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ABSTRACT

Aurone flavonoids confer a bright yellow color to flowers, such as snapdragon (4ntirrhinum majus). A. majus aureusidin synthase
(AmAST1), a polyphenol oxidase, was identified as the key enzyme catalyzing the oxidative formation of aurones from chalcones. To date,
all known PPOs have been found to be localized in plastids, whereas flavonoid biosynthesis is thought to take place on the cytoplasmic
surface of the endoplasmic reticulum. Interestingly, AmASI is transported to the vacuole lumen, but not to the plastid, via ER-to-Golgi
trafficking. A sequence-specific vacuolar sorting determinant is encoded in the 53-residue N-terminal sequence of the precursor,
demonstrating the first example of the biosynthesis of a flavonoid skeleton in vacuoles. Transgenic flowers overexpressing AmASI,
however, failed to produce aurones. The identification of A. majus chalcone 4'-O-glucosyltransferase (UGT88D3) showed that the
glucosylation of chalcone by cytosolic UGT88D3 followed by oxidative cyclization by vacuolar aureusidin synthase is the biochemical
basis of the formation of aurone 6-O-glucosides in vivo. Co-expression of the UGT88D3 and AmASI genes was sufficient for the
accumulation of aurone 6-O-glucoside in transgenic flowers, suggesting that glucosylation facilitates vacuolar transport of chalcones.
Furthermore, their co-expression, combined with the knockdown of anthocyanin biosynthesis by RNAI, increased aurones and decreased
other flavonoids, resulting in yellow flowers. These findings not only demonstrate that aurones, flavones, and anthocyanins are derived
from the same chalcone pool but also open transgenic strategies to generate yellow flowers for major ornamental species lacking this
color variant, such as geraniums, cyclamens, campanulas, and saintpaulias, beyond genetic constraints.

Keywords: Antirrhinum majus, flavonoid, flower color, glucosyltransferase, polyphenol oxidase

Abbreviations: 3GT, anthocyanidin 3-O-gluocosyltransferase; Am, Antirrhinum majus; ANS, anthocyanidin synthase; AS, aureusidin
synthase; C4'GT, chalcone 4'-O-glucosyltransferase; CHI, chalcone isomerase; CHS, chalcone synthase; DFR, dihydroflavonol 4-
reductase; ER, endoplasmic reticulum; EMS, ethylmethanesulfonate; F3H, flavanone 3-hydroxylase; F3'H, flavonoid 3'-hydroxylase;
F3',5'H, flavonoid 3',5'-hydroxylase; FNS, flavone synthase; GFP, green fluorescent protein, HPLC, high-performance liquid
chromatography; IFS, isoflavone synthase; mRFP, monomeric red fluorescent protein, PHC, 2',3,4,4',6"-pentahydroxychalcone; PPO,
polyphenol oxidase; RNAi, RNA interference; RT-PCR, reverse transcription-polymerase chain reaction; Th, Torenia hybrida; THC,
2'4,4',6'-tetrahydroxychalcone; UGT, UDP-glycosyltransferase
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INTRODUCTION constraints of the gene pool in a single plant species. How-

Flower color is one of the most important characters in con-
sumer selection between ornamental varieties. Three top-
selling cut flowers, i.e., roses (Rosa spp.), carnations (Dian-
thus caryophyllus), and chrysanthemums (Dendranthema x
morifolium), have no blue varieties, and several top-selling
pot flowers, such as cyclamens (Cyclamen persicum), and
geraniums (Pelargonium graveolens), have no clear yellow
varieties. By means of classical breeding techniques, the
creation of novel varieties of unknown flower color has
been achieved only with limited success because of the

ever, through a genetic engineering approach, it is now pos-
sible to modify flower colors beyond such genetic cons-
traints (Forkmann and Martens 2001; Tanaka ez al. 2005).
Thus, transgenic carnations with bluish flowers created by
means of this strategy have been marketed in North Ame-
rica, Australia, and Japan for 10 years, and, more recently,
transgenic bluish roses have successfully been generated
through similar approaches (Tanaka et al. 2006).

Aurones are a minor class of plant flavonoids that are
responsible for the bright yellow color of some important
ornamental flowers, such as snapdragon (Antirrhinum
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Fig. 1 Schematic representation of the flavonoid biosynthetic pathways. PAL, phenylalanine ammonia-lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-
coumarate-coenzyme A ligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; F3'H, flavonoid 3'-hydroxylase; F3',5'H,

flavonoid 3',5'-hydroxylase; FNSII, flavone synthase II; IFS, isoflavone
anthocyanidin 3-O-glucosyltransferase; ANR, anthocyanidin reductase; AN

majus), cosmos (Cosmos bipinnatus), and dahlia (Dahlia
variabilis). Although the aurone biosynthetic gene has been
regarded as an attractive tool to engineer novel yellow
flowers, the biochemical and genetic details of aurone bio-
synthesis remained to be clarified until recently. In 2000,
aurone biosynthetic genes were identified, and this achieve-
ment enabled the clarification of the unique features of
aurone biosynthesis (Nakayama et al. 2000; Ono et al.
2006a) and the establishment of a method for molecular
breeding of novel yellow flowers (Ono ef al. 2006b). In this
review, we describe the genetic, biochemical, and molec-
ular biological aspects of aurone biosynthesis in yellow
snapdragon flowers and their application to the molecular
breeding of novel yellow flowers.

FLAVONOID BIOSYNTHESIS AND FLOWER
COLOR MODIFICATION

Flavonoids, a water-soluble class of secondary metabolites,
have a common Cg-C;-C4 backbone structure and are wide-
spread in the plant kingdom (Harborne and Baxter 1999).
They have a diverse array of physiological roles, as exem-

synthase; FLS, flavonol synthase; DFR, dihydroflavonol 4-reductase; 3GT,
S, anthocyanidin synthase; THC, 2'4',6',4-tetrahydroxychalcone.

plified by those in flower coloration for attracting pollina-
tors and the protection of plants from ultraviolet (UV) light
(Winkel-Shirley 2001; Grotewold 2006). Anthocyanins are
the largest subclass of flavonoids and are responsible for the
majority of the pink, orange, magenta, red, purple, and blue
colors of flowers, which are directly related to plant repro-
duction and survival in nature because pollinators show pre-
ference for certain colors (Bradshaw and Schemske 2003;
Zufall and Rausher 2004).

Flavonoid biosyntheses have been well characterized
and excellently described elsewhere (Fig. 1) (Holton and
Cornish 1995; Tanaka et al. 2005; Grotewold 2006; Yu et al.
2006). Chalcone synthase (CHS), a type III polyketide syn-
thase, catalyzes the first committed step of flavonoid bio-
synthesis, i.e., the consecutive condensation of three mole-
cules of malonyl-CoA with one molecule of p-coumaroyl-
CoA, producing a chalcone (2'4,4',6-tetrahydroxychalcone,
THC), which is the common precursor of all flavonoids.
One of two aromatic rings of chalcones and other flavonoids
is derived from three malonyl-CoA molecules and is re-
ferred to as the A-ring, whereas another aromatic ring, arises
from p-coumaroyl-CoA molecule, is referred to as the B-
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ring. Chalcone itself exhibits yellow color, and its 2'-O-glu-
coside is responsible for the yellow color of carnation. Ge-
netic and biochemical evidences suggested that chalcones
are direct precursors of aurones in several aurone-con-
taining plant species (e.g., snapdragon, coreopsis, and soy
seedlings; see below). In most plant species, however, THC
undergoes stereospecific isomerization to produce (25)-
flavanone (e.g., naringenin), a colorless subclass of flav-
onoids, and this reaction is catalyzed by chalcone isomerase
(CHI). A non-enzymatic isomerization of chalcones into
flavanones also occurs at around a neutral pH, resulting in a
racemic mixture of flavanones including biologically inac-
tive (2R)-isomers. The crystal structures of CHS and CHI
were solved, providing detailed information for insights
into their specificity and catalytic mechanisms (Ferrer et al.
1999; Jez et al. 2000).

(25)-Flavanone then serves as a direct precursor of
three different subclasses of flavonoids — flavones, isoflav-
ones, and dihydroflavonols. The syntheses of flavones and
isoflavones from flavanones are catalyzed by flavone syn-
thase (FNSII/CYP93B) and isoflavone synthase (IFS/
CYP93C), respectively, which are microsomal cytochrome
P450 enzymes; on the other hand, the conversion of flava-
nones into dihydroflavonols (e.g., dihydrokaempferol, dihy-
droquercetin, and dihydromyricetin) is catalyzed by flava-
none 3-hydroxylase (F3H), which is a soluble, 2-oxogluta-
rate-dependent dioxygenase. Dihydroflavonol then serves
as a substrate for dihydroflavonol 4-reductase (DFR),
which catalyzes the conversion of dihydroflavonols to leu-
coanthocyanidins — the entry step of anthocyanin biosyn-
theses. The resulting leucoanthocyanidins are subsequently
converted into anthocyanidins by the action of anthocyan-
idin synthase (ANS), another 2-oxoglutarate-dependent di-
oxygenase. After completion of the anthocyanidin skeleton
biosynthesis, anthocyanidins undergo glycosylation and
acylation in a species-specific manner. The most common
modification of anthocyanidins is 3-O-glycosylation (Har-
borne and Baxter 1999), which is catalyzed by flavonoid 3-
O-glucosyltransferases (3GT). In general, the glycosylation
and acylation of flavonoids play a role in increasing the
stability, water solubility, and inter/intra-molecular stacking
of flavonoids (Lim ef al. 2003a; Grotewold 2006). Specifi-
cally, the multiple aromatic acylation of anthocyanin makes
the pigment bluer, and this effect greatly depends on the po-
sition and number of aromatic acyl groups. Finally, antho-
cyanins are transported in vacuoles after species-specific
modifications.

The 3'- and 5'-hydroxylation of the B-ring of flav-
onoids is catalyzed by microsomal cytochrome P450 en-
zymes (e.g., F3'H/CYP75B and F3',5'H/CYP75A). Impor-
tantly, the B-ring hydroxylation pattern is one of the major
determinants of the color and hues of anthocyanin-based
pigments. When the modifications on the anthocyanin mo-
lecule are equivalent, delphinidin-based pigments (with hy-
droxy groups at 3'-, 4'-, and 5'-positions) are bluer than
cyanidin-based pigments (with hydroxy groups at 3'- and
4'-positions), which are bluer than pelargonidin-based pig-
ments (with the 4'-hydroxy group). Roses and carnations
are genetically devoid of F3',5'H genes and unable to pro-
duce cyanic delphinidin-based anthocyanins (Tanaka et al.
1998), thus lacking bluish flower color varieties. For ins-
tance, transgenic carnations and roses expressed heterolo-
gously with an F3',5'H gene of petunia (Petunia hybrida)
and pansy (Viola wittrockiana), respectively, actually prod-
uced delphinidin-type anthocyanin pigments, resulting in
successfully achieved bluish flower color (Tanaka et al.
2005, 2006).

AURONE, A YELLOW FLAVONOID

Aurone is a highly yellow-colored subclass of flavonoids
with a 2-benzylidene-coumaranone structure (C;sH;00,)
(Bate-Smith and Geissman 1951; Asen et al. 1972; Bohm
1994). The structure contains a five-membered heterocyc-
lic ring, which is characteristic among flavonoid pigments
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(Fig. 2A). The name “aurone” comes from the Latin word
“aurum (=gold)” because the pigments show golden yellow
color (Bohm 1989). Aurone confers yellow bright color on
flowers, such as snapdragon, cosmos, dahlia, linaria (Lin-
aria bipartite), coreopsis (Coreopsis grandiflora), oxalis
(Oxalis variabilis), limonium (Limonium bonduellei), and
bidens (Bidens pilosa) (Fig. 2B-D) (Shimokoriyama and
Hattori 1952; Harborne and Baxter 1999; Venkateswarlu et
al. 2004). However, it has also been found in fern (4splen-
ium kaulfussii) and liverworts (Marchantia berteroana and
Conocephalum supradecompositum).

The aurone structures are classified on the basis of the
position and number of hydroxy groups on aglycone (Fig.
2A). By the year 2000, 18 kinds of aurone aglycones, inclu-
ding aureusidin, bracteatin, sulfuretin, hispidol, and marit-
imetin and 27 kinds of their O-glycosides had been iden-
tified (Iwashina 2000). Aurones have at least two hydroxyl
groups at the C6 and C4' positions that correspond to the
C7 and C4' positions in flavanones/anthocyanins and to the
C4' and C4 positions in chalcones, respectively. The au-
rone with the simplest structure is hispidol (6,4'-hydroxy-
aurone), which is found in soybean (Glycine max). Most
naturally-occurring aurones are O-glycosylated at their C6
position, e.g., aureusidin 6-O-glucoside (aureusin), sulfurtin
6-O-glucoside (sulfurein), hispitol 6-O-glucoside, marit-
imetin 6-O-glucoside (maritimein), and leptosidin 6-O-glu-
coside (leptosin), indicating that 6-O-glycosylation is a
common type of aurone modification, corresponding to the
3-O-glycosylation of anthocyanidin (Harborne and Baxter
1999). In most cases, the glucosyl group is used as a glycon
part of aurone glycosides in higher plants, but, in liverworts
and woody plants, rhamnosyl, glucuronosyl, and arabinosyl
groups are also identified (Harborne and Baxter 1999).

Since aurone emits yellow-green fluorescence under
UV light (Bohm 1989), it is considered to be involved in
the fluorescent pattern formation on the petals, which likely
serves as an attractant for pollinators (Fig. 2E-H) (Thomp-
son and Meinwald 1972; Niovi-Jones and Reithel 2001;
Gandia-Herrero et al. 2005). However, considering the oc-
currence of aurones in fern and liverworts, the earliest to
colonize on land, the biosynthetic machinery of aurone 6-
O-glycosides might predate flower evolution (Bahm 1994;
Harborne and Baxter 1999; Iwashina 2000). Therefore, the
primary physiological role of aurone might be to protect
plants from damage from UV light rather than to attract
pollinators (Rausher 2005).

Since major ornamental plant species, such as cyclamen
and geranium, lack yellow varieties, the ability to confer
aurone biosynthesis to those ornamentals would be of con-
siderable commercial interest. In addition to flower color-
ation, it is also known that aurone possesses useful biol-
ogical activities; therefore, it is an interesting natural com-
pound from the viewpoint of medical and agricultural re-
searches (Martin-Calero et al. 1996; Lawrence et al. 2003;
Morimoto et al. 2007). However, the biosyntheses of au-
rones have been absolutely unknown for a long time. Thus,
yellow is the last color of flavonoids whose mystery is yet
to be unveiled.

GENETIC STUDIES OF AURONE BIOSYNTHESIS
IN SNAPDRAGON AND COSMOS

Snapdragon is not only a popular garden plant but also a
model plant that has made a significant contribution to the
establishment of the genetic ABC model of floral organ
development (Coen and Meyerowitz 1991). Snapdragon
shows a wide variety of flower colors — magenta, orange,
red, pink, yellow, cream, and white — which are expressed
by a combination of anthocyanins, aurones, and flavones.
Yellow and magenta are predominant colors of snapdragon
in natural populations, probably due to pollinating bumble-
bee preference (Niovi-Jones and Reithel 2001; Whibley et
al. 2006). Thus, snapdragon plays a crucial role in genetic
studies on flower coloration (Efremova et al. 2006), unlike
arabidopsis (Arabidopsis thaliana), which is a model plant
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producing only colorless flowers (Almeida ez al. 1989; Luo
et al. 1991; Martin et al. 1991; Schwarz-Sommer et al.
2003). The genetic aspects of aurone biosynthesis have also
been intensively studied in this plant, whose yellow vari-
eties abundantly produce aureusin (aureusidin 6-O-gluco-
side) and bracteatin 6-O-glucoside in the flower.

Genetic loci altering flower color of snapdragon have
been genetically identified, and some of them were success-
fully cloned. Nivea (Niv), Incolorata (Inc), Enosinea (Eos),
Pallida (Pal), and Candica loci are responsible for CHS,
F3H, F3’H, DFR, and ANS, respectively (Martin et al.
1985; Martin and Gerats 1993). Generally, loss-of-function
mutations of these structural genes give rise to acyanic (or
colorless) flowers, or, in the case of eos, flowers produce
only pelargonidin-type of anthocyanin pigments (Forkmann
and Stotz 1981). The structural genes, including F3H, DFR,
ANS, and 3GT, are positively regulated by the bHLH trans-
cription factor Delilla (Del) and the MYB-class transcrip-
tion factors Rosea (Ros) 1, 2 and Venosa with different spe-
cificities (Goodrich et al. 1992; Schwinn et al. 2006).

Snapdragon has, at least, two CHS-related genes —
AmCHS1, which is identical to Niv, and AmCHS2, which
is a homolog of type III polyketide synthase and has an un-
known physiological function (Bonas et al. 1984; Hata-
yama et al. 2006). Since the recessive niv mutant results in
a white flower, floral chalcone synthesis is responsible for
AmCHSI. 3'4'-Hydroxylated flavonoids (luteolin, querce-
tin, and cyanidin) are formed in the presence of the domi-
nant Eos allele (Forkmann and Stotz 1981). Interestingly,
recombinant AmMCHS]1 produces 2',3,4,4',6'-pentahydroxy-
chalcone (PHC), which is a 3'4'-hydroxylated chalcone,
from one cafferoyl-CoA and three malonyl-CoA molecules
as well as THC from one p-coumaroyl-CoA and three mal-
onyl-CoA molecules in vitro (Hatayama et al. 2006).



Molecular breeding of yellow flowers. Ono and Nakayama

Therefore, it is likely that AmCHSI1 serves 3,4'-hydroxy-
lated flavonoids. However, the recessive eos mutant lacks
cyanidin, suggesting that PHC does not serve as a substrate
for anthocyanin and flavone pathways.

Sulfurea (Sulf) is a major locus affecting the distrib-
ution of the yellow aurone pigment (Whibley et al. 2006).
Dominant Sulf spatially restricts aurone biosynthesis in the

region of the face and throat of flowers (Davies et al. 2006).

It is, therefore, suggested that Sulf is likely to be a negative
regulatory factor for aurone biosynthesis rather than a bio-
synthetic enzyme. Aurone biosynthesis conferred by reces-
sive sulfis required for the Niv allele, but not for Inc, indic-
ating that aurone is derived from chalcones. A full yellow
color is tightly linked to a lack of anthocyanin, such as
recessive inc and ros mutations, because the co-existence
of aurone and anthocyanin in petal cells results in an ‘an-
thocyanic’ flower color (Forkmann and Stotz 1981; Spri-
bille and Forkmann 1982; Whibley ef al. 2006).

Violacea is another locus regulating aurone biosynthe-
sis (Stubbe 1974). The recessive violacea mutant lacks au-
rone in the face region of the flower, suggesting that it is a
region-specific positive regulator of aurone biosynthesis
(Davies et al. 2006). Recently, a new recessive trait (des-
ignated CFR1011) altering aurone biosynthesis was iden-
tified from progenies of ethylmethanesulfonate (EMS)-
mutagenized sulf/inc (Davies et al. 2006). CFR1011 spe-
cifically lacks aurone but not flavones. In the presence of a
recessive inc mutation, CFR1011 flowers show a cream
color that is conferred by flavones. Considering the geno-
typic and phenotypic behaviors of CFR1011, its corres-
ponding gene is the most likely candidate for the structural
genes of aurone biosynthesis. However, neither the
CFR1011 nor the Violacea gene has been cloned.

Cosmos originally exhibit pink color in the peripheral
ray florets, which is conferred by anthocyanin pigments. In
contrast, they exhibit yellow color in the central tubular
florets, which is conferred by yellow flavonoids, such as
coreopsin, a chalcone 4'-O-glucoside, and sulphurein, an
aurone 6-O-glucoside (Shimokoriyama and Hattori 1952;
Harborne and Baxter 1999). After over 30 years of cross-
breeding, a brilliant yellow cultivar, called Yellow Garden
(Sakata Seed Ltd., Kanagawa, Japan), was successfully

produced (Fig 2D; Inazu 1993). The yellow cultivar has
coreopsin and sulphurein as its major yellow pigments in
the mature ray florets. The accumulation of both of these
yellow flavonoid glucosides is tightly linked to recessive
mutations in (y) genes, suggesting that (Y) genes inhibit the
yellow flavonoid biosyntheses in the ray florets (Inazu
1993). As seen in snapdragons, aurone and anthocyanin
biosyntheses do not appear to alternate because both flav-
onoid pigments coexist in some cosmos cultivars. It is note-
worthy that a recessive ¢ locus causing a defect of ANS ac-
tivity is required for full yellow expression in the ray florets
(Inazu 1993). These previous genetic studies of snapdragon
and cosmos suggest not only the negative regulations of
aurone biosynthesis but also the requirement of depletion of
anthocyanins for full yellow coloration.

IDENTIFICATION OF SNAPDRAGON AUREUSIDIN
SYNTHASE

Although chalcones were thought to be precursors of au-
rones, the identity of the enzyme(s) responsible for aurone
synthesis from chalcones was elusive. One mechanism pro-
posed for aurone biosynthesis in plants (e.g., soy seedling)
was a two-step pathway, in which an H,0,-dependent per-
oxidase-catalyzed oxidation of THC yields a 2-(a-hydroxy-
benzyl)coumaranone derivative, a hydrated form of aurone,
which is then dehydrated to produce hispidol (Fig. 3A)
(Wong 1967; Rathmell and Bendall 1972). However, the
existence of such a pathway remained inconclusive, and no
further characterization of aurone biosynthesis had been
reported.

In 2000-2001, the metabolic relationship between au-
rones and chalcones in the yellow snapdragon flowers was
clarified (Nakayama et al. 2000; Sato et al. 2001). In these
flowers, the 6-O-glucosides of aureusidin and bracteatin oc-
cur as major and minor aurone components, respectively,
along with small amounts of the 4'-glucosides of THC and
PHC (Sato et al. 2001). Incubation of THC with the crude
extract in the presence of H,O,, an enzyme activator, gives
rise to aureusidin as the sole aurone product (Fig. 3B, ar-
row a), whereas incubation of PHC with the crude extract
in the absence of H,0, yields both aureusidin and bractea-

—H,0 \@/_CH—Q—
perox|d ase OH (probably non- enzymatlc)
Hispidol
2-(o- hydroxybenzyl P
coumaranone
(B)
AN OH  a [0], — 2[H] O\[@;ﬁw
N (H,0,) @
Aureusidin
OH O THC
-2[H]
OH b
1 OH
HO o OH
c [O], —2[H] H Q X
> N—ch ~OH
on o P » o

Bracteatin

Fig. 3 Possible pathways for aurone biosynthesis from chalcones. (A) Proposed pathway of hispidol synthesis in Phaseolus vulgaris (Rathmell and
Bendall 1972) and Soja hispida (Wong 1967). (B) Pathway for aurone biosynthesis in yellow petals of snapdragon. Each thick arrow, shown in a, b, and c,

is a single enzymatic process and catalyzed by AS.
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tin at a 6:1 ratio (mol/mol) (Fig. 3B, arrows b and c). The
incubation of aureusidin with the crude extract does not
yield bracteatin; therefore, bracteatin is not formed as a
result of the 5'-hydroxylation of aureusidin. Thus, in
yellow snapdragon flowers, aureusidin can be derived from
either THC or PHC, whereas bracteatin arises solely from
PHC (Sato et al. 2001). It was observed that the formation
of the aurone structure (i.e., the oxidative cyclization of
chalcone) is usually accompanied by hydroxylation of the
B-ring moiety. This hydroxylation should not, however,
take place by the action of F3'H, because snapdragon F3'H
(the Eos product, see above) is unable to act on THC
(Forkmann and Heller 1999). Several lines of evidence
suggest that the formation of aurones from chalcones in the
flower is a single enzymatic process, in which an enzyme,
which we call aureusidin synthase (AS), catalyzes both of
these transformations (Nakayama et al. 2000; Sato et al.
2001). This is inconsistent with the proposed peroxidase-
catalyzed process of aurone synthesis (see above), which
requires additional F3'H activity for the production of au-
reusidin from THC.

Attempts were then made to isolate this novel enzyme
from the crude extracts of yellow snapdragon buds. A pre-
liminary examination revealed that the amount of AS in the
buds was unexpectedly small and the enzyme activity was
very unstable. To overcome these difficulties, a large
amount (32 kg) of snapdragon buds, which show the high-
est AS activity, was collected from 16,600 stems of snap-
dragon plants as starting materials for enzyme purification.
In addition, THC was added to the purification buffers to
enhance the enzyme stability. Finally, the enzyme (90 pg)
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Table 1 Properties of aureusidin synthase purified from 4. majus flowers.

Molecular mass 39 kDa (SDS-PAGE and gel filtration)

Subunit structure Monomeric

Presence of sugar chain Glycoprotein

Metal cofactor Binuclear copper (atomic absorption
spectrometry)

Activator H,0, (with THC as a substrate)

Inhibitor Phenylthiourea (competitive; K, | pM)

Optimum pH for activity pH 5.4 (THC), pH 6.8 (PHC)

Stability® up to 40°C (at pH 5.4 for 30 min)

pH 5 — 8 (at 30°C for 1 h or at 4°C for 24 h)
Highly specific for chalcones with both 2’ and 4-
hydroxy functions (see Fig. 3B for details).

Substrate specificity

# Unpublished results.

was purified to homogeneity after 9 purification steps (Na-
kayama et al. 2000). It was a monomeric, copper-contain-
ing glycoprotein with a molecular mass of 39 kDa. Some
other enzymological properties of the purified AS are sum-
marized in Table 1. Specificity analyses show that the en-
zyme specifically acted on chalcones with a 4-monohydro-
xy or 3,4-dihydroxy B-ring to produce aurones (Nakayama
et al. 2001). The analysis also suggests that the oxidative
cyclization of chalcones should be preceded by B-ring hy-
droxylation. The 4'-O-glucosides of THC and PHC are very
good substrates for the enzyme, showing twice-higher spe-
cific activities than the corresponding aglycons, even in the
absence of added H,0,, an activator of the enzyme (Naka-
yama et al. 2001).

The cDNA cloning of AS was completed as follows.

Fig. 4 Reactions and phylogenetics of
plant PPOs. (A) PPO-catalyzed oxida-
tion of phenol (phenol monooxygenase
activity) and catechol (catecholase acti-
vity). (B) A molecular phylogenetic tree
of plant PPO family proteins was cons-
tructed by the neighbor-joining method.
The lengths of lines indicate the relative
distances between nodes. Genbank/DDBJ
accession numbers of PPO sequences are
shown with plant names in parentheses.

@;0

(pear, BAA21677)
(pineapple, AAK29782)
AmAS1, AB044884)

(Fava bean, CAA77764)

(spinach, S66479)

(tomato,
08383, Q08305)

tomato, Q08306)

(
‘\‘k(potato, TO7096)

(tomato, Q08304)

(tomato, Q08307)\ (potato, TO7097)

(tobacco, CAA73103)
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Aureusidin

Fig. 5 PPO-catalyzed synthesis of aurones from THC and PHC. AS is
a chalcone-specific homolog of PPO. Steps 1a and 1b are the PPO-cat-
alyzed processes (see also Fig. 4A), whereas steps 2 and 3 may take
place non-enzymatically. This mechanism consistently explains the facts
that the formation of the aurone structure (i.e., the oxidative cyclization
of chalcone) is usually accompanied by the hydroxylation of the B-ring
moiety of THC and the oxidative cyclization of chalcones is preceded by
B-ring hydroxylation (Nakayama et al. 2001).

Subtraction was performed to identify cDNA clones that
were specifically expressed in the yellow petals but not in
the aurone-lacking pink ones. Among many yellow-spe-
cific clones selected, the deduced amino acid sequence of
one clone, termed AmASI, was found to contain the partial
amino acid sequences determined with the purified enzyme
(Nakayama et al. 2000). Northern blot analyses using this
clone as a probe show that 4mASI was specifically ex-
pressed in the aurone-containing yellow (or pink) petals,
allowing us to confirm that AmASI codes for AS (Naka-
yama et al. 2000).

The primary structure analysis of AmAS]1 revealed that
AS is a homolog of plant polyphenol oxidase (PPO) (Fig.
4) (Nakayama et al. 2000). PPO occurs ubiquitously in
higher plants and generally catalyzes the hydroxylation of
monophenols to o-diphenols (monophenol monooxygenase
activity; EC1.14.18.1) and the subsequent oxidation of o-
diphenols to o-quinones [o-diphenol: oxygen oxidoreduc-
tase (also called catecholase) activity; EC1.10.3.1] (Fig.
4A) (Mayer 1987; Pourcel ef al. 2007). In plant cells, these
oxidation products are further reacted to give high-mole-
cular-weight compounds and cause the browning of plant
tissues (Vaughn et al. 1988). Plant PPOs are generally en-
coded as a precursor protein of 550-600 amino acids,
which produces a mature form following proteolytic remo-
val of the N-terminal propeptide (NTPP) of 80-100 amino
acids and/or the C-terminal propeptide (CTPP) of approxi-
mately 150 amino acids (Vaughn ef al. 1988). The molecu-
lar mass calculated from the deduced amino acid sequence
of AmASI (56 kDa) is significantly higher than the value
estimated with the purified AS (39 kDa), and this can be
explained in terms of the proposed biogenesis of plant
PPOs mentioned above (Fig. 6A). Plant PPOs contain a
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pair of type-3 copper atoms (Mayer 1987), and potential
copper ligands are also identified in the amino acid se-
quence of AmASI1. Most importantly, the specificity and
mechanism of AS-catalyzed aurone synthesis can be con-
sistently described in terms of PPO-catalyzed reactions (Fig.
5) (Nakayama et al. 2001). Because AS cannot act on non-
chalcone phenolics, it is concluded that AS is a chalcone-
specific PPO, which is specialized for aurone biosynthesis
in the snapdragon flowers. It must be mentioned that, ac-
cording to this PPO-catalyzed mechanism of aurone synthe-
sis, the product aurone must have a 3'4'-dihydroxy or
3'4" 5'-trihydroxy B-ring. Consistently, nearly all aurones
found so far in nature possess the 3',4'-dihydroxy or 3'4',5'-
trihydroxy B-ring moiety or their O-substituted derivatives
(Harborne and Baxter 1999). However, some aurones have
been reported to have a B-ring moiety with no hydroxyl
function or only one (Harborne and Baxter 1999) [e.g., his-
pidol found in soy seedlings (Wong 1967; Rathmell and
Bendall 1972)], suggesting that these may be produced
through an alternative mechanism (e.g., Fig. 3A), which
would require further examination.

SUBCELLULAR LOCALIZATION OF AURONE
BIOSYNTHESIS

It has been shown that PPOs are generally localized in plas-
tids (or chloroplasts) in plant cells (Mayer 1987; Vaughn et
al. 1988). However, AS shows several unusual features that
argue against its localization in plastids. For example,
although plant PPO precursors share the primary structural
characteristics of NTPP (see above) that are targeted to
plastids, NTPP of the AmAS]1 protein does not share such
features (Fig. 6B). Moreover, the fact that AS is a glyco-
protein and displays the maximum activity at acidic pH
(5.4) also contradicts its localization in plastids (Nakayama
2002).

The cellular localization of AS in the petal cells of yel-
low snapdragon was first analyzed by sucrose-density gra-
dient centrifugation and differential centrifugation analyses
(Ono et al. 2006a). The organelles of the cells of yellow
petals of snapdragon were separated from each other on the
basis of their isopycnic density, and a correlation between
the distribution of aureusidin synthase with those of orga-
nelle markers was examined. AS activity was not correlated
with the markers of plastids, mitochondria, Golgi bodies, or
ER. The AS activity was detected in the lowest isopycnic-
density fractions, suggesting that AS is localized in the cy-
tosol or vacuoles of petal cells of yellow snapdragon. The
localization of AS was then conclusively established by
means of transient assays (Ono et al. 2006a), where green
fluorescent protein (GFP) chimeras with the putative NTPP
and CTPP of AmAS1 were expressed in the epidermal cells
of onion (Fig. 7). The results clearly show that AS is loc-
alized in the vacuole lumen, and the information required
for the vacuolar targeting of this PPO homolog is encoded
within the 53-residue N-terminal sequence, but not in CTPP,
of the precursor AmASI protein. The molecular and cata-
lytic properties of AS, such as the optimum pH for catalytic
activity and the occurrence of sugar chain(s) in the enzyme
molecule, are all consistent with the vacuolar localization
of this enzyme. Mutational anal;/ses revealed that the se-
quence -Asn*®-Ser-Leu-Ala-Tyr’’- of NTPP serves as the
sequence-specific vacuolar-sorting determinant of AmASI
(Matsuoka and Neuhaus 1999; Ono ef al. 2006a). Moreover,
it was shown by means of two independent approaches that
intracellular translocation of the AmAS]1 precursor to vac-
uoles takes place through ER-to-Golgi trafficking (Ono et
al. 2006a). On the basis of the results presented above, the
subcellular compartmentation of the aurone biosynthetic
pathway in petal cells of snapdragon flowers is proposed to
be as shown in Fig. 8 (Ono ef al. 2006a).

AS is able to utilize both 4'-glucoside and aglycon
forms of chalcones, and it remained to be determined which
form serves as the physiological substrate of the enzyme in
petal cells. The establishment of the cellular localization of
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(A)  NHp [NTPP_] Mature protein [ cTPP ] COOH
100 amino acids
(B)
AMAS]1 M--FKNP--- -NIRYHKLSS ---KSND--- --NDQESSHR C---KHILLF I-—-I---TL 37
Grape MASL-PWSLT TSTAIANTTN ISAFPPSPLF QRASHVPVAR NRSRRFAPSK VSCNSANGDP 59
Pokeweed MASLSSPPTS TTTSATTLAT ---NISNPLF PKTSQFSLPG CRNRRHVMPK ISCKVDKDEL 57
AMAS] Fememmmcee —ccceeea-- -LL-IVGLYI ANSLAYAR-F ASTSTGPIAA PDVTKCGQP- 74
Grape NSDSTSDVRE TSSGKLDRRN VLLGIGGLYG AAGGLGATKP LAF-GAPIQA PDISKCGT-A 117
Pokeweed YPKTTN—DD GNTNKLDRRN MLIGLGSIYG A-GTTLGGGP A-TLAAPLIT PNPT-EFGAS 112

Fig. 6 Propeptides of AmAS1. (A) Organization of prosequences [NTPP (yellow rectangle) and CTPP (gray rectangle)] and mature protein (white
rectangle) of AmASI. (B) Alignment of the N-terminal amino acid sequence of AmASI1 with those of the plastid PPO precursors [Grape, PPO of Vitis
vinifera, Genbank accession number S52629; Pokeweed, PPO of Phytolacca americana, BAA08234]. Hydroxylated amino acid residues in the 30-residue
N-terminal portion are shown in blue. Amino acid residues identical to those of AmASI are shown in red. The N-terminal processing site identified in the
PPO precursors is indicated by a vertical line in the grape PPO sequence. Sequences representing the "thylakoid transfer domain" (Joy et al. 1995) of
plastid PPOs are shown with green boxes. The putative sequence-specific vacuolar-sorting determinant of AmAS]1 is double-underlined.
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Fig. 7 Results of transient assays for the prosequence-dependent intracellular sorting of fluorescent protein chimeras. At 48 h after the particle-gun
bombardment of a plasmid encoding the chimeric protein on epidermal cells of onion (panels A-D) or petal cells of snapdragon (panel E), transformed
cells were observed by a confocal-laser fluorescence microscopy. The structures of the expressed chimeric proteins are shown above the panels, with
pentagonal boxes representing NTPP of AmAS] (yellow), sGFP(S65T) (green), CTPP of AmASI (gray), NTPP of PAP1 (purple), and mRFP (red), each
shown with an N terminus (left) — C terminus (right) orientation. The portion of NTPP and CTPP utilized is shown, above boxes, by amino acid
numbering in the corresponding PPO precursors (see also Fig. 6 for details). (A) In the absence of the fused NTPP or CTPP, the expressed GFP was
localized in the cytoplasm and nuclei of the cells. (B) When an N-terminal fusion of GFP with NTPP was expressed, the fluorescence signal was observed
in vacuoles, indicating that the expressed GFP was exclusively localized in the vacuole lumen. (C) When a C-terminal fusion of GFP with CTPP was
expressed, the fluorescence signals appeared to be localized in the cytoplasm and nuclei of the cells. (D) When a GFP chimera with an NTPP of
Phytolacca americana (pokeweed) PPO (a plastid enzyme) (Joy et al. 1995) at the N-terminus of GFP was expressed, the fluorescence signal was found
to be localized in granular organelles (probably plastids) distributed in the cytoplasm. (E) Similar transient assays were also carried out with petals of
yellow snapdragon as host cells by using the red fluorescent protein (RFP) as a fluorogenic reporter, and the results were analogous to those obtained with
onion epidermal cells (panel B). Panel (F) shows a schematic representation of the epidermal cells of onion. Bars, 100 um for panels (A)~(D), and 20 um
for panel (E).

biosynthesis of chalcones (THC and PHC and their 4'-O-
glucosides) should also take place in the cytoplasm. The
cytoplasmic milieu (pH~7) entails a very rapid enzymatic
and non-enzymatic isomerization of chalcones to produce
flavanones (Sato et al. 2001) (see also Fig. 8), which do not
serve as substrates for AS (Nakayama et al. 2001). Thus,
for the efficient accumulation of aurones in the flower, a

AS in vacuoles provides important information relative to
the real in vivo substrate of the enzyme as well as the
biochemical significance of the cellular compartmentation
of the metabolic pathway. To date, flavonoid biosynthesis
has been proposed to generally occur in the cytoplasm or
on the cytoplasmic surface of ERs (Burbulis and Winkel-
Shirley 1999). In cells of yellow snapdragon flowers, the
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Fig. 8 Proposed intracellular compartmentation of the aurone biosynthetic pathway in petal cells of snapdragon flowers. Synthesis, glycosylation,
and isomerization of chalcones may take place on the cytoplasmic surface of the ER. Aureusidin can be produced from either THC or PHC, whereas
bracteatin arises solely from PHC. Moreover, the 4'-O-glucosides of these chalcones serve as very good substrates for enzymatic aurone synthesis (Sato et
al. 2001; Nakayama et al. 2001). AS, aureusidin synthase; CHI, chalcone isomerase; and Gle, B-D-glucopyranosyl. This figure was reproduced from Ono
et al. (2006a) The Plant Journal 45, 133-143, with kind permission of Blackwell Publishing, Oxford, UK.

mechanism that circumvents such a non-productive path- and Vogt 2001; Bowles er al. 2005; see also Section
way must be operative. The compartmentation of AS in ~ FLAVONOID BIOSYNTHESIS AND FLOWER COLOR
vacuoles could serve as one such strategy. Namely, in the MODIFICATION). Glycosylation is generally catalyzed by
vacuole, the isomerization of chalcones would be very  a superfamily of enzymes, called UDP-dependent glycosyl-
slow due to its acidic milieu (pH 4~5) as well as the ab- transferases (UGTs) (Ross et al. 2001), which consists of
sence of chalcone isomerase (CHI). It is generally accepted ~ highly divergent members in terms of primary structure and
that flavonoids are glycosylated before translocation from  physiological function. For example, the Arabidopsis gen-
the cytoplasm to the vacuole (Tanaka et al. 2005). Thus, in ome is predicted to contain over 100 UGT-related sequen-

petal cells of snapdragon flowers, chalcones, once pro- ces, most of whose physiological roles remain to be clar-
duced, should be 4'-O-glucosylated in the cytoplasm and ified (Li ef al. 2000; Ross ef al. 2001). In the case of aurone
immediately incorporated into vacuoles. The chalcone 4'- biosynthesis in snapdragon flowers, chalcones have to be
O-glucosides would be subsequently oxidized in vacuoles  specifically glucosylated at the 4' position for their trans-
by the action of AS, resulting in the accumulation of au- location to vacuoles. Consistently, small amounts of chal-

rone 6-O-glucosides therein (Fig. 8). Therefore, the real in cone 4'-O-glucosides were identified in yellow snapdragon
vivo substrates for AS appear to be the 4'-O-glucosides of ~ petal cells (see Section IDENTIFICATION OF SNAP-
chalcones and not the unglycosylated forms. Thus, aurone DRAGON AUREUSIDIN SYNTHASE, Sato et al. 2001).
biosynthesis in snapdragon provides the first example of  In addition to snapdragon, chalcone 4'-O-glycosides are
the biosynthesis of a flavonoid skeleton in the vacuole lu- also found in various plant species (Harborne and Baxter
men after glycosylation. An interesting issue to be addres- 1999), suggesting that 4'-O-glycosylation is a common
sed in future studies would be how this PPO has acquired  modification of chalcones. However, no chalcone 4'-O-gly-
its unique subcellular localization and biological role cosyltransferase had been identified.
(flower coloration) during its evolution. Chalcone 4'-O-glucosyltransferase (C4’GT) activity
was detected in the crude extracts of yellow snapdragon
IDENTIFICATION OF SNAPDRAGON CHALCONE buds (Ono et al. 2006b). In order to identify snapdragon
4'-O-GLUCOSYLTRANSFERASE C4'GT, an extensive screening of its cDNA was carried out
on a snapdragon petal cDNA library, and a strong candidate
AmASI is a vacuolar PPO, so that aurone biosynthesis of the C4'GT cDNA was identified (Accession AB 198665).

should occur in vacuoles of snapdragon petals. Conse- The expression of this cDNA, termed UGT88D3 according
quently, the substrate chalcones have to be transported, to the UGT nomenclature guidelines, paralleled that of
from cytoplasm, to the lumen of vacuoles in petal cells. AmASI during flower development and, thus, UGT 88D3
One key event required for the translocation of plant meta- was expected to be involved in yellow flower coloration.

bolites into vacuoles is their “glycosylation”. Glycosyl-  The UGT88D3 is 40% identical to a UGT of Arabidopsis
ation is a major modification of endogenous and xenobiotic (UGT88AL; function unknown) in its primary structure and
compounds that enhances their water solubility and stab-  contains a sequence motif (called “PSPG” box) that is
ility and facilitates their incorporation into vacuoles (Jones highly conserved among plant secondary metabolism-
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Fig. 9 Phylogenetic analysis of UGT88 and UGT73 family. A phylogenic tree was constructed by the neighbor-joining method. The number on the
branches indicates a sequence difference (0.05 corresponds to a 5% change). Gt3'GT is Gentiana triflora anthocyanin 3'-O-glucosyltransferase (Fukuchi-
Mizutani et al. 2003). UGT88D4 is a snapdragon UGT whose biochemical activity remains to be determined (Ono et al. 2006b).

related UGTs (i.e., plant members of family 1 of the UGT
superfamily; Vogt and Jones 2000). As expected, re-
combinant UGT88D?3 that was heterologously expressed in
Escherichia coli cells displayed C4'GT activity against
THC and PHC (Ono et al. 2006b). Noticeably, the calcu-
lated pI value (6.82) of UGT88D3 is uniquely higher than
those of other snapdragon UGTs (4.73-5.89), which is con-
sistent with the unique chromatographic behavior of the
native AmC4’GT activity in the crude extract of yellow
snapdragon petals — the activity was exclusively identified
in the flow-through fractions of anion-exchange chroma-
tography executed at neutral pH (Ono ef al. 2006b). All of
these observations led to the conclusion that UGT88D3 is
responsible for the 4'-O-glucosylation of chalcones and is
involved in aurone biosynthesis in the yellow petal cells of
snapdragon.

The UGT88D3 was the first characterized member of
this UGT88 family, and the specificity and biochemical
role of this class of enzymes are further corroborated by
the following observations. Yellow petals of linaria (a
Scrophulariaceae plant) also contain aurone 6-O-gluco-
sides (aureusin and bracteatin 6-O-glucoside) (Fig. 2A,
2C) (Harborne and Baxter 1999). A UGT88D3 homolog
(UGT88D2: accession AB198666) was identified in the
yellow petals of linaria by means of a homology-based
strategy using the UGT88D3 sequence (unpublished data).
The UGT88D2, which is 65% identical to UGT88D?3 in its
primary structure (Fig. 9), shows a high pl value (6.20) and
displays C4'GT activity. Thus, C4'GT genes appear to be
structurally and functionally conserved among the aurone-
containing Scrophulariaceae plants.

It must be mentioned that the 7-position of flavones,
flavonols, and anthocyanins, and the 6-position of aurones,
are all equivalent to the 4'-position of chalcones (see Fig.
2A). In this regard, the UGT73 family of enzymes appears
to be similar to the UGTS88 family of enzymes in terms of
the regiospecificity of glycosyl transfer. For example, Ara-
bidopsis UGT73C6 catalyzes the 7-O-glucosylation of fla-
vonol 3-O-rhamnoside (Jones et al. 2003). Arabidopsis
UGT73B1 is 40% identical to UGT73C6 in its primary
structure and was recently characterized as flavonoid 7-O-
glucosyltransferase (7GT) (Kim et al. 2006). Moreover,
Scutellaria baicalensis flavone 7GT is 42% identical to
Arabidopsis UGT73C6 and likely to be a member of the
UGT73 family of enzymes, judging from the sequence
similarity (Hirotani et al. 2000; Nagashima et al. 2000).
During the course of our screening program of cDNAs en-
coding snapdragon UGT, three UGT73 family genes (UGT
7349, UGT73E2, and UGT73N1) were found to be expres-
sed in snapdragon petals (Fig. 9) (Ono et al. 2006b; un-
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published results). Because snapdragon flowers accumulate
large amounts of flavone 7-O-glucosides, some of these
snapdragon UGT73 proteins may be involved in the 7-O-
glucosylation of flavones (Asen et al. 1972). It is notewor-
thy that UGT73A9 is identical to a UGT that was originally
regarded as an aurone 6-O-glucosyltransferase (Davies ef al.
2006). However, considering the established vacuolar loca-
lization of aurone synthesis in yellow snapdragon petal
cells, it is highly unlikely that UGT73A9 catalyzes the 6-O-
glucosylation of aurones in vacuoles because UGT73A9 is
likely to be a cytoplasmic enzyme, judging from its primary
structural characteristics.

It is generally accepted that each flavonoid 3-O-gluco-
syltransferase (3GT), 5-O-glucosyltransferase (5GT), and
7GT separately forms a phylogenic clade in the family 1 of
a UGT superfamily, illustrating the correlation between
phylogenetics and biochemical function (i.e., glycosyl-ac-
ceptor specificity and regiospecificity) of flavonoid UGTs
(Gachon et al. 2005; Tohge et al. 2005; Y onekura-Sakaki-
bara et al. 2007). However, despite the similarity of the
C4'GTs to the previously known flavonoid 7GTs in the
regiospecificity of glycosyl transfer, UGT88D3 shares only
22%, 24%, and 24% sequence identity with UGT73C6,
UGT73B1, and S. baicalensis TGT, respectively, indicating
that C4'GTs and these flavonoid 7GTs are distantly related
to each other in phylogenetic terms. Therefore, these two
UGT families seem to be good examples for addressing the
relationship among the substrate specificity, regioselec-
tivity, and structure of UGTs (Lim et al. 2003b). Further
crystallographic and biochemical studies using these UGTs
and mutants will provide important information to address
this issue (Offen ef al. 20006).

MOLECULAR BREEDING OF YELLOW FLOWERS

Yellow is the long-awaited character for major ornamental
flowers lacking this color — geranium, cyclamen, sweet pea
(Lathyrus odoratus), verbena (Verbena hybrida), cam-
panula (Campanula medium), saintpaulia (Saintpaulia ion-
antha), impatiens (Impatiens walleriana), hydrangea (Hy-
drangea macrophylla), and morning glory ([pomoea nil).
These plant species seem not to have acquired or to have
lost the machinery of yellow pigment biosyntheses during
plant evolution. Aurone biosynthetic genes have been cla-
rified and now serve as promising tools to generate yellow
varieties of these ornamental flowers. As the first step,
transgenic plants heterologously expressing AmASI were
generated. Torenia (Scrophulariaceae Torenia hybrida cv.
Summerwave Blue, Suntory Flowers, Ltd., Tokyo, Japan)
was used as the host plant because this plant is closely
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Torenia cv. summerwave blue

related to snapdragon (also Scrophulariaceae) and has been
used for many transgenic studies due to the availability of
the well-improved Agrobacterium method for its transfor-
mation, unlike snapdragon (Aida et al. 2000). The trans-
genic lines of torenia expressing AmAS! did not produce
any aurones, and their flower color was not changed (Ono
et al. 2006b). These observations were consistent with our
conclusion that 4'-O-glucosides, but not the non-glycos-
ylated form of chalcones, are the real substrates for AS in
vivo (see above). Transgenic lines of torenia co-expressing
UGTS88D3 and AmAS1 were then generated. The resulting
flowers displayed a yellow color on their stamens and car-
pels and in the region between petal robes and throat and

emitted significant cellular fluorescence (Ono et al. 2006b).

The analysis showed that significant amounts of aureusidin
6-O-glucoside (aureusin) as well as THC 4'-O-glucoside
accumulated in their petals, with a slight decrease in the
amounts of anthocyanins and flavones. This result clearly
demonstrated that coexpression of UGT88D3 and AmASI
is sufficient to produce aurone 6-O-glucoside in vivo (Ono
et al. 2006b). Moreover, the UGT88D3-GFP chimera pro-
tein localizes in the cytoplasm, where chalcones are syn-
thesized, whereas AmAS1-mRFP chimera protein localizes
in the vacuole of snapdragon petal cells (Burbulis and
Winkel-Shirley 1999; Ono et al. 2006b). Therefore, it is
strongly emphasized that the glucosylation of chalcones fa-
cilitates the vacuolar transport of chalcones.

However, the transgenic flowers coexpressing UGT
88D3 and AmAS1 did not show a full yellow color due to
the coexistence of aurones and anthocyanins in petals (Ono
et al. 2006b), which is consistent with the fact that the bio-
synthesis of aurones does not alternate with those of antho-
cyanins, as shown by previous genetic studies of aurone
biosynthesis in snapdragon and cosmos (see above). Thus,
in order to generate entirely yellow torenia flowers, the
production of anthocyanins in the flower has to be sup-
pressed. To achieve this, triple transgenic lines of torenia
were designed, where UGT88D3 and AmASI were co-ex-
pressed and one of the endogenous anthocyanin biosyn-
thetic genes was suppressed by RNA interference (RNA1).
CHI is not a suitable target of RNAI for the inhibition of
anthocyanin biosynthesis because flavanones, a precursor
of anthocyanins, can inevitably be derived from THC in
cytoplasmic milieu (Forkmann and Dangelmayr 1980; Da-
vies et al. 1998; see above). Instead, F3H, which is an en-
zyme immediately downstream of CHI in the pathway and

UGT88D30ox + AmASTox + ThF3H ruai
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Fig. 10 Phenotype of triple transgenic
Torenia producing aurone 6-O-glucoside.
Transgenic lines of torenia coexpressing
UGTS88D3 (AmC4'GT) and AmAS1, with the
knockdown of endogenous F3H by RNAI,
produce yellow flowers in which aurone 6-O-
glucoside is dominantly produced due to the
suppression of anthocyanin biosynthesis
(right). The host plant for transformation is the
torenia cultivar Summerwave blue (Suntory
Flowers, Ltd., Tokyo, Japan; left). ox;
overexpression.

catalyzes the conversion of flavanone to dihydroflavonol
(see Section FLAVONOID BIOSYNTHESIS AND
FLOWER COLOR MODIFICATION), was a good target,
judging from the occurrence of the anthocyanin-less pheno-
type of snapdragon with a single recessive inc mutation. In
fact, single transgenic lines of torenia with RNAi of F3H
showed a decreased level of endogenous F3H mRNA, re-
sulting in white flowers (Ono et al. 2006b). Thus, triple
transgenic lines of torenia were generated, where UGT
88D3 and AmASI were co-expressed and F3H was specif-
ically suppressed by RNAi. The resulting transgenic lines
successfully produced fully yellow flowers with enhanced
cellular fluorescence (Fig. 10) (Ono er al. 2006b). These
flowers contained only negligible amounts of anthocyanins
but produced approximately twice the amount of aureusidin
6-O-glucoside as flowers of the double-transgenic lines.
These results, in turn, corroborate that aurones, anthocy-
anins, and flavones are all derived from the same pool of
chalcones. Importantly, the inhibition of endogenous antho-
cyanin biosyntheses allows the efficient utilization of the
precursor chalcone for aurone biosynthesis, causing the en-
hancement of yellow flower color in addition to the elim-
ination of the cyanic color from the flower. Fully yellow
torenia flowers were also generated by means of specific
inhibition of endogenous DFR by RNAI in transgenic lines
co-expressing UGT88D3 and AmASI (Ono et al. 2006b).
Moreover, the fact that the RNAi of ANS effectively inhib-
its anthocyanin accumulation in torenia to result in white
flower color (Nakamura ef al. 2006) implies that ANS can
also serve as a target of RNAi for the molecular breeding of
yellow flowers, in addition to F3H and DFR. Generally, the
strength of coloration is related to the total amount of pig-
ments. Soybean CHS7 and CHS$ are thought to be the most
likely key enzyme genes for increased isoflavone produc-
tion in soybean seeds (Glycine max) (Dhaubhadel et al.
2007). In this context, the increase of CHS activity may
also effectively contribute molecular breeding of yellow
flowers via increased production of aurone 6-O-glucosides.
It would be noteworthy that the accumulation of chal-
cones in the flower has also been regarded as a strategy for
molecular breeding of yellow flowers because chalcones
themselves are pale yellow in color and occur in almost all
plant species (Tanaka et al. 2005). However, breeding of
yellow flowers by means of this approach has been attained
with only limited success, mainly because of biochemical
instability of chalcones — they are easily isomerized, both
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enzymatically and non-enzymatically, to produce colorless
flavanone (Davies et al. 1998; see above). Transgenic tor-
enia expressing UGT88D3 showed the accumulation of
THC 4'-O-glucoside (but not PHC 4'-O-glucoside, prob-
ably due to lack of PHC in this torenia flower) (Ono et al.
2006b). However, no color changes occurred in the trans-
genic flowers. 2'-O-Glucosylation of chalcones is consid-
ered to inhibit their isomerization, and, in fact, chalcone 2’-
O-glucoside stably exists in the flowers of carnation and
aster (Callistephus chinensis) and is responsible for their
yellow color (Forkmann and Dangelmayr 1980; Harborne
and Baxter 1999). Carnation chalcone 2'-O-glucosyltrans-
ferase (C2'GT) genes appear to be a promising tool for the
molecular breeding of yellow flowers; however, no trans-
genic flowers expressing C2'GT have yet been reported
(Ogata et al. 2004). It is also considered that 6'-deoxychal-
cones, found in Asteraceaec and Fabaceae, are stable spe-
cies of chalcone (Davies et al. 1998). The biosynthesis of
6'-deoxychalcones requires chalcone reductase (CHR)
(Bomati et al. 2005), which is an aldoketo reductase super-
family enzyme. In fact, it was observed that the glycosides
of 6'-deoxychalcones stably occur in yellow flowers of
cosmos, bidens, dahlia, and coreopsis (Harborne and Bax-
ter 1999). Therefore, the CHR gene was also expected to
serve as an attractive tool for the molecular breeding of
yellow flowers. However, the transgenic petunia expres-
sing alfalfa (Medicago sativa) CHR results in only faint
yellow buds in spite of the accumulation of 6'-deoxychal-
cone glucosides (Davies et al. 1998).

PERSPECTIVES

In the cells of snapdragon petals, the flavonoid biosynthetic
pathway is partitioned at chalcones into aurone and antho-
cyanin/flavone biosyntheses, and CHI catalyzing the first
committed step of anthocyanin/flavone biosynthesis should
compete for the substrate with C4’GT catalyzing the first
committed step of aurone biosynthesis (Fig. 11). In the cells
of arabidopsis seedlings, it was suggested that CHI should
directly interact with CHS to form a complex, a metabolon,
which allows the instantaneous, stereospecific isomeriza-
tion of chalcones to the (25) isomer of flavanones, thereby
preventing the non-enzymatic formation of a non-produc-
tive (2R) isomer (Burbulis and Winkel-Shirley 1999; Jor-
gensen et al. 2005). Such metabolic channeling through the
formation of metabolon among flavonoid biosynthetic en-
zymes has also been predicted for other plant species. It is
known that chalcone accumulation in yellow varieties of
carnation occurs as a result of the loss of CHI (Forkmann
and Dangelmayr 1980). However, aurones and anthocya-
nins coexist in petals of some varieties of snapdragon,
cosmos, and the triple transgenic lines of torenia in the pre-
sence of the endogenous CHI. Moreover, the yellow color-
ation of flowers of snapdragon, cosmos, and the triple
transgenic torenia does not require loss-of-CHI function.
Taken together, these findings indicate that C4'GT-depen-
dent aurone biosynthesis and CHI-dependent anthocyanin/
flavone synthesis are not alternative pathways. C4'GT
should also interact with CHS to overcome the CHI-med-
iated channeling of the substrate to anthocyanin/flavone
biosynthesis and direct it to aurone biosynthesis. Further
studies on protein-protein interactions are needed to address
these issues.

The transgenic torenia studies showed that THC 4'-O-
glucoside is the authentic precursor of aureusin (aureusidin
6-0-glucoside) in vivo. Yellow cosmos (C. bipinnatus cv.
Yellow Garden) flowers contain coreopsin (butein 4'-O-
glucoside) and sulfurein (sulfuretin 6-O-glucoside), clearly
demonstrating the structural correlation between chalcone
4'-O-glucoside and aurone 6-O-glucoside, i.e., coreopsin is
the precursor of sulfurein. Similarly, coreopsis and bidens
have lanceolin (lanceoletin 4'-O-glucoside) and marein
(okanin 4'-O-glucoside), which are likely precursors of lep-
tosin (leptosidin 6-O-glucoside) and maritimein (maritime-
tin 6-O-glucoside), respectively (Fig. 12) (Harborne and
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Fig. 11 Proposed aurone biosynthetic pathway. The 4'-O-glucosylation
of chalcone by cytosolic C4'GT followed by oxidative cyclization by
vacuolar AS is the biochemical basis of aurone 6-O-glucoside biosynthesis
in vivo. Chalcone is the branching point to aurone pathway from the fla-
vone/anthocyanin pathway.

>

Baxter 1999). Considering that cosmos, coreopsis, and bid-
ens are all Asteraceae plants, these structural correlations
imply that chalcone 4'-O-glucosylation followed by oxida-
tive cyclization is the general basis of aurone 6-O-glucoside
biosynthesis in Asteraceae as well as Scrophulariaceae. It is
noteworthy that prenylated aurones are rarely found in
Antiaris toxicaria and Glycyrrhiza glabra (Hano et al. 1990;
Li et al. 2000). These unique prenylaurones are not glycosy-
lated, suggesting a glycosylation-independent aurone bio-
synthesis. It is possible that other classes of PPO rather than
vacuolar PPOs as AS are involved in the non-glycosylated
aurone biosynthesis (Pourcel et al. 2007).

Although aurone 6-O-glycosides occur even in fern and
liverworts, neither aurone 6-O-glycosides nor striking ho-
mologs of UGT88D3 and AmASI are found in arabidopsis
and rice (Oryza sativa). The occurrence of aurones and their
biosynthetic enzymes appears to be limited to a particular
range of higher plants, in particular, to Scrophulariaceae,
Asteraceae, Fabaceae, and Plumbaginaceae (Harborne and
Baxter 1999; Iwashina 2000). This sporadic distribution of
aurones implies the parallel-evolution of aurone biosyn-
thetic machineries. Further identification of aurone biosyn-
thetic genes from different plant species will clarify this
evolutional issue.

Although glucosylation is sufficient for the vacuolar
transport of chalcones, the mechanism transporting chalcone
glucosides to vacuoles remains unknown. Maize (Zea mays)
Bronze 2, petunia Anthocyanin 9 (AN9), and arabidopsis
Transparent Testa 19 (TT19) encode a glutathione S-trans-
ferase (GST) that appears to serve as a carrier protein for the
translocation of anthocyanins to tonoplast (Marrs et al.
1995; Alfenito et al. 1998; Kitamura et al. 2004). Moreover,
multidrug resistance-associated protein (MRP) and multi-
drug and toxic compound extrusion (MATE) protein are
also considered to be involved in flavonoid sequestration to
vacuoles (Debeaujon et al. 2001; Goodman et al. 2004). It
would be of interest to determine whether chalcone gluco-
sides are also transported thorough these flavonoid-transpor-
ting mechanisms from the viewpoint of the substrate spec-
ificities of vacuolar transporting system.

Gain-of-function analysis of UGT88D3 and/or AmASI
clearly showed that both enzymes are indispensable for
biosynthesis of aurone 6-O-biosynthesis (Ono et al. 2006b).
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o
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Fig. 12 Structural correlation between chalcone 4'-O-glucosides and aurone 6-O-glucosides. THC 4'-O-glucoside is the authentic precursor of aureusin
(aureusidin 6-O-glucoside) in snapdragon. Similarly, cosmos, coreopsis, and bidens have coreopsin (butein 4'-O-glucoside), lanceolin (lanceoletin 4'-O-
glucoside), and marein (okanin 4'-O-glucoside), which are the most likely precursors of sulfurein (sulfuretin 6-O-glucoside), leptosin (leptosidin 6-O-

glucoside), and maritimein (maritimetin 6-O-glucoside), respectively.

In contrast, mutants lacking their enzymatic activities are
still unknown. Since only a single copy of AmASI exists in
the snapdragon genome (Ono et al. 2006b), its loss-of-
function will certainly result in a lack-of-aurone phenotype.
On the other hand, UGT88D3 is a member of the UGT
superfamily, suggesting that functionally redundant UGTs
exist in the snapdragon genome.

The coordinated expression and function of UGT88D3
and AmASI during snapdragon flower development suggest
that the both enzyme genes of aurone biosynthesis are
under the same transcriptional regulation. Previously iden-
tified genetic loci altering aurone biosynthesis are likely to
be candidates that are involved in this regulation (Davies et
al. 2006). However, the sulf, violacea, and CFR1011 line
affect neither the transcript abundance nor the change in the
cording region of AmAS1 (Davies et al. 2006). Thus, their
targets may be UGT88D3 or the vacuolar transporting ma-
chineries of chalcones and AmASI. Further characteriza-
tion and identification of these loci will provide new in-
sights of the aurone biosynthesis.
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