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Abstract

Anthocyanins are the phenolic compounds responsible for coloring pigments in fruits and vegetables. Anthocyanins offer a
wide range of health benefits to human health. Their scope has expanded dramatically in the past decade, making anthocya-
nin control, influx, and outflow regulation fascinating for many researchers. The main culprit is anthocyanin stability and
concentration form, which demands novel ways because these are critical in the food industry. This review aims to examine
anthocyanin synthesis via triggering transcription genes that code for anthocyanin-producing enzymes. The balance between
production and breakdown determines anthocyanin accumulation. Thus, increasing the anthocyanin content in food requires
the stability of molecules in the vacuolar lumen, the pigment fading process, and a better understanding of the mechanism.
The promising option is biosynthesis by metabolically engineered microorganisms with a lot of success. This study aims to
look into and evaluate the existing literature on anthocyanin production, namely the biosynthesis of anthocyanin pathway
genes, production by microbial cell factories, and the regulatory factors that can modulate the production of anthocyanins.

Understanding these mechanisms will provide new biotechnological approaches.

Key points
e Factors affecting the regulation of anthocyanins

o Focus on degradation, biosynthesis pathway genes, and alternative systems for the production of anthocyanins
e Microbial cell factories can be used to produce large amounts of anthocyanins.
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Introduction

Natural colorants are of significant importance to the food
and pharmaceutical industries because of the rising inter-
est in natural pigments as a substitute for synthetic colors
that may have harmful effects on people and their health
advantages (De Mejia et al. 2020). The name anthocyanin
comes from the Greek words anthos, which means flower,
and kianos, which means blue. Anthocyanins are the larg-
est group of secondary plant metabolites that come under
the class flavonoids. More than 635 anthocyanins have been
identified in nature, including six common aglycones and
various acylations and glycosylations (Zhang et al. 2014;
Smeriglio et al. 2016). Anthocyanins are coloring pigments,
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which give a range of colors such as orange, red, purple, and
blue in fruits, flowers, seeds, and vegetative tissues (Bueno
et al. 2012). Anthocyanins are plant pigments formed by
coupling sugars to the anthocyanidin molecule. Anthocya-
nidins are sugar-free counterparts of anthocyanins present in
plants. Cyanidin, pelargonidin, peonidin, delphinidin, mal-
vidin, and petunidin are the most prevalent anthocyanidins
found in plants (Kerio et al. 2012). Fruits and vegetables are
the primary natural sources of anthocyanins, and the richest
sources of anthocyanins in fruits are elderberry, chokeberry,
bilberry, raspberry, blueberry, grapes, and pomegranates
(Makus and DJ 1973; Kriventsov and Arendt 1981; Lami-
kanra 1989; Mazza and Miniati 1993; Delgado-Vargas and
Paredes-Lopez 2002; Cevallos-Casals and Cisneros-Zevallos
2003; Wu et al. 2006). Anthocyanins are present in dark-
colored foods, including black carrots, purple maize, black
beans, red cabbage, purple sweet potato, and aubergines
(Cevallos-Casals and Cisneros-Zevallos 2003; Wu et al.
2006). Anthocyanins absorb the same wavelength of light as
chlorophyll b, which aids in plant tissue protection (Stintzing
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and Carle 2004). Because of their powerful antioxidant
properties, anthocyanin pigments also help protect plants
from UV damage. In vitro studies have shown that they can
inhibit viruses like a syncytial virus, parainfluenza virus,
herpes simplex, adenovirus, and rotavirus from replicating
(Mohammadi Pour et al. 2019). The antioxidant activity
of anthocyanin-rich fruits and vegetables provides health
advantages by reducing cardiovascular illnesses, cancer,
diabetes, and other chronic diseases (Smeriglio et al. 2016;
Wallace et al. 2016; Putta et al. 2017; Hu et al. 2020).

The degree of glycosylation and acylation affects antho-
cyanin’s chemical stability, bioavailability, and biological
activity (Yang et al. 2011). The color and stability of antho-
cyanin are affected by many parameters, including pH, the
degree of aromatic acylation, metal complexion, and phe-
nolic chemical co-pigments (Ekici et al. 2014; Fenger et al.
2021). Anthocyanin chemical stability improves when gly-
cosylation and acylation levels increase during synthesis. As
a result, acylated anthocyanins have a higher potential for
food coloring than non-acylated anthocyanins (Zhao et al.
2017). Understanding anthocyanin production, transport,
storage, and degradation will lead to stable anthocyanin pig-
ments that may be utilized as nutraceuticals and natural col-
orants. The types of anthocyanins differ from each other due
to (i) the degree of methylation of hydroxyl (OH) groups, (ii)
the number and position of OH groups, (iii) the number of
aromatic or aliphatic groups attached to the sugar, and (iv)
the nature and number of sugars attached to the molecule
(Fig. 1). The need for anthocyanin production has increased
since they are natural and alternative colorants used in the
beverage and food sectors (Cortez et al. 2017).

Extraction of natural food sources of anthocyanins
usually takes place under harsh conditions like high tem-
perature, pressure, and pH, resulting in the loss of natural
pigments and antioxidants. The limitation of using natural
anthocyanins in food industries is their low stability, storage
conditions, formulations, and loss of color during different
processing conditions. The stability of anthocyanins var-
ies greatly, and pure anthocyanins are particularly unstable
and prone to deterioration (Zhao et al. 2017). Furthermore,
because of difficulties with anthocyanin stability, which
influence their usage in a wide range of applications, these
processing conditions result in the finished product having
an unpleasant flavor, color, and odor (Castafieda-Ovando
et al. 2009).

Colorants are essential quality indicators in both fresh
and processed foods like fruits and vegetables. Figure 2
depicts the richest and most concentrated sources of antho-
cyanins found in fruits and vegetables. Natural sources of
anthocyanins from plants, on the other hand, have draw-
backs over microbial cell factories and in vitro cultures
owing to seasonal changes, regional variances, and the
difficulty of generating high-purity products (Zhu et al.
2017). As a result, researchers attempt to decipher their
manufacturing and molecular mechanisms to develop
higher and more stable anthocyanin yields. Furthermore,
tissue culture and microbes are being used to produce
high-quality and stable products (Espinosa-Leal et al.
2018; Ruta and Farcasanu 2019). Fruit polyphenols in
microemulsion and nanoemulsion can improve the stability
of anthocyanin and be utilized as functional components
and colorants in the food industry (Nazareth et al. 2021).

Fig. 1 The basic structure of
anthocyanin and representative
anthocyanins
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Fig.2 The richest natural food
source of anthocyanins
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The availability of genetic tools for metabolic engineer-
ing and the cost-effective, controlled, and quick growth of
microbes are advantages of microbial production (Pandey
et al. 2016; Chouhan et al. 2017).

The high demand for anthocyanin production, environ-
mental concerns, and climatic changes, along with signifi-
cant pressure on anthocyanin supply and availability, have
prompted researchers to focus their biotechnology-based
alternatives for anthocyanin synthesis. The development
of modern techniques has helped identify and characterize
biosynthetic pathway key enzymes. Recently, substantial
progress has been made in understanding and describing
the biosynthetic pathway genes, transcription factors, and
anthocyanin transporters in fruits (Shi et al. 2019; Li et al.
2020; Poudel et al. 2021). These techniques give a platform
and knowledge of anthocyanin regulation and biosynthesis.
Some parameters, including pH, ventilation, agitation, and
culture media, should be adjusted appropriately to maximize
anthocyanin production in plants or cell cultures (Saad et al.
2018a, b). Besides these factors, precursor feeding and cul-
ture conditions like temperature, pH, light, nutrients, and
plant growth regulators can maximize the utilization of
enzymes involved in the biosynthesis pathway, leading to
increased production of the desired end products (Simdes
et al. 2012). Although the anthocyanin biosynthetic path-
way genes have been extensively studied, the regulation and
microbial cell factories for producing stable anthocyanins
are still poorly understood.

This review summarizes the most recent research pro-
gress of the regulation of anthocyanin pathway genes, bio-
synthesis, and alternative systems for the higher production
of anthocyanins. Firstly, the chemistry and variables that
impact anthocyanin regulation and stability are described,
such as pH, enzymes, chelating characteristics, temperature,
and light. We also focus on anthocyanin degradation, bio-
synthesis mechanisms, and production. In addition, recent
advances in genetically engineered microbial cell factories
are discussed to provide a future perspective on the produc-
tion of stable anthocyanins.

Chemistry of anthocyanins

Anthocyanins are poly-methoxyl or poly-hydroxyl deriva-
tives of the flavylium ion, consisting of a double benzoyl
ring A and B separated by a C heterocyclic ring (Fig. 1).
Anthocyanins are arabinose, galactose, glucose, or rhamnose
3-glycosides or 3,5-diglycosides connected to a sugar resi-
due (Lucioli 2012). The six basic structures of anthocyani-
dins present in fruits and vegetables are shown in Table 1 (de
Pascual-Teresa and Sanchez-Ballesta 2008). The distribution
of most common six anthocyanidins in plants is cyanidin
(50%), delphinidin (12%), peonidin (12%), pelargonidin
(12%), malvidin (7%), and petunidin (7%).

Aglycones are also called anthocyanidins, and when
they are glycosylated, they are known as anthocyanins. The
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Table 1 The most commonly found anthocyanidins in nature

Anthocyanidin Substitution Amax (nm)  pH Color Plant source
R1 R2 R3

Cyanidin (Cy) OH OH H 535 pH<3:red Magenta  Apple, blackberry, cherry, elderberry, gooseberry,
pH 3-11: purple fig, peach, pear, red cabbage, red onion
pH>11: blue

Delphinidin (Dp) OH OH OH 546 pH<3: blue Purple Aubergine, green bean, passion fruit, pomegranate
pH 3-11: purple
pH>11:red

Malvidin (Mv) OCH; OH OCH; 542 Acidic: red Purple Bilberry, red grape
Neutral: red
Basic: blue

Pelargonidin (Pg) H OH H 520 Red Red Banana, potato, red radish, strawberry

Peonidin (Pn) OCH; OH H 532 pH<3:red Magenta Mango
pH 3-5: pink
pH 5-8: purple
pH > 8: blue

Petunidin (Pt) OCH; OH OH 543 Dark red to dark purple Purple Bilberry, red grape

flavylium ion is the core of anthocyanidins. It has the dis-
tinctive C6-C3-C3 skeleton of flavonoids, which has one
fused aromatic ring (as the A ring), one phenyl constituent
(as the B ring), and one heterocyclic benzopyran ring (as
the C ring) (Fig. 1). Anthocyanidins are positively charged
cations with two double bonds in the C ring (Bueno et al.
2012). Glycosylation, B ring substitution, sugar esterifica-
tion, co-pigments, temperature, and pH influence antho-
cyanin structure and color diversity. Additional methoxyl
or hydroxyl groups and B ring substituents alter the stabil-
ity of anthocyanin-rich foods. Anthocyanins are glycosides
linked to a sugar group found naturally in plants (glucose,
galactose, xylose, rhamnose, or arabinose) (Mazza 2018).
The physical and chemical properties of anthocyanins are
dependent on acylation and glycosylation, which influence
the polarity and molecular size of the molecule. The solu-
bility of anthocyanins in water increases with glycosyla-
tion and decreases with acylation. Glycosylation of antho-
cyanins improves water solubility and stability by forming
intermolecular hydrogen bonding (Zhao et al. 2017). The
most common acyl groups are caffeic acid, p-coumaric
acid, dicarboxylic acid, 3,5-dihydrocinnamic acids, ferulic
acid, p-hydroxybenzoic acid, gallic acid, and sinapic acid
(Andersen and Jordheim 2010).

Studying the chemical stability of anthocyanins plays a
crucial role in the potential application and their benefits for
replacing artificial colorants. However, the primary factor
for the stability of anthocyanin is believed to be its chemical
structure. It has been reported that increased B-ring hydrox-
ylation of cyanidin, pelargonidin, and delphinidin decreases
stability in in vitro studies (Woodward et al. 2011). Antho-
cyanins are soluble in water, ethanol, and methanol. Most
extraction techniques are intended to use such solvents for
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this reason. In the flavylium cation, these solvents are acidi-
fied to produce stable anthocyanin.

Anthocyanin degradation

Understanding the metabolic pathway enzymes is critical
to designing a microbial platform for producing anthocya-
nins in microorganisms. More production does not always
equal increased yield, at least in the case of anthocyanins.
Anthocyanins are commonly assumed to be stable once they
accumulate in the vacuole, although this is not the case.
Anthocyanin degradation could be caused by spontaneous
reactions, enzymatic activity, or combining the two (Oren-
Shamir 2009). Other factors include light, pH, oxygen, metal
ions, ascorbic acid, and enzymes that lead to the degradation
of anthocyanin color, structure, and stability. It is essential
to retain color to increase stability because anthocyanins
degrade quickly due to their high reactivity rate (Shipp and
Abdel-Aal 2010). Only limited studies have been done on
anthocyanin degradation mechanisms (Passeri et al. 2016).
The stability of anthocyanins usually requires O-glycosyla-
tion, making it possible for the anthocyanins to accumulate
in the vacuole without hydrolysis by the enzyme anthocya-
nase. The anthocyanins in grape cells (Vitis vinifera) are
easily hydrolyzed into anthocyanidins and sugars, which are
easily degraded by non-enzymatic and enzymatic oxidation.
However, in plants, the degradation does not occur in intact,
healthy fruits, and it only happens when the fruit is damaged
by physical disturbance or pathogen attack. The main factors
influencing the stability and degradation of anthocyanins
are pH, enzymes, co-factors, chelating agents, temperature,
and light.
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Anthocyanins and pH

Anthocyanins can change the structure with changes in
pH value. They are most brightly colored and stable at a
relatively low pH level (Fig. 1, Table 1). In aqueous condi-
tions, anthocyanins occur in four equilibrium transformation
forms: flavylium cation, carbonyl base or pseudobase, qui-
noidal base, and chalcone (Pina et al. 2012). Anthocyanins
are more stable at acidic conditions (pH 1-3), where they
exist as flavylium cations, which are the most stable form
and give red and purple colors. At pH 5, anthocyanin is
less-stable, colorless carbinol pseudobase and forms chal-
cone structures, leading to anionic quinonoidal species. The
less stability could be due to the thermodynamic and kinetic
competition between the hydration and flavylium ions. The
blue-purple quinoidal base is formed at pH 7-8. At physi-
ological pH, anthocyanins are chemically unstable due to pH
variations, and they form complexes as they undergo differ-
ent structural changes. Their bioavailability is limited due
to the degradation as influenced by pH fluxes. This barrier
can be overcome by cultivating modified bacteria or yeast
in a medium with an initial pH level of 7 to achieve proper
growth and production, then transferring the culture to a
new medium with a lower pH level to improve anthocyanin
production and stabilization.

The color of anthocyanins in the vacuolar lumen, where
they accumulate in plants, is pH dependent. In the acidic
environment of plant vacuoles, anthocyanins co-exist with
red-colored flavylium cations and blue quinoidal species.
In addition to pH, the color of the plant and the color of the
anthocyanin affect the stability of these two forms. Antho-
cyanin color can combine with other flavonoid pigments
and metal ions to stabilize at acidic pH. The color red is
produced by a very acidic vacuolar lumen, while a light
acidic environment makes the color blue. The myeloblas-
tosis (MYB)-basic helix-loop-helix (bHLH)-WD (MBW)
repeat transcription complex regulates the production of
anthocyanins. They are further transported to the vacuolar
lumen, where the color differs due to the pH value (Hu et al.
2016). The diglycosidic derivatives are highly stable at pH 7,
and this is because the sugar molecules prevent the degrada-
tion of intermediates into aldehyde compounds and phenolic
acid.

Enzymes

Polyphenol oxidases and peroxidase enzymes are suspected
of inducing anthocyanin fading or discoloration in plants.
The anthocyanin degradation was first observed in Brunfel-
sia calycina (Solanaceae) flowers from dark purple to com-
pletely white color (Vaknin et al. 2005). Peroxidases were
discovered to be involved in fading after anthocyanin deg-
radation was studied in conjunction with a vacuolar class III

peroxidase (Zipor et al. 2015). In litchi and orange fruits, the
enzymes peroxidase, polyphenol oxidase, and p-glucosidase
were responsible for the degradation of anthocyanins during
the ripening stage. This was because the enzyme bound to
the solid part of the fruit (particularly pectins) decreased
the anthocyanin levels (Zhang et al. 2005). Peroxidases
control free radicals and hydrogen peroxide concentrations
in the vacuolar lumen, affecting the anthocyanin’s stability.
The fading usually affects the final yield of anthocyanin.
Thus, identifying the factors influencing pigment fading can
improve anthocyanin’s final quality and yield.

Co-factors and chelating properties

Regulation of anthocyanins requires an adequate balanced
supply of certain co-factors/co-substrates for electron trans-
port, stabilization, and enzyme activation. Anthocyanins can
chelate certain metals such as aluminum (Al), tin (Sn), cop-
per (Cu), and iron (Fe). Their packaging material or medium
presence results in undesirable pigment color changes. The
co-pigmentation is due to weak acidity (pH 4-6), where
anthocyanins exist in colorless forms. Specific colorless
components and pigments make complex moieties to gen-
erate compounds that change the intensity of the color. Color
is one of the qualities demanded by the beverage industry.
Co-pigmentation with other compounds is the primary
mechanism for stabilizing coloring plants (Molaeafard et al.
2021). The co-pigments are usually colorless compounds
such as amino acids, alkaloids, flavonoids, nucleotides, pol-
ysaccharides, or other anthocyanins. When anthocyanins
interact with these co-pigments in the UV—vis region of the
absorption spectrum, they undergo a bathochromic shift or
hyperchromic effect. The co-pigments are rich in n-electrons
and capable of interacting with flavylium ions, usually defi-
cient in electrons. This aids in preventing a nucleophilic
water attack on the flavylium ion’s second position.

The interaction between anthocyanins and co-pigments is
explained in many ways for different species. When antho-
cyanins interact with any metal, they form complexes, and
when it reacts with another anthocyanin, an intramolecular
pigmentation or a self-association is formed. Anthocya-
nins react with co-pigments with free electron pairs; they
form intermolecular co-pigmentation by protons, sugar, and
aglycone simultaneously (Molaeafard et al. 2021). Despite
less interest in anthocyanin metal complexation in the food
industry, there is a demand to study the metal complex with
anthocyanin as it helps in anthocyanin stabilization.

Temperature
Temperature plays a vital role in the synthesis of anthocy-

anins. Anthocyanins are more prone to oxidation and are
relatively unstable. Nevertheless, the mechanisms are not
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well understood. Climatic changes also influence the lev-
els of anthocyanins in fruits and vegetables. Warm weather
was connected with low levels of anthocyanins, and cool
weather was associated with the rapid accumulation of
anthocyanins in fruit skin (Li et al. 2004). Anthocyanin
production declines under high temperatures in plants due
to inhibiting structural genes, expression of MYB activa-
tors, and enhancement of repressors (Lin-Wang et al. 2011).
Reduction in anthocyanin production was observed by over-
expressing a grapevine class III peroxidase in Petunia petals
under heat stress, indicating high-temperature degradation
(Movahed et al. 2016). Thus, overall, anthocyanin degrada-
tion might be due to increased enzyme activity, e.g., per-
oxidase, in response to thermal stress. When it comes to the
relationship between anthocyanin synthesis and temperature,
it is easy to see why, during the winter, a low temperature
typically increases the concentration of anthocyanin in the
leaves of evergreen species (Niu et al. 2017).

High processing temperature reduces the content of
anthocyanins significantly in strawberries but not raspberry
during jam processing. The loss was due to the differences
in total concentrations of anthocyanins and ascorbic acid,
content in the fruits, and individual anthocyanin composi-
tion of the berries (Martinsen et al. 2020). The stability of
anthocyanins is higher at low temperature (4 °C), and antho-
cyanin-rich foods can better be preserved as jams even at
room temperature (23 °C) since they are in the food matrix.
In conclusion, temperature directly affects anthocyanin sta-
bility, color, and storage life. Anthocyanin-rich foods can
be stored at a lower temperature to increase the shelf life of
the products.

Light

Light is the most crucial factor that affects anthocyanin
accumulation. High light intensity stimulates anthocya-
nin production in most plants (Maier and Hoecker 2015).
The surface of fruits directly exposed to light showed high,
intense anthocyanin pigment accumulation than the shaded
parts (Mazzucato et al. 2013). It has been shown that blue
light wavelengths induce anthocyanin production compared
to dark conditions (Xu et al. 2014; Liu et al. 2015). Antho-
cyanin production was enhanced by continuous UV irradia-
tion exposure, which protected Centaurea cyanus L. cells
against UV light (Takahashi et al. 1991). Another study
reported an increase in the accumulation of anthocyanins
in carrot cell culture with continuous UVA light exposure
(Hirner et al. 2001). Higher production of anthocyanins was
also achieved by providing 8000 Ix to strawberry cells and
3478 1x to Cleome rosea cells (Simdes et al. 2009). The light
induces regulatory factors, structural genes, and the expres-
sion of genes involved in anthocyanin biosynthesis. Another
study showed that the tomato seedlings were exposed to blue
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light, and the biosynthesis of anthocyanins was elevated
(Hernandez et al. 2016). The anthocyanin biosynthetic
gene stimulation mainly influences the anthocyanin con-
tent by the intensity and spectrum of light. Several studies
have investigated Arabidopsis thaliana and other plants and
reported that blue and red light wavelengths enhance the
production of anthocyanins by activating structural genes
and transcription of the R2R3-MYB genes (Shi et al. 2014,
Xu et al. 2014; Liu et al. 2015). Liu et al. (2017) found that
the biosynthetic genes for anthocyanins in tobacco leaves
were downregulated in darkness and upregulated in light by
overexpressing the StMYBA 1 gene from potatoes. Therefore,
post-translational mechanisms and transcriptional factors
play a significant role in controlling anthocyanin pathway
gene expression. Furthermore, various transcriptional factors
and phytohormones are crucial for the cellular regulation of
anthocyanin biosynthesis (He et al. 2010).

Anthocyanin regulation

In past years, regulatory and structural genes required for
anthocyanin production have been cloned, expressed, and
described in a wide range of plant species (Wang et al. 2011;
Timmers et al. 2017). A genetic engineering approach was,
for the first time, used by Meyer et al. (1987) to transfer
a dihydroflavonol 4-reductase (DFR) gene from maize to
develop a novel red flower coloring Petunia hybrida, thus
establishing a new flower pigmentation pathway. The
enzyme DFR converts dihydrokaempferol (DHK) to leu-
copelargonidin, leading to pelargonidin production in Pefu-
nia, changing color from pale pink to brick red. The com-
plex protein tryptophan-aspartic acid repeat protein (WD40)
interacts with bHLH and MYB transcription factors to reg-
ulate the biosynthesis of flavan-3-ols. MYB-bHLH-WD40
are highly conserved proteins that activate structural genes
that code for anthocyanin pathway enzymes (Koes et al.
2005; Jaakola 2013). Hence, anthocyanin production can
be enhanced by expressing the transcription factor complex
in plants to improve production and stability.

The WDA40 is a regulatory protein that promotes the accu-
mulation of anthocyanins and expression in all species. On
the other hand, the expression of bHLH and MYB proteins
depends on different pigmented tissues, and they are likely
orthologues. The proanthocyanin pathway is activated by the
MYB component’s MBW complex, which can also stimu-
late its companion, bHLH. As a result, it is referred to as a
“master regulator,” as it can activate the pathway indepen-
dently, and its expression affects the pigmentation pattern
in plants (Kiferle et al. 2015; Nesi et al. 2001; Spelt et al.
2000). The anthocyanins are transported in the endoplas-
mic reticulum by transporters and stored inside the vacuole
after the synthesis. The process is still not well understood
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despite its essential role in the final anthocyanin content in
plant tissues (He et al. 2010; Francisco et al. 2013; Chanoca
et al. 2015). The repeated amino acid sequence of bHLH
regulates the anthocyanin pathway in a wide variety of spe-
cies, and the sequences are conserved (Lloyd et al. 2017;
Wang et al. 2019). The Lc (leaf color) gene is one of the tran-
scription factors determining maize’s timing, location, and
amount of anthocyanin accumulation (Li et al. 2007). The
bHLH-encoded myc-type R gene and the Lc gene in maize
enhanced the overexpression of anthocyanin in Petunia,
Caladium bicolor, Arabidopsis, and tobacco (Li et al. 2007).

Biosynthetic mechanisms of anthocyanins

Anthocyanin production has been extensively studied to
understand the metabolic pathway enzymes in their natu-
ral hosts. At the transcriptional level, numerous regulatory
genes influence the production of anthocyanins. Such infor-
mation is sourced via studying biosynthetic pathway genes,
which will be the subject of this section.

Anthocyanin biosynthetic pathway mechanisms are well
characterized and conserved in many plant species (Holton
and Cornish 1995; Tanaka and Ohmiya 2008). Anthocya-
nin production begins with the conversion of phenylalanine
to para-coumaroyl-CoA in the phenylpropanoid pathway,
and this is the first precursor chemical in the flavonoid bio-
synthetic route. Starting with chalcone synthase (CHS),
the anthocyanin route extends the flavonoid pathway of
secondary metabolites (Fig. 3). Naringenin chalcone is pro-
duced from condensing one molecule of p-coumaroyl-CoA

and three malonyl-CoA molecules by CHS (Durbin et al.
2000; Tian et al. 2006). CHS encodes three genes (Chsl-
ABO015872, Chs2-AB066275, Chs3-AB066274), which are
essential components for making red wine as it improves the
quality of the grapes. Chsl and Chs2 are found in the leaves
and skin of grape berries, while Chs3 is found mainly in the
berry skin. Different transcription factors control these three
genes in grapes to produce various secondary metabolites
(Ageorges et al. 2006). Although their protein and transcript
expression is minimal, their high biosynthetic efficiency may
enhance production (Goto-Yamamoto et al. 2002; Ageorges
et al. 2006). By the action of chalcone-flavanone isomerase
(CHI), naringenin chalcone can be quickly converted to the
stereospecific isomer naringenin flavanone. Naringenin plays
a role in synthesizing anthocyanins or proanthocyanins,
besides forming other phenolic compounds. Naringenin is
hydroxylated at the 3™ position to produce dihydrokaemp-
ferol by the action of flavanone 3-hydroxylase (F3H).

F3'H and F3'5'H have used the oxidized products of
naringenin flavanone and dihydroflavonols as substrates to
produce the dihydroflavonols dihydroquercetin and dihy-
dromyricetin (Sparvoli et al. 1994) (Fig. 3). Both F3'H and
F3’5'H introduce hydroxylation of the flavonoid B ring of
anthocyanins, which is required to produce other antho-
cyanidins like delphin and cyanidin. In plant species like
Chrysanthemum morifolium and Rosa hybrida, delphinidin
is not delivered due to the lack of blue/violet color variation
due to the absence of the F3'5'H gene (Tanaka and Ohmiya
2008). In the next step, the three dihydroflavonols are con-
verted into 3,4-cis-leucoanthocyanidins, a colorless com-
pound, by the action of DFR. In some plants, e.g., varieties

Fig. 3 Biosynthetic pathways
of anthocyanins. CHS, chalcone
synthase; FLS, flavonol syn-
thase; CHI, chalcone isomerase;
F3H, flavanone 3-hydroxylase;
F3'H, flavonoid 3'-hydroxylase;
F3'5'H, flavonoid 3',5'-hydroxy-
lase; DFR, dihydroflavonol
4-reductase; ANS, anthocya-
nidin synthase; LAR, leucoan-
thocyanidin reductase; UFGT,

4-Coumaroyl-CoA

\HS

Naringenin chalcone

3 * Malonyl CoA

i

FLS

—_—_> Flavonols

lCHI

Naringenin

FLS,.7
F3H

F3’5’H

Kaempferol

flavonoid 3—0—glucosyltr_a1_1$— Dihydroquercitin <_F3’H ihydrokaempferol | — | Dihydromyricetin Dihydroflavonols
ferase; UDP-glucose, uridine
fhphosphate gl‘uc.ose'; asterisk lDFR lDFR l DFR
indicates multiplication
Leucopelargonidin Leucodelphindin Leucoanthocyanidins
- |, LAR [rereend LAR
LAR ........ ey
ANSl ANSl NS l % Flavan-3-ols
Pelargonidin Delphinidin Anthocyanidins
UDP-glucose - UDP-glucose ~ UDP-glucose "\
UFGT
o ,lUFGT oop o lUFGT oo ‘,l
Cyanidin Pelargonidin Delphinidin A s
nthocyanins
3-glucoside 3-glucoside 3-glucoside Yy

@ Springer



1790

Applied Microbiology and Biotechnology (2022) 106:1783-1798

of Cymbidium and Petunia, the DFR gene shows substrate
specificity and cannot use dihydrokaempferol. Therefore,
they do not produce pelargonidin, resulting in no brick, red,
or orange color in flowers (Tanaka and Ohmiya 2008). Sub-
sequently, the colorless leucoanthocyanidins are converted
into colored anthocyanidins by the anthocyanidin synthase
(ANS) enzyme (Fig. 3).

ANS is the first key enzyme that directs the flavonoid
flux into the anthocyanin biosynthetic pathway branch.
ANS plays an essential role in producing both proanthocya-
nidins and anthocyanins (Li et al. 2016; Zhang et al. 2018).
Additionally, the product of ANS can also be catalyzed
by anthocyanin reductase (ANR), leading to (2R,3R)-cis-
flavan-3-oils, which are proanthocyanidin production sub-
strates (Gargouri et al. 2009). The action of ANS produces
colored anthocyanidins from colorless leucoanthocyani-
dins. Following the production of colored anthocyanidins,
acylation, methylation, and glycosylation are necessary
to stabilize the vacuolar anthocyanins. This occurs in the
cytosol after the biosynthesis of unstable anthocyanidins.
The compounds anthocyanidins (ACDs) and 3,4-cis-leu-
coanthocyanidins (LCDs) are not stable intermediates;
thus, they are 3-O-glucosylated for stability by the enzyme
3-0-glycosyl transferase (A3GT), a uridine (UDP)-glucose-
dependent anthocyanidin transferase (Tanaka et al. 2008).
Cyanidin-3-0-glucoside (C3G), delphinidin-3-0-glucoside
(D3G), and pelargonidin-3-0-glucoside (P3G) are the basic
anthocyanins, and they differ by the B ring, based on the
number of hydroxyl groups. In some cases, these hydroxyl
groups are further O-methylated by O-methyl transferase to
produce other anthocyanidins such as malvidin, peonidin,
and petunidin. These are commonly found in bilberry, red
grape, and strawberry (Davies 2008). Sugar moieties such
as arabinose, galactose, glucose, glucuronic acid, rhamnose,
and xylose can also be glycosylated and acylated (Tanaka
et al. 2008).

The flavonoid pathway shares the upstream path of proan-
thocyanidins until the formation of anthocyanidins by ANS
to produce anthocyanins in fruits (Dincheva et al. 2015).
Specific anthocyanin biosynthetic genes from a plant source
such as Gerbera hybrida and Arabidopsis thaliana can be
introduced to yeast strains to produce flavonoid precursors
to produce anthocyanins. Biosynthetic genes can be intro-
duced, optimized, and integrated into the yeast genome to
avoid side or intermediate products in the culture (Levis-
son et al. 2018). Many studies on anthocyanin heterologous
production have been conducted, but the main barriers to
increased anthocyanin production are gene expression levels,
enzyme degradation, stability concerns, kinetic characteris-
tics, and activity (Eichenberger et al. 2018; Lyu et al. 2019;
Shrestha et al. 2019; Du et al. 2020). Microbial production
in Escherichia coli or yeast is the best way to improve pro-
duction of anthocyanins by inserting the metabolic pathway
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enzymes and performing precursor feeding for industrial
applications. Furthermore, using metabolomics analysis to
examine and understand the proteomics of these enzymes
can increase anthocyanin production.

Anthocyanin production in microorganisms

Microbial cell factories are the most promising system for
the higher production of anthocyanins. Recent advances in
metabolic and genetic engineering approaches have been
made to modify or introduce the particular pathway genes
into different host systems (particularly in microorganisms)
to increase production of anthocyanins (Pandey et al. 2016;
Marcheyv et al. 2020). However, microorganisms like E. coli
and yeast systems require the insertion of genes from the
anthocyanin biosynthetic pathway to produce the simplest
anthocyanin from phenylalanine (Fig. 3).

Production of anthocyanins using anthocyanin path-
way genes by a genetic engineering approach is depicted
in Table 2. Anthocyanin pathway enzyme expression can
be improved using a codon optimization strategy because
of codon bias between the engineered microbial hosts and
native plant hosts (Lanza et al. 2014). The codon optimiza-
tion depends on the codon usage in the microbial species to
be used. The expression of anthocyanin pathway genes in E.
coli is often successful based on the experience from the past
two decades. However, the expression in another host micro-
organism like yeast could be a better option for heterologous
expression. The expression of non-codon-optimized path-
way genes in the naringenin production of Corynebacterium
glutamicum was unsuccessful (Kallscheuer et al. 2016). In
a few cases, the anthocyanin pathway enzymes showed mis-
folding. They formed inclusion bodies, which are generally
biologically inactive, in contrast to soluble fractions of these
particular interest enzymes. Fusion proteins or peptide tags
such as small ubiquitin-like modifier (SUMO) and maltose-
binding protein (MBP) are highly soluble at high expres-
sion levels in the host strain. SUMO tagging was fused at
the N-terminal end of flavonoid 3-O-glucosyl transferase to
increase the expression of engineered C. glutamicum for the
biosynthesis of cyanidin 3-O-glucoside from catechin (Zha
et al. 2018).

Microbial factories such as Escherichia coli and yeast,
with well-established bioprocessing and upscaling tech-
nologies, are promising for the large-scale production of
anthocyanins (Marienhagen and Bott 2013; Lyu et al. 2019;
Shrestha et al. 2019; Palmer et al. 2020). Some studies indi-
cate that anthocyanins are adsorbed on the yeast cell walls
(Scudamore-Smith et al. 1990; Vasserot et al. 1997). The
degree of adsorption is based on the polarity of anthocyanins
in yeast. Delphinidin has the highest polarity among antho-
cyanins, and it will be adsorbed to a high degree, whereas
malvidin has the lowest polarity and will be adsorbed less.
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Table 2 Production of anthocyanin pathway genes by a genetic engineering approach

Anthocyanin biosynthesis Gene Species Host References

pathway gene

4CL At4CLI Arabidopsis thaliana Escherichia coli (Sun et al. 2013)
At4CL2 Arabidopsis thaliana E. coli (Sun et al. 2013)
Pt4CLI Populus E. coli (Sun et al. 2013)
Gm4CL2 Soybean E. coli (Sun et al. 2013)
4CL Petroselinum crispum E. coli (Rodriguez et al. 2017)

CHS CHS Alfalfa E. coli (Austin et al. 2004)
CHS Hypericum sampsonii E. coli (Liu et al. 2003)
CHS Rubus fruticosus E. coli (Boss et al. 1996)
CHS Torenia hybrida E. coli (Nakamura et al. 2006)
CHS Petunia hybrida E. coli (Rodriguez et al. 2017)

CHI CHI Petunia hybrida E. coli (Muir et al. 2001)
CHI1-3 Lotus japonicus E. coli (Shimada et al. 2003)
CHI Rubus fruticosus E. coli (Koes et al. 2005)
CHI Ginkgo biloba E. coli (Cheng et al. 2011)
CHI Medicago sativa E. coli (Rodriguez et al. 2017)
CHI Millettia pinnata Saccharomyces cerevisiae (Wang et al. 2013)

F3H, F3'H, F3'5’H F3H Malus domestica E. coli (Turnbull et al. 2004)
F3H Rubus fruticosus E. coli (Matus et al. 2009)
F3H Astragalus mongholicus E. coli (Rodriguez et al. 2017)
F3'H Transgenic Torenia E. coli (Ueyama et al. 2002)
F3'H Torenia hybrida E. coli (Tanaka and Ohmiya 2008)
F3'5'"H Transgenic flower - (Fukui et al. 2003)
F3'5'"H Petunia hybrida E. coli (Nakatsuka et al. 2007)

DFR DFR Maize E. coli (Meyer et al. 1987)
DFR Gerbera E. coli (Helariutta et al. 1993)
DFR Anthurium andraeanum E. coli (Turnbull et al. 2004)
DFR Rose E. coli (Tanaka et al. 1995)
DFR Osteospermum hybrida E. coli (Seitz et al. 2007)
DFR Rubus fruticosus E. coli (He et al. 2010)

ANS ANS Petunia E. coli (Napoli et al. 1990)
ANS Malus domestica E. coli (Turnbull et al. 2004)
ANS Chrysanthemum E. coli (Courtney-Gutterson et al. 1994)

3GT F3GT Petunia hybrida E. coli (Turnbull et al. 2004)
UFGT Grapes E. coli (Koes et al. 2005)
3GT Arabidopsis thaliana Corynebacterium (Zha et al. 2018)
3GT Green tea Lactococcus (Solopova et al. 2019)

AOMT OMT Streptomyces peucetius E. coli (Kim et al. 2005)
AOMT Petunia hybrida E. coli (Cress et al. 2017)
AOMT Arabidopsis thaliana E. coli (Cress et al. 2017)

4CL 4-coumaroyl-CoA ligase; CHS chalcone synthase; CHI chalcone isomerase; F3H, F3'H, F3'5'H flavonone 3/3'/3'5'-hydroxylase; DFR
dihydroflavonol reductase; ANS anthocyanidin synthase; 3GT anthocyanidin 3-O-glucosyltransferase; AOMT anthocyanin O-methyltransferase;
F3GT flavonoid 3-O-glucosyltransferase; UFGT UDP-glucose-flavonoid 3-O-glucosyl transferase

Temperature, sulfur dioxide, pH, and ethanol are other fac-
tors influencing adsorption. Thus, the higher the tempera-
ture, the lower the adsorption capacity, and the amount of
anthocyanin adsorbed decreases with an increase in sulfur
dioxide concentration. High pH lowers the adsorption of
anthocyanins, and as ethanol concentration increases, the

amount of anthocyanin adsorption decreases. The simplest
anthocyanin, pelargonidin 3-O-glucoside from phenylala-
nine, requires 11 genes to be inserted into the organism.
The flavonoid 3'- and 3',5'-hydroxylase (F3'H and F3'5'H)
are plant cytochrome P450 monooxygenases. Still, they are
inefficient in producing anthocyanins because they result in
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protein misfolding, and the co-factor pools are inadequate
(Dudnik et al. 2018). Hence, it requires separate modifica-
tions of F3'H and F3'5'H cytochrome P450 monooxygenases
(Ajikumar et al. 2010).

Anthocyanin production in Escherichia coli

The microbial cell factory E. coli has been considered the
most suitable for anthocyanin production. The production of
flavonoids in E. coli by metabolic engineering is extensively
employed to improve efficiency by increasing biosynthetic
co-factors. For example, the sugar donor UDP-glucose is
required to synthesize anthocyanins (Fig. 3). Overexpres-
sion of the UDP-glucose biosynthetic gene fused with an
anthocyanin synthase-3-O-glucosyltransferase (ANS-3GT)
yielded a higher concentration of anthocyanins in E. coli
(Yan et al. 2007). Additionally, improvements in yields
were observed after deleting UDP-glucose pathways (He
et al. 2008). The combinatorial biosynthetic approach was
performed in E. coli to produce anthocyanins and 5-deoxy-
flavanones in raspberry (Beekwilder et al. 2007; Yan et al.
2007).

Table 3 shows the yield from the heterologous production
of naringenin, kaempferol, anthocyanidins, and anthocya-
nins in microorganisms. Anthocyanins are produced from
naringenin when the F3H, DFR, ANS, and 3GT genes are
generated. The highest production of engineered naringenin
was 421.6 mg/L in E. coli (Wu et al. 2015). The engineered
kaempferol yielded 57 mg/L of kaempferol in E. coli (Yang
et al. 2014). The anthocyanin pathway genes such as F3'H,
DFR, ANS, and F3'GT were expressed in E. coli using a
pET vector (Yan et al. 2005). According to the study by
Lim et al. (2015), 122.3 mg/L of cyanidin was obtained by
enhancing the precursor availability, substrate level, and
controlling gene expression levels in E. coli. In another
recent study, multi-monocistronic and multivariate vectors
were designed to improve C3G production in E. coli BL21,
which achieved 439 mg/L of C3G (Shrestha et al. 2019).
Yan et al. (2008) produced 78.9 mg/L P3G by optimizing the
culture pH level, rational manipulation, and creating a fusion
protein in E. coli. The anthocyanin peonidin O-glucoside
(56 mg/L) was obtained by engineering the microbial pro-
duction of an O-methylated anthocyanin (Cress et al. 2017).
The yield can be increased using several efflux pumps (TolC
and YadH), which can be incorporated in engineered E. coli
cells to accumulate and transport anthocyanins.

Anthocyanin production in yeast
Production of anthocyanins was achieved using a genetically
engineered cell factory approach in yeast, and the yield is

shown in Table 3. Recently, it has been reported that the
engineered yeast Saccharomyces cerevisiae strain produced
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220 mg/L naringenin and a yeast Yarrowia lipolytica strain
produced 898 mg/L naringenin, respectively (Lyu et al.
2019; Palmer et al. 2020). In another study, the produced
naringenin was used as precursor feeding to engineered S.
cerevisiae cells resulted in the production of other flavo-
noids, such as quercetin, kaempferol, and genistein (Trantas
et al. 2009). Genetic engineering strategies for producing
anthocyanins in crops mimic natural selection by acting
on MYBs to comply with anthocyanin biosynthetic gene
expression. Recently, Du et al. (2020) developed an S. cer-
evisiae co-culture platform to boost the production of nar-
ingenin (144.1 mg/L), kaempferol (168.1 mg/L), cyanidin
(31.7 mg/L), pelargonidin (33.3 mg/L), and delphinidin
(15.8 mg/L). This co-culture strategy gave the best platform
for the production of microbial anthocyanins efficiently and
economically. However, the production titers are still rela-
tively low for commercial requirements, and hence, different
strategies should be applied for the higher titer production.
Other heterologous hosts like Pichia pastoris have been used
for microbial production of flavonoids, and they can also be
engineered to produce anthocyanins. The efficient promoter
selection would also be an excellent approach to enhanc-
ing the yield of anthocyanins in prokaryotes and eukary-
otes. Despite these challenges, optimizing the culture and
advances in biotechnology, the multidimensional engineer-
ing of pathway genes can increase the yield of anthocyanins
for commercial and industrial purposes.

Bottlenecks for the production of anthocyanins

F3'H and F3'5'H enzymes are bottlenecks in the micro-
bial production of anthocyanins in plant cytochrome P450
monooxygenases. Both F3'H and F3'5'H are not efficient
co-factors and often fail to cause membrane insertion and
protein folding in E. coli (Dudnik et al. 2018). The main
bottleneck for anthocyanin production is observed after con-
verting dihydrokaempferol from naringenin. The majority of
naringenin is converted into dihydrokaempferol, indicating
that F3H is functioning correctly.

The DFR gene is considered the rate-limiting step for the
anthocyanin pathway (Huang et al. 2012). The DFR gene in
Arabidopsis thaliana accepts only dihydromyricetin (DHM)
and dihydroquercetin (DHQ) as substrates, and it is unable to
convert the anticipated substrate DHK into leucopelargoni-
din. In Gerbera hybrida species, the DFR gene can produce
the respective leucopelargonidin (Leonard et al. 2008). A
few numbers of DFR enzymes from various plant species
were able to convert dihydrokaempferol to leucopelargoni-
din. The efficiency of different DFR enzymes from other
species in S. cerevisiae showed low efficiency, indicating
that the DFR reaction is not performing well in yeast (Levis-
son et al. 2018). Similar studies have been done before in
prokaryotic systems like E. coli (Zhao et al. 2015). The
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Table 3 The yield of heterologous production of naringenin, kaempferol, anthocyanidins, and anthocyanins in microorganisms

Anthocyanins Host Substrate Product titer (mg/L) References
Naringenin Escherichia coli Glucose 84 mg/L (Santos et al. 2011)

E. coli p-Coumaric acid 155 mg/L (Leonard et al. 2008)

E. coli Tyrosine 191.9 mg/L (Zhou et al. 2019)

E. coli Naringenin 421.6 mg/L (Wu et al. 2015)

Saccharomyces cerevisiae Glucose 108 mg/L (Koopman et al. 2012)

S. cerevisiae Naringenin 144.1 mg/L (Du et al. 2020)

S. cerevisiae p-Coumaric acid 149.8 mg/L (Li et al. 2021)

S. cerevisiae Naringenin 220 mg/L (Lyu et al. 2019)

S. cerevisiae p-Coumaric acid 648.63 mg/L (Gao et al. 2019)

Y. lipolytica 4-Coumaroyl-CoA 898 mg/L (Palmer et al. 2020)
Kaempferol E. coli Glucose 57 mg/L (Yang et al. 2014)

S. cerevisiae Glucose 26.6 mg/L (Rodriguez et al. 2017)

S. cerevisiae p-Coumarate 66.29 mg/L (Duan et al. 2017)

S. cerevisiae Glucose 86.8 mg/L (Lyu et al. 2019)

S. cerevisiae Glucose 168.1 mg/L (Du et al. 2020)
Cyanidin E. coli Catechin 61.4 mg/L (Yan et al. 2008)

E. coli Flavan-3-ol 97 mg/L (Leonard et al. 2008)

E. coli Catechin 107.2 mg/L (Lim et al. 2015)

E. coli Catechin 122.3 mg/L (Lim et al. 2015)

S. cerevisiae Naringenin 31.7 mg/L (Du et al. 2020)
Cyanidin 3-O-glucoside E. coli Eriodictyol 6.0 ug/L (Yan et al. 2005)

E. coli Eriodictyol 70.7 mg/L (Yan et al. 2008)

E. coli Catechin 350 mg/L (Lim et al. 2015)

E. coli Catechin 439 mg/L (Shrestha et al. 2019)

S. cerevisiae Glucose 1.55 mg/L (Eichenberger et al. 2018)

C. glutamicum Catechin 40 mg/L (Zha et al. 2018)
Pelargonidin S. cerevisiae Glucose 0.01 umol/g (Levisson et al. 2018)

S. cerevisiae Naringenin 33.3 mg/L (Du et al. 2020)
Pelargonidin 3-O-glucoside E. coli Naringenin 5.6 ng/L (Yan et al. 2005)

E. coli Glucose 9.5 mg/L (Jones et al. 2017)

E. coli Naringenin 78.9 mg/L (Yan et al. 2008)

S. cerevisiae 0.02 mg/L (Levisson et al. 2018)

S. cerevisiae Glucose 0.85 mg/L (Eichenberger et al. 2018)
Peonidin 3-O-glucoside E. coli Catechin 56 mg/L (Cress et al. 2017)
Delphinidin S. cerevisiae Catechin 9.2 mg/L (Yan et al. 2008)

S. cerevisiae Naringenin 15.8 mg/L (Du et al. 2020)
Delphinidin 3-O-glucoside S. cerevisiae Glucose 1.86 mg/L (Eichenberger et al. 2018)

malfunctioning of the DFR gene in microbial systems could
be due to the level of substrate inhibition. Trabelsi et al.
(2008, 2011) have observed a complete study on the kinet-
ics of the DFR enzyme from Vitis vinifera. Results revealed
that a high concentration of dihydroquercetin as a substrate
results in the formation of dead-end enzyme—substrate com-
plexes (Trabelsi et al. 2008, 2011). Therefore, controlling the
expression of the F3H enzyme may be necessary to obtain
adequate concentrations of dihydrokaempferol and enable
DFR to function without inhibition. According to Halbwirth
et al. (2006), excess amounts of leucoanthocyanidin could

be the reason that catalase reverses the reaction to produce
dihydroflavonols from leucoanthocyanidins (Schwinn et al.
2014).

Another obstacle for anthocyanin production in yeast is
the accumulation of by-products, i.e., flavonols (FLO) and
glycosides (Eichenberger et al. 2018). The direct activity of
flavonol synthase on anthocyanins is not optimal, and these
by-products usually result in the loss of carbon in the com-
mercial production of anthocyanins. Polycultures of E. coli
can be used to avoid this. A strain of E. coli was used to cre-
ate a flavan-3-ol substrate, while another strain was used to
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make P3G. By this strategy, the ANS does not encounter the
LCD substrate as ANS can produce flavan-3-ol to ACDs in
E. coli (Jones et al. 2017). The inefficiency of ANS in yeast
to absorb the substrate catechin cannot be ruled out, in con-
trast to flavonoids, which are easily absorbed. As a result, an
alternative option is rational mutagenesis or random selec-
tion to design the ANS gene to prevent the second oxida-
tion cycle by using screening assays to develop the color
corresponding to anthocyanin production. The anthocyanin
content can be increased by using effective promoters, gene
editing, amino acid substitution, and RNAi-mediated gene
silencing techniques.

Conclusions

Anthocyanins are becoming more popular due to their health
benefits and appealing colors. Consumers are willing to
pay more for healthier natural products and provide health
advantages in addition to nutritional value. Therefore, food
manufacturers are focusing on clean, higher-quality antho-
cyanin. Despite the fact that employing anthocyanins in food
poses a number of obstacles due to their stability, signifi-
cant progress has been made in understanding the various
aspects that might enhance color and provide health advan-
tages. Anthocyanin stability has been studied extensively in
co-pigmentation with other substances such as phenolics,
flavonoids, and natural dietary components. A few studies
have looked into spray-drying technologies for anthocya-
nin microencapsulation to improve food product durability.
Inserting metabolic designed enzymes for microbial antho-
cyanin production into microbial cell factories is another
technique to enhance anthocyanin stability. Biosynthetic
genes were integrated into the yeast genome to enhance
anthocyanin production, and the generation of a side product
was prevented by altering the yeast chassis. Researchers have
successfully inserted biosynthetic pathway enzymes of many
flavonoid compounds in E. coli, Streptomyces venezuelae,
C. glutamicum, Y. lipolytica, P. pastoris, and S. cerevisiae
to produce anthocyanins.

The tissue cultures or plant has attracted attention for
sustainable and efficient commercial production of antho-
cyanins. However, the anthocyanin yield is low due to
inconsistent culture conditions, higher cost, and difficulty
in the upscaling processes in plants and microorganisms.
To get better yields for large-scale production, numerous
parameters such as culture conditions, including production
media, light, temperature, agitation, pH, and precursor feed-
ing, can be optimized. Genetic engineering and synthetic
biology appear to be promising tools to enhance antho-
cyanin productions in plants and microbes. Despite these
obstacles, constant culture optimization and biotechnologi-
cal developments in creating recombinant microorganisms
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are promising candidates for producing stable bioactive
molecules for novel functional products with health-related
benefits.
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