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Abstract

Naringenin is a plant natural compound that belongs to the flavonoid subclass of
the polyphenolic compounds. It has several recognized health benefits, namely,
antioxidant, anti-inflammatory, anticancer, and antiviral. Given these reported
health benefits, an increasing interest in its utilization and incorporation by the
pharmaceutical and nutraceutical industries in medicines and food supplements
has emerged. As other secondary metabolites, this compound is present in low
amounts within plants, which limits its extraction and further utilization. For this
reason, it is mandatory to find efficient, green, and cost-effective new strategies
for its production. In the last years, the use of microbial cell factories as chassis
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for naringenin production has been exploited. Different microorganisms have
been engineered and used for its heterologous production, namely, Escherichia
coli, Saccharomyces cerevisiae, Yarrowia lipolytica, and Streptomyces spp. In
this chapter, the advances that have been made to achieve the microbial heterol-
ogous production of naringenin were summarized. Despite these efforts,
obtaining industrially relevant amounts of naringenin to meet its industrial
demand remains challenging. Therefore, the main limitations to reach higher
production levels of naringenin, as well as relevant strategies to overcome
them, are also highlighted in this chapter.

Keywords

Naringenin · Heterologous production · Microbial chassis · Metabolic
engineering · Synthetic biology

Introduction

For many years, natural compounds have been used in traditional medicine. Now-
adays, the pharmaceutical and the nutraceutical industries have been reinforcing
their interest in using these compounds and incorporating them in new drugs or food
supplements (Najmi et al. 2022; Nasim et al. 2022). Plants are a natural source of
several compounds with interesting properties and biological activities. These com-
pounds are usually produced as secondary metabolites. For this reason, they are
present only in residual amounts in the plant which limits their extraction and,
consequently, their industrial use (Gomes et al. 2022a). Polyphenols are secondary
metabolites that have recently gained special attention due to their wide range of
possible utilizations and recognized properties. These compounds are divided into
several subclasses, being the flavonoids considered the largest subclass (Gomes et al.
2022a). Naringenin is considered the core compound for the synthesis of more
complex flavonoids since they are produced through several modifications on the
structure of this compound (Tariq et al. 2023). Beyond that, naringenin is also
considered a potential pharmaceutical and nutraceutical compound due to its several
reported health benefits (Tariq et al. 2023). Therefore, an increasing interest in
finding new strategies to produce this compound in relevant amounts to meet
industrial demands has emerged. Moreover, it is also mandatory to develop a cost-
effective and environmentally friendly production processes. During the last years,
the use of several microorganisms as microbial cell factories to produce naringenin
has been exploited (Braga et al. 2019). However, despite those efforts, relevant
production levels to attend the industrial needs have still not been possible. Hence,
find the key points of the pathway that are impairing the improvement of the
production levels to better engineer the microbial chassis is crucial (Braga et al.
2019; Gomes et al. 2022a; Tariq et al. 2023).

In this chapter, the relevance of naringenin as a pharmaceutical and nutraceutical
compound will be summarized, and a detailed description of the biosynthetic
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pathways involved in its production will be presented. Moreover, recent studies
reporting the advances in the construction of this biosynthetic pathway using various
microbial chassis, as well as the challenges toward the microbial production of
naringenin at an industrial scale, will be discussed.

Naringenin as a Relevant Natural Compound

Flavonoids, including naringenin, share a core structure represented by 15 carbons.
These carbons are distributed by two benzene rings that are linked together through
one heterocyclic pyran ring (Fig. 1a). Naringenin belongs to the flavanones subclass
and contains three hydroxyl groups (OH) on the carbons 40, 5, and 7, as well as a
carbonyl group (¼O) on the carbon 4 of the C ring (Fig. 1b).

Naringenin is naturally present in several citrus fruits, such as grapefruits,
oranges, limes, tomatoes, and tart cherries. Moreover, this compound can also be
found in other sources in lower quantities, namely, in beans, cocoa, tea, coffee, and
bergamot orange (Amin et al. 2020). As other polyphenolic compounds, naringenin
has a wide range of recognized interesting biological activities, namely, antioxidant,
antiviral, anticancer, and anti-inflammatory (Motallebi et al. 2022).

Regarding antioxidant activity, naringenin is recognized to have a strong free
radical-scavenging activity, being able to neutralize several types of radicals,
namely, hydroxyl, nitric oxide, and hydrogen peroxide radicals. Moreover, it was
also shown to be able to reduce lipid peroxidation (Rashmi et al. 2017). Naringenin
has also shown positive effects in vitro on the progression of the autoimmune disease
Pemphigus vulgaris and on protecting keratinocytes cells, as it was able to reduce
reactive oxygen species (ROS) production (Liang et al. 2017). Additionally,
naringenin also showed positive effects on the pretreatment of Alzheimer’s disease
by decreasing lipid peroxidation in the hippocampus of Aβ-injected rat model
(Ghofrani et al. 2015).

Additionally, naringenin has been reported as an antiviral compound. Recently, it
was verified that this compound has potential to exert therapeutic effects against
porcine epidemic diarrhea virus since it interacts with the viral replicase proteins
3CLpro and PLP-2 affecting viral replication (Xia et al. 2023). Naringenin was

Fig. 1 Schematic representation of flavonoids’ core structure (a) and naringenin structure (b)
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reported to have in vitro antiviral activity against Zika virus. Cataneo et al. (2019)
showed a decrease in the viral replication and the assembly of viral particles through
the interaction of naringenin with the protease domain of the NS2B-NS3 viral
protease protein (Cataneo et al. 2019).

Regarding the anticancer activity, naringenin has potential to be used on the
treatment of several types of cancer since it is able to inhibit the cancer progression
via several mechanisms (Motallebi et al. 2022). For example, naringenin has been
shown to decrease the expression of B-cell lymphoma-2-like 1 and inactivate the
phosphatidylinositol 3-kinase/protein kinase B pathway and, consequently, inhibit the
cell proliferation and induce the apoptosis of ovarian cancer cells (Xu et al. 2022).
Moreover, naringenin was reported to strongly bind to human cyclin-dependent kinase
6 (CDK6), inhibiting its expression. CDK6 overexpression is usually related to the
development and progression of tumors. For this reason, this binding between
naringenin and CDK6 showed positive effects on reducing cancer cells’ viability
and colonization ability, as well as apoptosis induction (Yousuf et al. 2022).

Beyond all these biological activities, naringenin has also been reported as a
compound with anti-inflammatory activity. This anti-inflammatory response is asso-
ciated with the downregulation or inactivation of several inflammatory factors like
nuclear factor κB (NF-κB) and pro-inflammatory cytokines and leukocyte recruit-
ment. For example, Liu et al. (2016) reported that naringenin can decrease the
inflammatory response in murine endotoxemia model by decreasing the expression
of tumor necrosis factor-alpha (TNF-α), interleukin (IL) 6, cyclo-oxygenase-2,
NADPH oxidase-2, inducible NO synthase, and NF-κB. This modulation on the
Toll-like receptor 4 signaling pathway leads to an increase of cell survival and
protection against murine endotoxemia (Liu et al. 2016). The effect of treating a
hypertrophic scar mouse model with naringenin was also tested, and a significant
inhibition of hypertrophic scars was observed after treatment. This inhibition was
achieved due to fibroblast inactivation and downregulation of TNF-α, IL-1β, IL-6,
and transforming growth factor-β1 that are involved in the inflammatory response
(Shan et al. 2017).

Beyond that, naringenin is also the core precursor of other more complex
flavonoids, namely, eriodictyol, taxifolin, and luteolin, that also have relevant
therapeutic potential (Marienhagen and Bott 2013). Considering the interesting
biological activities associated with naringenin and an increasing interest on its
exploitation as pharmaceutical and nutraceutical compound, as well as its function
as precursor of other interesting molecules, its market size is projected to accomplish
USD 230.9 million by 2031 with a compound annual growth rate of 4.6% (Growth
Market Reports 2022).

Biosynthetic Pathway

Naringenin is naturally produced in plants through the action of several enzymes.
The biosynthetic pathway responsible for its production can be divided into two
parts, namely, the shikimate pathway and the phenylpropanoid pathway (Braga et al.
2019; Gomes et al. 2022a, b).

4 D. Gomes et al.



The production of L-tyrosine (Tyr) and L-phenylalanine (Phe) aromatic amino acids
is achieved by the shikimate pathway (Fig. 2). These amino acids are the major
precursors of naringenin and other flavonoids (Milke et al. 2018). The synthesis of
these two aromatic amino acids starts with the conversion of glucose into erythrose-4-
phosphate (E4P) and phosphoenolpyruvate (PEP) through the glycolysis and pentose
phosphate (PP) pathway, respectively (Averesch and Krömer 2018; Tohge et al. 2013).
Then, E4P and PEP are used by 3-deoxy-D-arabino-heptulosonic acid 7-phosphate
(DAHP) synthase (DAHPS) to produce DAHP. Then, 3-dehydroquinate (DHQ)
synthase (DHQS) converts DAHP into DHQ that is further converted into shikimate
by the DHQ dehydratase/shikimate dehydrogenase (DHQD/SDH) bifunctional
enzyme. The next steps correspond to the phosphorylation of shikimate into shikimate
3-phosphate (S3P) by shikimate kinase (SK). S3P is further condensed with other
molecules of PEP to produce 5-enolpyruvylshikimate-3-phosphate (EPSP) by the
action of EPSP synthase (EPSPS). Finally, chorismate (CHO) is produced by dephos-
phorylation of EPSP by chorismate synthase (CS) (Marchiosi et al. 2020). CHO can be
finally converted into Tyr and Phe by two different routes. The first step for both routes
is catalyzed by CHO mutase (CM) that converts CHO into prephenate (Gomes et al.
2022a). On the Phe-producing pathway, prephenate is converted by prephenate
aminotransferase (PAT) or prephenate dehydratase (PDT) into arogenate and
phenylpyruvate, respectively. Then, arogenate dehydratase (ADT) or aromatic amino
acid aminotransferase (AAT) catalyzes the final conversion of the respective com-
pounds into Phe. On the other hand, for Tyr production, prephenate dehydrogenase
(PDH) can alternatively convert prephenate into p-hydroxyphenylpyruvate that is then
converted by the aromatic amino acid aminotransferase (AAT) into Tyr. As an
alternative, arogenate dehydrogenase (ADH) can also perform the conversion of
arogenate into this aromatic amino acid (Tzin and Galili 2010; Yoo et al. 2013).

After the production of the aromatic amino acids Phe and Tyr through the
shikimate pathway, both amino acids can be used as precursors of the
phenylpropanoid pathway to achieve the synthesis of naringenin (Fig. 3) (Gomes
et al. 2022b). When Phe is used as a precursor, this compound is converted by the
action of phenylalanine ammonia-lyase (PAL) into cinnamic acid that is further
converted into p-coumaric acid via a hydroxylation step catalyzed by cinnamate-4-
hydroxylase (C4H) (Pandey et al. 2016). Using Tyr as an aromatic amino acid
precursor, only the action of tyrosine ammonia-lyase (TAL) is required to obtain
p-coumaric acid (Watts et al. 2006). Then, 4-coumarate-CoA ligase (4CL) converts
p-coumaric acid into p-coumaroyl-CoA that is converted into naringenin chalcone
by the action of the type III polyketide synthase enzyme chalcone synthase (CHS)
using three molecules of malonyl-CoA as extender substrate (Liou et al. 2018).
Finally, chalcone isomerase (CHI) catalyzes the intramolecular cyclization of the
chalcone ring converting naringenin chalcone into naringenin (Jez and Noel 2002).
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Plant Extraction Versus Chemical Synthesis Versus Heterologous
Production

As a plant secondary metabolite, naringenin is accumulated only in residual quan-
tities in plants. The production and accumulation of these compounds vary greatly
among the different plant species and plant tissues, and it is also affected by the
geographical and seasonal variations (Rodrigues et al. 2015b). The plant extraction
is considered a difficult process being characterized by very low yields (Gomes et al.
2022a; Li et al. 2020b; Rainha et al. 2020a; Rodrigues and Rodrigues 2020; Sheng
et al. 2020; Wang et al. 2016). Moreover, complex and high energy downstream
processing is also required to obtain pure compounds increasing the costs to obtain
the compound of interest (Najmi et al. 2022). The chemical synthesis has emerged as
an alternative way to obtain these compounds. However, this process requires the
utilization of toxic solvents and expensive substrates, and it involves complex
reaction cascades and hard downstream purification processes. For this reason, the
chemical synthesis is considered an expensive and non-green process (Liu et al.
2017; Milke et al. 2018).

Obtaining relevant amounts of naringenin using a cost-effective and green pro-
duction process is crucial for satisfying the compound demand and to allow a deeper
understanding of its biological activities and health effects, as well as its further
incorporation into pharmaceutical and nutraceutical compounds. The heterologous
production of this compound is considered an interesting solution since it is more
environmentally friendly methodology. The heterologous production using plants as
chassis can be advantageous since the genes of the phenylpropanoid pathway are
natively present on the plant. For this reason, only few genes of the pathway need to
be introduced into the plant chassis. Nevertheless, the plant possesses competing
pathways that can convert this compound into others, leading to a decrease in the
production yields. Moreover, the production of complex mixtures of compounds
results in difficult downstream processing and purification processes. The use of
plants as heterologous chassis has other limitations like the long growing periods and
the growth dependence of the right weather conditions and on the fertile land
availability and occupation. Moreover, the genetic manipulation of plants is still
considered a challenging process, and their reported genomic instability can lead to
the loss of gene clusters (Ebrahimi and Mokhtari 2017; Rainha et al. 2020a; Wilson
and Roberts 2012). The use of plant cell cultures instead of the whole plant as chassis
can be an alternative solution since it has the advantages of being independent of
seasonal, environmental, and geographical variations since the cultures are manip-
ulated in controlled environments (Smetanska 2008; Wilson and Roberts 2012).
Despite these advantages, the use of plant cell cultures has also some limitations
such as the low growth rates and physiological heterogeneity, low metabolic content,
variable yields, and genetic instability. Moreover, the cultures are more susceptible
to stress and aggregation. Besides, operational limitations also affect the use of these
cell cultures, namely, the wall adhesion, shear sensitivity, mixing, and light require-
ments (Rainha et al. 2020a; Smetanska 2008).
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The use of microorganisms as chassis for the heterologous production of plant
naturally occurring compounds has emerged in the last years as an interesting
alternative and efficient solution to produce these compounds (Amorim et al.
2022; Braga et al. 2022; Krivoruchko and Nielsen 2015; Milke et al. 2018; Rainha
et al. 2022a; Rodrigues et al. 2022, 2020, 2015a; Rodrigues and Rodrigues 2022).
The use of microbial chassis has several advantages compared to the plant extraction
and chemical synthesis. Microorganisms are easy to grow, and their fast growth
cycles lead to short production times, enabling the production of the same or higher
amounts of the desired compounds in less time compared to plants (Gomes et al.
2022a; Krivoruchko and Nielsen 2015; Lussier et al. 2012). Microorganisms are also
able to produce the precursors (the aromatic amino acids Phe and Tyr) and the
extender substrate (malonyl-CoA) used on the biosynthetic pathway responsible to
produce polyphenols and, specifically, naringenin. Moreover, the construction and
introduction of the complete biosynthetic pathway and its efficient expression and
the production of functional enzymes are required (Milke et al. 2018). The intro-
duction of numerous heterologous genes in a microbial host can be challenging.
However, over the last years, genetic manipulation of microorganisms has signifi-
cantly improved, and various methodologies have been developed and reported,
becoming much easier to construct efficient microbial cell factories (Gomes et al.
2022a; Rainha et al. 2020a, b; Rodrigues et al. 2017). Moreover, several biotech-
nology processes have been developed to use renewable feedstocks as substrates for
growth and production of the compounds of interest, contributing to the circular
economy. Additionally, several efforts have been made to scale up the production
processes using microbial chassis from a laboratory scale to industrial bioreactors.
All these advantages contribute to establishing microbial cell factories as an easier,
cost-effective, and environmentally friendly production process (Braga et al. 2019;
Gomes et al. 2022a, b; Rodrigues and Rodrigues 2020; Wang et al. 2016).

Advances on the Construction of Microbial Chassis Able
to Produce Naringenin

Among the microorganisms that have been exploited as microbial chassis to produce
naringenin, Escherichia coli and Saccharomyces cerevisiae are the most commonly
used. Both model microorganisms are well characterized, with their genome already
sequenced, and several molecular approaches and synthetic biology and genome
engineering tools are well established (Cho et al. 2022). Moreover, they are easy to
grow and manipulate, being highly adapted to the laboratorial conditions. Further-
more, several optimized fermentation conditions and scale-up strategies have been
already established for both microorganisms (Adams 2016; Yang et al. 2020).

E. coli has been widely used as microbial chassis for the synthesis of several
polyphenols, including naringenin (Dunstan et al. 2020; Fowler et al. 2009; Leonard
et al. 2007, 2008; Liu et al. 2021; Santos et al. 2011; Wu et al. 2014, 2015; Xu et al.
2011; Zhou et al. 2020a, b). E. coli is a prokaryotic organism that is characterized by
fast growth rates, short doubling period, and high expression levels of heterologous

Microbial Production of Naringenin 9



genes. These features are crucial to achieve an efficient production process (Yang
et al. 2020). The disadvantages of using E. coli for the production of plant-derived
compounds are the lack of ability of this microorganism to perform post-translational
modifications and the lack of intracellular organelles (similar to the ones present on
plant cells) which can limit the efficient and functional expression of the insoluble
and membrane-bound plant enzymes of the pathway (Xu et al. 2020).

Regarding S. cerevisiae, this microorganism is considered generally recognized
as safe (GRAS) which facilitates the use of the produced compounds by the
pharmaceutical and nutraceutical companies. Compared to E. coli, S. cerevisiae
has higher doubling times and slower growth rates. In addition, it has been widely
used as microbial chassis due to its high metabolic ability. S. cerevisiae has the
advantage to perform post-translational modifications. Moreover, this microorgan-
ism contains intracellular compartments that mimic those present in plant cells,
being useful for the efficient expression of eukaryotic cytochrome P450 enzymes
(C4H and C3H) required in polyphenols biosynthetic pathways (Chen et al. 2020;
Krivoruchko and Nielsen 2015; Liu et al. 2022; Rainha et al. 2022b; Rodrigues and
Rodrigues 2022). Therefore, over the last years, this eukaryotic organism has also
been already engineered to achieve the production of naringenin (Koopman et al.
2012; Li et al. 2021; Lyu et al. 2017, 2019; Mao et al. 2023; Rodriguez et al. 2017;
Trantas et al. 2009; Zhang et al. 2021).

The production of naringenin was also already achieved in the non-model
organisms Yarrowia lipolytica and Streptomyces spp. (Lv et al. 2019a, b; Palmer
et al. 2020; Wei et al. 2020; Ye et al. 2023). Despite not being model organisms,
those organisms offer advantages for metabolic engineering purposes. Both strains
are genetically well characterized, and synthetic biology and metabolic engineering
tools have been developed for their use (Cobb et al. 2015; Larroude et al. 2020;
Ledesma-Amaro and Nicaud 2016; Liu et al. 2022; Tao et al. 2018). The eukaryotic
organism Y. lipolytica has a high metabolic flux toward the tricarboxylic acid (TCA)
cycle, which is useful to produce acetyl-CoA and, consequently, malonyl-CoA that
is required as extender substrate of the biosynthetic pathway. This strain can also
tolerate harsh conditions of pH and salt and high concentrations of organic com-
pounds. Moreover, its GRAS status makes this organism an attractive microbial
chassis to produce compounds for incorporation into the nutraceutical and pharma-
ceutical markets (Bilal et al. 2021). Despite this advantages, Y. lipolytica showed
lack of plasmid stability which can be difficult for the expression of heterologous
genes (Liu et al. 2022). Streptomyces spp. have the advantage of being able to
naturally produce several complex secondary metabolites, including antibiotics
and other polyketides. This Gram-positive prokaryote also contains a high metabolic
flux, thereby providing high amounts of the precursors required for the biosynthetic
pathway. However, some Streptomyces sp. strains are hard to genetically modify, and
their genetic manipulation times are longer. Compared to E. coli and S. cerevisiae,
this microorganism also has longer cell doubling periods and slower growth rates,
resulting in extended production processes (Hwang et al. 2021; Liu et al. 2018,
2022). In this section, the advances made to produce naringenin in these microbial
chassis will be presented. The production levels obtained in each microbial chassis
throughout the last years are summarized in Tables 1, 2 and 3.
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Escherichia coli as Microbial Cell Factory to Produce Naringenin

The first reports of naringenin production in engineered E. coli strains were
performed using p-coumaric acid as substrate (Fowler et al. 2009; Leonard et al.
2008; Xu et al. 2011). p-Coumaric acid is the hydroxycinnamic acid precursor on the
naringenin biosynthetic pathway. The supplementation of these precursors to the
production media incurs a high cost, posing a significant drawback for scaling up the
production experiments and for further implementation of a cost-effective industrial
production process. In the first approach, Leonard et al. (2007) reported the produc-
tion of 119 mg/L of naringenin by expressing the 4CL gene from Petroselinum
crispum (Pc4CL), CHS from Petunia hybrida (PhCHS), and CHI from Medicago
sativa (MsCHI). Later, the authors made efforts to optimize this strain to be able to
produce higher amounts of naringenin. This optimization was performed by improv-
ing the flux toward malonyl-CoA. The malonyl-CoA availability inside of the cells is
considered low, and this compound is primarily used by the central metabolism to
produce phospholipids and fatty acids. Considering that, only very residual amounts
are still available to be used on the production of secondary metabolite compounds
(Milke and Marienhagen 2020). Since malonyl-CoA is the extender substrate of the
pathway and three molecules are required to achieve the final synthesis of
naringenin, the authors repressed the fatty acid synthases (FAS), specifically FabB
and FabF, inhibiting the competing pathway responsible for the synthesis of fatty
acids. This optimized strain was able to produce 186 mg/L of naringenin (Leonard
et al. 2008). One year later, Fowler et al. (2009) also reported a strain able to produce
naringenin with the supplementation of the hydroxycinnamic acid to the culture
media. In this study, the authors also made modifications to drive the metabolic flux
for a higher production of malonyl-CoA. The best optimized strain was constructed
by overexpressing acetyl-CoA carboxylase (ACC) and biotin ligase (BPL) in com-
bination with the repression of the competing citrate cycle gene sdhA and citE, the
amino acid transporter gene brnQ, and the pyruvate consumer gene adhE. By
expressing the same 4CL, CHS, and CHI genes from the studies performed by
Leonard et al. (2007) and Leonard et al. (2008), the authors achieved a production of
215 mg/L of naringenin in the optimized strain (Fowler et al. 2009). Afterward, Xu
et al. (2011) also constructed an E. coli strain able to produce naringenin using
p-coumaric acid as substrate. The biosynthetic pathway responsible to produce
naringenin was also composed by Pc4CL, PhCHS, and MsCHI. In this study, the
authors also optimized the E. coli strain toward the improvement of the metabolic
flux for the synthesis of malonyl-CoA. The highest production of naringenin was
achieved when the native genes ACC, pyruvate dehydrogenase (PDH), and phos-
phoglycerate kinase (PGK) were overexpressed and the fumarase ( fumC) and
succinyl-CoA synthetase (sucC) genes were knocked out. The production of
naringenin achieved on this strain was 474 mg/L (Xu et al. 2011).

As alternative to the supplementation of hydroxycinnamic acids to the media, the
supplementation of Tyr has also been considered by several authors as an alternative
to achieve higher production levels of plant natural compounds. Wu et al. (2015)
tested the production of naringenin by supplementing Tyr to the production media.
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In this study, the authors also performed genome modifications in the E. coli strain to
improve the metabolic flux toward malonyl-CoA. Using the clustered regularly
interspaced short palindromic repeats interference (CRISPRi) system, the expression
of identified gene targets from the competing TCA cycle and glycolysis was fine-
tuned. The constructed E. coli strain, with a downregulation on the fabB, fabF, fumC,
sucC, and acetaldehyde dehydrogenase (adhE) genes, exhibited significantly higher
levels of malonyl-CoA. The biosynthetic pathway responsible to produce naringenin
production composed by TAL from Rhodotorula glutinis (RgTAL), Pc4CL, PhCHS,
and MsCHI was expressed on this optimized strain, and the final production of
421.6 mg/L of naringenin was achieved. This production level matches the titers
previously achieved by Xu et al. (2011) with supplementation of p-coumaric acid.

As the supplementation of hydroxycinnamic acids and aromatic amino acids in
the production media results in commercially unfavorable and expensive production
processes due to the high market prices of these compounds, several efforts have
been made to produce naringenin from simple carbon sources, such as glucose. De
novo production of naringenin was firstly reported by Santos et al. (2011). In this
work, the complete biosynthetic pathway responsible for naringenin production
from the aromatic amino acid Tyr was assembled, and naringenin was produced
using glucose as substrate. Genes from different origins were tested to find the best
combination to achieve higher productions of naringenin. The highest production of
this compound was achieved when RgTAL, 4CL from Streptomyces coelicolor
(Sc4CL), PhCHS, and MsCHI were expressed. The production experiments were
performed with and without the supplementation of cerulenin. Cerulenin is a fatty
acid inhibitor that is used to improve the malonyl-CoA flux. Using this inhibitor, the
production of naringenin from glucose increased from 29 to 84 mg/L (Santos et al.
2011). In fact, the amount of Tyr that is naturally produced by E. coli using glucose
as substrate can be limited since this compound is used by the primary metabolism
for the synthesis of several key metabolic compounds. For this reason, improving the
flux toward the synthesis of this aromatic amino acid can be mandatory to overcome
this limiting factor and achieve higher production levels of the desired compound.
Taking this into account, Wu et al. (2014) identified potential targets to improve the
Tyr flux and constructed a tyrosine-overproducing E. coli strain by overexpressing
feedback inhibition-resistant versions of DAHPS gene (aroG) and chorismate
mutase/prephenate dehydrogenase gene (tyrA). Contrary to the native enzymes,
these resistant versions of the enzymes are not affected by the amount of the aromatic
amino acids that are produced. For this reason, the aromatic amino acids’ synthesis is
not inhibited, and the metabolic flux toward their synthesis is constant. Beyond these
modifications, the heterologous genes matB and matC from Rhizobium trifolii were
also expressed. These genes are involved in the conversion of malonate into
malonyl-CoA, improving the metabolic flux toward the synthesis of this compound
without the need of adding the expensive inhibitor compound cerulenin. When
RgTAL, Pc4CL, PhCHS, and MsCHI were expressed in this optimal constructed
strain, it was able to de novo produce 100.64 mg/L of naringenin (Wu et al. 2014).
Some years later, Dunstan et al. (2020) also constructed a strain able to produce
naringenin from simple carbon sources. In the first approach, the authors tested TAL

18 D. Gomes et al.



and 4CL from different origins in combination with CHS from Arabidopsis thaliana
(AtCHS) and CHI also from A. thaliana (AtCHI). Among the tested pathways, only
four were able to produce significant amounts of naringenin. The expression of these
four pathways was tested in different E. coli strains, and E. coli DH5α was selected
as the best chassis. Moreover, operational optimizations were performed to select the
optimal production media and determine the most effective carbon source (glucose
vs glycerol) for achieving higher production levels. A titer of 466 mg/L of
naringenin was obtained when terrific broth (TB) media containing 0.4% (w/v) of
glycerol was used. The authors also attempted to increase this production levels by
engineering the E. coli strain toward the improvement of Tyr metabolic flux. The
best naringenin-producing chassis held a double knockout on the transcriptional
regulator of aromatic amino acid biosynthesis (tyrR) gene and on the chorismate
mutase/prephenate dehydratase (pheLA) bifunctional gene. Moreover, the expres-
sion of a plasmid holding feedback insensitive versions of aroG and tyrA, as well as
the PEP synthase gene (ppsA), was also tested in this strain. This final optimized
strain was able to produce 484 mg/L of naringenin. However, in this study, the
authors supplemented the production media with cerulenin which represents a big
limitation since it significantly increases the associated production costs (Dunstan
et al. 2020). In the same year, Zhou et al. (2020a) designed an interesting strategy to
improve the malonyl-CoA flux in E.coli and, consequently, improve the production
of naringenin. The authors designed a dynamic regulation network composed by
three modules (A, B, and C). Module A was composed by the naringenin biosyn-
thetic pathway holding TAL from Trichosporon cutaneum (TcTAL), Pc4CL,
PhCHS, and MsCHI genes. Module B inhibited the competing pathways involved
into malonyl-CoA consumption, being activated by the presence of naringenin.
Regarding module C, this regulated and improved the synthesis of malonyl-CoA
being activated in the presence of p-coumaric acid. Afterward, random mutations
using the commercial GeneMorph II random mutagenesis kit were performed in
modules B and C, and the optimal constructed strain (Mut-17) was able to produce
251.4 mg/L. Later, the same authors used the constructed strain Mut-17 as platform
strain to perform modifications to also improve the metabolic flux toward Tyr. By
expressing the feedback inhibition-resistant version of the aroG and tyrA genes, and
knocking out the tyrR repressor gene, the authors constructed the best-performing
chassis able to produce naringenin. Using this strain, 485 mg/L of naringenin was
produced in shake flask experiments. When the production process was set at a
bioreactor scale (5 L), 588 mg/L of naringenin was produced using a fed-batch
operation mode with constant pulses of glucose, with a productivity of the produc-
tion process of 7 mg/L/h. This titer represents the highest value reported to date for
the production of naringenin using E. coli as microbial chassis (Zhou et al. 2020b).
While a significant progress has been achieved using E. coli as microbial chassis for
naringenin production, there is still substantial work required for this chassis to be
considered ideal for implementing a large-scale industrial production process. To
achieve that, the production titers, yields, and productivities need to be significantly
improved.
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Saccharomyces cerevisiae as Microbial Cell Factory to Produce
Naringenin

As occurred with E. coli, the first reports of production of naringenin exploiting
S. cerevisiae as chassis were also achieved with supplementation of
hydroxycinnamic acid (p-coumaric acid) or aromatic amino acid (Phe or Tyr) pre-
cursors. Firstly, Trantas et al. (2009) reported the construction of a S. cerevisiae
strain holding the naringenin biosynthetic pathway composed by PAL from Poplar
hybrid (PhPAL), 4CL from Glycine max (Gm4CL), C4H from G. max (GmC4H),
cytochrome P450 reductase (CPR) from P. hybrid (PhCPR), CHS from G. max
(GmCHS), and CHI from G. max (GmCHI). The authors tested the expression of the
heterologous PhCPR to try to enhance the activity of the C4H gene. When PhCPR
was expressed, p-coumaric acid production was fourfold improved showing that the
yeast-native CPR activity is not enough to support the flux required by C4H enzyme.
This strain was able to produce 8.9 mg/L and 15.6 mg/L of naringenin with Phe and
p-coumaric acid supplementation, respectively (Trantas et al. 2009).

Later, several efforts were made to use simple carbon sources such as glucose as
substrate. Koopman et al. (2012) reported de novo production of naringenin in
S. cerevisiae for the first time. The constructed strain contained PAL from
A. thaliana (AtPAL), C4H from A. thaliana (AtC4H), CPR from A. thaliana
(AtCPR), 4CL from A. thaliana (At4CL), AtCHS, and AtCHI. In the first shake
flask experiment, only 1.47 mg/L of naringenin was produced. Since this production
level was considered residual, the authors engineered the S. cerevisiae strain toward
increasing the production of the aromatic amino acid Phe. In this strain, the DAHPS
was replaced for a feedback-insensitive version of the gene to maintain a constant
synthesis of the aromatic amino acids. Moreover, the authors also deleted the
phenylpyruvate decarboxylase (PDC) gene. This gene is involved on the conversion
of phenylpyruvate into phenylacetaldehyde. Since phenylpyruvate is the precursor
of Phe, the deletion of the PDC gene prevents the pathway flux deviation. Moreover,
the authors have also increased the number of copies of the AtCHS gene and
expressed TAL from Rhodobacter capsulatus (RcTAL) to improve the catalytic
efficiency of the strain. This final strain has shown larger production of naringenin
compared to the non-optimized chassis. In shake flask cultures, 54.5 mg/L of
naringenin was produced. In batch reactors (aerated and pH controlled), 108.9 mg/
L of naringenin was produced (Koopman et al. 2012). Later, Rodriguez et al. (2017)
also optimized a S. cerevisiae strain to improve the flux toward the synthesis of
aromatic amino acids. The authors improved the aromatic amino acid synthesis by
overexpressing the DAHPS and CM genes involved in their synthesis and by
deleting the PDC genes (PDC5 and Aro10) used in the competing pathway respon-
sible for phenylacetaldehyde synthesis. Despite these modifications, this strain was
only able to produce 1.55 mg/L of naringenin. However, this strain was further used
for the synthesis of more complex flavonoids, like liquiritigenin, fisetin, kaempferol,
resokaempferol, fisetin, and quercetin (Rodriguez et al. 2017). On the same year, Lyu
et al. (2017) also constructed a modified S. cerevisiae strain for de novo production
of naringenin. This strain was also modified to improve the metabolic flux for the
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amino acid synthesis and prevent the pathway deviation. Deletions on the PDC5 and
Aro10 genes as well as the integration of a feedback-insensitive version of the
DAHPS gene (Aro4) were performed. By expressing TAL from Flavobacterium
johnsoniae (FjTAL), At4CL, CHS from Hypericum androsaemum (HaCHS), and
MsCHI, 90 mg/L of naringenin was obtained (Lyu et al. 2017). Later, the same
authors attempted to optimize the culture operation conditions, and they were able to
improve the naringenin production to 220 mg/L when Tween 80 was added to the
production media. Tween 80 is a non-ionic surfactant compound that is reported to
increase the enzymatic activity and cell biomass growth when added to the produc-
tion media. Moreover, this compound can interact with the produced compound due
to its hydrophobic parts and facilitates the transportation to the extracellular media
(Lyu et al. 2019). Later, Li et al. (2021) integrated multiple copies of the complete
naringenin biosynthetic pathway composed by FjTAL, Pc4CL, PhCHS, andMsCHI
into the yeast genome using the repetitive ribosomal DNA (rDNA) clusters as the
integration sites. The best constructed strain was able to produce 149.8 mg/L of
naringenin (Li et al. 2021).

Beyond improving the flux toward the synthesis of the aromatic amino acid
production, it is also important to improve the titers of the natively produced
malonyl-CoA in S. cerevisiae since this compound is primarily required to perform
the extension step and, consequently, produce naringenin. Taking this into account,
Zhang et al. (2021) made several efforts to improve the malonyl-CoA intracellular
concentration by increasing the acetyl-CoA supply using the fatty acid β-oxidation
pathway as target and tested its effect on the naringenin production. Firstly, the
authors investigated the impact of the supplementation of fatty acids on the
naringenin production and verified that only unsaturated fatty acids lead to improve-
ments on the production levels. Due to the high costs associated with supplying fatty
acids to the media, the authors tested the use of soybean oil as the source of
unsaturated fatty acids in combination with the expression of lipases. Soybean oil
is considered a cheap substrate that can be hydrolyzed by lipases to produce fatty
acids. The overexpression of a lipase from S. cerevisiae and soybean oil supplemen-
tation leads to an improvement on naringenin production by enhancing the fatty acid
β-oxidation. Moreover, key genes from the fatty acid β-oxidation (PEX11, FOX1,
FOX2, FOX3) were also overexpressed. The best-performing strain was obtained
when only PEX11 gene was overexpressed. Using this strain, 1129.4 mg/L of
naringenin was produced in a 5-L bioreactor using a fed-batch operation mode
(Zhang et al. 2021). More recently, Mao et al. (2023) also developed a
S. cerevisiae strain with several modifications to improve the malonyl-CoA flux,
as well as to perform a dynamic regulation between p-coumaric acid and naringenin
productions. Firstly, the authors proved that high extracellular concentrations of
p-coumaric acid and low concentrations of native malonyl-CoA can limit the
production of naringenin. Considering that, the authors attempted to decrease the
accumulation of p-coumaric acid by testing the PAL expression under the control of
different promoters. Moreover, a mutant version of the ACC gene with improved
activity was expressed in combination with the alternative pathway composed by
matB and matC genes from R. trifolii for the conversion of malonate into malonyl-
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CoA to improve this compound availability. Afterward, a dynamic control strategy
in combination with RNA interference (RNAi) was designed to adjust the expression
of the competing pathway responsible for fatty acid biosynthesis. In this strategy, the
FAS1 was downregulated, and, consequently, the malonyl-CoA was directed for
naringenin synthesis resulting in an improvement of the naringenin production
levels. In addition, the authors tested the effect of the expression of cellular trans-
porters on the production of naringenin. Beyond the different transporters tested, the
expression of the transporter of PDR12, which is reported to increase the tolerance of
the cells to aromatic amino acids, leads to an improvement on the naringenin
production levels. The combination of all these strategies allowed the construction
of a strain able to produce 563 mg/L of naringenin on shake flask mimicking
fed-batch conditions. When this strain was used at a bioreactor scale also using a
fed-batch cultivation mode, 2.05 g/L of naringenin was produced. This production
level corresponds to the highest de novo production of naringenin reported to date
and represents a step forward to achieve the implementation of a production process
at an industrial scale (Mao et al. 2023).

Non-model Organisms as Alternative Chassis to Produce Naringenin

Y. lipolytica was firstly engineered as microbial chassis for the production of
naringenin and other flavonoids also with relevant therapeutic potential (eriodictyol
and taxifolin) by Lv et al. (2019a). Since genetic instability and variations in copy
number are reported for this microorganism, the authors integrated the biosynthetic
pathways responsible for flavonoid production into the yeast genome. Cre-loxP
system was used to perform multi-copy integration of the pathway genes on the
26 rDNA sequences of the genome. These 26 rDNA sequences are repetitive
sequences present on the genome, and they were used as regions of homology for
the integration of the foreign DNA on the Y. lipolytica genome in multiple copies.
The foreign DNA cassette was composed by the genes of the pathway in combina-
tion with the URA3 marker containing the loxP flanking sequence. The presence of
the loxP flanking sequences allowed the selection marker excision through the
expression of Cre recombinase. Cre recombinase recognizes loxP sequences and
performs its excision being a useful strategy since few auxotrophic markers are
available on this host. The authors selected TAL from Rhodotorula toruloides
(RtTAL), Pc4CL, PhCHS, and MsCHI as the genes of the biosynthetic pathway
for naringenin production. The production of naringenin was evaluated, and up to
71.2 mg/L of naringenin was produced using the rich media yeast extract-peptone-
dextrose (YPD) in shake flask experiments (Lv et al., 2019a). Afterward, the
naringenin production levels were improved by optimizing the copy number of the
genes that represent a bottleneck on the pathway and by increasing the supply of the
pathway precursors. In the first approach, the authors found a significant improve-
ment on the production levels by expressing five copies of the PhCHS gene in
combination with only one copy of the other pathway genes compared to the
expression of only one copy of PhCHS and of the other genes of the pathway.
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Regarding the improvement of the precursor supply, the authors overexpressed the
pentafunctional enzyme from Y. lipolytica (ARO1) that catalyzes several steps
involved in the conversion of CHO into Tyr. Moreover, the authors also tested the
expression of ACC and acetyl-CoA synthase (ACS) genes from different organisms
to boost malonyl-CoA supply and found that the overexpression of both genes from
Y. lipolytica yielded better results. Additionally, optimizations of the fermentation
operational conditions, namely, on the C/N ratio and pH, were also performed.
Under the best conditions, the engineered Y. lipolytica produced 252.4 mg/L of
naringenin. This titer resulted in an optimization in the production levels of 3.5-fold
compared to the previous study performed by the authors (Lv et al. 2019b). Due to
the need to construct a cost-effective production process, the source for low-cost
substrates to be used as substrates in heterologous production processes became a
priority. For example, agricultural residues are a source of sugars with a lot of
potential to be used on this process. Beyond the available sugars, xylose is one of
the sugars that is present in higher amounts in agricultural residues and in hardwood
hemicellulose. Taking this into account, Wei et al. (2020) evaluated the use of a
mixture of glucose and xylose to produce naringenin. Since the Y. lipolytica wild-
type strain is not able to naturally metabolize xylose, the authors engineered the
strain by introducing into the yeast genome a xylose-inducible module able to
activate the genes of the xylose utilization pathway. Using this strategy, xylose is
successfully converted to E4P that is used as a precursor on the shikimate pathway
that is required to achieve the final production of aromatic amino acids. The genes of
the biosynthetic pathway responsible to produce naringenin (RgTAL, At4CL,
AtCHS, and AtCHI) were also integrated into the Y. lipolytica genome using the
CRISPR-Cas9 strategy. The authors tested the production of naringenin using a
strain containing only the naringenin biosynthetic pathway (control strain) and using
the constructed strain with the naringenin pathway and the xylose-inducible utiliza-
tion module. The control strain was able to produce 239.1 mg/L of naringenin. On
the other hand, the strain containing the xylose utilization module produced
715.3 mg/L of naringenin. These production levels were achieved in shake flask
experiments using YPD media supplemented also with xylose (60 g/L). This titer
represents a threefold increase in naringenin production, demonstrating the potential
of using the xylose utilization pathway as an alternative to enhance the supply of
shikimate pathway precursors. This approach can further boost the production levels
of the target compound using a low-cost and eco-friendly substrate (Wei et al. 2020).
Palmer et al. (2020) also constructed a Y. lipolytica strain to produce naringenin by
integrating the genes responsible for the naringenin biosynthetic pathway into
random sites of the yeast genome. The authors also optimized the strain to boost
the precursor supply. Specifically, the DAHPS gene was replaced for a feedback-
insensitive mutant version to improve Tyr supply, and the peroxisome biogenesis
factor gene (PEX10), known to be involved in the peroxisome synthesis and in the
improvement of the acetyl-CoA synthesis, was overexpressed. Additionally, since
CHS is considered the bottleneck step of the pathway, the authors also integrated an
additional copy of this gene into the yeast genome. The strain ability to produce
naringenin was evaluated in a 3-L bioreactor scale, and 357 mg/L and 898 mg/L of
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naringenin were produced using batch and fed-batch operational modes, respec-
tively. The production level achieved in the fed-batch bioreactor strategy corre-
sponds to the highest production of naringenin reported so far in Y. lipolytica.

More recently, Streptomyces albidoflavus, which belongs to the Streptomyces
sp. family, has also been explored to produce naringenin. In this initial work, the
authors integrated one copy of the naringenin pathway (TAL, 4CL, CHS, and CHI
from an unknown origin) into the strain’s genome and examined the effect of several
production media on the naringenin production levels. After identifying the most
effective media for the production experiments, the authors tested the expression of
matB and matC genes to enhance the malonyl-CoA supply and integrated an
additional copy of the biosynthetic pathway into the strain genome, resulting in
the production of 22.4 mg/L of naringenin with supplementation of malonate, Tyr,
and p-coumaric acid to the media (Ye et al. 2023). Since this is the first study
reporting the heterologous production of naringenin using S. albidoflavus, there is
a potential to further optimize the production levels. These strategies may include the
design of genetic engineering strategies to improve Tyr-native production and the
exploration of alternative methods to increase the malonyl-CoA supply. Despite that,
a big effort will be needed to reach the production levels already reported using the
other microbial chassis.

Challenges on the Efficient Heterologous Production
of Naringenin Using Microbial Chassis

Despite recent advances in the heterologous production of naringenin, further
improvements are needed to establish an efficient, cost-effective, and competitive
process. The main bottlenecks and limitations in achieving higher production levels
are mainly related to the availability of the required precursors and extended sub-
strates, the efficient expression of the enzymes involved in the biosynthetic pathway,
and the difficulties in exporting the compound to the extracellular media (Gomes
et al. 2022a; Rainha et al. 2020a; Rodrigues and Rodrigues 2020).

During the last years, the availability of the precursors and extender substrates of
the pathway has been identified as the main bottleneck to achieve higher production
levels of the desired compounds. As shown throughout the previous topic focused on
the advances on the construction of microbial chassis able to produce naringenin,
several efforts have been made by the researchers to improve the native supply of
both aromatic amino acids and malonyl-CoA in all the microorganisms that were
herein reviewed. Most of the strategies used to improve the precursors and extender
substrate supply rely on the overexpression of genes responsible for their synthesis
or on the deletion of genes of competing pathways that also use these compounds
preventing the pathway flux deviation (Dickey et al. 2021). Regarding the improve-
ment of aromatic amino acids (Tyr or Phe), the most used strategies rely on the
replacement of the DAHPS and CM genes of the shikimate pathway by mutant
feedback-insensitive version of the enzymes and on the prevention of the deviation
of the aromatic amino acids’ precursors for competing pathways. These strategies
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allowed a continuous flux toward the synthesis of aromatic amino acids and higher
production levels of the target compound (Dunstan et al. 2020; Koopman et al. 2012;
Lyu et al. 2017; Palmer et al. 2020; Rodriguez et al. 2017; Wu et al. 2014; Zhou et al.
2020a). The improvement of the malonyl-CoA supply is also mandatory. Strategies
like the overexpression of the ACC and ACS enzymes involved on the production of
malonyl-CoA, as well as the downregulation of targets of the fatty acid competing
pathway, have been extensively exploited to improve the malonyl-CoA supply and,
consequently, improve the production of naringenin (Dunstan et al. 2020; Fowler
et al. 2009; Lv et al. 2019b; Mao et al. 2023; Santos et al. 2011; Xu et al. 2011; Zhou
et al. 2020b). Additionally, the construction of an alternative biosynthetic pathway
for the synthesis of malonyl-CoA from malonate by expressing matB and matC
genes from R. trifolii has also been evaluated by several researchers (Mao et al. 2023;
Wu et al. 2014; Ye et al. 2023). Despite the potential of these strategies, several
efforts are still required to find the proper metabolic flux toward the synthesis of
these crucial pathway compounds. Considering that, the development and construc-
tion of biosensors have recently emerged as an interesting strategy to find a right
metabolic flux since it allows a dynamic regulation of the metabolic process, as well
as the high-throughput screening and monitoring of the target metabolites due to the
presence of reporter genes in the biosensor module (Fig. 4). This strategy has been

Fig. 4 Design of the malonyl-CoA biosensor that allows a dynamic regulation of the metabolic
flux. When the intracellular malonyl-CoA level is low, the repressor molecule FapR binds to the
operator fapO forming the FapR-fapO complex. With the formation of this complex, the RNA
polymerase (RNA pol) is not able to bind to fapO, and the transcription of the fatty acid synthase
(FASII) gene is repressed. When the intracellular malonyl-CoA concentration is high, malonyl-CoA
binds to the C-terminal of FapR disrupting the formation of the FapR-fapO complex. Consequently,
the operator fapO is free and the RNA pol can attach, and the transcription of FASII gene is induced
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already studied in E. coli and S. cerevisiae and involves the construction of a
synthetic regulatory module that is naturally present in some Gram-positive bacteria,
namely, in Bacillus subtilis (Johnson et al. 2017; Mao et al. 2023; Milke and
Marienhagen 2020; Zhou et al. 2020a). This module is composed of a transcriptional
repressor, FapR, that inhibits the fatty acid synthesis by interacting with the operator
fapO module. This interaction forms a FapR-fapO complex, and the RNA polymer-
ase is repressed, preventing the transcription of the genes involved on the fatty acid
synthesis. When high levels of malonyl-CoA are accumulated, this molecule inter-
acts with the C-terminal of the FapR module, and the repression system stops.
Consequently, the FapR-fapO complex is disrupted, and the fapO operator is free
to interact with the RNA polymerase allowing the transcription of the fatty acids’
synthesis genes. The engineering of this dynamic regulation module ensures the
proper balance and metabolic flux between all the compounds (Johnson et al. 2017).

In fact, Mao et al. (2023) evaluated a malonyl-CoA biosensor based on this
strategy combined with RNAi to regulate also the genes of fatty acids’ biosynthesis
pathway. This approach led to the highest reported production level of naringenin
(2.05 g/L) in any microorganism, demonstrating the potential of dynamic regulation
biosensors for enhancing production levels.

Besides the availability of the substrates of the pathway, the choice of the right
enzymes for the biosynthetic pathway and their efficient expression is one of the
primary steps that should be considered to construct an efficient microbial cell
factory. Firstly, the metabolic balance between all the intermediaries of the biosyn-
thetic pathway should be ensured by testing different enzyme combinations and their
effect on the final production levels. Some of the steps of this biosynthetic pathway
are characterized by their poor substrate specificity and low catalytic activity (Liu
et al. 2017). Taking this into account, the use of enzyme engineering tools like
rational design or directed evolution should be considered to improve the enzyme
performance and, consequently, improve the flux toward the production of the
compound of interest. Considering that all the enzymatic steps of the naringenin
biosynthetic pathway are already well characterized, the rational design can be
considered an interesting approach to be used since it allows the full design of a
functional enzyme (Li et al. 2020a; Xu et al. 2020). However, directed evolution can
also be considered as an interesting strategy since it performs random mutagenesis of
the gene and mutant enzymes with improved activities can be obtained. This strategy
has the advantage of not requiring previously knowledge about the protein structure
or activity (Ko et al. 2020). Moreover, since the biosynthetic pathway responsible to
produce naringenin is catalyzed by several steps, it is also relevant to consider the
use of multifunctional enzymes that can catalyze more than just one of the steps of
the biosynthetic pathway. For example, the use of TAL to achieve p-coumaric acid
production instead of PAL and C4H is useful to decrease the metabolic burden of the
cells that possibly impairs the production levels (Rainha et al. 2020a). Moreover, this
strategy is also advantageous since the expression of the C4H enzyme is not
required. Since this enzyme is a membrane-bound enzyme, it can be very difficult
to be expressed in prokaryotic organisms, like E. coli and Streptomyces spp., because
they do not contain intracellular compartments (Gomes et al. 2022b; Rodrigues and
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Rodrigues 2020). Additionally, the native cytochrome P450 activity in heterologous
hosts, namely, in S. cerevisiae, was already proven to not be enough to support the
C4H activity being required the additional expression of CPR enzymes (Koopman
et al. 2012; Trantas et al. 2009). Moreover, it is advisable to consider codon
optimization of the heterologous genes taking into account the codon usage of the
microorganism used as chassis to prevent the expression of non-functional proteins
due to possible translation errors, premature translational termination, or even
frameshifting events (Rainha et al. 2020a; Rodrigues and Rodrigues 2017).

Another issue associated with the production of heterologous compounds, inclu-
sively naringenin, is its transportation to the extracellular media. As other poly-
phenols, naringenin possesses antimicrobial activity. For this reason, the
accumulation of this compound in large amounts inside the cells can be toxic for
the host, resulting in decreased cell growth and productivity. Considering that, the
engineering of transporters can be a useful strategy to increase the productivity of the
production process by improving the release of the produced compound to the
extracellular media. This is also advantageous for an industrial production process
since it eliminates the need for an additional and time-consuming extraction process,
which is also associated with increased costs in the production process (Liu et al.
2017; Lv et al. 2016). The use of transporter engineering was already exploited by
Mao et al. (2023) to improve the production of naringenin in S. cerevisiae. In fact,
the highest de novo production of naringenin was achieved in this study, demon-
strating the relevance of exploiting the use of transporters to increase the production
titers and yields (Mao et al. 2023). Therefore, the use of this strategy in other
microbial chassis should be considered. However, deep studies on polyphenol
transport are required to fully understand the structure and mechanism of action of
several transporters to be further exploited on these microbial cell factories.

Conclusion

The utilization of natural compounds, particularly polyphenols like naringenin, has
gained substantial attention over the last years in the pharmaceutical and nutraceu-
tical industries. Several challenges have arisen to obtain these compounds from plant
sources due to their limited availability, being required efficient extraction methods.
Considering the wide range of applications and health benefits of polyphenols,
including naringenin, it is mandatory to explore a cost-effective and environmentally
friendly production process to meet the industrial demand for this compound.
Microorganisms, serving as microbial cell factories, present a promising strategy
for the heterologous production of naringenin. E. coli and S. cerevisiae have been
widely exploited as microbial chassis to produce naringenin. The highest production
level achieved using E. coli as microbial chassis was 588 mg/L in a fed-batch reactor
experiment (Zhou et al. 2020b). More recently, Mao et al. (2023) achieved the
highest de novo production of naringenin (2.05 g/L) reported so far exploiting
S. cerevisiae as chassis in a fed-batch reactor experiment (Mao et al. 2023). Con-
sidering that, this strain has a great potential to be exploited in an industrial
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production process. Other alternative chassis, like Y. lipolytica and S. albidoflavus,
were recently exploited. The production levels obtained in S. albidoflavus are far
from becoming competitive. However, the production obtained in Y. lipolytica has
reached 898 mg/L representing also a chassis with an industrial potential (Palmer
et al. 2020). Despite the potential of these constructed strains and the advances that
were made over the last years to achieve the heterologous production of naringenin,
reaching industrially relevant production levels remains a challenge. To enhance
microbial production, addressing key bottlenecks is still imperative. Overcoming
precursors’ limitations, specifically aromatic amino acids, and malonyl-CoA, sorting
to genetic engineering manipulations, have been widely exploited in these microbial
chassis and proved to be efficient to increase the obtained production levels.
However, the combination of the different strategies and the exploitation of bio-
sensors for a dynamic regulation of the metabolic flux should be considered to
achieve better results. Beyond the improvement of the availability of the pathway
substrates and precursors, it is crucial to ensure the efficient pathway expression. The
optimal enzyme selection, involving rational design or directed evolution, the use of
multifunctional enzymes, and codon optimization, can contribute to improved per-
formance and higher productivities. Moreover, transporter engineering is proven to
be crucial for efficient compound export, mitigating intracellular toxicity and sim-
plifying the downstream processing. Considering that, finding new transporters and
studying their mechanism of action are crucial. With the emergence and establish-
ment of metabolic engineering and synthetic biology powerful tools, some of these
challenges are now easier to overcome. The combination of all these presented
strategies sorting to the most recent synthetic biology technologies can be the key
point to obtain a robust and highly efficient microbial chassis able to produce
naringenin and, finally, achieve a viable and sustainable alternative method for its
production at an industrial scale.
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