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Anthocyanins are natural pigments with antioxidant effects that exist in various fruits and vegetables. The
accumulation of anthocyanins is induced by environmental signals and regulated by transcription factors in plants.
Numerous evidence has indicated that among the environmental factors, light is one of the most signal regulatory

factors involved in the anthocyanin biosynthesis pathway.

anthocyanin biosynthesis transcription factors environmental regulation

| 1. Introduction

Plant growth and development are greatly affected by the environment. Anthocyanin production is affected by
various environmental factors such as light, low temperature, drought, and salinity W&l | ight is a particularly
important environmental factor inducing anthocyanin accumulation in plants. Different types of anthocyanin are
widely distributed in various plant tissues such as flowers, fruits, stems, leaves, and underground tubers . The
anthocyanin accumulation in these plant tissues is shown as light-dependent or light-independent biosynthesis.
The different light quality and intensity are perceived by receptors or signal factors to transduce them into
downstream transcription factors B, Next, metabolites are synthesized by enzymes encoded by structural genes
that are regulated by transcription factors to respond to light. Anthocyanins belonging to the flavonoids are

important secondary metabolites to adapt to harmful environmental stress in plants.

Anthocyanins are universal water-soluble flavonoid pigments that are responsible for the widest color of leaves,
petals, fruits, seeds, stems, and tubers of plants (Liu et al. , 2021) [&l. Moreover, they have been shown to play a
beneficial role in the visual activity, cancer, heart disease, and age-related neurodegenerative disorders [,
although no effects or even a negative effect on health-related parameters have also been reported &l
Anthocyanins consist of an anthocyanidin backbone with sugar and acyl conjugates while anthocyanidins are
composed of two aromatic benzene rings and an oxygenated heterocycle B9, Due to the number of hydroxyl
groups and glycosyl groups in the rings, anthocyanins have potent antioxidant activity to scavenge free radicals
and reactive oxygen species (ROS) during environmental stresses [8l. Therefore, anthocyanins have protective
effects during plant development through absorbing excess UV light, preventing lipid peroxidation and suppressing
the activity of ROS. Then, plants have evolved to the biosynthetic pathways of anthocyanins to resist various

abiotic stresses including UV irradiation, drought, high salinity, and low temperature 111,

| 2. Anthocyanins Accumulation in Plants
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In the natural environment, anthocyanins participate in the formation of multicolors in fruits, flowers, leaves, even
roots of plants D2 Different kinds of anthocyanins modified by methylation and hydroxylation at different
positions of C6-C3-C6 carbon skeleton structures decide different colors varying from orange, red, and purple to
blue in plants D3] ( Table 1 ). The physiological role of anthocyanin in plants consists of defending against viral,
bacterial, and fungicidal activities, absorbing excess visible and UV light irradiance, attracting pollinators and seed
dispersers, and scavenging excess ROS under abiotic stresses B4 Anthocyanins are synthesized in the
endoplasmic reticulum and transported to accumulate in the vacuoles of a wide range of cells and tissues in both
the vegetative and reproductive organs of plants 24l The synthesis of anthocyanins in plants is controlled by
structural genes and can be divided into four stages 18I18]. The early stage is from phenylalanine to 4-coumaryl
CoA sequentially catalyzed by phenylalanine ammonialyase (PAL), cinnamate 4-hydroxylase (C4H), and 4-
coumarate-CoA ligase (4CL). Then, 4-coumaroyl CoA is converted to dihydrokaempferol (DHK), which is regulated
by chalcone synthase (CHS), chalcone isomerase (CHI), and flavanone 3-hydroxylase (F3H). DHK can also be
converted to dihydroquercetin (DHQ) by flavonoid 3'-hydroxylase (F3'H) or catalyzed by flavonoid 3'5'-hydroxylase
(F3'5'H) to form dihydromyricetin. Next, DHK, DHQ, and dihydromyricetin are separately converted to
leucopelargonidin, leucocyanidin, and leucodelphinidin by dihydroflavonol 4-reductase (DFR). Finally, these
leucoanthocyanidins are catalyzed by anthocyanidin synthase/leucoanthocyanidin dioxygenase (ANS/LDOX) to
form colored anthocyanidins (pelargonidin, cyanidin, delphinidin) 2. Then, these anthocyanidins can be further
modified by UDP-glucose flavonoid glucosyltransferase (UFGT), acetylase, O-methyltransferase (OMT), and
anthocyanin transferase (AT) 18 to produce stable and water-soluble pigments ( Figure 1 ). These flavonoid
products vary in different plants due to the evolution of anthocyanin metabolism under environmental selective
pressures 19, Anthocyanins show potent antioxidant activities and are effective scavengers of ROS in vitro 29211,
In addition, anthocyanins are involved in regulating ROS-induced signaling responding to environmental cues 22
(231241 Anthocyanins may be regulators of the ROS-signaling network due to their ability to interact with protein and
to enhance the activity of protein through the ROS reaction 141231261 However, the functional roles of flavonoids in
plants remain indistinct not only for their numerous varieties, but also for their different influences in different plant
species. According to different properties of solubility, light absorption, and distribution patterns in various parts of
the plant, anthocyanins have been cataloged numerically 24, and the composition profile of anthocyanins varied
under different stresses 28129 The biological functions of different types of anthocyanins still need to be identified
in various plants. Moreover, the roles of family genes, encoded enzymes of the anthocyanin biosynthetic pathway,

also need to be clarified 2Q31132]
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Figure 1. The pathway of anthocyanin biosynthesis. PAL, phenylalanine ammonia lyase; C4H, cinnamate 4-
hydroxylase; 4CL, 4-coumarate CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-
hydroxylase; F3'H, flavonoid 30 hydroxylase; F3'5'H, flavonoid 3050hydroxylase; FLS, flavonol synthase; DFR,
dihydroflavonol 4-reductase; ANS, anthocyanidin synthase; UFGT, UDP-galactose flavonoid 3-O-

galactosyltransferase; OMT, O-methyl transferase.

Table 1. Chemical structure and physical characters of the six common anthocyanindins.

. ___Substitution Anthocyanidin Amax in the Visible
Chemical Structure R1 R Name Color Spectrum
H H Pelargonidin (Pg) Orange 494 nm
- Orange-
OH H Cyanidin (Cy) red 504 nm
OH OH Delphinidin (Dp) Blue-red 508 nm
OCH3 H Peonidin (Pn) Or?endge- 506 nm
OCH3 OH Petunidin (Pt) Blue-Red 508 nm
OCH3 OCHS3 Malvidin (Mv) Blue-red 510 nm

| 3. Regulatory Pathway of Anthocyanin Biosynthesis
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According to the research of Arabidopsis , it is well known that early anthocyanin biosynthetic genes ( CHS , CHI ,
F3H , F3'H , and FLS ) are regulated by R2R3-MYB transcription factors MYB11, MYB12, MYB111, and MYB75
while the late biosynthetic genes ( DFR , ANS / LDOX , UFGT ) are regulated by the MBW complex (R2R3-MYBs
such as MYB75, MYB90, MYB113, and MYB114, bHLH, and WD40) [E8I34I35] |n addition to MYB-bHLH-WDR
transcription factors, other regulatory proteins have also been identified to be involved in anthocyanin biosynthesis
in plants including members of the NAC transcription family B8E7 MADS-box proteins 28139201 h7|p transcription
factors [41[42143] \WRKY transcription factors 44, and SPL transcription factors 221481 These transcription factors
take positive or negative roles in regulating the expression of structural anthocyanin biosynthesis genes and

determine the anthocyanin accumulation in developmental and environmental regulation.

Among these transcription factors, MYB transcription factors play a significant role in regulating anthocyanin
biosynthesis. Many anthocyanin-related R2R3-MYB factors have been identified from many plants such as
Arabidopsis B3l grape 44, Gerbera 48], eggplant 49, tomato 49, populous 2%, apple BB2, etc. Most of these are
R2R3-MYB proteins with the motif [D/E]LX2[R/K]X3LX6LX3R in the R3 domain, which is necessary to interact with
bHLH acting as activators to increase anthocyanin accumulation 3l In Arabidopsis , MYB75 (PAP1), MYB90
(PAP2), MYB113 (PAP3), and MYB114 (PAP4) show very high conserved sequences, and their overexpression
increases the accumulation of anthocyanin through TTG1- and bHLH-dependent regulating late anthocyanin
pathway genes 23l In addition, the transcription level of PAP1 is higher than that of the other three MYB genes in
young seedlings of Arabidopsis . In AtMYB75 transgenic tomato plants, anthocyanin production was also induced
in tomato plants 4. Moreover, overexpressing a single SIMYB75 TF can lead to abundant anthocyanin
accumulation in both vegetative and reproductive organs of tomatoes 22! and another MYB TF SIAN2-like was also
identified to be responsible for the Aft phenotype (anthocyanin fruit). In blueberry, VcMYBL1 has been identified to
interact with VcbHLHL1 to promote anthocyanin biosynthesis B8l In apple, MAMYB3 is also characterized to
activate transcriptional flavonoid pathway genes and regulate the accumulation of anthocyanin in the skin of apple
fruits B4, SmMYBL1 isolated in eggplant can interact with a heterologous bHLH, but the C-terminal domain in

SmMMYBL1 is essential for transcriptional activation of anthocyanin genes 58,

These R2R3 MYBs have conserved R2R3 domain sequences, which determine anthocyanin pathway specificity.
For example, in Arabidopsis , PAP4 activates the transcription of UFGT , which can produce anthocyanins from
anthocyanidins, while TT2 regulates the expression of ANR , which is specific to proanthocyanin biosynthesis B2,
Alteration of individual amino acids of the R2R3 domain in PAP4 and TT2 can lead to changes in activation of the
ANR and UFGT promoter. The amino-acid change in TT2 (Gly 39 - Arg) can switch TT2 specificity toward the
anthocyanin pathway while the amino-acid mutant (Arg 39 — Gly) and exchange of motif (Ala-Asn-Asp-Val - Asp-
Asn-Glu-lle 90-93 ) in PAP4 switches PAP4 specificity toward the PA pathway 2. The orthologs VVMYBA2 and
VWMYBPA2 in grapevine also have similar amino acids for pathway specificity 2. Therefore, the anthocyanin
pathway specificity is determined by the amino acid composition of the R2R3 domain in MYB transcription factors
and the cis-elements in the promoters of anthocyanin biosynthetic genes. Due to the conservation of R2ZR3-MYB,
regulatory differences are determined by promoter divergence rather than the divergence of the regulators 52160,
Then, it is not difficult to understand that MYB transcription factors particularly regulate the expression of different

anthocyanin pathway genes in various plants. In Arabidopsis , MYB11, MYB12, and MYB111 activate promoters of
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early genes ( CHS , CHI , F3H , and FLS) but not of late genes ( F3'H and DFR ) 8162 However, the expression
of PAL1 and CHS remains unchanged in MYB75, MYB90, MYB113, and MYB114 RNAI seedlings, and the
transcription for the late genes DFR , F3'H , UGT75C1 , LDOX , and GST12 is reduced 331 In apple fruit,
MdMYB114 also promotes anthocyanin accumulation by directly controlling the expression of late genes MdANS ,
MdUFGT , and MdGST B2, but in turnip ( Brassica rapa ), BrMYB75 can bind the promoter of early gene CHS to
regulate anthocyanin biosynthesis B9, Moreover, overexpression of MdMYB90-like in apple bud can induce the
expression of both early and late genes including MdACHS , MdCHI , MdANS , and MdUFGT Bl |In tomatoes, two
anthocyanin-related R2R3-MYB factors take different tissue-specific regulatory roles in anthocyanin accumulation.
One is SIAN2/SIMYB75, which is as a positive regulator of anthocyanin biosynthesis in vegetative tissues of tomato
plants including hypocotyls, cotyledons, stems, and leaves (63l and the other is SIAN2-like /Aft, which determines

anthocyanins in the fruits of tomato plants [64163],

As cofactors of MYB activators and repressors, bHLH proteins incorporating the MYB-interacting region, WD40/AD
domain, basic helix—loop—helix domain, and ACT domain are responsible for MYB interaction and promoter binding
of anthocyanin biosynthetic genes [68l. The bHLH family has been divided into 26 subfamilies B2 and the lIIf
subfamily bHLH members are involved in both flavonoid biosynthesis and trichome formation [8l. The binding of
the bHLH proteins with WD40 protein can be modulated by different R2R3 MYB proteins. In Arabidopsis , three
bHLH TFs, GL3, EGL3, and TT8, have been shown to interact with R2R3-MYB proteins and regulate flavonoid
biosynthesis 3369 A{TT8 can interact with AtTTG1 to form stable MBW complexes with different R2R3 MYBs
while AtGL3 and AtEGL3 show competitive complex formation with some R2R3 MYBs X9, The AtTTG1-bHLH
interactions are modulated positively and negatively through the addition of R2R3 MYB proteins in Arabidopsis ,
(791 PhAN1 and PhJAF13 in petunia have also been identified to be involved in anthocyanin 2272l |n Solanaceous
plants, AN1 directly regulates the expression of biosynthetic genes, whereas JAF13 can regulate the transcription
of AN1 3, Then, the llIf subfamily bHLHs can also be further divided into JAF13 clade and AN1 clade 72 |n the
petunia hybrid, the interaction of PhAN1 with PhAN11 is promoted by the addition of the phAN4 R2R3 MYB
protein, while the interaction of PhJAF13 with PhAN11 is significantly reduced in the presence of R2R3 MYB
proteins /9. Therefore, in different species, even in different tissues of the same plant, the functions of the bHLHs
and MBW complexes vary. For example, AcMYB123 and AcbHLH42 can activate the function of the promoters of
AcF3GT1 and AcANS and be involved in the spatiotemporal regulation of anthocyanin biosynthesis, specifically in
the inner pericarp of kiwifruit 4. MdbHLH3 can also bind to the promoters of MADFR , MAUFGT , and MdMYBL to
activate their expression, which is involved in anthocyanin biosynthesis in apples. The individual combinations of
bHLH and R2R3 MYB proteins regulate the expression of different anthocyanin synthetic genes and determine the

spatiotemporal pigment accumulation in plants.
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