African Journal of Biotechnology Vol. 7 (25), pp. 4966-4972, 29 December, 2008

Available online at http://www.academicjournals.org/AJB
ISSN 1684-5315 © 2008 Academic Journals

Review

Ultraviolet and environmental stresses involved in the
induction and regulation of anthocyanin biosynthesis:
A review

Jia Guo, Woong Han and Myeong-Hyeon Wang*

School of Biotechnology, Kangwon National University, Chuncheon, 200-701, South Korea

Accepted 12 December, 2008

Anthocyanins are the most conspicuous class of flavonoids which present a large class of secondary
plant metabolites. Anthocyanins are important to many diverse functions within plants. Anthocyanin
biosynthetic pathway is well established. Two classes of genes required for anthocyanin biosynthesis
have been extensively characterized; the structural genes encoding the enzymes that directly
participate in the formation of anthocyanins and other flavonoids, and the regulatory genes that control
the transcription of structural genes. Light is one of the most important environmental factors
regulating plant development and genes expression. Ultraviolet takes up 7% of sunlight and it
stimulates distinct responses in plant. Both UV-A and low influence of UV-B can induce the
accumulation of anthocyanin via induction of the expression of anthocyanin biosynthesis genes.
Besides, the modulation of anthocyanin by environmental and developmental factors has been
observed. A number of genes involved in anthocyanin biosynthesis are induced by abiotic stresses.
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INTRODUCTION

Flavonoids are a class of secondary metabolites
widespread in various plants (Tahara, 2007). Flavonoids
perform major roles in plants such as UV protection,
defense against pathogens and pests, pollen fertility,
signaling with microorganisms, auxin transport regulation,
and pigmentation (Winkel-Shirley, 2001). Today more
than 10,000 varieties of flavonoids have been identified
(Tahara, 2007; Dixon and Paiva, 1995). Anthocyanins are
the largest group of water-soluble pigments in the plant
kingdom (Kong et al., 2003).

Flavonoids consist of anthocyanins, flavonoids, cate-
chins, phenolic acids, secoiridoids, stilbenes, coumarins
and isoflavones which are well known in vegetable crops
(Corbett, 1974). Figure 1 shows that synthesis of flavor-
noids used the phenylpropanoid metabolic pathway in
which the amino acid phenylalanine is used to produce 4-
coumaroyl-CoA (Shih et al., 2008). Anthocyanins are
commonly found in the red, blue, and purple colors of
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fruits, vegetables, flowers, and other plant tissues or
products and their amounts are especially high in berries
and red wines (Mateus et al., 2001). Anthocyanins color
shows variable differences- the aglycone, the pattern of
glycosylation, and the amount of esterification of the
sugars with aromatic acids or aliphatic, and the presence
of co-pigments (Mazza et al., 2004). Approximately 500
individual anthocyanins have been identified (Ghosh,
2007).

In the plants, anthocyanidins can be classified to six
categories according to the number and position of
hydroxyl and methoxyl groups on the flavan nucleus,
including pelargonidin, cyanidin, delphinidin, peonidin,
petunidin, and malvidin (Figure 2; Tahara, 2007). The
main structures of anthocyanin consist of three main
parts and three R groups (Mazza, 2007). The anthocyani-
dins compounds show various functions in counteracting
the negative effects of nitrogen and oxygen reactive
species, maintaining the redox homeostasis of biological
fluids, and preventing human disease such as athero-
sclerosis, ardiovascular, and other degenerative
pathologies such as diabetes, cancer, Parkinson’s and
Alzheimer’'s diseases (Gonzalez-Gallego et al., 2007;
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Figure 1. Pathways of favonoid biosynthesis. The initial step is catalyzed by chalcone synthase (CHS)
using malonyl CoA and p-coumaroyl CoA as substrates. Enzymes are abbreviated as follows:
anthocyanidin synthase (ANS), anthocyanidin reductase (ANR), chalcone isomerase (CHI),
dihydroxavonol 4-reductase (DFR), xavanone 3-hydroxylase (F3H), xavone synthases | or Il (FNS | or
FNS 1), xavonoid 3-hydroxylase (F3H), xavonoid 3-O-glycosyltransferase (FGT), xavonol synthase
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(FLS), and leucoanthocyanidin reductase (LAR).

Harborne and Williams, 2000). In nature, the most
commonly occurring anthocyanidin is cyanidin (Tahara,
2007). Researchers have used numerous strategies to
determine the amounts of individual species and to
estimate the antioxidative power of phenolic compounds
in plants (Holton and Cornish, 1995). This review
explains the anthocyanin and genes related to anthocya-
nin biosynthesis involved in ultraviolet irradiation and
various environmental factors.

CHARACTERIZATION OF GENES
ANTHOCYANIN BIOSYNTHESIS

INVOLVED IN

Anthocyanin biosynthesis has been extensively studied in
several plant species, and, therefore, detailed information
of the course of reactions is available (Mol et al., 1989;
Forkmann, 1991). Two classes of genes are required for
anthocyanin biosynthesis, the structural genes encoding
the enzymes that directly participate in the formation of
anthocyanins and other flavonoids, and the regulatory
genes that control the transcription of structural genes.
The study of the genetic of anthocyanin synthesis began
last century with Mendel’s work on flower colour in peas

(Fairbanks and Schaalje, 2007).

Genetic loci were usually correlated with easily
observed color changes in the early studies (Dooner et
al., 1991; Gerats et al., 1982; Sparvoli et al., 1994). In the
recent 70 vyears, genetics and biochemistry on
anthocyanin metabolism were deeply studied. After the
structures of anthocyanin and other flavonoids were
determined, it was possible to correlate single genes with
corresponding anthocyanins. Maize (Zea mays), snap-
dragon (Antirrhinum majus) and petunia (Petunia hyvrida)
are three important species for studying the anthocyanin
biosynthetic pathway and isolating genes controlling the
biosynthesis of flavonoids (Wiering and de Vlaming,
1973).

Two classes of genes are required for anthocyanin
biosynthesis, the structural genes encoding the enzymes
that directly participate in the formation of anthocyanins
and other flavonoids, and the regulatory genes that
control the transcription of structural genes. Over the last
few years, many structural genes that encode enzymes
related to anthocyanin biosynthesis and the transcription
factors that activate or repress the structural genes have
been cloned. These have contributed to an
understanding of the molecular level of anthocyanin bio-
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Substitution pattern
R1 R2 R3
Delphinidin OH OH OH
Cyanidin OH H OH

Petunidin OCH, OH OH
Peonidin OCH, H OH
Malvidin OCH, OCH, OH
pelargonidin H H OH

Figure 2. Structural classification of general anthocyanidin
species (Tahara, 2007).

synthesis in higher plants.

Structural genes

A number of structural genes have been isolated from
maize, snapdragon, and petunia through proteins
purification, transposon tagging, PCR and differential
screening. The first flavonoid biosynthetic gene isolated
was CHS gene from parsley through a combination
method of differential screening and hybrid-selected
translation (Kreuzaler et al., 1983). Two years later, the
parsley CHS clone was used as a molecular probe to
isolate clones of two different CHS genes from petunia
(Reif et al., 1985). A CHI cDNA was first isolated from
French bean using antibodies made against the purified
enzymes in 1988 (van Tunen et al., 1988).

A combination of differential screening and genetic
mapping was used to isolate a cDNA clone corres-
ponding to F3H (Martin et al., 1991). A cDNA encoding
F3H was isolated from petals of petunia (Britsch et al.,
1992). Using the petunia F3H cDNA clone as a
heterologous probe, the corresponding cDNAs were
cloned from carnation, China aster, and stock (British et
al.,, 1993). F3’5’H cDNA was isolated from petunia via
PCR amplification (Holton et al., 1993). DFR genes have
been isolated from maize and snapdragon by transposon
tagging and ANS gene was first isolated in maize by

transposon tagging, and then it was isolated from
snapdragon and petunia (O'Reilly et al.,, 1985). A
shapdragon DFR clone was used to isolate a homo-
logous gene from petunia (Beld et al., 1989). The maize
Bzl gene, encoding UDP glucose:flavonoid 3-
Oglucosyltransferase (3GT), was isolated by transposon
tagging with Ac (Dooner et al., 1985). A putative 3GT
clone, pJAM338, was isolated from snapdragon using the
maize gene as a probe (Martin et al., 1991). AMT clone
was cloned in 1993 (Quattocchio et al., 1993).

Regulatory genes

Regulatory genes influence the intensity and pattern of
anthocyanin  biosynthesis and generally  control
expression of many different structural genes. Isolation of
these genes mainly made use of transposon tagging
technology (Nevers and Saedler, 1977; Nevers et al.,
1986). The R gene family determines the timing,
distribution, and amount of anthocyanin pigmentation in
maize. Afterwards, other regulatory genes B, C1, Pl and
Vpl genes were isolated successively (Chandler et al.,
1989; Cone et al., 1993; Dellaporta et al., 1988; McCarty
et al., 1989). Goodrich isolated Del gene from
snapdragon in 1992 (Goodrich et al., 1992). Quattrocchio
isolated An2 and An4 genes from petunia (Quattrocchio
et al., 1993). An2 controls the transcription of these
anthocyanin genes in the flower limb and An4 controls
expression of the same set of genes in the anthers.
Interestingly, gene R, Sn, Lc showed similar sequences
to B; C1 and Pl were also shown to be homologous; the
Del and R family gene in maize share high sequence
similarity; and An2 sequence was similar to C1 and PI.
These observations suggest the synthesis of anthocyanin
in different species was regulated by similar regulatory
factors.

EFFECT OF ULTRAVIOLET ON ANTHOCYANIN

Light is one of the most important environmental factors
regulating plant development and the expression of plant
genes. A plant’s ability to maximize its photosynthetic
productivity depends on its capacity to sense, evaluate,
and respond to light quality, quantity, and direction. The
sun light comprises seven percent of UV range (200-400
nm). Most UV-A and a larger proportion of the UV-B
spectrum reaches the Earth’'s surface with serious
implications for all living organisms (Xiong and Day,
2001).

Ultraviolet-B

Elevated UV-B radiation (UV-B) has pleiotropic effects on
plant development, morphology, and physiology. Low
influence UV-B stimulates distinct responses, such as the
accumulation of UV-absorbing pigments. Low influence of



UV-B was also found to stimulate the transcript levels of
a robust set of genes involved in stress responses
(Casati and Walbot, 2003; Ulm et al., 2004). UV-B also
stimulates production of ROS (Casati and Walbot, 2003)
and antioxidant defenses (Rozema et al., 1997; Jansen
et al.,, 1998). It has been proposed that ROS not only
function as destructive radicals, but also as signaling
molecules during UV-B responses (Casati anf Walbot,
2003). High influence of UV-B photons cause cellular
damage by generating photoproducts in DNA (Sinha and
Hader, 2002) and direct damage to proteins (Gerhardt et
al,, 1999). These responses are considered to play a
protective role against potential damage by UV irradiation
(Solovchenko and Schmitz-Eiberger, 2003). The most
effective protection mechanism stimulated under such a
light regime is the biosynthesis of flavonoids and other
UV-B-absorbing phenolic components (Li et al., 1993;
Landry et al., 1995). These flavonoids generally absorb in
the 280-315 nm region and thus are capable of acting as
UV filters, thereby protecting the underlying photosyn-
thetic tissues from damage. Plants subjected artificially to
UV-B radiation respond by changes in the pathway of
flavonoid synthesis. Changes have been observed not
only in the levels of flavonoids in epidermal cells of the
adaxial leaf surface, but also in flavonoids in the leaf wax
and in leaf hairs (Hirner et al., 2001).

Anthocyanins served as an important class of
flavonoids; its accumulation stimulated by low fluence
UV-B radiation was observed in maize (Sharma et al.,
1999), rice (Reddy et al., 1994), apple fruits (Arakawa et
al., 1985), kangaroo paw (Ben-Tal and King, 1997), apple
flowers (Dong et al., 1998) Arabidopsis (Christie and
Jenkins, 1996), and roses (Maekawa et al., 1980). UV-B
increased the accumulation of anthocyanins via
stimulating the expression of genes encoding enzymes in
the anthocyanin biosynthetic pathway (Fuglevand et al.,
1996). CHS, DFR, and F3H showed a positive correlation
with anthocyanin accumulation in UV-B-irradiated lettuce
leaves (Park et al., 2007). UV-B increased expression of
stress response and ribosomal protein genes, whereas
photosynthesis-associated genes were down-regulated,
which is also a kind of protection mechanism of plants
initiated by UV-irradiation. Genes involved in stress
responses increasing upon UV-B exposure were
observed in maize (Casati and Walbot, 2003) and
Arabidopsis (Ulm et al., 2004). CHS and PAL transcripts
were shown to accumulate in epidermal cells following
UV irradiation using in situ hybridization and immunolo-
calization techniques (Schmelzer et al., 1988). Until now,
many UV-activated signaling components have been
identified (Stratmann et al., 2000); however, the actual
signal transduction pathways activated by UV-B radiation
are not yet well defined.

Ultraviolet-A

Since UV-A is hardly absorbed by ozone, UV-A radiation

Guo et al. 4969

reaching the earth’s surface is much stronger than other
wavelength of UV rays. Sometimes UV-A caused similar
responses to low fluence UV-B such as necrosis
observed in UV-sensitive Arabidopsis mutants defective
in succinic-semialdehyde dehydrogenase (Bouché et al.,
2003). Besides, UV-A induction of anthocyanin
accumulation was also observed in grape (Kataoka et al.,
2003), Arabidopsis (Christie and Jenkins, 1996), eggplant
(Toguri et al., 1993), carrot cells (Hirner and Satz, 2000),
and kalanchoé (Hoffmann, 1999). In addition, it is known
that many horticultural crops, including fruits of eggplants
(Matsumaru et al.,, 1971) and petals of Primula
malacoides (Kashiwagi et al., 1977), show poor pigmen-
tation in a greenhouse covered with UV-A-absorbing
films, while the pigmentation was recovered when the
UV-A cut film was replaced with UV-B cut films, which are
commonly used for the production of these crops.

The accumulation of anthocyanin under UV-A was
realized via induction the expression of anthocyanin
biosynthesis genes. cDNA microarray made by unique
gene fragments of subtraction library showed 81 genes
were regulated including cytochrome P450, PAL, F3H,
ANS, CHS, DFR and GST gene fragments related to
anthocyanidin  biosynthesis (Xu and Li, 2006).
Phenylalanine ammonia lyase (PAL), chalcone synthase
(CHS), flavanone 3-hydroxylase (F3H), dihydroflavonol 4-
reductase (DFR), and anthocyanidin synthase (ANS)
genes increased during a 24 h exposure to UV-A in turnip
(Zhou et al., 2007) and in cell culture of carrot (Hirner et
al., 2001). The production of anthocyanins by UV-A
exposure may have contributed to the protection of the
plant tissue from the potential damage by UV absorption,
which may be responsible for the observation that UV-A
did not have a strong impact on gene expression profiles
as observed for low fluence UV-B response.

Photoreceptors

Photoreceptor evolved gradually when the plants evolved
to adaptation light. Until now, three types of
photoreceptors have been characterized: (1) A red, far-
red-reversible chromoprotein, phytochrome for the
absorption of red and far-red light (600-750 nm). (2)
Cryptochromes that mediate several responses of blue
light and UV-A (320-500 nm). More recently, another
blue-light-absorbing chromoprotein, phototropin, has
been identified as a photoreceptor mediating photo-
tropism. (3) Photoreceptors for UV-B (282-320 nm).
However, it has not been isolated until now (Giliberto et
al.,, 2005; Briggs and Olney, 2001). All three types of
these photoreceptors could potentially sense the UV-A
signal (Mancinelli, 1986). UV-A responses in Arabidopsis
could be replaced by blue light (Feinbaum et al., 1991;
Fuglevand et al., 1996), indicating the involvement of UV-
A/blue photoreceptors. However, some anthocyanin
biosynthesis genes, i.e. CHS and F3H, are induced only
upon UV-A exposure (Zhou et al., 2007). Both UV-B and
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UV-A/blue pathways involve reversible protein phospho-
rylation and require protein synthesis. The UV-B and UV-
A/blue light signaling are therefore different from
phytochrome signal transduction pathway regulating CHS
expression in other species (Christie and Jenkins, 1996).

OTHER ENVIRONMENTAL FACTORS

Biosynthesis of the flavonoid compounds were
differentially modulated by environmental (exogenous)
and developmental (endogenous) factors. Besides light,
the factors involved include various stresses (wound,
infection, low temperature), certain growth regulator
(ethylene, auxin), and nutritional factors. Many flavonoid
compounds are induced in response to wounding or to
feeding by herbivores. These flavonoid compounds may
act directly at defense compounds or may serve as
precursors for the synthesis of lignin, suberin, and other
wound-induced polyphenolic barriers (Hahlbrock and
Scheel, 1989). Plants also produce phenolic compounds
under fungal or bacterial attack or infection. They may
also serve to prevent microbial infection in an otherwise
nutrient-rich environment (Fukasawa-Akada et al., 1996).
Levels of anthocyanins increase following cold stress
(Christie et al., 1994) and nutritional stress (notably
phosphate limitation). Water deficient increased antho-
cyanin accumulation in grape berries, which resulted from
earlier and greater expression of the genes controlling
flux through the anthocyanin biosynthetic pathway,
including F3H, DFR, UFGT and GST (Castellarin et al.,
2007). Low nitrogen induces flavonoid and isoflavonoid
nod gene inducers and chemoattractants for nitrogen-
fixing symbionts, whereas low iron levels can cause
increased release of phenolic acids, presumably to help
solubilize metals and thereby facilitate their uptake
(Graham, 1991).

Phenylalanine ammonia-lyase (PAL) is a key enzyme
in phenylpropanoid metabolism and catalyzes the
conversion of phenylalanine to frans-cinnamic acid, the
first step in the biosynthesis of phenylpropanoid.
Changes in PAL activity can occur during growth or may
follow traumatic or pathological events or the action of
light (Brédenfeldt and Mohr, 1988). Red light, acting via
phytochrome, stimulates PAL activity in the cotyledons
and hypocotyls of tomato seedlings, and exposure to UV-
B has been shown to stimulate PAL activity in rice,
maize, and turnip (Reddy et al., 1994; Sharma et al,
1999). PAL activity can be induced by various stresses
such as chilling, wounding, ozone, pathogen invasion
(Lafuente et al., 2003), the plant hormone ethylene, and
plant signal molecules, including jasmonic acid, salicylic
acid, and MeJA (Campos-Vargas and Saltveit, 2002; Kim
et al., 2007). Anthocyanin and PAL activity in strawberry
plants is increased when treated with abscisic acid (ABA)
(Jiang and Joyce, 2003). It was reported PAL is signifi-
cantly induced by abiotic stresses, such as salt, cold and
drought in tomato (Guo and Wang, 2008). Chalcone syn-

thase (CHS) is the first flavonoid biosynthetic gene
isolated from parsley (Kreuzaler et al., 1983). Its synthe-
sis can be induced either by long-wavelength light, UV-
light or certain chemical and biological compounds, which
are called elicitors (Lawton et al., 1983). However, PAL
and CHS showed no accumulation after cold treatment in
the dark, suggesting that the cold-induced accumulation
of PAL and CHS mRNA is light dependent (Leyva et al.,
1995). These observations suggest light plays a regula-
tory role in chilling and antioxidant signaling pathway.
Some environmental stresses induce the accumulation
of flavonoid compounds in the plant by activating their
biosynthesis as well as inhibiting their oxidation (Rivero et
al,, 2001). It was reported that the mechanism signal
transduction of PAL depends on the adhesion of plasma
membrane-cell wall (Wang et al., 2006). Some pathways
regulated by defense, salt and oxidative stresses are
shared with pathways regulated by UV radiation. How-
ever, UV-B radiation can activate additional pathways not
shared with other stresses (Casati and Walbot, 2003).

FUTURE DEVELOPMENT

As anthocynin are recognized for their diverse function in
plant development and beneficial effects for human
health, a lot of research is still needed to clarify the
bioactive effects of different flavonoid compounds.
Among them, an important research target would be to
clarify the detailed course of reaction and controlling
system involved in the anthocyanin biosynthesis.

Another challenging aspect would be to clarify the
effects of various environmental factors on anthocyanin
biosynthesis in various plants. Understanding of how
anthocyanin functions in plant defense and environmental
stress responses should provide insights into plant
disease resistance and abiotic stress tolerance.

REFERENCES

Arakawa O, Hori Y, Ogata R (1985). Relative effectiveness and
interaction of ultraviolet-B, red and blue light in anthocyanin synthesis
of apple fruit. Physiol. Plant. 64: 323-327.

Beld M, Martin C, Hults H, Stuitie AR, Gerats AGM (1989). Flavonoid
synthesis in Petunia hybrida: Partial characterization of
dihydroflavonol-4-reductase genes. Plant Moi. Biol. 13: 491-502.

Ben-Tal Y, King RW (1997). Environmental factors involved in
colouration of flowers of Kangaroo Paw. Sci. Horticult. 72: 35-48.

Bouché N, Fait A, Bouchez D, Mgller SG, Fromm H (2003).
Mitochondrial succinic-semialdehyde dehydrogenase of the c-
aminobutyrate shunt is required to restrict levels of reactive oxygen
intermediates in plants. Proc. Natl. Acad. Sci. 100:6843-6848.

Briggs WR, Olney MA (2001). Photoreceptors in plant photo-
morphogenesis to data. Five phytochromes, two cryptochromes, one
phototropin, and one superchrome. Plant Physiol. 125: 85-88.

Britsch L, Dedio J, Saedler H, Forkmann G (1993). Molecular
characterization of flavanone 3B-hydroxylases. Consensus sequence,
comparison with related enzymes and the role of conserved histidine
residues. Eur. J. Biochem. 217: 745-754.

Britsch L, Ruhnau-Brich B, Forkmann G (1992). Molecular cloning,
sequence analysis and in vitro expression of flavanone 3pB-
phydroxylase from Petunia hybrida. J. Biol. Chem. 267: 5380-5387.



Brédenfeldt R, Mohr H (1988). Time courses for phytochrome-induced
enzyme levels in phenylpropanoid metabolism (phenylalanine
ammonia-lyase, naringenin- chalcone synthase) compared with time
courses for phytochrome-mediated end- product accumulation
(anthocyanin, quercetin). Planta. 176: 383-390.

Campos-Vargas R, Saltveit ME (2002). Involvement of putative
chemical wound signals in the induction of phenolic metabolism in
wounded lettuce. Physiol. Plant. 114: 73-84.

Casati P, Walbot V (2003). Gene expression profiling in response to
ultraviolet radiation in maize genotypes with varying flavonoid
content. Plant Physiol. 132: 1739-1754.

Castellarin SD, Matthews MA, Gaspero GD, Gambetta GA (2007).
Water deficits accelerate ripening and induce changes in gene
expression regulating flavonoid biosynthesis in grape berries. Planta.
227:101-112.

Chandler VL, Radicella JP, Robbins TP, Chen J, Turks D (1989). Two
regulatory genes of the maize anthocyanin pathway are homologous:
Isolation of 8 utilizing R genomic sequences. Plant Cell. 1: 1175-
1183.

Christie JM, Jenkins Gl (1996). Distinct UV-B and UV-A/blue light signal
transduction pathways induce chalcone synthase gene expression in
Arabidopsis cells. Plant Cell. 8: 1555-1567.

Christie PJ, Alfenito MR, Walbot V (1994). Impact of low temperature
stress on general phenylpropanoid and anthocyanin pathways:
Enhancement of transcript abundance and anthocyanin pigmentation
in maize seedlings. Planta. 194: 541-549.

Cone KC, Cocciolone SM, Burr FA, Burr B (1993). Maize anthocyanin
regulatory gene Pl is a duplicate of c1 that functions in the plant.
Plant Cell 5: 1795-1805.

Corbett JR (1974). The biochemical mode of action of pesticides.
Academic Press, New York.

Dellaporta SL, Greenblatt IM, Kermicle JL, Hicks JB, Wessler SR
(1988). Molecular cloning of the R-njgene by transposon tagging with
Ac. In Chromosome Structure and Function: Impact of New
Concepts, J.P. Gustafson and R. Appels, edition. New York: Plenum
Press.

Dixon RA, Paiva NL (1995). Stress-induced phenylpropanoid
metabolism. Plant Cell 7: 1085-1097.

Dong YH, Beuning L, Davies K, Mitra D, Morris B, Kootstra A (1998).
Expression of pigmentation genes and photo-regulation of
anthocyanin biosynthesis in developing Royal Gala apple flowers.
Aust. J. Plant Physiol. 25: 245-252.

Dooner HK, Robbins TP, Jorgensen RA (1991). Genetic and
developmental control of anthocyanin biosynthesis. Ann. Rev. Genet.
25:173-199.

Dooner HK, Weck E, Adams S, Ralston E, Favreau M, English, J
(1985). A molecular genetic analysis of insertions in the bronze locus
in maize. Mole. Gen. Genet. 200: 240-246.

Fairbanks DJ, Schaalje GB (2007). The tetrad-pollen model fails to
explain the bias in Mendel's Pea (Pisum sativum) experiments.
Genetics 177: 2531-2534.

Feinbaum RI, Storz G, Ausubel FM (1991). High intensity and blue light
regulated expression of chimeric chalcone synthase genes in
transgenic Arabidopsis thaliana plants. Mole. Gen. Genet. 226: 449-
456.

Forkmann G (1991). Flavonoids as flower pigments: The formation of
the natural spectrum and its extension by genetic engineering. Plant
Breed. 106: 1-26.

Fuglevand G, Jackson JA, Jenkins Gl (1996). UV-B, UV-A and blue
light signal transduction pathways interact synergistically to regulate
chalcone synthase gene expression in Arabidopsis. Plant Cell 8:
2347-2357.

Fukasawa-Akada T, Kung SD, Watson JC (1996). Phenylalanine
ammonia-lyase gene structure, expression, and evolution in
Nicotiana. Plant Mol. Biol. 30: 711-722.

Gerats AGM, de Vlaming P, Doodeman M, Al B, Schram AW (1982).
Genetic control of the dihydroflavonols into flavonols and
anthocyanins in flowers of Petunia hyvrida. Planta 155: 364-368.
Gerhardt KE, Wilson MI, Greenberg BM (1999). Tryptophan
photolysis leads to a UVB-induced 66 kDa photoproduct of ribulose-
1,5-bisphosphate carboxylase/ oxygenase (Rubisco) in vitro and in
vivo. Photochem. Photobiol. 70: 49-56.

Guo et al. 4971

Ghosh D, Konishi T (2007). Anthocyanins and anthocyanin-rich extracts:
role in diabetes and eye function. Asia. Pac. J. Clin. Nutr. 16: 200-
208.

Giliberto L, Perrotta G, Pallara P, Weller JL, Fraser PD, Bramley PM,
Fiore A, Tavazza M, Giuliano G (2005). Manipulation of the blue light
photoreceptor cryptochrome 2 in tomato affects vegetative
development, flowering time, and fruit antioxidant content. Plant
Physiol. 137: 199-208.

Gonzélez-Gallego J, Sénchez-Campos S, Tuidén MJ (2007). Anti-
inflammatory properties of dietary flavonoids. Nutr. Hosp. 22: 287-
293.

Goodrich J, Garpenter R, Coen ES (1992). A common gene regulates
pigmentation pattern in diverse plant species. Cell 68: 955-964.

Graham TL (1991). Flavonoid and isoflavonoid distribution in developing
soybean seedling tissue and in seed and root exudates. Plant
Physiol. 95: 594-603.

Guo J, Wang MH (2008). Characterization of the phenylalanine
ammonia-lyase gene (SIPALS5) from tomato (Solanum lycopersicum
L.). Mol. Biol. Rep. DOI 10.1007/s11033-008-9354-9.

Hahlbrock K, Scheel D (1989). Physiology and molecular biology of
phenylpropanoid metabolism. Annu. Rev. Plant Physiol. Plant Mol.
Biol. 40: 347-369.

Harborne JB, Williams CA (2000). Advances in flavonoid research since
1992. Phytochemistry 55: 481-504.

Hirner AA, Seitz HU (2000). Isoforms of chalcone synthase in Daucus
carota L. and their differential expression in organs from the
European wild carrot and in ultraviolet-A-irradiated cell cultures.
Planta. 210: 993-998.

Hirner AA, Veit S, Seitz HU (2001). Regulation of anthocyanin
biosynthesis in UV-A-irradiated cell cultures of carrot and in organs of
intact carrot plants. Plant Sci. 161: 315-322.

Hoffmann S (1999). The effect of UV-radiation on colors of leaves and
flowers of ornamental plants. Gartenbauwissenschaft. 64: 88-93.

Holton TA, Brugllera F, Tanaka Y (1993). Cloning and expression of
flavonol synthase from Munia hybrida. Plant J. 4: 1003-1010.

Holton TA, Cornish EC (1995). Genetics and biochemistry of
anthocyanin biosynthesis. Plant Cell 7: 1071-1083.

Jansen MAK, Gaba V, Greenberg BM (1998). Higher plants and UV-B
radiation: balancing damage, repair and acclimation. Trends Plant
Sci. 3: 131-135.

Jiang YM, Joyce DC (2003). ABA effects on ethylene production, PAL
activity, anthocyanin and phenolic contents of strawberry fruit. Plant
Growth Regul. 39: 171-174.

Kashiwagi |, Kobayashi Y, Matsukawa T (1977). Effect of ultraviolet rays
on the flower color of Primula malacoides |. Discoloration of flower
color under a covering of plastic film absorbing ultraviolet rays. J.
Jpn. Soc. Horticult. Sci. 46: 66-71.

Kataoka |, Sugiyama A, Beppu K (2003). Role of ultraviolet radiation in
accumulation of anthocyanin in berries of ‘Gros Colman’ grapes (Vitis
vinifera L.). J. Jpn. Soc. Horticult. Sci. 72: 1-6.

Kim HJ, Fonseca JM, Choi JH, Kubota C (2007). Effect on methyl
jasmonate on phenolic compounds and carotenoids of Romaine
Lettuce (Lactuca sativaL.) J. Agri. Food Chem. 55: 10366-10372.

Kong JM, Chia LS, Goh NK, Chia TF, Brouillard R (2003). Analysis and
biological activities of anthocyanins. Phytochemistry 64: 923-933.

Kreuzaler F, Ragg H, Fautz E, Kuhn DN, Hahlbrock K (1983). UV
induction of chalcone synthase mRNA in cell suspension cultures of
Petroselinum hortense. Proc. Natl. Acad. Sci. 80: 2591-2593.

Lafuente MT, Zacarias L, Martinez-Telez MA, Sanchez-Ballesta MT,
Granell A (2003). Phenylalanine ammonia-lyase and ethylene in
relation to chilling injury as affected by fruit age in citrus. Postharvest
Biol. Technol. 29: 308-317.

Landry L, Chapple C, Last R (1995). Arabidopsis mutants lacking
phenolic sunscreens exhibit enhanced ultraviolet-B injury and
oxidative damage. Plant Physiol. 109: 1159-1166.

Lawton MA, Dixon RA, Hahlbrock K, Lamb CJ (1983). Elicitor induction
of mRNA activity. Rapid effects of elicitors on phenylalanine
ammonia-lyase and chalcone synthase mRNA activities in bean cells.
Eur. J. Biochem. 130: 131-139.

Leyva A, Jarillo JA, Salinas J, Martinez-Zapater JM (1995). Low
temperature induces the accumulation of phenylalanine ammonia-
lyase and chalcone synthase mRNAs of Arabidopsis thaliana in a



4972 Afr. J. Biotechnol.

light-dependent manner. Plant Physiol. 108: 39-46.

Li J, Ou-Lee T, Raba R, Amudson R, Last R (1993). Arabidopsis
flavonoid mutants are hypersensitive to UV-B irradiation. Plant Cell 5:
171-179.

Maekawa S, Terabun M, Nakamura N (1980). Effects of ultraviolet and
visible light on flower pigmentation of ‘Ehigasa’ roses. J. Jpn Soc.
Horticult. Sci. 49: 251-259.

Mancinelli AL (1986). Comparison of spectral properties of
phytochromes from different preparations. Plant Physiol. 82: 956-961.

Martin C, Prescott A, Mackay S, Bartlett J, Vrijlandt E (1991). Control of
anthocyanin biosynthesis in flowers of Antirrhinum majus. Plant J. 1:
37-49.

Mateus N, Silva AM, Vercauteren J, de Freitas V (2001). Occurrence of
anthocyanin-derived pigments in red wines. J. Agric. Food Chem. 49:
4836-4840.

Matsumaru K, Kamihama T, Inada K. (1971). Covering materials with
different transmission properties on anthocyanin content of eggplant
pericarp. Environment Control in Biology 9:91-97.

Mazza G (2007). Anthocyanins and heart health. Ann. Ist. Super Sanita.
43: 369-374.

Mazza G, Cacace JE, Kay CD (2004). Methods of analysis for
anthocyanins in plants and biological fluids. J. AOAC Internat. 87:
129-145.

McCarty DR, Carson CB, Stlnard PS, Robertson DS (1989). Molecular
analysis of vivipamus-7: An abscisic acid-insensitive mutant of maize.
Plant Cell 1: 523-532.

Mol J, Stuitje A, Gerats A, van der Krol A, Jorgensen R (1989). Saying it
with genes: Molecular flower breeding. Trends Biotechnol. 7: 148-
153.

Nevers P, Shepherd NS, Saedler H (1986). Plant transposable
elements. Adv. Bot. Res. 12: 103-203.

Nevers P, Saedler H (1977). Transposable genetic elements as agents
of gene instability and chromosomal rearrangements. Nature (Lond.)
268: 109-115.

O'Reilly C, Shepherd NS, Pereira A, Schwarz-Sommer Z, Bertram |,
Robertson DS, Peterson PA, Saedler H (1985). Molecular cloning of
the a7 locus in Zea mays using the transposable elements En and
Mu7. EMBO J. 4: 877-882.

Park JS, Choung MG, Kim JB, Hahn BS, Kim JB, Bae SC, Roh KH, Kim
YH, Cheon CI, Sung MK, Cho KJ (2007). Genes up-regulated during
red coloration in UV-B irradiated lettuce leaves. Plant Cell Rep. 26:
507-516.

Quattrocchio F, Wing JF, Leppen HTC, Moi JNM, Koes R (1993).
Regulatory genes controlling anthocyanin pigmentation are
functionally conserved among plant species and have distinct sets of
target genes. Plant Cell. 5: 1497-1512.

Reddy VS, Goud KV, Sharma R, Reddy AR (1994). UV-B responsive
anthocyanin production in a rice cultivar is associated with a specific
phase of phenylalanine ammonia lyase biosynthesis. Plant Physiol.
105: 1059-1066.

Reif HJ, Nlesbach U, Deumling B, Saedler H (1985). Cloning and
analysis of two genes for chalcone synthase from Petunia hybrida.
Mol. Gen. Genet. 199: 208-215.

Rivero RM, Ruiz JM, Garcia PC, Lopez-Lefebre LR, Sanchez E,
Romero L (2001). Resistance to cold and heat stress: accumulation
of phenolic compounds in tomato and watermelon plants. Plant Sci.
160: 315-321.

Rozema J, van de Staaij J, Bjorn LO, Caldwell M (1997). UV-B as an
environmental factor in plant life: stress and regulation. Trends Ecol.
Evol. 12: 22-28.

Schmelzer E, Jahnen W, Hahlbrock K (1988). In situ localization of light-
induced chalcone synthase mRNA, chalcone synthase, and flavonoid
end products in epidermal cells of parsley leaves. Proc. Natl. Acad.
Sci. 85: 2989-2993.

Sharma R, Singh A, Selvi M (1999). Sun light-induced anthocyanin
pigmentation in maize vegetative tissues. J. Exp. Bot. 50: 1619-1625.

Shih CH, Chu H, Tang LK, Sakamoto W, Maekawa M, Chu IK, Wang M,
Lo C (2008). Functional characterization of key structural genes in
rice flavonoid biosynthesis. Planta. In Press.

Sinha RP, Hader DP (2002). UV-induced DNA damage and repair: a
review. Photochem. Photobiol. Sci. 1: 225-236.

Solovchenko A, Schmitz-Eiberger M (2003). Significance of skin
flavonoids for UV-B-protection in apple fruits. J. Exp. Bot. 54: 1977-
1984.

Sparvoli F, Martin C, Scienza A, Gavazzi G, Tonelli C (1994). Cloning
and molecular analysis of structural genes involved in flavonoid and
stilbene biosynthesis in grape (Vitis vinifera L.). Plant Mol. Biol. 24:
743-755.

Stratmann JW, Stelmach BA, Weller EW, Ryan CA (2000). UVB/UVA
radiation activates a 48 kDa myelin basic protein kinase and
potentiates wound signaling in tomato leaves. Photochem. Photobiol.
71:116-128.

Tahara S (2007). A journey of twenty-five years through the ecological
biochemistry of flavonoids. Biosci. Biotechnol. Biochem. 71: 1387-
1404.

Toguri T, Umemoto N, Kobayashi O, Ohtani T (1993). Activation of
anthocyanin synthesis genes by white light in eggplant hypocotyl
tissues, and identification of an inducible P-450 cDNA. Plant Mol.
Biol. 23: 933-946. ]

Uim R, Baumann A, Oravecz A, Maté Z, Adam E, Oakeley EJ, Schéafer
E, Nagy F (2004). Genome-wide analysis of gene expression reveals
function of the bZIP transcription factor HY5 in the UV-B response of
Arabidopsis. Proc. Natl. Acad. Sci. 101: 1397-1402.

van Tunen AJ, Koes RE, Spelt CE, van der Krol R, Stuitie AR, Joseph
NMM (1988). Cloning of the two chalcone flavanone isomerase
genes from Petunia hybrida: coordinate, light-regulated and
differential expression of flavonoid genes. EMBO J. 7: 1257-1263.

Wang B, Wang J, Zhao H, Zhao H (2006). Stress induced plant
resistance and enzyme activity varying in cucumber. Colloids and
Surface B: Biointerfaces. 48: 138-142.

Wiering H, de Vlaming P (1973). Glycosylation and methylation patterns
of anthocyanins in Petunia hybrid. 1. The gene Gf. Genen. Phaenen.
16: 35-50.

Winkel-Shirley B (2001). It takes a garden. How work on diverse plant
species has contributed to an understanding of flavonoid metabolism.
Plant Physiol. 127: 1399-1404.

Xiong FS, Day TA (2001). Effect of solar ultraviolet-B radiation during
springtime ozone depletion on photosynthesis and biomass
production of antarctic vascular plants. Plant Physiol. 125: 738-751.

Xu ZR, Li YH (2006). Screening the genes associated with anthocyanin
biosynthesis in roots of ‘Tsuda’ turnip using cDNA microarray.
Hereditas (Beijing). 28: 1101-1106.

Zhou B, Li Y, Xu Z, Yan H, Homma S, Kawabta S (2007). Ultraviolet A-
specific induction of anthocyanin biosynthesis in the swollen
hypocotyls of turnip (Brassica rapa). J. Exp. Bot. 58: 1771-1781.



