Fact. 2022;21(1):213. doi:10.11 

86/s12934-022-01937-8  

33. Pandey RP, Parajuli P, Koffas MA, Sohng JK. Microbial 

production of natural and non-natural flavonoids: 

pathway engineering, directed evolution and 

systems/synthetic biology. Biotechnol Adv. 2016;34(5): 

634-62. doi:10.1016/j.biotechadv.2016.02.012 

34. Williams GJ, Nelson AS, Berry A. Directed evolution of 

enzymes for biocatalysis and the life sciences. Cell Mol 

Life Sci. 2004;61:3034-46. doi:10.1007/s00018-004-

4234-5  

35. Zha J, Wu X, Gong G, Koffas MA. Pathway enzyme 

engineering for flavonoid production in recombinant 

microbes. Metab Eng Commun. 2019;9:e00104. 

doi:10.1016/j.mec.2019.e00104 

36. Tariq H, Asif S, Andleeb A, Hano C, Abbasi BH. 

Flavonoid production: current trends in plant metabolic 

engineering and de novo microbial production. 

Metabolites. 2023;13(1):124. doi:10.3390/metabo130 

10124 

37. Whittle CA, Kulkarni A, Extavour CG. Evidence of 

multifaceted functions of codon usage in translation 

within the model beetle Tribolium castaneum. DNA Res. 

2019;26(6):473-84. doi:10.1093/dnares/dsz025 

38. Zha J, Zang Y, Mattozzi M, Plassmeier J, Gupta M, Wu X, 

et al. Metabolic engineering of Corynebacterium 

glutamicum for anthocyanin production. Microbl Cell 

Fact. 2018;17:143. doi:10.1186/s12934-018-0990-z  

39. Sheng H, Sun X, Yan Y, Yuan Q, Wang J, Shen X. 

Metabolic engineering of microorganisms for the 

production of flavonoids. Front Bioeng Biotechnol. 

2020;8:589069. doi:10.3389/fbioe.2020.589069 

40. Charrier B, Leroux C, Kondorosi A, Ratet P. The 

expression pattern of alfalfa flavanone 3-hydroxylase 

promoter-gus fusion in Nicotiana benthamiana correlates 

with the presence of flavonoids detected in situ. Plant 

Mol Biol. 1996;30:1153-68. doi:10.1007/BF00019549  

41. Wuest DM, Hou S, Lee KH. 3.52 - Metabolic 

Engineering. In: Moo-Young M, ed. Comprehensive 

Biotechnology (Second Edition). Academic Press; 

2011:617-28. doi:10.1016/B978-0-08-088504-9.00229-4 

42. Lou H, Hu L, Lu H, Wei T, Chen Q. Metabolic 

engineering of microbial cell factories for biosynthesis of 

flavonoids: a review. Molecules. 2021;26(15):4522. 
doi:10.3390/molecules26154522 

43. Zhao S, Jones JA, Lachance DM, Bhan N, Khalidi O, 

Venkataraman S, et al. Improvement of catechin 

production in Escherichia coli through combinatorial 

metabolic engineering. Metab Eng. 2015;28:43-53. 

doi:10.1016/j.ymben.2014.12.002 

44. Meng L, Zhang S, Bai X, Li X, Wang Q, Wang L, et al. 

Transcriptomic and Non-Targeted metabolomic analyses 

reveal the flavonoid biosynthesis pathway in Auricularia 

cornea. Molecules. 2022;27(7):2334. doi:10.3390/ 

molecules27072334 

45. Tu Y, He B, Gao S, Guo D, Jia X, Dong X, et al. CtACO1 

overexpression resulted in the alteration of the flavonoids 

profile of safflower. Molecules. 2019;24(6):1128. 
doi:10.3390/molecules24061128 

46. Gharari Z, Bagheri K, Danafar H, Sharafi A. Enhanced 

flavonoid production in hairy root cultures of Scutellaria 

bornmuelleri by elicitor induced over-expression of 

MYB7 and FNSП2 genes. Plant Physiol Biochem. 

2020;148:35-44. doi:10.1016/j.plaphy.2020.01.002 

47. Chouhan S, Sharma K, Zha J, Guleria S, Koffas MA. 

Recent advances in the recombinant biosynthesis of 

polyphenols. Front Microbiol. 2017;8:2259. 
doi:10.3389/fmicb.2017.02259 

48. Wang Y, Chen S, Yu O. Metabolic engineering of 

flavonoids in plants and microorganisms. Appl Microbiol 

http://www.biotechrep.ir/
https://doi.org/10.1016/j.chroma.2011.07.040
https://doi.org/10.3389/fchem.2020.507887
https://doi.org/10.3389/fchem.2020.507887
https://doi.org/10.3389/fpls.2015.00007
https://doi.org/10.3390/biom11050754
https://doi.org/10.3390/biom11050754
https://doi.org/10.1007/s13238-010-0073-3
https://doi.org/10.1007/s13238-010-0073-3
https://doi.org/10.1016/j.biotechadv.2016.02.012
https://doi.org/10.1016/j.foodres.2013.01.062
https://doi.org/10.1016/j.foodres.2013.01.062
https://doi.org/10.1016/j.biortech.2017.06.043
https://doi.org/10.1016/j.biortech.2017.06.043
https://doi.org/10.1021/acssynbio.2c00047
https://doi.org/10.1021/acssynbio.9b00193
https://doi.org/10.3389/fbioe.2014.00044
https://doi.org/10.3389/fbioe.2014.00044
https://doi.org/10.3389/fmicb.2015.00906
https://doi.org/10.1016/j.nbt.2020.08.004
https://doi.org/10.1016/j.nbt.2020.08.004
https://doi.org/10.1093/synbio/ysaa012
https://doi.org/10.1093/synbio/ysaa012
https://doi.org/10.1186/s12934-022-01937-8
https://doi.org/10.1186/s12934-022-01937-8
https://doi.org/10.1016/j.biotechadv.2016.02.012
https://doi.org/10.1007/s00018-004-4234-5
https://doi.org/10.1007/s00018-004-4234-5
https://doi.org/10.1016/j.mec.2019.e00104
https://doi.org/10.3390/metabo13010124
https://doi.org/10.3390/metabo13010124
https://doi.org/10.1093/dnares/dsz025
https://doi.org/10.1186/s12934-018-0990-z
https://doi.org/10.3389/fbioe.2020.589069
https://doi.org/10.1007/BF00019549
https://doi.org/10.3390/molecules26154522
https://doi.org/10.1016/j.ymben.2014.12.002
https://doi.org/10.3390/molecules27072334
https://doi.org/10.3390/molecules27072334
https://doi.org/10.3390/molecules24061128
https://doi.org/10.1016/j.plaphy.2020.01.002
https://doi.org/10.3389/fmicb.2017.02259


http://www.biotechrep.ir 

Anushtha et al 

 

1515  |  J Appl Biotechnol Rep, Volume 12, Issue 1, 2025  

Biotechnol. 2011;91(4):949-56. doi:10.1007/s00253-

011-3449-2  

49. Ma KC, Perli SD, Lu TK. Foundations and emerging 

paradigms for computing in living cells. J Mol Biol. 

2016;428(5):893-915. doi:10.1016/j.jmb.2016.02.018 

50. Yin R, Messner B, Faus-Kessler T, Hoffmann T, Schwab 

W, Hajirezaei MR, et al. Feedback inhibition of the 

general phenylpropanoid and flavonol biosynthetic 

pathways upon a compromised flavonol-3-O-

glycosylation. J Exp Bot. 2012;63(7):2465-78. 
doi:10.1093/jxb/err416 

51. Anderson J, Strelkowa N, Stan GB, Douglas T, Savulescu 

J, Barahona M, et al. Engineering and ethical perspectives 

in synthetic biology: Rigorous, robust and predictable 

designs, public engagement and a modern ethical 

framework are vital to the continued success of synthetic 

biology. EMBO Rep. 2012;13(7):584-90. doi:10.1038/ 

embor.2012.81 

52. Chen S, Wang S. GLABRA2, a common regulator for 

epidermal cell fate determination and anthocyanin 

biosynthesis in Arabidopsis. Int J Mol Sci. 2019;20(20): 

4997. doi:10.3390/ijms20204997 

53. Isogai S, Tominaga M, Kondo A, Ishii J. Plant flavonoid 

production in bacteria and yeasts. Front Chem Eng. 

2022;4:880694. doi:10.3389/fceng.2022.880694 

54. Pukalski J, Latowski D. Secrets of flavonoid synthesis in 

mushroom cells. Cells. 2022;11(19):3052. doi:10.3390/ 

cells11193052 

55. Bahaudin KN, Sabri S, Ramzi AB, Chor AL, Tencomnao 

T, Baharum SN. Current progress in production of 

flavonoids using systems and synthetic biology platforms. 

Sains Malays. 2018;47:3077-84. doi:10.17576/jsm-2018-

4712-18 

56. Mejía-Manzano LA, Ortiz-Alcaráz CI, Parra Daza LE, 

Suarez Medina L, Vargas-Cortez T, Fernández-Niño M, et 

al. Saccharomyces cerevisiae biofactory to produce 

naringenin using a systems biology approach and a 

bicistronic vector expression strategy in flavonoid 

production. Microbiol Spectr. 2024;12(1):e03374-23. 
doi:10.1128/spectrum.03374-23 

57. Kayani SI, Shen Q, Rahman SU, Fu X, Li Y, Wang C, et 

al. Transcriptional regulation of flavonoid biosynthesis in 

Artemisia annua by AaYABBY5. Hortic Res. 2021;8. 
doi:10.1038/s41438-021-00693-x 

58. Gonzalez A, Zhao M, Leavitt JM, Lloyd AM. Regulation 

of the anthocyanin biosynthetic pathway by the 

TTG1/bHLH/Myb transcriptional complex in Arabidopsis 

seedlings. Plant J. 2008;53(5):814-27. doi:10.1111/j. 

1365-313X.2007.03373.x 

59. Lv Z, Zhang L, Tang K. New insights into artemisinin 

regulation. Plant Signal Behav. 2017;12(10):e1366398. 
doi:10.1080/15592324.2017.1366398 

60. Dong H, Chen H, Xu B, Tan Y, Ling Q, Shi L. Citric Acid 

Changes the Fingerprint of Flavonoids and Promotes 

Their Accumulation in Phellinus igniarius (L.) Quél. Life. 

2022;13(1):68. doi:10.3390/life13010068 

61. David F, Nielsen J, Siewers V. Flux control at the 

malonyl-CoA node through hierarchical dynamic 

pathway regulation in Saccharomyces cerevisiae. ACS 

Synth Biol. 2016;5(3):224-33. doi:10.1021/acssynbio. 

5b00161 

62. Markina NM, Kotlobay AA, Tsarkova AS. Heterologous 

metabolic pathways: strategies for optimal expression in 

eukaryotic hosts. Acta Naturae. 2020;12(2 (45):28-39. 
doi:10.32607/actanaturae.10966 

63. Bovy A, de Vos R, Kemper M, Schijlen E, Almenar Pertejo 

M, Muir S, et al. High-flavonol tomatoes resulting from 

the heterologous expression of the maize transcription 

factor genes LC and C1. Plant Cell. 2002;14(10):2509-26. 

doi:10.1105/tpc.004218 

64. Santos CN, Koffas M, Stephanopoulos G. Optimization of 

a heterologous pathway for the production of flavonoids 

from glucose. Metab Eng. 2011;13(4):392-400. 
doi:10.1016/j.ymben.2011.02.002 

65. Hwang HG, Milito A, Yang JS, Jang S, Jung GY. 

Riboswitch-guided chalcone synthase engineering and 

metabolic flux optimization for enhanced production of 

flavonoids. Metab Eng. 2023;75:143-52. doi:10.1016/j. 

ymben.2022.12.006 

66. Goyal S, Yuan J, Chen T, Rabinowitz JD, Wingreen NS. 

Achieving optimal growth through product feedback 

inhibition in metabolism. PLoS Comput Biol. 2010; 

6(6):e1000802. doi:10.1371/journal.pcbi.1000802 

67. Srivastava V, Thomson J. Gene stacking by recombinases. 

Plant Biotechnol J. 2016;14(2):471-82. doi:10.1111/ 

pbi.12459 

68. Wei J, Yang J, Jiang W, Pang Y. Stacking triple genes 

increased proanthocyanidins level in Arabidopsis 

thaliana. PLoS One. 2020;15(6):e0234799. doi:10.1371/ 

journal.pone.0234799 

69. Koopman F, Beekwilder J, Crimi B, van Houwelingen A, 

Hall RD, Bosch D, et al. De novo production of the 

flavonoid naringenin in engineered Saccharomyces 

cerevisiae. Microb Cell Fact. 2012;11:155. doi:10.118 

6/1475-2859-11-155  

70. Yan J, Wang B, Jiang Y, Cheng L, Wu T. GmFNSII-

controlled soybean flavone metabolism responds to 

abiotic stresses and regulates plant salt tolerance. Plant 

Cell Physiol. 2014;55(1):74-86. doi:10.1093/pcp/pct159 

71. Berens C, Suess B. Riboswitch engineering—making the 

all-important second and third steps. Curr Opin 

Biotechnol. 2015;31:10-5. doi:10.1016/j.copbio.2014.0 

7.014 

72. Mellin JR, Cossart P. Unexpected versatility in bacterial 

riboswitches. Trends Genet. 2015;31(3):150-6. doi:10.10 

16/j.tig.2015.01.005 

73. Hwang HG, Noh MH, Koffas MA, Jang S, Jung GY. Multi-

level rebalancing of the naringenin pathway using 

riboswitch-guided high-throughput screening. Metab Eng. 

2021;67:417-27. doi:10.1016/j.ymben.2021.08.003 

74. Chakraborty D, Rengaswamy R, Raman K. Designing 

biological circuits: from principles to applications. ACS 

Synth Biol. 2022;11(4):1377-88. doi:10.1021/acssynbio 

.1c00557 

75. Jacob F, Monod J. Genetic regulatory mechanisms in the 

synthesis of proteins. J Mol Biol. 1961;3(3):318-56. 
doi:10.1016/S0022-2836(61)80072-7 

76. Cui S, Lv X, Xu X, Chen T, Zhang H, Liu Y, et al. 

Multilayer genetic circuits for dynamic regulation of 

metabolic pathways. ACS Synth Biol. 2021;10(7):1587-

97. doi:10.1021/acssynbio.1c00073 

77. Malico AA, Calzini MA, Gayen AK, Williams GJ. 

Synthetic biology, combinatorial biosynthesis, and 

chemo-enzymatic synthesis of isoprenoids. J Ind 

Microbiol Biotechnol. 2020;47(9-10):675-702. 
doi:10.1007/s10295-020-02306-3 

78. Kufs JE, Hoefgen S, Rautschek J, Bissell AU, Graf C, 

Fiedler J, et al. Rational design of flavonoid production 

routes using combinatorial and precursor-directed 

biosynthesis. ACS Synth Biol. 2020;9(7):1823-32. 
doi:10.1021/acssynbio.0c00172 

79. Pandey A, Alok A, Lakhwani D, Singh J, Asif MH, Trivedi 

PK. Genome-wide expression analysis and metabolite 

profiling elucidate transcriptional regulation of flavonoid 

biosynthesis and modulation under abiotic stresses in 

banana. Sci Rep. 2016;6(1):31361. doi:10.1038/srep 

31361  

80. Shabbir Hussain M, Wheeldon I, Blenner MA. A strong 

http://www.biotechrep.ir/
https://doi.org/10.1007/s00253-011-3449-2
https://doi.org/10.1007/s00253-011-3449-2
https://doi.org/10.1016/j.jmb.2016.02.018
https://doi.org/10.1093/jxb/err416
https://doi.org/10.1038/embor.2012.81
https://doi.org/10.1038/embor.2012.81
https://doi.org/10.3390/ijms20204997
https://doi.org/10.3389/fceng.2022.880694
https://doi.org/10.3390/cells11193052
https://doi.org/10.3390/cells11193052
https://doi.org/10.1128/spectrum.03374-23
https://doi.org/10.1038/s41438-021-00693-x
https://doi.org/10.1111/j.1365-313X.2007.03373.x
https://doi.org/10.1111/j.1365-313X.2007.03373.x
https://doi.org/10.1080/15592324.2017.1366398
https://doi.org/10.3390/life13010068
https://doi.org/10.1021/acssynbio.5b00161
https://doi.org/10.1021/acssynbio.5b00161
https://doi.org/10.1105/tpc.004218
https://doi.org/10.1016/j.ymben.2011.02.002
https://doi.org/10.1016/j.ymben.2022.12.006
https://doi.org/10.1016/j.ymben.2022.12.006
https://doi.org/10.1371/journal.pcbi.1000802
https://doi.org/10.1111/pbi.12459
https://doi.org/10.1111/pbi.12459
https://doi.org/10.1371/journal.pone.0234799
https://doi.org/10.1371/journal.pone.0234799
https://doi.org/10.1186/1475-2859-11-155
https://doi.org/10.1186/1475-2859-11-155
https://doi.org/10.1093/pcp/pct159
https://doi.org/10.1016/j.copbio.2014.07.014
https://doi.org/10.1016/j.copbio.2014.07.014
https://doi.org/10.1016/j.ymben.2021.08.003
https://doi.org/10.1021/acssynbio.1c00557
https://doi.org/10.1021/acssynbio.1c00557
https://doi.org/10.1016/S0022-2836(61)80072-7
https://doi.org/10.1021/acssynbio.1c00073
https://doi.org/10.1007/s10295-020-02306-3
https://doi.org/10.1021/acssynbio.0c00172
https://doi.org/10.1038/srep31361
https://doi.org/10.1038/srep31361


http://www.biotechrep.ir 

Synthetic Biology Approaches for the Production of Flavonoids 

 

 J Appl Biotechnol Rep, Volume 12, Issue 1, 2025  |  1516 

hybrid fatty acid inducible transcriptional sensor built 

from Yarrowia lipolytica upstream activating and 

regulatory sequences. Biotechnol J. 2017;12(10): 

1700248. doi:10.1002/biot.201700248 

81. Thuan NH, Chaudhary AK, Van Cuong D, Cuong NX. 

Engineering co-culture system for production of apigetrin 

in Escherichia coli. J Ind Microbiol Biotechnol. 

2018;45(3):175-85. doi:10.1007/s10295-018-2012-x 

82. Marín L, Gutiérrez-del-Río I, Yagüe P, Manteca Á, Villar 

CJ, Lombó F. De novo biosynthesis of apigenin, luteolin, 

and eriodictyol in the actinomycete Streptomyces albus 

and production improvement by feeding and spore 

conditioning. Front Microbiol. 2017;8:921. doi:10.3 

389/fmicb.2017.00921 

83. Ji D, Li J, Xu F, Ren Y, Wang Y. Improve the biosynthesis 

of baicalein and scutellarein via manufacturing self-

assembly enzyme reactor in vivo. ACS Synth Biol. 

2021;10(5):1087-94. doi:10.1021/acssynbio.0c00606 

84. Yin Y, Li Y, Jiang D, Zhang X, Gao W, Liu C. De novo 

biosynthesis of liquiritin in Saccharomyces cerevisiae. 

Acta Pharm Sin B. 2020;10(4):711-21. doi:10.1016 

/j.apsb.2019.07.005 

85. Gao S, Lyu Y, Zeng W, Du G, Zhou J, Chen J. Efficient 

biosynthesis of (2 S)-naringenin from p-coumaric acid in 

Saccharomyces cerevisiae. J Agric Food Chem. 2019; 

68(4):1015-21. doi:10.1021/acs.jafc.9b05218 

86. Zhang W, Liu H, Li X, Liu D, Dong XT, Li FF, et al. 

Production of naringenin from D‐xylose with co‐culture 

of E. coli and S. cerevisiae. Eng Life Sci. 2017;17(9): 

1021-9. doi:10.1002/elsc.201700039 

87. Kim DH, Hwang HG, Jung GY. Optimum flux rerouting 

for efficient production of naringenin from acetate in 

engineered Escherichia coli. Biotechnol Biofuels Bioprod. 

2022;15(1):90. doi:10.1186/s13068-022-02188-w  

88. Wu X, Liu J, Liu D, Yuwen M, Koffas MA, Zha J. 

Biosynthesis of eriodictyol from tyrosine by 

Corynebacterium glutamicum. Microb Cell Fact. 

2022;21(1):86. doi:10.1186/s12934-022-01815-3  

89. Kallscheuer N, Vogt M, Stenzel A, Gätgens J, Bott M, 

Marienhagen J. Construction of a Corynebacterium 

glutamicum platform strain for the production of stilbenes 

and (2S)-flavanones. Metab Eng. 2016;38:47-55. 
doi:10.1016/j.ymben.2016.06.003 

90. Li J, Tian C, Xia Y, Mutanda I, Wang K, Wang Y. 

Production of plant-specific flavones baicalein and 

scutellarein in an engineered E. coli from available 

phenylalanine and tyrosine. Metab Eng. 2019;52:124-33. 
doi:10.1016/j.ymben.2018.11.008 

91. Duan L, Ding W, Liu X, Cheng X, Cai J, Hua E, et al. 

Biosynthesis and engineering of kaempferol in 

Saccharomyces cerevisiae. Microb Cell Fact. 2017;16: 

165. doi:10.1186/s12934-017-0774-x  

92. Thuan NH, Shrestha A, Trung NT, Tatipamula VB, Van 

Cuong D, Canh NX, et al. Advances in biochemistry and 

the biotechnological production of taxifolin and its 

derivatives. Biotechnol Appl Biochem. 2022;69(2):848-

61. doi:10.1002/bab.2156 

93. Thuan NH, Pandey RP, Thuy TT, Park JW, Sohng JK. 

Improvement of regio-specific production of myricetin-3-

O-α-L-rhamnoside in engineered Escherichia coli. Appl 

Biochem Biotechnol. 2013;171:1956-67. doi:10.1007/s 

12010-013-0459-9  

94. Zada B, Joo S, Wang C, Tseten T, Jeong SH, Seo H, et al. 

Metabolic engineering of Escherichia coli for production 

of non-natural acetins from glycerol. Green Chem. 

2020;22(22):7788-802. doi:10.1039/D0GC02395G 

95. Wang Y, Liu X, Chen B, Liu W, Guo Z, Liu X, et al. 

Metabolic engineering of Yarrowia lipolytica for 

scutellarin production. Synth Syst Biotechnol. 

2022;7(3):958-64. doi:10.1016/j.synbio.2022.05.009 

96. Umar KM, Abdulkarim SM, Radu S, Abdul Hamid A, 

Saari N. Engineering the production of major catechins 

by Escherichia coli carrying metabolite genes of Camellia 

sinensis. Sci World J. 2012;2012(1):529031. doi:10.11 

00/2012/529031 

97. Sajid M, Channakesavula CN, Stone SR, Kaur P. Synthetic 

biology towards improved flavonoid pharmacokinetics. 

Biomolecules. 2021;11(5):754. doi:10.3390/biom110 

50754 

98. Gregorowius D, Deplazes-Zemp A. Societal impact of 

synthetic biology: responsible research and innovation 

(RRI). Essays Biochem. 2016;60(4):371-9. doi:10.1042/ 

EBC20160039 

99. Yearley S. The ethical landscape: identifying the right 

way to think about the ethical and societal aspects of 

synthetic biology research and products. J R Soc 

Interface. 2009;6(suppl_4):S559-64. doi:10.1098/rsif. 

2009.0055.focus 

100. Gronvall GK. Safety, security, and serving the public 

interest in synthetic biology. J Ind Microbiol Biotechnol. 

2018;45(7):463-6. doi:10.1007/s10295-018-2026-4 

101. Bohua L, Yuexin W, Yakun O, Kunlan Z, Huan L, 

Ruipeng L. Ethical framework on risk governance of 

synthetic biology. J Biosaf Biosecur. 2023;5(2):45-56. 
doi:10.1016/j.jobb.2023.03.002 

102. Douglas T, Savulescu J. Synthetic biology and the ethics 

of knowledge. J Med Ethics. 2010;36(11):687-93. 
doi:10.1136/jme.2010.038232 

103. Shyam V, Thakur D. Regulatory Aspects of Nutraceuticals 

and Functional Foods in India. In: Thakur M, Belwal T, 

eds. Bioactive Components : A Sustainable System for 

Good Health and Well-Being. Springer Nature; 

2023:155-65. doi:10.1007/978-981-19-2366-1_10 

104. Kumar S, Pandey AK. Chemistry and biological activities 

of flavonoids: an overview. Sci World J. 

2013;2013(1):162750. doi:10.1155/2013/162750 

105. Sajid M, Channakesavula CN, Stone SR, Kaur P. Synthetic 

biology towards improved flavonoid pharmacokinetics. 

Biomolecules. 2021;11(5):754. doi:10.3390/biom110 

50754 

106. Goris T, Pérez‐Valero Á, Martínez I, Yi D, Fernández‐
Calleja L, San Leon D, et al. Repositioning microbial 

biotechnology against COVID‐19: the case of microbial 

production of flavonoids. Microb Biotechnol. 2021;14(1) 

:94-110. 

107. Bahaudin KN, Sabri S, Ramzi AB, Chor AL, Tencomnao 

T, Baharum SN. Current progress in production of 

flavonoids using systems and synthetic biology platforms. 

Sains Malays. 2018;47:3077-84. 

108. Ye H, Fussenegger M. Synthetic therapeutic gene circuits 

in mammalian cells. FEBS Lette. 2014;588(15):2537-44. 
doi:10.1016/j.febslet.2014.05.003 

109. Liu Z, Zhang Y, Nielsen J. Synthetic biology of yeast. 

Biochemistry. 2019;58(11):1511-20. doi:10.1021/acs. 

biochem.8b01236 

110. Peccoud J, Isalan M. The PLOS ONE synthetic biology 

collection: six years and counting. Plos One. 2012;7(8): 

e43231. doi:10.1371/journal.pone.0043231 

 

http://www.biotechrep.ir/
https://doi.org/10.1002/biot.201700248
https://doi.org/10.1007/s10295-018-2012-x
https://doi.org/10.3389/fmicb.2017.00921
https://doi.org/10.3389/fmicb.2017.00921
https://doi.org/10.1021/acssynbio.0c00606
https://doi.org/10.1016/j.apsb.2019.07.005
https://doi.org/10.1016/j.apsb.2019.07.005
https://doi.org/10.1021/acs.jafc.9b05218
https://doi.org/10.1002/elsc.201700039
https://doi.org/10.1186/s13068-022-02188-w
https://doi.org/10.1186/s12934-022-01815-3
https://doi.org/10.1016/j.ymben.2016.06.003
https://doi.org/10.1016/j.ymben.2018.11.008
https://doi.org/10.1186/s12934-017-0774-x
https://doi.org/10.1002/bab.2156
https://doi.org/10.1007/s12010-013-0459-9
https://doi.org/10.1007/s12010-013-0459-9
https://doi.org/10.1039/D0GC02395G
https://doi.org/10.1016/j.synbio.2022.05.009
https://doi.org/10.1100/2012/529031
https://doi.org/10.1100/2012/529031
https://doi.org/10.3390/biom11050754
https://doi.org/10.3390/biom11050754
https://doi.org/10.1042/EBC20160039
https://doi.org/10.1042/EBC20160039
https://doi.org/10.1007/s10295-018-2026-4
https://doi.org/10.1016/j.jobb.2023.03.002
https://doi.org/10.1155/2013/162750
https://doi.org/10.3390/biom11050754
https://doi.org/10.3390/biom11050754
https://doi.org/10.1016/j.febslet.2014.05.003
https://doi.org/10.1021/acs.biochem.8b01236
https://doi.org/10.1021/acs.biochem.8b01236
https://doi.org/10.1371/journal.pone.0043231

