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Anthocyanins, a class of flavonoids, are recognized for
their diverse functions in plant development and beneficial
effects on human health. Many of the genes encoding an-
thocyanin biosynthesis enzymes and the transcription
factors that activate or repress them have been identified.
Regulatory proteins that control anthocyanin biosynthesis
by regulating the expression of different structural genes
at the transcriptional and post-transcriptional levels are
differentially modulated by environmental and biological
factors such as light, temperature, sugar and hormones.
This minireview summarizes the recent findings contribut-
ing to our understanding of the role of sugars and hor-
mones in the modulation of the anthocyanin biosynthesis
pathway with emphasis on the coordinated regulation of
the critical transcriptional R2R3-MYB/bHLH/WD40 (MBW)
complex in Arabidopsis.

INTRODUCTION

Anthocyanins are ubiquitous flavonoid pigments found in most
plant organs that play important roles in attracting pollinators
and seed distributors, and protect the plant from pathogens,
herbivores and environmental stresses such as UV-B light
(Steyn et al., 2002). Anthocyanin biosynthesis is mainly regu-
lated at the transcriptional level via a set of transcription factors
including basic helix-loop-helix (bHLH), Leu-zipper, MADS-box,
R2R3-MYB, WD40, WIP and WRKY factors (Marles et al.,
20083). In Arabidopsis, the phytochrome (PHY)-interacting tran-
scription factor 3 (PIF3), a bHLH protein, interacts directly with
PHYs and positively regulates anthocyanin biosynthesis (Kim et
al., 2006; Shin et al., 2007). LONG HYPOCOTYL5 (HY5), a
Leu-zipper transcription factor (TF), serves as a point of con-
vergence for phytochrome (PHY) and cryptochrome (CRY)
signalings (Gyula et al., 2003), functioning as a positive regula-
tor of anthocyanin biosynthesis (Chattopadhyay et al., 1998). It
binds directly to the promoters of early biosynthesis genes
(EBGs) such as chalcone synthase (CHS), chalcone isomerase
(CHI), flavanone 3-hydroxylase (F3H) and flavonoid 3*-hy-
droxylase (F3'H), which are common to different flavonoid sub-
pathways, and late biosynthesis genes (LBGs) such as dihy-

droflavonol 4-reductase (DFR), leucoanthocyanidin oxygenase
(LDOX), anthocyanidin reductase (ANR) and UDP-glucose:
flavonoid 3-O-glucosyitransferase (UF3GT) (Lee et al., 2007;
Shin et al., 2007). Transcription factors from the R2R3-MYB,
bHLH and WD40 classes interact to form MBW regulatory
complexes (Borevitz et al., 2000; Gonzalez et al., 2008; Tohge
et al., 2005; Zhang et al., 2003). For instance, TRANSPARENT
TESTA 2 (TT2; MYB123) requires the cofactors TT8 (bHLH42)
and TTG1 (WD40-repeat protein) to form a ternary MBW com-
plex that regulates the expression of the DFR and ANR genes,
which are involved in the accumulation of proanthocyanidins in
the seed coat (Baudry et al., 2004; Nesi et al., 2000; 2001).
Similarly, MYB75/PAP1 (PRODUCTION OF ANTHOCYANIN
PIGMENT1) and MYB90/PAP2, which are members of the
R2R3-MYB family, are responsible for bHLH co-factor-depen-
dent transcriptional activation of phenylalanine-ammonia lyase
(PAL), CHS, DFR and glutathione-S-transferase (GST), which
are key enzymes of the anthocyanin biosynthesis pathway
(Hichri et al., 2011). Contrary to the positive TFs, MYBL2, an
R3 MYB protein, acts as a negative regulator of anthocyanin
biosynthesis in response to environmental cues, such as high
light and, presumably, nitrogen deficiency. It interacts with TT8
to form a transcriptional inhibitory complex, MYBL2/bHLH/
TTG1 (L2BW). Anthocyanin biosynthesis in specific tissues and
organs is therefore likely to be regulated by the balance be-
tween MBW and L2BW complexes (Dubos et al., 2008; Matsui
et al., 2008).

Application of exogenous sugars and hormones can affect
the expression of anthocyanin biosynthesis genes that is de-
pendent on the presence of light. However, the signaling path-
ways triggered by sugars, hormones and light and the interac-
tions between these signals, if any, are not well understood. A
recent finding that the photosynthetic electron transport (PET)
chain, in addition to the well-characterized HY5-dependent
signaling, plays an important role in light signaling pathways in
green, vegetative leaf tissues (Das et al., 2011; Jeong et al.,
2010) demonstrates the complexity of the cross-talk between
various pathways. Sugar-induced anthocyanin biosynthesis is
apparently modulated by the heterotrimeric M(L2)BW com-
plexes that are under the regulation of hormones (Das et al.,
2012; Jeong et al., 2010; Loreti et al., 2008; Shan et al., 2009),
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Fig. 1. Schematic representation of the crosstalk between sucrose and hormone signaling pathways in the regulation of the expression of
early (EBG) and late (LBG) anthocyanin biosynthesis genes through the activation of the MYB-bHLH-WD40 (MBW) transcription complex and
down-regulation of MYBL2 expression. The point(s) of convergence of the photosynthetic electron transport (PET) dependent light, sucrose,
CK, and ethylene signaling pathways leading to transcriptional regulation of the MBW complex remain elusive. DELLA-independent GA regu-
lation of PAP1 expression is not shown. The HY5-mediated light signaling pathway directly regulates the expression of EBGs and LBGs at the
transcriptional level. Blue and red lines pointing to anthocyanin biosynthesis genes (EBGs and LBGs) and MBW complex represent transcrip-

tional and translational control, respectively.

as schematically highlighted in Fig. 1. The present review sum-
marizes the recent progress in our understanding of the interac-
tions between sugars and hormones, primarily cytokinin (CK),
ethylene, jasmonic acid (JA), abscisic acid (ABA) and gibberel-
lic acid (GA), and their role in the light-dependent regulation of
anthocyanin formation.

SUGAR INDUCTION OF ANTHOCYANIN
PIGMENTATION

In addition to their role as energy sources, sugars are important
signaling molecules involved in the growth and development of
higher plants (Finkelstein and Gibson, 2002; Smeekens, 2000),
and their signaling pathways have been studied extensively in
free-living microorganisms such as cyanobacteria (Lee et al.,
2007; Ryu et al., 2004; 2008), bacteria (Stulke and Hillen, 1999),
and yeast (Rolland et al., 2006). In Arabidopsis, anthocyanin
production in cotyledons or leaves increases when seedlings
are grown in a sugar-containing medium (Mita et al., 1997; Ohto
et al., 2001). A similar phenomenon has been reported in radish
hypocotyls (Hara et al., 2003) and grape cells (Larronde et al.,
1998). In grape berry skin, sucrose (Suc) acts as an endo-
genous trigger, modulating the expression of anthocyanin bio-
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synthesis genes (Boss et al., 1996). The role of Suc was ana-
lyzed in detail in a study that examined the transcript levels of
sugar responsive genes in Arabidopsis (Solfanelli et al., 2006).
Exogenous Suc increased the transcript levels of the LBGs
DFR, LDOX and UF3GT by several hundred-fold, while the
transcripts levels of EBGs acting upstream of the DFR in an-
thocyanin biosynthesis, including CHI, CHS, and C4H, showed
lower induction by Suc. This Suc effect on the induction of
anthocyanin biosynthetic genes may be attributed to the greater
than 2-fold upregulation of positive TFs such as GL3, TT8 and
PAP1 concurrent with the 3.3-fold downregulation of the nega-
tive transcription factor MYBL2 (Jeong et al., 2010). Under
these conditions, the active MBW complex would be dominant
over the negative L2BW complex.

In plants, sugar specific signaling pathways are activated by
different disaccharides such as Suc and maltose (Mal), or
breakdown products such as glucose (Gic) and fructose (Fru).
The activation of a hexokinase (HXK)-dependent pathway by
Gic in Arabidopsis is mediated by the AtHXK1 protein, although
a separate, HXK-independent pathway regulates the expres-
sion of specific genes including CHS and PALT (Smeekens,
2000; Xiao et al., 2000). A Suc-specific sensing pathway has
been proposed, although a putative Suc sensor protein has not
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Fig. 2. CK enhances sucrose-mediated anthocyanin pigmentation
predominantly via AHK2/3/4 and type-B ARRs. (A) Col-0 seedlings
were grown in 1/2-strength MS media supplemented with various 6-
benzylaminopurine (BA) concentrations (0, 0.1, 0.5, 1, 2, and 5 uM)
with (+Suc) or without (-Suc) 90 mM sucrose (Suc). (B) Wild-type
Col-0 or Ws or single and double CK receptor mutants (ahk2, ahk3,
ahk4, ahk2/3, and ahk3/4) or (C) ARR (arr1-3, arr10-5, arr12-1,
arr1/10, arr1/12, arr10/12, arr1/10/12, and arrhex (arr3/4/5/6/8/9))
defective mutant seedlings were grown in 1/2 strength MS media
supplemented with 90 mM Suc alone (-BA) or with 0.5 uM BA
(+BA). Arabidopsis seedlings were grown for 7 days at a light inten-
sity of 140 umol m?s™.

been identified. Suc-specific pathways are not or only partially
activated by the Suc breakdown products Glc and Fru, or by
other sugars (Teng et al., 2005). Suc- or Mal-dependent antho-
cyanin accumulation (Solfanelli et al., 2006) is mediated either
by Suc transporters (SUCs) or proteins closely associated with
SUCs, rather than by a membrane-bound hexose transporter or
the activity of HXK1, an internal glucose (Gic) sensor. This view
was supported by a recent report showing that suc1-defective
mutants grown in 3% but not in 5% Suc-containing growth me-
dium had diminished anthocyanin accumulation (Sivitz et al.,
2008). However, SUC1 expression and anthocyanin accumula-
tion are spatially separated; SUCT is expressed preferentially in
the roots (Sivitz et al., 2008), while anthocyanin accumulates
predominantly in the sub-epidermal cell layers of leaves (Jeong
et al., 2010; Kubo et al., 1999). Furthermore, SUC1 expression
and anthocyanin accumulation differ with respect to sugar
specificity; anthocyanin synthesis is preferentially induced by
the metabolizable disaccharides Suc and Mal, while SUC1
expression can be induced effectively by monosaccharide sug-
ars such as Glc and Fru in addition to Suc and Mal (Jeong et al.,
2010). There are no apparent differences between the induc-
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tion of SUC1 expression by sugars and the osmoticums manni-
tol and palatinose (Jeong et al., 2010), indicating that SUC1
expression requires the presence of an osmotic sensor rather
than membrane or intracellular receptors. AtSUC1 seems to
play a role in Suc uptake rather than acting as a sugar sensor
for anthocyanin production. How Suc is sensed in shoots there-
fore remains unclear.

Recently, Jeong et al. (2010) reported that light is required for
Suc-induction of anthocyanin accumulation. Furthermore, the
stimulatory effect of Suc was abolished in the light signaling
mutants hy1, cry1/2, and hy5 treated with the photosynthetic
electron transport inhibitor, 3-(3,4-dichlorophenyl)-1,1-dimethy-
lurea (DCMU), which functions at the Qg binding site of photo-
system |, but not by 2,5-dibromo-3-methyl-6-isopropyl-pbenzo-
quinone [DBMIB, an inhibitor of plastoquinone (PQ) oxidation].
These findings suggested that the PQ pool plays a role in sugar
and light signaling associated with anthocyanin accumulation,
as DCMU keeps the PQ pool oxidized and DBMIB reduces it.
Therefore, sugar signaling is highly likely to be mediated by the
redox state of the photosynthetic electron transport, which
awaits further studies (Das et al., 2011).

INTERACTION OF SUGAR WITH CK

The stimulatory effect of CK on anthocyanin accumulation has
been reported in several plants including carrot, artichoke, Hap-
lopappus graciliss, garden balsam, rose and rape (Nakamura et
al., 1980). In Arabidopsis, CK is a positive regulator of the an-
thocyanin biosynthesis pathway and functions by modulating
the expression of the anthocyanin biosynthesis genes PAL1T,
CHI, CHS and DFR (Deikman and Hammer, 1995). Transgenic
plants overexpressing the isopentenyltransferase (IPT) gene,
which is associated with CK biosynthesis, showed a greater
accumulation of anthocyanin than wild-type plants in the pres-
ence of light and Suc (Guo et al., 2005). Interestingly, CK- and
sugar-induced anthocyanin accumulation is strictly linked to
light signaling pathways (Cominelli et al., 2008). Anthocyanin
accumulation is not detected in dark grown seedlings, although
the Arabidopsis mutant increased chalcone synthase expres-
sion 1 (icx1) exhibited higher accumulation of anthocyanin than
wild-type plants in the presence of light (Wade et al., 2003).
However, several studies have questioned the role of CK as a
positive regulator of anthocyanin production. Indeed, Loreti et al.
(2008) showed that treatment with 10 uM 6-benzylaminopurine
(BA), a synthetic CK, does not affect sugar-induced anthocya-
nin accumulation. The addition of BA to non-chlorophyllous
corn (Zea mays L.) failed to influence Suc induction of antho-
cyanin accumulation (Kim et al., 2006).

CK signaling, which involves a phosphorelay mechanism
similar to the bacterial two-component system (Ferreira and
Kieber, 2005), is mediated by sensor His kinases (AHKs), His-
containing phosphotransfer proteins (AHPs), and type-B and -A
response regulators (ARRs) (Hwang and Sheen, 2001). AHKs
are positive and functionally overlapping regulators of CK sig-
naling (Higuchi et al., 2004; Nishimura et al., 2004; Riefler et al.,
2006). Several Arabidopsis CK signaling pathway mutants
have been used to investigate the role of CK in the regulation of
anthocyanin accumulation. The double mutants ahk2/3 and
ahk3/4 showed significant reduction of anthocyanin accumula-
tion in response to treatment with Suc and CK (Das et al., 2012;
Figs. 2A and 2B). The type-B ARRs are redundant positive
regulators of CK signaling and are the immediate upstream
activators of type-A ARR gene expression (Argyros et al., 2008;
Ishida et al., 2008). Of 11 known type-B ARRs in Arabidopsis,
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the subfamily 1 contains 7 ARRs that are associated with CK
signaling (Mason et al., 2005). Suc-induced anthocyanin accu-
mulation was significantly reduced in the single mutants arrf,
arr10, and arr12, the double mutants arr1/10, arr1/12, and
arr10/12, and the triple mutant arr1/10/12 treated with CK, indi-
cating that ARR1, 10 and 12 act as positive regulators of CK
signaling (Fig. 2C; Das et al., 2012). Furthermore, it turns out
that CK enhances Suc induction of anthocyanin accumulation
by affecting the PET signaling pathway via transcriptional acti-
vation of the positive regulators PAP1, (E)GL3 and TT8, and by
repressing the MYBL2 transcript level (Fig. 1) (Das et al., 2012).

INTERACTION OF SUGAR WITH ETHYLENE

Ethylene has been associated with the increase in the soluble
sugar contents of ripening fruit and the synthesis of flavonoids
(Lelievre et al., 1997). Treatment of grape berries with the eth-
ylene-releasing compound 2-chloroethylphosphonic acid acti-
vated the transcription of structural genes encoding the key
enzymes of anthocyanin biosynthesis and increased anthocya-
nin accumulation (El-Kereamy et al., 2003). Ethylene also plays
a negative regulatory role in anthocyanin biosynthesis. Antho-
cyanin accumulation in red cabbage grown in the dark and
etiolated cabbage was markedly suppressed by ethylene (Craker
and Wetherbee, 1973; Kang and Burg, 1973) and the inhibition
of ethylene biosynthesis by cobalt increased anthocyanin ac-
cumulation in corn (Rengel and Kordan, 1987). Transgenic
tobacco transformed with the ethylene receptor gene was used
to demonstrate the role of ethylene as a negative regulator of
anthocyanin biosynthesis. Anthocyanin accumulation was in-
creased in the petals of tobacco plants over-expressing the
mutated ethylene receptor gene, ethylene response 1 (ETR1H69A)
(Takada et al., 2005). In contrast, constitutive triple response
(ctr1) mutants grown in the presence of high levels of Suc had
similar levels of anthocyanin than wild-type plants (Gibson et al.,
2001).

In Arabidopsis, ethylene suppresses anthocyanin accumula-
tion by binding to redundant receptors such as ETR1, ETR2,
ERS1 and ERS2, with ETR1 possibly playing a dominant regu-
latory role. Slightly reduced anthocyanin levels in ctr1 loss-of-
function mutants suggest that CTR1 may function immediately
downstream of or within the ethylene receptor complex. EIN2,
which acts downstream of CTR1 and functions in a wide range
of ethylene responses in plants, is involved in the ethylene sig-
naling pathway. EIN3 and its homologue EIL1 appear to func-
tion redundantly in the ethylene pathway, as anthocyanin ac-
cumulation is increased significantly in the ein3 eil1 double
mutant but not in the ein3-1 or eil1-3 single mutants. Therefore,
the effect of ethylene on the suppression of sugar-induced an-
thocyanin biosynthesis likely involves the ethylene triple re-
sponse (Jeong et al., 2010).

In light-grown Arabidopsis, ethylene repression of anthocya-
nin accumulation is regulated at the transcriptional level, as
demonstrated by the down-regulation of positive TFs (bHLHs
such as GL3, EGL3 and TT8 and MYBs including PAP1 and
PAP2) and the up-regulation of the negative TF MYBL2 when
ethylene signaling was inhibited. In contrast, ethylene signaling
has little effect on the mRNA levels of TTG1, which encodes an
essential regulator of anthocyanin accumulation (Das et al.,
2011; Jeong et al., 2010). Thus, ethylene seems to suppress
the activity of the MBW complex through the transcriptional
regulation of bHLHs and MYBs (Fig. 1). However, whether the
ethylene sensitive components of the M(L2)BW complex are
directly regulated by EIN3/EIL1 transcription factors needs fur-
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ther study.
INTERACTION OF SUGAR WITH JA

JAs, which include jasmonic acid and its cyclopentane precur-
sors as well as cyclopentenones, modulate anthocyanin accu-
mulation (Loreti et al., 2008). In the absence of sugar, JA treat-
ment failed to induce the accumulation of anthocyanin and the
DFR transcript, indicating that JA synergistically modulates
sugar-induced anthocyanin biosynthesis by regulating the ex-
pression of the DFR gene (Loreti et al., 2008). The F-box pro-
tein Coronatine Insensitive-1 (COI1), which forms the SCFE"!
complex with ASK1/ASK2, Cullin1, and Rbx1, is involved in
diverse JA responses (Xu et al., 2002), most of which are dis-
rupted in the Arabidopsis mutant coronatine insensitive 1 (coit).
A coi1-1 mutant with a premature stop codon at W467 failed to
accumulate anthocyanin in response to methyl JA (Reymond
and Farmer, 1998; Xie et al., 1998). Analysis of several tran-
script levels in coi1-1 mutants showed reduced expression of
three anthocyanin regulatory factors, PAP1, PAP2 and GL3,
which transcriptionally regulate the LBGs DFR, LDOX and
UF3GT (Devoto et al., 2005).

The JA-ZIM-domain (JAZ) family proteins, which are sub-
strates of the SCF°" complex, consist of 12 members and
function as negative regulators of JA responses, probably by
directly inhibiting various transcriptional regulators (Xie et al.,
1998; Xu et al.,, 2002). Protein-protein interaction studies re-
vealed that JAZs directly interact with bHLHs (TT8, GL3, and
EGL3) and R2R3-MYB TFs (PAP1 and GL1) in the MBW com-
plex (Fig. 1; Qi et al., 2011). Recently, a model describing the
COI1 regulation of JAZ proteins was proposed. Upon percep-
tion of the JA signal, COI1 recruits JAZs to the SCF®" com-
plex for ubiquitination and subsequent degradation by the 26S
proteasome, which triggers the release of the MBW complexes
to activate JA-induced anthocyanin biosynthesis.

INTERACTION OF SUGAR WITH GA

GA acts as an antagonist of Suc-induced anthocyanin biosyn-
thesis. The R2R3-MYB transcription factors PAP1 and PAP2,
which are Suc-dependent modulators of anthocyanin biosyn-
thesis, were repressed by GA3 (Loretti et al., 2008). The genes
encoding enzymes that function downstream of naringenin
were up-regulated in ga7-5 mutant seedlings. The ga1-5 mu-
tant has a deficiency in the step catalyzing the conversion of
geranylgeranyl pyrophosphate (GGPP) to copalyl pyrophos-
phate (CPP), and therefore low endogenous GA levels. The
low endogenous GA concentrations in ga7-5 activated the ex-
pression of genes involved in anthocyanin biosynthesis, thus
enhancing the accumulation of anthocyanin in the mutant
plants (Loreti et al., 2008).

The DELLA proteins GAIl, RGA, RGL1, RGL2 and RGL3 are
negative regulators of GA signaling that act immediately down-
stream of the GA receptor in Arabidopsis. DELLA proteins re-
press stem elongation and are important negative regulators of
seed germination. Binding of GA to its soluble receptor GID1
causes binding of GID1-GA to DELLAs and leads to their deg-
radation via the ubiquitin-proteasome pathway (Sun and Gubler,
2004). The function of DELLA proteins in anthocyanin accumu-
lation was investigated in gai mutants, which are characterized
by a dark green and dwarf phenotype (Jiang et al., 2007). The
gai mutation affects GA sensing or subsequent signal transduc-
tion, and does not result in GA deficiency. The transcript levels
of the DFR gene in gai mutants were similar to those of the wild
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type in plants treated with GA in the presence of Suc (Loreti et
al., 2008), suggesting that GA modulates sugar-induced antho-
cyanin biosynthesis by regulating the activity of DELLA proteins
(Fig. 1). In DELLA protein quadruple mutants (gai-t6 rga-t2 rgl1-
1 rgl2-1), the expression of anthocyanin biosynthesis genes
such as LDOX and F3'H is GA-DELLA dependent, while the
expression of UF3GT and PAP1 is independent of DELLA pro-
teins (Jiang et al., 2007). Because GA signaling is dependent
on the activity of the SCF-"' E3 ubiquitin ligase, the negative
effects of GAs on anthocyanin biosynthesis may be mediated
by the degradation of the DELLA proteins.

GA has also been implicated in the low temperature induction
of anthocyanin biosynthesis, as GA20x1 transcript upregulation
significantly inactivated GA in a HY5/HYH-dependent manner
(Zhang et al., 2011), thereby establishing the prime role of light
in GA regulation of anthocyanin accumulation.

INTERACTION OF SUGAR WITH ABA

ABA induces anthocyanin accumulation in many plants includ-
ing maize kernels and grape (Kim et al., 2006; Mori et al., 2005;
Paek et al., 1997). In maize, viviparous-1 (vp1), an ABA insen-
sitive mutant that fails to express the C7 gene (a MYB tran-
scription factor similar to PAP1 and PAP2), shows no accumu-
lation of anthocyanin (McCarty et al., 1989). In Arabidopsis
seedlings, although ABA alone could induce PAP2, the hor-
mone showed a synergistic effect with Suc on anthocyanin
accumulation and caused a significant increase in the transcript
levels of biosynthesis genes including CHS, DFR, LDOX,
UF3GT, and C4H, among others (Loreti et al., 2008; Tonelli et
al., 2007). However, the expression of the DFR gene in the
ABA-deficient mutant, aba7-3, which is impaired in the oxida-
tion of zeaxanthin and antheraxanthin to violaxanthin, and in
the ABA-insensitive abi1-1 mutant did not affect anthocyanin
accumulation, irrespective of the presence of sugar. This result
suggests that ABA is not strictly required for Suc-induced an-
thocyanin biosynthesis (Loreti et al., 2008).

ABA signaling is also associated with Elongator, a histone
acetyl-transferase complex that was first identified by its direct
association with RNA polymerase-Il (Chen et al., 2006). Elon-
gator consists of six subunits and its mutant phenotype is char-
acterized by narrow leaves, reduced root growth, ABA hyper-
sensitivity and increased accumulation of anthocyanins (Zhou
et al., 2009). Elongator mutations have a negative effect on the
expression of anthocyanin biosynthesis pathway genes, proba-
bly by the direct regulation of the expression of the MYBL2
gene during transcription elongation (Fig. 1; Zhou et al., 2009).
Thus, ABA may exert its effect by regulating mRNA stability, as
evident in the mutants defective in the mRNA-cap-binding pro-
tein ABA hypersensitive-1 (ABHT) (Hugouvieux et al., 2001)
and poly(A)-specific ribonuclease (AtPARN) AHGZ2 (Arabidop-
sis hypersensitive germination 2) (Nishimura et al., 2005).

CONCLUSIONS

Sugar signaling associated with anthocyanin accumulation is
linked to several signaling pathways such as those triggered by
light, CK, ethylene, JA, and ABA, which might be intercon-
nected with Ca® signaling by as yet unknown mechanisms
(Vitrac et al., 2000). Although light is known to be a crucial fac-
tor for the hormonal regulation of anthocyanin biosynthesis, the
details of the interactions between sugar, light and hormones
remain to be elucidated. For instance, epistatic interactions
between the MBW complex and the photoreceptor signaling
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component HY5 should be addressed, as some LBGs are
regulated by both PAP1 and HY5 in the presence of light, and
this is further enhanced by sugars (Jeong et al., 2010). Antho-
cyanin accumulation is a cell autonomous process; anthocyanin
accumulates in non-photosynthetic organs and tissues, includ-
ing the lower epidermis and trichomes (Lee and Collins, 2001),
while light signals for anthocyanin induction seem to originate in
photosynthetic cells in response to exogenously supplied sug-
ars (Das et al., 2011; Jeong et al., 2010). The identification of
the entities involved in cell to cell communication between
acyanic and cyanic cells is therefore challenging (Das et al.,
2011; Jeong et al., 2010). Substantial progress has been made
regarding the regulation of anthocyanin genes by the MBW
complex, and the physical interaction with repressors such as
MYBL2 has been proposed. However, recent results indicated
that miR156-regulated SPL9 may function in the regulation of
the MWB complex by binding to PAP1 (Guo et al., 2011). Fu-
ture studies should be aimed at the identification of such addi-
tional factors that are under the influence of sugars or other
stimuli and could be involved in the transcriptional and post-
translational regulation of PAP1. Furthermore, the interaction
between different hormones also needs to be considered, and
several genetic mutants have been isolated that may help clar-
ify the effect of hormones on anthocyanin biosynthesis. For
example, high ABA levels in the ein2 mutant might be respon-
sible for the high anthocyanin accumulation in these plants,
demonstrating the dual regulation of ABA and ethylene signal-
ing (Wang et al., 2007). New screening strategies coupled with
proteomic and genomic techniques might further clarify the
regulation of anthocyanin biosynthesis.
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