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DFR: dihydroflavonol 4-reductase
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DHQ: dihydroquercetin

DTT: dithiothreitol

EFP: enhancer of flavonoid production
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FAGT: flavone 40O-glucosyltransferase
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Flavonol 3GT: flavonol 33-glucosyltransferase
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KPB: potassium phosphate buffer

luteolin 4G: luteolin 4-O-glucoside

luteolin 7G: luteolin 7©-glucoside

malvidin 3G: malvidin 39-glucoside

malvidin 3,5-diG: malvidin 3,33-diglucoside
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MBW complex: MYB-bHLH-WDR protein complex
MRP: multidrug resistance-associated protein

pelargonidin 3G: pelargonidin @-glucoside

11



pelargonidin 3,5-diG: pelargonidin 3(B-diglucoside

petunidin 3G: petunidin &-glucoside
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UFGT: UDP-glycose-dependent flavonoid glycosyltransferase
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Summary

Flower color plays an important role to attract pollinatorse €blor is mainly derived
from floral pigments, typically flavonoids, betalains, carotesoahd chlorophylls.
Among them, anthocyanins, a colored class of flavonoids, aremtbst colorful
compounds and confer orange, red, magenta, purple and blug color

Flower color also attracts human beings and is one of the mpsttant characters
of ornamental flowers. Plant breeders have been aiming to generatel #ower color
which native plants do not have. In flower markets, toprgetut flowers such as roses
and carnations lack violet or blue flower color due to genetistcaints of the species.
Owing to recent advances in plant biotechnology, novel rasgsarnations wearing
blue hues were generated by engineering of flavonoid biosyntpatioway and
accompanying accumulation of delphinidin-based anthocyaninshwhiost blue
flowers accumulate. However, their colors are still bluistpleu Further improvement
is necessary to achieve pure blue flowers. ‘Pure blue’ is defindeb ddue color group
of the Royal Horticultural Society Colour Charts (5th editionthis study.

The pure blue color of Nemophila menziesiiflower is derived from
metalloanthocyanin, nemophilin, which consists of anthadoyar{petunidin
3-0-[6-0O-(trans-p-coumaroyl)g-glucoside]-50-[6-O-(malonyl)$3-glucoside]), flavone
(apigenin 70-B-glucoside-40-(6-O-malonyl)-O-B-glucoside) and metal ions (¥fg
and Fé"). In spite of the pure blue ™. menziesiflowers, the flavonoid biosynthetic
pathway ofN. menziesihas not yet been studied. In the present study, the tiaon
biosynthetic pathway dfl. menziesiflower has become understood comprehensively.

RNA-Seq analysis of the petals yielded 61,491 contigs ange@#&s encoding 15
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proteins belonging to the flavonoid biosynthetic pathwayNirmenziesipetals were
identified. The spatio-temporal transcriptome analysis indichigiothe genes involved
in the early part of the pathway are strongly expressed during stadgs of petal
development and that those in the late part at late stagebgelplare rarely expressed in
leaves. Thdlavanone 3-hydroxylaseDNA and theflavonoid 3,5-hydroxylasecDNA
were successfully expressed in yeast to confirm their activities.

Among the enzymes encoded by the isolated genes, the enzynobgednin
modification of the flavonoids of nemophilin were further afiated. The recombinant
enzymes of cDNAs encoding anthocyanin modification enzymes [eydahalin
3-O-glucosyltransferase, anthocyanidin O3glucoside 59-glucosyltransferase and
S-adenosylmethionine-dependent anthocyaramethyltransferases (AMT)] were
biochemically characterized by their expressiorEstherichia coli NmAMT almost
exclusively yielded petunidin @-glucoside rather than malvidin G-glucoside when
delphinidin 30-glucoside was used as a substrate. This specifgcggnsistent with the
anthocyanin composition dd. menziesipetals. The cDNA encoding AMT promoting
petunidin-based anthocyanins accumulation was isolated foffitdtetime among
flowering plants accumulating mainly petunidin-based anthangan

The two glucosyl moieties at the &nd 4-O positions of flavone, one of the
components of nemophilin, have been shown to be essémtidk formation. After
revealing that apigenin is glucosylated first at th®4oosition and then at the G-
position by using the crude protein extract prepared ffommenziesipetals, the cDNA
encoding flavone '40-glucosyltransferase (F8T) and the cDNA encoding flavone
4'-O-glucoside 7©-glucosyltransferase (F47GT) were isolated for the first time and

extensively characterized in this study. The transgeiuatiana tabacunBright Yellow
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2 cells expressindimF4GT and NmF4G7GT converted efficiently apigenin into
apigenin 7,40-diglucoside, confirming their activities vivo successfully identified.

In this study, a set of the flavonoid biosynthetic genes isakted fromN.
menziesiand the biochemical properties of their enzymes were characterized. That wil
contribute to our better understanding of nemophilin bid®sis. These genes are also
expected to be useful molecular tools to engineer novel pure flluers by

metalloanthocyanin formation.
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Chapter 1 General Introduction

1.1. Flower colors and pigments
Flower color plays an important role in plant hybridizatlon attracting pollinators,
such as insects and birds (Tanaka et al. 2010). The major mgymesponsible for
flower color are flavonoids, betalains, carotenoids and chlgtispfDavies 2000).
Flavonoids, a group of secondary metabolites belonging te thass of
phenylpropanoids, have a wide range of colors: pale yellow, eraiegl, magenta,
purple and blue. They are water-soluble and stored in the eacuBletalains,
nitrogen-containing compounds derived from tyrosine, resuylellow, orange, red and
purple color. They are also water-soluble and stored in the \escBétalains, however,
are found only in families ofCaryophyllales (expect for Caryophyllaceaeand
Molluginaceag¢. To date, no plants producing both anthocyanins analdies have
been discovered (Brockington et al. 2015). Carotenoids, vdrehsoprenoids and are
essential components of photosynthetic apparatus, produce ,yeltange and red
colors in flowers. In many species, both flavonoids and casmtenin combination,
contribute to the wider range of available colors, produciogvbrin addition to yellow,
orange and red (Davies 2000). Chlorophylls, which have anortanqt and
well-understood role in photosynthesis, produce a green, oeluch is visible in
flowers in a few cases, such &lleborus (Davies 2000),Dianthus caryophyllus

(Ohmiya et al. 2014) andhrysanthemum morifloliufOhmiya et al. 2017).

1.2. Flavonoid and its biosynthetic pathway relevant to flower clors

Flavonoids are the most common pigments in flowers and grengble for the widest
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range of flower colors among four main pigments, producing col@irrgrfrom pale
yellow, orange, red, magenta, purple and blue. Flavondéysvarious important roles
for a plant’s survival in nature in addition to the attractiopalfinators. By absorbing
ultraviolet (UV) -B, they can protect plant organs from UVndge (Ryan et al. 2001).
Flavonoids also serve as antioxidants, scavenging radicalsatk formed during
various biotic and abiotic processes. This antioxidant agtiziassumed to have a role
in supporting human health and well-being. Some flavonikéd® an inhibitory effect
on insect feeding and they protect plant’s interactions wittraorganisms (Harborne
and Williams 2000).

‘Flavonoid’ is a general term for a group of phenylpropanoid pmumds having
C6-C3-C6 structures. The flavonoids are classified into abowtobzen of groups
depending on their structures (Forkmann and Heller 1999). Amioese tgroups,
anthocyanins, flavones, flavonols, chalcones and auronesyntaintribute to flower
color (Fig. 1).

Anthocyanins, a colored class of flavonoids, show orange magenta, purple and
blue flower colors. Anthocyanidins are aglycones of anghoins and are the precursors
of anthocyanins. They are unstable under normal physiologicditmms and do not
accumulatein vivo. They are stabilized to form the corresponding anthocyanins by
glycosylation, methylation and/or acylation. Flower color largelgpends on
anthocyanin structures and especially the number of hydroxypgroo the B-ring.
Orange/intense red flowers, red/magenta flowers and violetfbweers tend to
accumulate pelargonidin, cyanidin and delphinidin-based ardinaty, respectively.
Flavones and flavonols are very pale yellow and are mostlyibie/i® the human eye,

but since they absorb UV, they are visible to some insectsn\Wéwones and flavonols
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accumulate with anthocyanins in flower petals, they form caxeplevith anthocyanins.
This complex formation causes a bluer and deeper color (Baiftthochromic shift)

among the anthocyanin molecules in the complex. For this redlsmones and

flavonols are described as co-pigments (Goto et al. 1987). Chakxoth@sirones confer
a pale and intense yellow color in flowers, such a3.iearyophyllusand Antirrhinum

majus,respectively.

“QC
F

OH

Fig. 1 Structures of the major flavonoids contibuting to flower cald) The
basic flavonoid structureThe numbers of the carbons of flavonoids and the
letterings of the carbon rings are shown. (B) AnthocyanidinaRL R2 = H,
pelarginidin; R1 = OH and R2 = H, cyanidin; R1 and R2 K, @elphinidin.
(C) Flavone. R1 and R2 = H, apigenin; R1 = OH and R2 = doli; R1 and
R2 = OH, tricetin. (D) Flavonol. R1 and R2 = H, kaempferol;/R@H and R2

= H, quercetin; R1 and R2 = OH, myricetin. (E) Chalcone. (F) Aewro
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The flavonoid biosynthetic pathway has been well characterized in tefms
molecular biology, biochemistry, evolution and interactiothvpollinators (Grotewold
2006; Rausher 2006; Tanakbal 2008). The pathways leading to the biosynthesis of
anthocyanidins and flavone/flavonol aglycones are well conseaweahg flowering
plant species. The flavonoid biosynthetic pathway leadirantbocyanins, flavones and

flavonols is provided ifrigure 2.

1. 2. 1. The general pathway

The first enzyme committed in flavonoid biosynthesis is chalsyrmghase (CHS),
which catalyzes the condensation of one moleculg-obumaroyl-CoA and three
molecules of malonyl-CoA to yield’2,4,6-tetrahydroxychalcone (THC). THC, an
unstable compound, can be spontaneously isomerized to nanngenin vivo it is
stereospecifically isomerized to S2naringenin by chalcone isomerase (CHI).
(29-naringenin, a flavanone, is converted to dihydrokaempferol K{DHa
dihydroflavonol, by the catalysis of flavanone 3-hydroxylas@H) Flavonoid
3-hydroxylase (F#H) and flavonoid 35-hydroxylase (F®H) catalyze the
hydroxylation of DHK to form dihydroquercetin (DHQ) andhgdromyricetin (DHM),
respectively. F3H and F&'H also catalyze hydroxylation of flavanones, flavones and
flavonols. Dihydroflavonols (DHK, DHQ and DHM) are reduced to
leucoanthocyanidins by the actions of dihydroflavonol 4-reded2ER). The DFRs of
some species have strict substrate specificities as shown in @HRRgunia hybrida
andCymbidium hybridawhich do not recognize DHK (Meyer et al. 1987; Johnson et al.
1999). This is the reason that these species lack pelargdaiséd anthocyanins and

thus lack flowers of an orange/brick red color. Leucoanthocyanati, converted to the
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corresponding anthocyanidins by the catalysis of anthocyasydithase (ANS).

The typical co-pigments, apigenin (flavone) and kaempferol (flavoren,
converted from flavanone and DHK by flavone synthase (FNS) andnfid synthase
(FLS), respectively. Interestingly, there are two types of FNS. FNISth belongs to
the 2-oxoglutarate-dependent dioxygenase family, has been fouRedtroselinum
crispumand evolved from F3H (Martens et al. 2003). FNSII is more comamzh

belongs to the cytochrome P450 family.
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Fig. 2 A schematic of a general flavonoid biosynthetic pathway relewant t
flower color. Genes represented in parenthesis, including nitdveynthase
(FLS), flavonoid 3hydroxylase (F3) and acyltransferases (AT), are not
studied here. CHS, chalcone synthase; CHI, chalcone isomerdsesrtbiancer

of flavonoid production; FLS, flavonol synthase; FNSII, flawosynthase I,
F3H, flavanone 3-hydroxylase; T8 flavonoid 3-hydroxylase; F%'H,
flavonoid 3,5-hydroxylase; DFR, dihydroflavonol 4-reductase; ANS,
anthocyanidin synthase; GT, glucosyltransferase; AMT,
Sadenosylmethionin-dependent anthocyani®-methyltransferase; GST,

glutathioneStransferase.

1. 2. 2. Flavonoid modification
Anthocyanins are unstable at neutral pH and must be stabilizeglybosylation,
methylation and/or acylation. In contrast to the well-conserved geflakainoid
biosynthetic pathway shown Fig. 2 (Heller and Forkmann 1994; Tanaka et al. 1998),
these modifications of flavonoids are plant species-deperaded are responsible for
structural diversities of flavonoids.

UDP-glycose-dependent flavonoid glycosyltransferases (UFGa&salyze the
glycosylation of flavonoids. UFGTs belong to glycosyltransterasnily 1 (GT family
1) of the glycosyltransferase (GyT) superfamily. UFGTs geneffalisn distinctive
clusters on the basis of their region-specificity for sugar accemoach as
flavonol/anthocyanidin ®-glucosyltransferase (flavonol/anthocyanidin 3GT) cluster,
anthocyanin  39-glucosyltransferase  (anthocyanin  5GT) cluster, flavonoid

3'/7-O-glucosyltransferase (flavonoid/BGT) cluster and cluster of flavonoid glucoside
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glucosyltransferase (GGT), which catalyzes glycosylation at the sugjaty attached
to flavonoids (Fukuchi-Mizutani et al. 2003; Nakatsuka et &008;
Yonekura-Sakakibara et al. 2014; Yin et al. 2017). It indicalted genes encoding
UFGT had diverted before specification of flowering plants (Yorel8akakibara et al.
2014). 30O-Glucosylation of anthocyanidins almost exclusively preceddserot
glucosylations, methylation and acylation (Heller and Forkmb®®4; Tanaka et al.
1998). The methylation of anthocyanins is catalyzed by
S-adenosylmethionine-dependent anthocyaninO-methyltransferase (AMT).
Peonidin-based anthocyanins are synthesized from cyanidin-basedyamnins, and
petunidin- and malvidin-based anthocyanins are from delphibiaéed anthocyanins
(Tanaka et al. 1998). The biosynthesis of acylated anthocyasgjonsed the activity of
acyl-CoA-dependent anthocyanin acyltransferases (AATs). AATs belonghe
benzylalcohol acetyltransferase, anthocyadihydroxycinnamoyltransferase,
anthranilateN-hydroxycinnamoyl/benzoyltransferase and deacetylvindoline
acetyltransferase (BAHD) family. AATs are classified on the basisedf #tyl-donor
specificity into two categories; aliphatic (e.g., acetyl, malonygl mmalyl) and aromatic
(e.g., p-coumaroyl, caffeoyl ang-hydroxybenzoyl) acyltransferases (Nakayama et al.
2003). These modifications proceed in the cytosols. Anthatyame modified by these
enzymes in a specific order, as showrCiitoria ternatea(Kogawa et al. 2007) and
Lobelia erinugHsu et al. 2017).

More recently some glucosylation and acylation reactions have baad foost
likely to proceed in the vacuole, catalyzed by acyl-glucose {H8-p-D-glucose esters
of organic acids)-dependent anthocyanin glucosyltransferases (GTs) and

acyltransferases (ATs). This type of GT was studied for the ifinstih D. caryophyllus
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(5-O-glucosylation of anthocyanidin @-glucosides, Matsuba et al. 2010) and
Delphinium grandiflorum (7-O-glucosylation of anthocyanidin G-glucosides,
Matsuba et al. 2010), followed bygapanthusafricanus (7-O-glucosylation of
anthocyanidin  39-glucosides, Miyahara et al. 2012)Arabidopsis thaliana
(glucosylation of 4-coumarate moiety of the anthocyanin moleculgaidra et al.
2013),D. grandiflorum(7-poly-O-glucosylation, Nishizaki et al. 2013) a@@&mpanula
medium (7-O-glucosylation of anthocyanidin @-rutinoside, Miyahara et al. 2014).
These GTs belong to members of glycoside hydrolase (GH)ilyfarh.
Acyl-glucose-dependent AAJEnes have been isolated fr@nternatea(transferring a
p-coumaroyl group fromp-coumaroyl-glucose to the glucose moiety on the 3
position  of  anthocyanin, Noda et al. 2006),D. caryophyllus
(1-O-malyl-B-D-glucose-dependent @-malylglucose: pelargonidin
3-glucoside-8-O-malyltransferase, Umemoto et al. 2014), thaliana and D.
grandiflorum (p-hydroxybenzoylation of anthocyanin, Nishizaki et al. 2013)esk
AATs are serine carboxypeptidase-like (SCPL). It is particularkgrésting that
p-hydroxybenzoyl-glucose is a ‘zwitter donor for both GHI-Gnd SCPL-AAT
(Nishizaki et al. 2013). UDP-glucose-dependent GT catalyzingglagbse synthesis
has been identified iA. thaliana(Miyahara et al. 2013) arfd. grandiflorum(Nishizaki
et al. 2014).

FlavoneC-glucoside is a strong co-pigment inducing of anthocyarisgbserved
in Iris ensata(Yabuya et al. 1997). However, its biosynthesis had beerystery. The
biosynthetic pathway of flavon€-glucoside was revealed @ryza sativa An open
chain form of a 2-hydroxyflavanone synthesized from a flavangre datalysis P450

enzyme (flavanone 2-hydroxylase) is glucosylated by the catalysisGT and then
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dehydrated to flavon€-glucoside by a dehydratase (Brazier-Hicks et al. 2009) while
flavone O-glucosides are synthesized by dir@eglucosylation of the flavone skeletons
mediated by GTs reported idforenia hybrida, A. majus and Garbera hybrighkashi

et al. 1999; Martens and Forkmann 1999). Thesativatype GT has also been isolated
from Fagopyrum esculentu@agatomo et al. 2014). More recently, Sasaki et al. (2015)
isolated the gene of the GT catalyzing the direct transfer of a glucosty nwthe C-6
position of a flavone fromGentiana triflora Isoorientin (luteolin 82-glucoside) is

accumulated in its flowers and leaves.

1. 2. 3. Flavonoid transport to the vacuole

Most flavonoids are synthesized in the cytosol and are transgorted vacuole. Plant
cells utilize various mechanisms such as (i) glutathiBtransferase (GST)/multidrug
resistance-associated protein (MRP)/ATP binding cassette protein C (AB
protein)-mediated transport, (i) membrane transport by multidneytoxic compound
extrusion (MATE) transporter and (iii) vesicle trafficking to achielis transfer, as
reviewed by Zhao (2015). These mechanisms are not exclusive arm-exist in a
single plant cell.

The involvement of GST in the transport of flavonoids is wsthblished, as shown
in the Zea maysnutant Bz2P. hybridaAN9, A. thalianaTT19, Vitis viniferaand other
examples (Zhao 2015). However, it is not clear how GST paatties biochemically in
anthocyanin transport to the vacuoles. GST itself neither tremssflavonoids and
glutathione nor forms a conjugate with flavonoids (Zhao 20M83P is a C-type of
ABC protein and has been shown to be a glutathione-depemadridin 3-O-glucoside

(malvidin 3G) transporter IN. vinifera(Francisco et al. 2013).
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MATE transporters have been shown to transport epicatechigRicoside in
Medicago truncaturaand proanthocyanidin precursorsAnthaliana(Zhao and Dixon
2009). Anthocyanins and proanthocyanidins are transportdue taaicuoles by vesicle
trafficking in the Golgi.A. thaliana GFS9 (TT9) is a peripheral membrane protein
localized in the Golgi apparatus that is required for vacuolaeldpment though
membrane fusion at the vacuoles. GFS9 is an essential compaohethe
vesicle-mediated transport of proteins and phytochemicals suphoasthocyanidins
and flavonols (Ichino et al. 2014).

In case that these transport systems have specificities to flavsingtlures, genetic
engineering of the transport system for a target species may éestiegy for

accumulating desirable flavonoids.

1. 2. 4. Regulation of enzymes in the flavonoid biosynthetic pathway

It has been reported in various plants that the spatial and tdnmggmaession of
structural genes in flavonoid biosynthesis is determined by abioation of
R2R3-MYB, basic helix-loop-helix (bHLH) and WD40 Repeat (R)Dproteins. They
interact to form a MYB-bHLH-WDR protein complex (MBW completkiat activates
flavonoid biosynthesisR2R3-MYB and bHLH bind specific sequence motifs in
regulatory regions of the transcription of flavonoid biosynthgenes. WDR protein
facilitates protein—protein interaction for the formation of MBW ptexes. InP.
hybrida petals, AN2 (R2R3-MYB), AN1 (bHLH) and AN11 (WDR) activa@RFR
expressior(de Vetten et al. 1997; Spelt et al. 2000)Alrthaliang TT2 (R2R3-MYB),
TT8 (bHLH) and TTG1 (WDR) are involved in proanthocyaattumulation by the

regulation of expression ANYULS a negative regulator of flavonoid biosynthesis
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that prevents accumulation of proanthocyanins in the seed(8zatdry et al. 2004). In
G. triflora petals, GtMYB3 interacts with GtbHLH1, and the complextladse two
proteins activates the expression ®&3'5H and anthocyanin 5,3aromatic

acyltransferasewhich belong to the late flavonoid biosynthetic pathway (Nakat et
al. 2008).

Some transcriptional factors controlling early flavonoid biosysithespecially
flavonol accumulation, have been reported in several plant spen@sding A.
thaliana (Mehrtens et al. 2005; Stracke et al. 2007 )yinifera(Czemmel et al. 2009)
and Solanum lycopersicuniBallester et al. 2010). In the case @f triflora, the
expression profiles ofGtMYBP3 and GtMYBP4 genes correlated with flavone
accumulation in petals and activated the expressi@H3 FNSII andF3'H, belonging
to the early flavonoid biosynthetic pathway (Nakatsuka et aR)201

The ectopic expression of af. thaliana R2ZR3-MYBgene PAP1 (AtMYB75)
activates anthocyanin biosynthesis, and thus results idatker pink flower color in
Nicotiana tabacum(He et al. 2017). Expression of a majus R2R3-MYRjene
(Rosea) and anA. majusbHLH gene Delila) under a fruit-specific promoter i8.
lycopersicumyielded purple fruits accumulating anthocyanins at a concemtratio
comparable to the anthocyanin levels found in blackberries aptidsties (Butelli et al.
2008). Because the expression of R2R3-MYBand/orbHLH genes of the MBW
complex activates transcription of a set of flavonoid biosyntlgsites and results in
ectopic accumulations of anthocyanins often accompanying darkesrflodor, these
genes are considered powerful tools for the engineering of the dialvbrosynthetic

pathway in most flowering plants.

34



1. 2. 5. Multi-enzyme complexes (Metabolons)

Metabolic enzymes of a biosynthetic pathway are proposed todgemtein complex
called a ‘metabolon’ (Winkel 2004). Direct evidence of a proteirtepranteraction in
flavonoid biosynthetic enzymes was presented An thaliana (Burbulis and
Winkel-Shirley 1999), where yeast two-hybrid experiments shamtedactions of CHS,
CHI and DFR and affinity chromatography and immunoprecipitatiesays revealed
the interaction of CHS, CHI and F3H. Further convincing resuipgporting metabolon
formation have been obtained recently. Interactions betw&incine max
2-hydroxyisoflavone synthase (a P450) and CHS or CHI were rshbw a
split-ubiquitin (SU) membrane yeast two-hybrid system aonchblecular fluorescence
complementation (BiFC) usiny. tabacumleaf cells. More interestingly, fluorescence
signals derived from the interaction exhibited network-like intratzllpatterns similar
to the endoplasmic reticulum-localized fluorescence pattern&.ofmax isoflavone
synthase labelled with a fluorescent protein (Waki et dl620Chalcone synthase, CHI
and DFR have been shown to interact with FNSKimajusby a SU membrane yeast
two-hybrid system and. hybridaby BiFC with N. tabacumleaf cells (Fujino et al.
2018). These observed interaction partnershigs thaliang G. maxand twoLamiales
plants A. majusand T. hybridg were different, suggesting that the organization of
flavonoid metabolons may differ among plant species.

A series of enzymes and proteins involved in flavonoid ittesis have been
isolated fromlpomoea nilusing mutants and transposon tagging. érhancer of
flavonoid production (EFPgene has been identified from a pale color mutant. EFP
belongs to a group of CHI-related type IV enzymes. Mutatioh@®EEP gene resulted

in a dramatic decrease of anthocyanins and flavonols (about one) fiourthnil. Its
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counterpart genes were isolated frerrhybridandT. hybrid Downregulation of these
genes in transgenic plants resulted in a decrease of anthocyamihB8avonols P.
hybrida) or flavones . hybridg by about 70-80% and a more pale flower color
(Morita et al. 2014). Recently, the other EFPs were isolated #onmajus D.
caryophyllus and C. moriflolium (Morita et al. 2015). The EFP homologs of
noncatalytic CHI-like proteins, which function to promote flavidnproduction, were
reported fromPhyscomitrella paten@Nolf et al. 2010) A. thaliana(Jiang et al. 2015)
andHumulus lupulugBan et al. 2018).

The role of EFP in flavonoid biosynthesis is not cleaweher, it is suggested that
EFP is unlikely to be a CHI, a transcriptional factor or an agtin@o transporter. It is
also reported that EFP may activate at least the early steps aididvaiosynthesis
(Morita et al. 2014). EFP may enhance CHS activity and/& lB&y be one component
of the flavonoid biosynthesis enzyme complex (Morita and kosi2018). More
recently, Ban et al. (2018) showet lupulus EFP physically interacts with CHS to
increase its activity and then enhance flavonoid productionertrithomes. EFP are
found in land plants including mo$s patens Interestingly,P. patenscontain EFP but
not CHI, which may indicate that EFP appeared earlier then CHiitéMet al. 2014).

In case there is specificity in the protein—protein interactidn flavonoid
biosynthetic proteins, the compatibility of endogenous pmstand exogenous proteins

should be considered as a tool for color modification.

1.3. Blue flower coloration
Flower colors are also attractive and of considerable interestaipley in addition to

pollinators. Particularly for ornamental plants, flower color is @indne most important
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characters that attract consumers. Therefore, diversification of flowertaddreen an
important goal for plant breeders. Since roses, carnations, chgsantts, lilies and
gerberas, all of which are top-selling cut flowers, do notradyuhave blue color
flowers, blue varieties of these species have long been desipedjadly for roses as
‘queen of flowers’. A term ‘blue rose’ has been a synonym f#iirtipossible due to the

absence in nature.

1. 3. 1. Blue flowers in nature

The mechanism of blue coloration in petals is one of the mwijuing questions for

chemists because delphinidin-based anthocyanin, which nhestflowers contain,

itself shows a purple color (Yoshida et al. 2009). Thus,dhemical mechanisms of
blue coloration have been studied well (Yoshida et al. 2009padtbeen shown that
blue color in petals is exhibited through a combinatiors@feral factors, such as
anthocyanin modification, co-existence of co-pigment and/or mete and higher

vacuolar pH in addition to accumulation of delphinidin-basdtiaayanin (Yoshida et

al. 2009).

The aromatic acylation of anthocyanins shifts their absorptionnmaakoward a
longer wavelength (a bluer color). Intermolecular stacking of anthatyamodified
with multiple aromatic acyl groups such asGn triflora (Goto et al. 1982)Senecio
cruentus (Goto et al. 1984)D. grandiflorum (Kondo et al. 1991) an€. ternatea
(Kazuma et al. 2003) results in a stable blue color. The preseh co-pigments,
typically glucosides of flavones and flavonols, causes a bathoahrshift in the
anthocyanins by intramolecular stacking to yield darker and blugs, as in the case of

Veronica persicgMori et al. 2009) an@€eanothus papillosuBloor 1997), respectively.
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Flavone C-glucosides are especially strong co-pigments, as shown foiteisav
(apigenin 6€-glucoside) inl. ensataThunb. (Yabuya et al. 1997). Complexation with
metal ions such as &l and Fé* results in blue color irHydrangea macrophylla
(Yoshida et al. 2003) andlulipa gesnerianacv. Murasakizuisho (Shoji et al. 2007),
respectively. Since anthocyanin color depends on pH to gresattettte pH of vacuoles
where anthocyanins localize affects the color. In the caskarhoea tricolorcv.
Heavenly Blue, transient elevation of vacuolar pH from pH &.6he bud stage to
pH7.7 at the fully-opened stage by expression@HKantiporter results in flower color
change from magenta to blue (Yoshida et al. 2005).

The formation of a complex of six molecules each of aromatically a&cylat
anthocyanin and flavone glucoside with two metal ions*(aad/or Mg@*), which is
called a ‘metalloanthocyanin’, is another tactic to generate some biuerdl. A pure
blue color arises from the metalloanthocyanirCommelina communi@amura et al.
1986),Salvia patengTakeda et al. 1994 ;entaurea cyanu@ondo et al. 1998)Salvia
uliginosa(Mori et al. 2008) andNemophila menziesflyoshida et al. 2009)n vivo, C.
cyanus and C. communismetalloanthocyanins contain additional °Cand Mg+,

respectively (Shiono et al. 2005; Shiono et al. 2008).

1. 3. 2. Blue flowers generated by genetic engineering

Most currently cultivated floricultural crops have been developbbugh a
combination of extensive hybridization breeding techniques. Hervekis approach
suffers from genetic constraints within a species. Genetic engigddyarates plant
breeders from such constraints. Genetic engineering has led ¢eieration of novel

blue colors in the major cut flower species of roses, carnati@hshagsanthemums, all
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of which lack the ability to produce violet/blue flowers in matuprimary due to a
genetic deficiency in F8'H and thus a deficiency in delphinidin-based anthocyanin.
The expression of &3'5H gene in these species has successfully resulted in
delphinidin accumulation in their petals, resulting in floweesamng novel blue hues
(Katsumoto et al. 2007; Brugliera et al. 2013; Tanaka and ®Bragl2013); the
transgenic roses expressing thola wittrockiana F3'5’H gene and carnations
expressing thd>. hybridaor V. wittrockianaF3'5'H gene have been commercialized
(Figs. 3A, B. The transgenic chrysanthemums expressingnedium F&'H and C.
ternatea anthocyanin '5-O-glucosyltransferase (anthocyanin,585T) exhibited a
pure blue color (Noda et al. 201Fig. 3C). Their blue color is derived from
intermolecular interactions between delphinidin Og6-O-malonylglucoside)
3',5'-O-diglucoside and endogenous flavon®-{6-O-malonylglucoside) (Noda et al.

2017).
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Fig. 3 Photos of transgenic blue flowers accumulating delphinidin-based
anthocyanidin by expression ofFf8'5'H gene. (A) Roses, Suntory Blue Rose
APPLAUSE. (B) Carnations, Florigene Moon series. (C) Chrysanthemum
with pure blue flower color. This photo was taken by Noda of National

Agriculture and Food Research Organization, used with permissionhira.

Blue phalaenopsis and blue dahlias have also been producedrbgsaxy theC.
communisF=3'5'H (Mii 2012) but the details of the results have not been fhddiget.
Qi et al. (2013) reported the transient co-expressioRhaflaenopsishybrida F3'5'H
and Hyacinthus orientalis DFRn the pink lily ‘Sorbonne’ perianth. The transgenes
expressing cell turned a purple color from the pink (Qi et@Gl32 Various novel blue
flowers have been generated by genetic engineering, but these ftyweos exhibit a
pure blue flower color except for the transgenic chrysanthemumss, Thcther
improvements are required to achieve pure blue flowers.

As mentioned previously, currently available transgenic rosat¢8u Blue Rose
ApplauséM) by the expression of thé wittrockianaF3'’5'H gene Fig. 3A) has been

marketed in Japan since 2009. It has a bluish purple flGwes.is because it does not
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satisfy any blue flower coloration conditions apart from delgimAbased anthocyanin
accumulation. Rose petals are generally deficient in aromatic acyltranséetasty

and strong co-pigments such as flavones. The vacuolar pH isealsdow (from pH

3.69 to 5.78) (Biolley and Jay 1993; Katsumoto et al.7200h order to develop pure
blue roses, a combination of multilateral strategies is necessarfar, many genes
involved in the aromatic acylation of anthocyanins, co-pigmemiatize transport of
metal ions and the control of vacuolar pH have already bearedl¢Tanaka and
Brugliera 2006; Shoji et al. 2007). However, crucial genesnietalloanthocyanin

formation have not yet been identified.

1. 3. 3. Nemophila menziesii and its mechanism of blue flower coloration
Nemophila menziesilook. and Arn., commonly known as ‘baby blue eyes’, is a
Boraginaceagplant native to western North Ameridd. menziesicultivar ‘Insignis
Blue’ is used as a garden and pot plant to exhibit pure lbueifs Eig. 4A). The color
results from a metalloanthocyanin, nemophilin, which compsgsepetunidin
3-0-[6-0O-(trans-p-coumaroyl)B-glucoside]-50-[6-O-(malonyl)$3-glucoside]
(petunidin CG5MG) molecules, six apigenin
7-O-B-glucoside-40-(6-O-malonyl)-O-B-glucoside (apigenin 7G¥G) molecules, one
Mg?* ion and one F¢ ion (Yoshida et al. 2009; Yoshida et al. 20&Hgys. 4B-D. N.
menziesiliving petals have two types of metalloanthocyanin, the balered
Fe**-Mg?*-nemophilin and the purplish-blue-colored ¥d/g?*-nemophilin. They may
coexist in petals to develop a blue flower color variation fYaset al. 2015). Its

purple variant does not contain flavones (Tatsuzawa et al. 2014).
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Fig. 4 N. menziesiiflowers, schematic model of nemophilin and flavonoid
components of nemophilin. (A. menziesiflowers. (B) A schematic model of
nemophilin. Violet colored components, anthocyanins; yell@olored
components, flavones; pink colored components, metal (legts and Md™).
(C) Petunidin 30-[6-O-(trans-p-coumaroyl)g-glucoside]-50-[6-O-(malonyl)
-B-glucoside]. (D) Apigenin ©-B-glucoside-40-(6-O-malonyl)-O-f-

glucoside.

In spite of the pure blue dfl. menziesiiflowers, the molecular and biochemical
aspects of its flavonoid biosynthetic pathway have not yet beastigated. In the
present study, a set of flavonoid biosynthetic genes fformenziesiwas isolated to

understand nemophilin biosynthesis in terms of moleculaiodgyy and biochemistry.
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Chapter 2 focuses on the general flavonoid biosynthetic gene€hapter 3, the
anthocyanin modification enzymes were analyzed. In Chapter 4sttliy on the
flavone glucosyltransferase genes that are essential for blue metalamnin
formation was described. These genes will be useful tools fonesrgg pure blue
flowers by promoting metalloanthocyanin accumulation. Thelatiem and
characterization of these genes will open the possibility to redtieedteam of

developing a ‘blue rose’.
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Chapter 2 Analysis of flower pigments and molecular cloning of flavooid

biosynthetic pathway genes ilN. menzesii

2.1. Introduction
The pathway leading to the biosynthesis of anthocyanidim$ féeavone/flavonol
aglycones is well conserved among flowering plant species (Grioke2006; Rausher
2006; Tanaka et al. 2008). hybridais a model species for studying flower color and
flavonoid biosynthesis (Koes et al. 200B)hybridg an ornamental plant, has also been
used as a model species in the study of flower color andaiflshape though genetic
modifications (Aida 2009).

Notably, the development of DNA-sequencing technologied #anscriptome
analysis has enabled the isolation of flavonoid biosyntlgeies from many species.
Recently, the studies on genetics and molecular biology in emaiplants, such as
water lilies (Wu et al. 2016) andendrobiumhybrida (Li et al. 2017), were reported.
Most flavonoid genes appeared before the divergence of flowelamisp(Rausher
2006). Thus, the function of isolated genes can usually be médintthe basis of gene
sequencing and phylogenetic analyses. However, convergenttiewolhas been
reported in the case of two genes in this pathway, includingrieaggnthase | (FNSI),
which evolved from thaF3H gene inPetroselinum crispuniMartens et al. 2003), and
the F3'5'H gene, which independently evolved from #®H gene (Seitz et al. 2015).
Therefore, functional analyses of F3H/FNSI and F3'H/F3'5'H hogsadre necessary to
identify own functions of product from each gene.

N. menziesipetals contain anthocyanins (petunidpC&5MG and petunidin

3-0-[6-O-(cis-p-coumaroyl)B-glucoside]-50-[6-O-(malonyl)$-glucoside]), flavones
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(apigenin 7GMG and apigenin 7,;40-diglucoside (apigenin 741iG)) and flavonols
(kaempferol 39-(6-rhamnosyl)©-glucoside-70-glucoside and kaempferol
3-(2,6-0-dirhamnosyl)O-glucoside) (Tatuszawa et al. 2014). In this chapter, to
elucidate the biosynthesis of color constituentl.ainenziesiflowers and to isolate
possible useful molecular tools for engineering blue flowerrct®genes encoding
11flavonoid biosynthetic proteins (CHS, CHI, F3H, FNSB'5H, DFR, ANS, GST,
R2R3-MYB, bHLH and EFP) were isolated using petal transcriptdata. Among
these, the functions of F3H and'¥Bl were confirmed by functional expression in

yeast.

2.2. Materials and Methods
2. 2. 1. Plant materials
N. menziesicultivar, ‘Insignis Blue’, was purchased from a florist and vatid. Its
petals were classified into four developmental stages [stage 1, wew&gthalf
pigmented buds tightly closed-& mm in length); stage 2, pigmenting budsl® mm
in length); stage 3, fully pigmented buds before openifgl® mm in length); stage 4,
fully opened flowers] Fig. 5). The collected petals were immediately stored at —80 °C

until the extraction of crude protein and total RNA.

2. 2. 2. Chemicals
B—Glucosidase and naringinase were purchased from Sigma-Aldticbho{#s, USA).
DHK, eriodictyol, pentahydroxyflavanone and naringenin were péthi from

Extrasynthese (Genay, France). All of them were of analyticaégrad
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stage 1 2 3 4

Fig. 5 Developmental stages ofN. menziesii flowers. Stage 1,
unpigmented/half pigmented buds tightly closed5(2nm in length); stage 2,
pigmenting buds (610 mm in length); stage 3, fully pigmented buds before
opening (1615 mm in length); stage 4, fully opened flowers. The numbers

indicate petal developmental stages. Bar = 1 cm.

2. 2. 3. Flavonoid analysis

The collected petals of the four stages of flowers and leaves welglizeg and their
flavonoids were extracted using eight times (v/w) of 50% acet@n(irilv) containing
0.1% trifluoroacetic acid (TFA).

For anthocyanidin analysis, petal and leaf extracts (0.2 ml) wezd, dlissolved in
0.2 ml of 6N HCI, and acid hydrolyzed at 100 °C for 20 rtw yield anthocyanidins.
Anthocyanidins were extracted with 0.2 ml 1-pentanol and subjected to HPLC on
an ODS-A312 column (15 ckd mm; YMC, Kyoto, Japan) at a flow rate of 1 ml rhin
using an isocratic solvent (acetic acid:methangdH6:7:27, v/v/v). Anthocyanidins
were detected at an absorbance of 400—600 nm using a phietaglicay detector
(SPD-M20A, Shimadzu, Kyoto, Japan). For flavone and flavogigcane analyses, the
dried petal and leaf extracts (0.2 ml) were enzymatically hydrolyzédiml of 0.1 M

potassium phosphate buffer (KPB) (pH 4.5) containing 6 wififs-glucosidase and 1
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unit of naringinase for 16 h at 30 °C. The reaction wasitated by adding 0.2 ml of
90% (v/v) acetonitrile in water containing 0.1% TFA and thenesieéd to HPLC
analysis using a Shim-pack FC-ODS column (1%4:1® mm; Shimadzu) with solvents
A (H20:TFA, 99.9:0.1, v/v) and B (#D:acetonitrile:TFA, 9.9:90:0.1, v/v). The elution
consisted of 20% solvent B to 100% solvent B for 10 fiaitiowed by isocratic elution
using 100% solvent B for 6 min at a flow rate of 0.6 ml -fiflavonoids were
monitored by absorbance at 250-450 nm using an SPD-M2@ogiode array
detector (SPD-M20A, Shimadzu). Peak identification was basecdetemtion time,

absorbance spectrum and co-chromatography with the standard.

2. 2. 4. Transcriptome analysis

Total RNA was isolated from the petals at all four stages and lraves using RNeasy
Plant Mini Kit (Qiagen, Hilden, Germany). Total RNA from alet was used for
transcriptome analysis (Eurofingenomics, Erlangen, Germany). Breefhormalized
cDNA library was constructed from total RNA and sequenced usiergGS-FLX
system (Roche, Basel, Switzerland). This generated approximatély mallion reads
with an average length of 400 bases, which were aligned to gemeraigs with the
use of a Burrows-Wheeler Alignment tool (BWA) (Li and Durbi®2)

Total RNAs isolated from leaves and petals at four stages of wejectaabto
RNA-Seq analysis to obtain transcript profiles (Eurofingenomiés)otal of 120
million reads were obtained using HiSeq 2000. The number of seasl mapped on the
alignments with using the Sequence Alignment/Map Totilvewe package (Li et al.

2009)
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2. 2. 5. Isolation of flavonoid biosynthetic genes

Generated sequences were searched with tBlastX using amino acahcesyjofP.
hybrida or T. hybridaflavonoid biosynthetic proteins [CHS, CHI, FNSII, F3H,#¥3
F35H, FLS, DFR, ANS, GST, R2R3-MYB, bHLH and EFP] to abt homologous
contigs. The resulting sequences were aligned with their homblagsvarious plant
species using CLUSTALW (DDBJ version; http://clustalw.claligj.ac.jp/, version 2.1,
amino acid sequence alignment, default parameters). Those aminceagidnces
isolated fromN. menziesiwere used for phylogenetic analysis. A Neighbour-Joining
tree was constructed using 1,000 bootstrap replicates with CAlYBWVersion 2.1
(http://clustalw.ddbj.nig.ac.jp/). A phylogenetic tree wasstoucted using Dendroscope
version 3.5.9 (http://dendroscope.org/). Sequence reads for leadepetals were
mapped to contigs and used to calculate reads per kilobas@miper million mapped
reads (RPKM) values for each contig.

Full-length cDNAs were obtained by RT-PCR using oligoaeatities containing a
putative initiation codon and oligo dT primer or oligonudées containing a
3’-sequence of a stop codon of each coniaple 1). RT-PCR was conducted using
total petal RNA as the template and PrimeSTAR Max DNA PolymdfEseara Bio,
Otsu, Japan). The PCR parameters were as follows: denaturati@ @t for 10 s,
followed by 30 cycles of denaturation at 98 °C for 10 s, anmgali 55 °C for 5 s, and
extension at 72 °C for 30 s, followed by a final extensiovzat°’C for 30 s and
subsequent cooling to 4 °C. The amplified DNA fragments weomed into

pCR-TOPO vector (Life Technologies, Carlsbad, CA) and sequenced.
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Table 1 Flavonoid-related genes isolated in the present study

Clone Contig Forward primer/ Accession
name number Reverse primer number
TCTACGATCATGGAAGAATA/
NmCHS1 €6935 LC328814
Oligo dT
TCTACGATCATGGAAGAATT/
NmCHS2 c7811 LC328815
Oligo dT
CCGGCCCGAGAATGGTTAGC/
NmCHS3 c4802 . LC328816
Oligo dT
TATTCACAACAATGTCTACC/
NmCHI1 c20729 . LC328817
Oligo dT
TCACTAACATGGAGCTTTCG/
NmFNSII2 c518 . LC328818
Oligo dT
AACCCCATGGCAACATTAAC/
NmF3H11 €1990 . LC328819
Oligo dT
TTATACCCAATGGCCATGGC/
NmF35'H10 c373 . LC328820
Oligo dT
ACCAAGTATGACCACAATTG/
NmDFR1 c1165 . LC328821
Oligo dT
CAAACACCTCTAAATTCACC/
NmANS1 €959 . LC328822
Oligo dT
AACATGGTGGTTAAAGTTTATGG/
NmGST €5620 LC328826
AAGAGATTGGATGAGTTGTGACG
NmEFP3 LC328824
8627 CAAGAAGATGTCTAGTGAAGTTG/
c
ATCATTTGGATAATTCAGCCAGAG
NmEFP4 LC328825
ATGGGACGTTCACCTTGTTG
NmMYB1 c1971 .
Oligo dT
NmMYB2 c769
ATGGGAAGATCTCCATGTTG
TCATTTCATCTCCAAGCTTC
NmMYB3 €c6336
ATGGCGGACCCACCTAGC
NmbHLH €1052 .
Oligo dT
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CATATGTCAAAACAACACCATGTAGC/
NmMA3GT €103 LC368276
GGATCCTCATAACAACATAGATAAGAGTG

NMA3G5GT  c1526 A TCCAATGCAAAAATCCAGATTC/ LC328828

CTAGGTAATAAATCTGAAATTATTG
NmMAMT3 LC330945
9127 CTCGAGATGTCTCTAGGACAAAC/
C

GGATCCTTAATAAAGACNCCGACATAG
NmMAMT6 LC328823

2. 2. 6. Functional expression analyses d¥3H and F3'5'H in vitro using yeast

A yeast expression vector, pYES2 (Life Technologies), wastosexpressfN\mF3Hand
NmF35'H cDNAs following the manufacturer’s protocol. Crude extrastsyeast
transformants were subjected to 2-oxoglutarate-dependent di@sgassay for F3H
(Saito et al. 1999) and cytochrome P450 monooxygenase asday5bt (Ueyama et
al. 2002) using naringenin as the substrate. As a congat yas transformed with an
empty pYES2 vector and the crude extract was assayed under the®adgitions. The
reaction mixtures were extracted with ethyl acetate, dried and subjectd@®LiG
analysis using a Shim-pack FC-ODS column (150x@ mm; Shimadzu) at 40 °C
and a flow rate of 0.6 ml mih The elution using solvents A and C
(H20:acetonitrile:TFA, 49.9:50:0.1, v/v) consisted of a 10 nimiedr gradient from 80%
solvent A and 20% solvent C to 70% solvent C, 6 msmciiatic elution with 70%
solvent C, 1 min linear gradient to 20% solvent C and 14 ofi20% solvent C.
Flavonoids were detected at an absorbance of 280 nm usingoaliplde array detector
(SPD-M20A, Shimadzu). Peak identification was based on retetitie) absorbance

spectrum and co-chromatography with the standard.
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2. 3. Results and Discussion

2. 3. 1. Flavonoid analysis ofN. menziesii petals
The results of flavonoid analyses are summarizdeigares 6A and6B. Pelargonidin
and cyanidin were not detected. Small amounts of peonidin amitimakere detected.
No anthocyanidins were detected in leaves. The petunidin concemtedtistage 4
petals was 0.86mol g* fresh weight. Luteolin, tricetin and myricetin were not detected.
The stage 4 petals contained 4&8ol g* apigenin, 9.4mmol g* kaempferol and 1.54
umol g! quercetin. Leaves contained 0.0l g' kaempferol and 0.3@umol g*
guercetin. Concentrations of anthocyanins, flavones and flavionpétals decreased as
petals developed, whereas leaves rarely contained flavonoids. Ihownkthat
biosynthesis of flavones/flavonols precedes that of anthatyanithe petals of most
plants, such a3. hybrida(Ueyama et al. 2002R. hybrida (Holton et al. 1993) and
Rosa hybridgTanaka et al. 2003). However, earlier synthesis of flavones/fds/timan
anthocyanins was unclearih menziesii

Apigenin was the almost abundant flavone. Although nentiopbomposes of
petunidin and apigenin glucosides in equal molar ratiosatheunt of apigenin was
about 2—-3 times higher than that of anthocyanins. The metatained a greater amount
of flavonols than flavones and anthocyanins. The functidrfivnols inN. menziesii
petals have not yet been elucidated. It is possible that flavandlan excess amount of
flavones function to attract pollinators because they absorbdh¥ dr may have other

important biological functions.
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Fig. 6 Developmental flavonoid analysis Hf menziesiflowers.
(A) Anthocyanidins at the four developmental stages of tha@lgpand leaves.
(B) Flavone and flavonol aglycones at the four developmentgéstaf the

petals and leaves.
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2. 3. 2. Expression and phylogenetic analysis of flavonoid-relatedeges

A total of 61,491 contigs was obtained and subjected to a sdarchiavonoid
biosynthetic genes. The contig sequences of the flavonoignbietic genes are
summarized iMable 1 Three CHS homolog sequences were isolated, and two of them,
NMCHS1(c6935 and NmCHS2(c781), were very similar. These showed only five
residue differences among 386 amino acid residues (98.4% a#%h 98entities in
amino acid and nucleotide sequences, respectively). AnotherhGhi8log,NmCHS3
(c4802, showed significant differences from NmMCHS1 (89.1% and 83.3%,
respectively) and NmCHS2 (90.4% and 83.4%, respectively). @r®logs have been
isolated from a number of plants. The gerNis menziesiibelongs to the family
Boraginaceagwhich was previously a part of the ordeamiales however, it is now
classified under ordeéBoraginales(APG IV 2016). The phylogenetic analysis of CHSs
indicates thatN. menziesiiCHSs are related to CHSs of plants belonging to orders
Lamiales GentianalesandSolanalesbut they are not included in the clades containing

CHSs of these plant ordefsig. 7).
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Fig. 7 A phylogenetic tree of CHSs. The amino acid sequences of three CHS
obtained fromN. menziesiand 30 known CHSs from various plant species
were aligned. Accession numbers for those CHSs in the databaspemies

names are shown. Scale bar = 0.01 amino acid substitutiosgeper
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Fig. 8 A phylogenetic tree of R2ZR3-MYBs associated with the regulatiadhe
flavonoid biosynthetic pathway. The amino acid sequences of three
R2R3-MYBs obtained fromN. menziesiiand 24 known R2R3-MYBs from
various plant species were aligned. EBGs, early biosynthetis geshewn in
yellow); LBGs, late biosynthetic genes, which are involvedaimhocyanin
biosynthesis (shown in red) and protoanthocyanin biosgisth@shown in
brown). Accession numbers for those R2R3-MYBs in the da&gabad species

names are shown. Scale bar = 0.1 amino acid substitutiosgeper
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Three types of R2R3-MYB homolog sequences were also isolietMy Bl
(c1972), NmMYB2(c769 andNmMYB3(c633§). NmMYB2and NmMYB3were 71%
and 74% identities in amino acid and nucleotide sequemespgctively. Another
R2R3-MYB homolog,NmMYB1showed more significant differences from NmMYB2
(49% and 51%, respectively) and NmMYB3 (48% and 49%, respeggtividieir amino
acid sequences were subjected to phylogenetic analysis with-lR¥B3of proteins
derived from other plant species. NmMYB1, NmMYB2 and NmMBYBvere
categorized into a group regulating flavonoid biosynthésg ).

Two kinds of cDNAs per contig were isolated as EEEP genes NmEFP3and
NmEFP4 98.1% and 97.0% identities in amino acid and nucleotelguences,
respectively). F3 counterparts were not found in ti menziesiitranscriptome,
although the presence of quercetin in petelg.(6B) suggests the presence of F&H
gene in theN. menziesigenome. Only partial sequencesFfS and candidat&VDR
were found. They were not further studied in the preseny.stndhe case of WDR,
because unlike R2R3-MYB and bHLH proteins, it is difficoltdefine a distinct family
of proteins based solely on the presence of a WDR motif (Smath E299; van Nocker
and Ludwig 2003).

Expression profiles of isolated genes on the basis of RPKNesare shown in
Figure 9. CHS3expression was most abundant at stage XCai3was more abundant
than theCHS1 and CHS2 expressions, suggesting thatmiay play a major role in
flavonoid biosynthesisCHI andF3H expressions were the highest at stage 2, whereas
F3'5'H and ANSexpressions were the highest at stage 3. Flavonoid biosgnjests
have been divided into two groups, designated as ‘early’ atel (Martin et al. 1991,

Quattrocchioet al. 1993), which is also applicable for thie menziesiiflavonoid
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pathway.

stage 1 stage 2 mstage 3 mstage 4 leaf

3000 4
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(relative normalized RPKM)
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c6935 7811 4802 c20729 c¢1990 ¢373 1165 ¢959 ¢518 ¢5620 <c1971 ¢769 6336 <1052 8627
CHS1 CHS2 CHS3 CHI F3H F3%H DFR ANS FNS GST MYB1 MYB2 MYB3 bHLH EPF3 4

N. menziesii flavonoid synthetic genes

Fig. 9 Transcriptional profiles of flavonoid biosynthetic genedNinmenziesii
The genes analyzed and their respective contigs are indicated Xnattis,

while the RPKM values per contig are indicated along the Y-axis

NmMMYB1is expressed strongly at stage 1 and stage 2 WhillYB2andNmMYB3
are expressed strongly at stage 3. The results indicated tiYRinmay regulate the
early steps of the flavonoid biosynthetic pathveand NmMYB2 andNmMYB3 may
regulate the late steps of the flavonoid biosynthetic pathMmpHLHwas ubiquitously
expressed during flower development as reported in most flowerints [{l&oes et al.
2005).

Although the molecular mechanism of EFP function is umkmothe expression

profile of NmEFP was consistent with those &FPs already reported in. nil, P.
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hybridaandT. hybrida(Morita and Hoshino 2018), which are expressed strongly in the
early steps of flavonoid biosynthetic pathway and are expressadioately withCHS

(Morita and Hoshino 2018).

2. 3. 3. Functional analysis of NmF3H and NmF3%'H

The flavonoid biosynthetic pathway involves several solublexdjlutarate
dioxygenases (F3H, ANS, FLS and FNSI) and cytochrome P45@bowrggenases
(F3H, F35'H and FNSII), which are microsome membrane-bound enzykmes3H11
andNmF35'H10 genes were expressed in yeast, and their activities were sucgessfull
measured in this studyFig. 10. DHK was generated from naringenin when yeast
extract containing recombinant NmF3H11 was subjected to the ¥&sef. expressing
NmF35H10 produced eriodictyol and pentahydroxyflavanone from naringen
NmF35'H10 catalyzed the hydroxylation of naringenin more efficiently famybrida
Hf1 F35'H expressed under the same conditions (data not shbH35’'H10 can be

a useful molecular tool for shifting the flavonoid biosynihgiathway to delphinidin
biosynthesis, by which flower colors can be modified to @e bhue (Tanaka and

Brugliera 2013).
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Fig. 10 Enzymatic activity of protein crude extracts of yeast expressing
NmF3H11lor NmF35'H10. HPLC chromatogram of (A) naringenin incubated
with the extract of yeast expressiNgnF3H11 and (B) naringenin incubated

with the extract of yeast expressiNghF35'H10.

The study in this chapter showed the profiles of flavonoid asitipn during the
developmental stages b menziesipetals and confirmed that flavonoid-related genes
can be isolated comprehensively by the transcriptome analysis al§.p€he genes
isolated fromN. menziesiwere classified into early and late genes, and these genes
were generally expressed in a well-coordinated manner, as repontethy other plants.

The genes involved in anthocyanin modification are describedapt€h3.
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Chapter 3 Molecular and biochemical characterization of anthocyanin

modification enzymes inN. menzesii

3.1. Introduction

Anthocyanins are diverse in nature, comprising more than 50@coiar species
(Andersen and Jordheim 2006). The diversity of anthocyamable plants to display
various flower colors. Regardless of the structural diversity aothocyanins,
anthocyanidin aglycones usually consist of only three basictstes: pelargonidin,
cyanidin and delphinidin (Strack and Wray 1992). The glylat®n, methylation and
acylation of anthocyanidins are the primary sources of their strudtivatfsities.

Although the pathway leading to the biosynthesis of aiyaidins is well conserved
among plants, anthocyanidin modifications depend on spédidter and Forkmann
1994; Tanaka et al. 1998).

Among anthocyanin modification enzymes, GyTs, which arguitaus in living
organisms, catalyze the transfer of sugar moieties to specific accepemutes. The
GyT superfamily consists of over 90 families, which are further ifiledsinto
subfamilies on the basis of sequence identity. UDP-glyceperttient
glycosyltransferases (UGTs) which function in the glycosymatd plant secondary
compounds, including flavonoids, belong to GT family hjck are cytosolic enzymes
and have been studied extensively (Tanaka et al. 2008; Yonekka#iSara and
Hanada 2011). Glycosylation is involved in various pathwa@uding the regulation
of plant hormones, such as indole-3-acetic acid, abscisic acidkirag® and
brassinosteroids (Gachon et al. 2005), and detoxificationngfal phytotoxins, such as

destruxin B and homodestruxin B (MS Pedras et al. 2001). Erpoint of chemical
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view, sugar conjugation results in both increased stabilitl veater solubility.lt has

also been considered to be a biological flag controlling trapartmentalization of
metabolites (Jones and Vogt 2001). The glycosylated forms thfo@ranins are
considered to be easily transferrable from the cytoplasmic produdiaio $he vacuole
(Jones and Vogt 2001).

In most cases in plants, anthocyanins are first modified at @wglBeosylation by
anthocyanidin 3-glucosyltransferase (A3GT), except in a rare instande. diybrida
which accumulates anthocyanidin )&diglucoside (anthocyanidin 3,5-diG), where
5-O-glucosylation precedes G-glucosylation and both reactions are catalyzed by a
single enzyme, anthocyanidin 5Bglucosyltransferase (anthocyanidin 5,3GT) (Ogata
et al. 2005). The genes encoding A3GTs have been isolatedetircharacterized .
majus (Martin et al. 1991)Perilla frutescengGong et al. 1997) anttis hollandica
(Yoshihara et al. 2005). A3GTs isolated from vinifera (Sparvoli et al. 1994)G.
triflora (Tanaka et al. 1996},. hybrida(Yamazaki et al. 2002) anféreesia hybrida
(Sui et al. 2011; Sun et al. 2016) catalyz®-8tucosylation of not only anthocyanidins
but also flavonols.

The subsequent 6-glucosylation is catalyzed by anthocyanidinO3jlucoside
5-O-glucosyltransferase (A3G5GT). A3G5GT genes have been isolated From
frutescengYamazaki et al. 1999)/erbena hybridgYamazaki et al. 2002R. hybrida
(Yamazaki et al., 2002), hollandica(Imayama et al., 2004%;. triflora (Nakatsuka et
al. 2008) andr. hybrida (Ju et al. 2018). Recently, vacuolar acyl-glucose-dependent
enzymes belonging to GH family 1 have also been showcatalyze anthocyanin
glucosylation (Sasaki and Nakayama 2015).caryophyllusacyl-glucose-dependent

A3G5GT has been isolated as a vacuolar enzyme (Matsuba et@l. 201
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UFGTs catalyzing glycosylation of the 3- andO5position of flavonoids from
different species usually belong to the flavonol/anthocyanidi Zluster and the
anthocyanin 5GT cluster, respectively (Fukuchi-Mizutani et a80320akatsuka et al.
2008; Yonekura-Sakakibara et al. 2014; Yin et al. 2017).

Anthocyanins are methylated after their glucosylation. The metbglabf
anthocyanins is catalyzed by AMT. Peonidin-based anthocyamadiosynthesized
from cyanidin-based anthocyanins, and petunidin- and matdsed anthocyanins are
biosynthesized from delphinidin-based anthocyanins. Furthedifitations of
methylation of anthocyanin glucosides produce a wide varidtyardhocyanin
compounds that diversify the flower colors.

The anthocyanin 35-O-methyltransferase (A8MT) gene encoding the enzyme
that catalyze methylation of the'-3and 3O positions to yield malvidin-based
anthocyanin, has been isolated from many plants, inclodiminifera(Hugueney et al.
2009; Lucker et al. 2010)Cyclamen persicum(Akita et al. 2011),P. hybrida
(Provenzano et al. 2014), hybrida(Nakamura et al. 2015) ar®heonia suffruticosa
(Du et al. 2015)0n the other hand, there is no report on the isolaticentifocyanin
3-O-methyltransferase (A3MT) from flowering plants that accumulate only
petunidin-based anthocyanin. The cA§JMT gene was isolated fro hybrida(MT2),
which also weakly catalyzed,3-O-methylation of anthocyanins (Provenzano et al.
2014).

N. menziesiaccumulates petunidirp@G5MG, which composes nemophilin. In this
chapter, A3GT, A3G5GT and AMT were isolated and characterized biocdgnin
vitro. These enzymes are important to modify and stabilize anthosyahinis

interesting that petunidin, rather than malvidin, is accuredlat theN. menziesipetals.
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AMT expressed IinE. coli was shown to selectively catalyze the biosynthesis of
petunidin glucosides, rather than malvidin glucosides. fésslt was consistent with

the anthocyanin composition Nf menziesipetals.

3.2. Materials and Methods
3. 2. 1. Plant materials

The plant materials are describedChapter 2. 2. 1.

3. 2. 2. Chemicals

Pelargonidin, pelargonidin 3-glucoside (pelargonidin 3G), cyanidin, cyanidin
3-O-glucoside (cyanidin 3G), delphinidin, delphinidinC8glucoside (delphinidin 3G),
malvidin and malvidin 3,%3-diglucoside (malvidin 3,5-diG) were purchased from
Extrasynthese. Delphinidin 3B-diglucoside (delphinidin  3,5-diG), peonidin,
petunidin and malvidin 3G were obtained from Tokiwa Phytochengiaatyo, Japan).
Pelargonidin 3,33-diglucoside (pelargonidin 3,5-diG), cyanidin Z)pdiglucoside
(cyanidin 3,5-diG) and peonidin 3B-diglucoside (peonidin 3,5-diG) were obtained
from Polyphenols $andnes,Norway). Peonidin 3-glucoside (peonidin 3G) and
petunidin 30-glucoside (petunidin 3G) were obtained from AppliChem (Darmstadt,
Germany). UDP-glucose and UDP-galactose were obtained from dNatasque
(Kyoto, Japan)S-adenosylmethionine was purchased from Sigma-Aldrich. Althein

were of analytical grade.
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3. 2. 3. Preparation of crude protein extract from N. menziesii petals

A 250-mg agliquot of stage 1 and 2 petals was groundjundliinitrogen with a mortar
and pestle and then thawed in 2 ml of 0.1 M KPB (pH 7.5tatoing 100 mM
dithiothreitol (DTT), 1 mM polyvinylpyrrolidone 40, anBi0 mg mif! sucrose. After
centrifugation at 14,400xg for 10 min, ammonium sulfate adased to the supernatant
to 30% saturation. The mixture was stirred for 1 h and centgfugmmonium sulfate
was added to the supernatant to 70% saturation, and therenixas stirred for 1 h
before the mixture was centrifuged. The precipitate was dissatvé@0 ul of 0.1 M
tris (hydroxymethyl) aminomethane (Tris) —HCI buffer (pH 7.5) coitg 2.5 mM
DTT and 10uM (p-amidinophenyl) methanesulfonyl fluoride and then desalted)usin
Sephadex G-25 NAP-5 Column (GE Healthc&elifornia, USA) equilibrated with the
same buffer to obtain crude protein extract. All procedures were cauted 4 °C. The
protein concentration in the extract was quantified by Bio-Rackipraissay (Bio-Rad,

Hercules,CA) using bovine serum albumin as standard.

3. 2. 4. Detection ofN. menziesii A3G5GT activities

GT activities were measured in a J@d@eaction mixture consisting of the crude protein
extract (mg), 1 mM UDP-glucose or UDP-galactose as a sugar donor2@ndv
delphinidin, delphinidin 3G, petunidin and petunidin 85an acceptor and 0.1 M KPB
(pH 7.5). After a 10-min pre-incubation at 30 °C, the reactionimtiated by addition
of the crude protein extract and acceptor. After incubation at 30 °C fonii5the
reaction was terminated by the addition of 10@f 90% acetonitrile (v/v) containing
0.1% TFA and 0.24 N HCI. The mixture was centrifuged a#d@g for 5 min. The

supernatant was subjected to HPLC analysis. HPLC was perfarsieg a Shodex
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RSpak DE-413L column (250 m#.6 mm, Showa Denko, Tokyo, Japan), operated at
40 °C, with a linear gradient using solvent D QHTFA, 99.5:0.5, v/v)) and E
(H20:acetonitrile:TFA, 49.5:50:0.5, v/v); from 20% solvent ELGD% solvent B for 15
min, followed by isocratic elution using 100% solvent EX0rmin at a flow rate of 0.6

ml mint. Anthocyanins were detected at an absorbance of 520 nm upmgaiode
array detector (SPD-M20A, Shimadzu). Peak identification was basegtention time,

absorbance spectrum and co-chromatography with the standard.

3. 2. 5. Isolation of NmA3GT, NmA3G5GT and AMT gene
A BLAST homology search was performed with the amino acidesemgs oP. hybrida
T. hybridaor P. frutescengroteins against a petal transcriptome database consisting of
61,491 contigs derived from the normalized cDNA sequencaryibof N. menziesii
petals Chapter 2. 2. 4) to obtain homologous contigs. The resulting sequences were
aligned with their homologs from various plant species usihgSTALW (DDBJ
version; http://clustalw.ddbj.nig.ac.jp/, version 2.1,immacid sequence alignment,
default parameters). Those amino acid sequences isolated\framenziesiwere used
for phylogenetic analysis. A Neighbour-Joining tree was cocsd using 1,000
bootstrap replicates with CLUSTALW version 2.1 (http://clusiddibj.nig.ac.jp/). A
phylogenetic tree was constructed using Dendroscope versiob.9 3
(http://dendroscope.org/).

The full-length cDNAs were amplified by RT-PCR using total pBisiA and a pair
of primers Table 1) designed based on thé &d 3 parts of the genes with Super
Scriptll Reverse Transcriptase (Invitrogen, Carlsbad, CA) and KODgallygnerase

(TOYOBO, Osaka, Japan). The PCR conditions were: 2 m@4 &C, followed by 30
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cycles of 15 s at 94 °C, 30 s at 55 °C, and 30 s aC&8r°1 min, then cooling to 4 °C.
The amplified DNA fragmentTable 1) was subcloned into pCR-TOPO vectors and
sequenced. A GeneRacer kit (Invitrogen) was used to obtain futhleoDNA

sequences when the contigs contained only partial sequences.

3. 2. 6. Characterization of NmA3GT and NmA3G5GT n vitro

cDNAs of NmA3GTand NmA3G5GTwere isolated fronN. menziesiand subcloned
into a pET15b vector (Novage®armstadt,Germany) and expressed i coli BL2
cells using the Overnight Express Auto Induction SystemNdvdgen) at 25 °C
overnight.

The activities of NmA3GT toward anthocyanins were measuredOthpl of a
reaction mixture consenting of 100 ng of purified recombinantepro 20 uM
anthocyanins, 0.5 mM UDP-glucose and 0.1 M KPB (pH. Be recombinant protein
was purified to homogeneity by HisTag affinity chromatographth whe Profinia
protein purification system (Bio-Rad). The reaction mixture was ieabat 30 °C for
6 min. The activities of NmA3G5GT toward anthocyanins weeasured in 100l of a
reaction mixture consenting of 50 ng of purified recombinant protéd puM
anthocyanins, 0.5 mM UDP-glucose and 0.1 M KPB (pH.7The reaction mixture
was incubated at 30 °C for 12 min. The reaction was termirgtélde addition of 100
ul of 90% acetonitrile (v/v) containing 0.1% TFA and 0.24 N HUhe mixture was
centrifuged at 12,40Q for 5 min. The supernatant was subjected to HPLC analysis.
HPLC analysis was performed as described abChayter 3. 2. 4).

A3GT activities toward flavonols, flavones and isoflavones weresssdan a 100

ul reaction mixture consisting of 50 ng of recombinant purifgdtein, 20 uM
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flavonols, flavones or isoflavones, 1 mM UDP-glucose adad\W.Tris—HCI buffer (pH
7.5). The reaction mixture was incubated at 30 °C for 3 min, therreaction was
terminated by adding 100l of 90% acetonitrile (v/v) containing 0.1% TFA. The
mixture was centrifuged at 12,400xg for 5 min. The supernat@assubjected to HPLC
analysis. HPLC was performed using a Shim-pack FC-OD&wol(15 cmx4.6 mm;
Shimadzu), operated at 40 °C with a linear gradient usingesisl A (HO:TFA,
99.9:0.1, v/v) and H (ED:methanol:TFA, 9.9:90:0.1, v/v), from 20% to 100% sotve
H for 16 min, followed by isocratic elution using 100% solvH for 6 min at a flow
rate of 0.6 ml min'. Flavonoids were detected at a range of absorbances between 250
and 600 nm using a photodiode array detector (SPD-M20A, $hima Peak
identification was based on retention time, spectra, and co-clography with the
authentic compounds. Enzymatic reactions were performed in three eplicedugh

this study.

3. 2. 7. Functional analysisof AMT in vitro

cDNAs of NmAMTandP. hybridaAMT encoded by thé1T2 locus (Provenzanet al,
2014) were sub-cloned into pET15b expression vector (Novagehexpressed iB.
coli using the Overnight Express Autoinduction System dv@gen) at 18 °C for two
nights. Recombinant proteins were purified using His-Tagigffahromatography with
the Profinia protein purification system (Bio-Rad). Purified @it were quantified
using the Bio-Rad protein assay (Bio-Rad). AMT assay mixtufer(®) comprised 40
mM KPB (pH 7.5), 50uM anthocyanin, 1 mMs-adenosylmethionine, 2 mM Mg£;|
and 3ug recombinant protein. The mixture was incubated at 30°C fonih5and the

reaction was terminated by adding 90% acetonitrile containirfgg 0.EA and 0.24 N
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HCI. The reacted mixture was then subjected to HPLC analBkEC analysis was
performed as described abohépter 3. 2. 4).

The Kn value for delphinidin 3G was determined by 12 mins reactidh the
substrate at concentrations ranging between 5 an@5@sing the Lineweaver—Burk

plot. This experiment was repeated three times.

3.3. Results and Discussion
3. 3. 1. Analysis of A3GT and A3G5GT activities in crude petal protein gtracts
When delphinidin was reacted with the crude protein extract fomenziesipetals in
the presence of UDP-glucose, it was converted into detphiB,5-diG and a small
amount of delphinidin 3GHig. 11C). Using delphinidin 3G and petunidin 3G as a
substrate in the presence of UDP-glucose, they were convertedelptonidin 3,5-diG
and petunidin 3,5-diG, respectiveligs. 11F, ). These results indicate that the extract
contains UDP-glucose-dependent A3GT and A3G5GT activitiemdituanthocyanidin
5-O-glucosyltransferase or anthocyanidin Ogglucoside 39-glucosyltransferase
activities, suggesting that anthocyanidins are glucosylat@&Caposition and then at
5-O position inN. menziesipetals just as other plants. When UDP-galactose was used

as a sugar donor, no products were detected (data not shown).
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Fig. 11 Detection of A3G5GT activity in the crude protein extract frbim
menziesii petal. HPLC chromatogram of (A) delphinidin, delphinidin
3-O-glucoside and delphinidin 3B-diglucoside, (B) delphinidin incubated
with the crude protein without UDP-glucose, (C) delphinisicubated with
the crude protein and UDP-glucose, (D) delphinidirO-8tucoside and
delphinidin 3,50-diglucoside, (E) delphinidin 8-glucoside incubated with
the crude protein without UDP-glucose, (F) delphinidinO-8lucoside
incubated with the crude protein and UDP-glucose, (G) pmBtun
3-O-glucoside, (H) petunidin 8-glucoside incubated with the crude protein
without UDP-glucose, and (l) petunidin Gglucoside incubated with the

crude protein and UDP-glucose.
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3. 3. 2. Expression and phylogenetic analysis dimA3GT, NmA3G5GT and

NmMAMT
A total of 61,491 contigs were obtained from tNe menziesiitranscriptome and
subjected to searches foomolog sequences A3GT, A3G5GT and AMTNmMA3GT
(c103, NmA3G5GT(c1526 andNmMAMT(c2127 were isolated. Phylogenetic analyses
revealed that NmA3GT belongs to the flavonol/anthocyanidin 3t&iEter while
NmMA3G5GT does not belong to the anthocyanin 5GT clustériduelated to the
anthocyanin 5GT clusteFig. 12). No contig belonging to the anthocyanin 5GT cluster
was found in theN. menziesiitranscriptome wherP. hybridg T. hybrida and P.
frutescen®3G5GT homologs were used as queries.

Two kinds of cDNAs from thec2127 were isolated as th&MT candidates
(NmAMT3and NmAMT6,97.8% and 97.9% identities in amino acid and nucleotide
sequences, respectively) genes.

Interestingly, NmA3GT NmA3G5GTand NmAMT, all of which function at later
stages in the pathway th&INS were expressed strongly at stages 1 arfd2 9; Fig.

13).
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Fig. 12 A phylogenetic tree of flavonol/anthocyanidin 3GTs, anthocyafis
and flavonoid 3'/7GTs. The amino acid sequences of A3GT and BBG5
obtained fromN. menziesiand 14 known UFGT&om various plant species
were aligned. Accession numbers for those GTs in the databasspacids
names are shown. GTs catalyzing O3jlucosylation toward both
anthocyanidins and flavonols are shown with bold letters. Suale= 0.1

amino acid substitutions per site.
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Fig. 13 Transcriptional profiles of anthocyanin-modified geneblirmenziesii
The genes analyzed and their respective contigs are indicated Xnattis,

while the RPKM values per contig are indicated along the Y-axis

3. 3. 3. Characterization of recombinant NmA3GT and NmA3G5GTin vitro

The recombinant NmA3GT catalyzed th&@33lucosylation of delphinidinKig. 140).
It also catalyzed ®-glucosylation of pelargonidin more efficiently and of peomjdi
petunidin and malvidin less efficiently. The activity toway@wmidin was low Table 2).
It did not catalyze glucosylation of anthocyanidin 3G. SiNcenenziesipetals do not
contain pelargonidin-based anthocyanins (Tatsuzawa et al. C0apter 2; Fig. 6A),
A3GT activities of NmA3GT toward pelargonidin was not ddased to be
physiological. The recombinant A3GT protein also exhibite®l 3GT activity toward
flavonols Fig. 14 E Table 3) as reported irV. vinifera (Sparvoli et al. 1994)G.
triflora (Tanaka et al. 1996F,. hybrida(Yamazaki et al. 2002) ar¥e hybrida(Sui et al.
2011; Sun et al, 2016). Kaempferol 7G could serve as the subshidelavonol 3Gs,

flavones and isoflavones could ndaple 3).
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Fig. 14 Enzymatic activity of the purified recombinant NmA3GT expresseed
E. coli. HPLC chromatogram of (A) delphinidin and delphinidi®3jlucoside,
(B) delphinidin incubated without NmA3GT, (C) delphinidimcubated with
NmMA3GT, (D) kaempferol and kaempferol G2glucoside, (E) kaempferol

incubated without NmA3GT, and (F) kaempferol incubated withASGT.
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Table 2 Relative activity of the recombinant NmA3GT toward

anthocyanins

Relative activity

Substrate Product
(%)
Pelargonidin Pelargonidin 3G 200 £0.2
Cyanidin Cyanidin 3G 8.1+54
Delphinidin Delphinidin 3G 100
Peonidin Peonidin 3G 424 +2.2
Petunidin Petunidin 3G 54.0x+4.4
Malvidin Malvidin 3G 18.8 £3.0
Pelargonidin 3G ND ND
Cyanidin 3G ND ND
Delphinidin 3G ND ND
Peonidin 3G ND ND
Petunidin 3G ND ND
Malvidin 3G ND ND

Averages and SD of three reactions are shown. The relative activity of
NmMA3GT was calculated based on 100% activity toward delphiniiD, not

detected.
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Table 3 Relative activity of the recombinant NmA3GT toward flavones,

flavonols and isoflavones

Relative activity

Substrate Product
(%)
Kaempferol Kaempferol 3G 100
Kaempferol 3G ND ND
Kaempferol 7G Kaempferol 3,7-diG 101 £5.9
Quercetin Quercetin 3G 84.8+7.6
Quercetin 3G ND ND
Apigenin ND ND
Apigenin 4'G ND ND
Apigenin 7G ND ND
Luteolin ND ND
Luteolin 4'G ND ND
Luteolin 7G ND ND
Genistein ND ND
Daidzein ND ND

Averages and SD of three reactions are shown. The relative activity of
NmMA3GT was calculated based on 100% activity toward kaempfehd. T
product derived from kaempferol 7G was tentatively determined asptesol
3,7-diG, because the product was different from kaempferol 3G and
kaempferol 7G and the enzyme catalyzed-8hucosylation of kaempferol and

guercetin. See text for details. ND, not detected.
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The recombinant NmA3G5GT catalyzedObglucosylation of delphinidin 3G and
petunidin 3G to yield delphinidin 3,5-diG and petunid,5-diG, respectivelyHgs.
15C, B. The enzyme showed broad substrate specificities toward sanénatyanidin
3Gs to yield the corresponding anthocyanidin G;8iglucosides Table 4). For the
enzyme, the best substrates among anthocyanidin 3Gs examgreegetunidin 3G and
pelargonidin 3G. Since pelargonidin glucosides are not accumulatd menziesii
petals (Tatsuzawa et al. 2014€hapter 2; Fig. 6A), A3GT5GT activities of
NmMA3G5GT toward pelargonidin 3G was not considered to bsiplogical. Among
anthocyanidin 3Gs, delphinidin 3G and petunidin 3G mathle substrates of A3G5GT
in N. menziesiipetals due to the anthocyanin compositionNof menziesiipetals
(Tatsuzawa et al. 201&hapter 2; Fig. 6A). The relative activity of delphidin 3G was
53.8% compared with that of petunidin 3G (100%gkle 4). NmA3G5GT efficiently
catalyzed the ®-glucosylation of both delphinidin 3G and petunidin 3@icating
that theN. menziesianthocyanin biosynthetic pathway involved in glucosglatmay
form a metabolic grid as reported for many plants, sué¢h fratescengYamazaki et al.

1999) andr. hybrida(Nakamura et al. 2015).
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Fig. 15Enzymatic activity of the purified recombinant NmA3G5GT ezpsal
in E. coli. HPLC chromatogram of (A) delphinidin G-glucoside and
delphinidin  3,50-diglucoside, (B) delphinidin ®-glucoside incubated
without NmMA3G5GT, (C) delphinidin 8-glucoside incubated with
NmMA3G5GT, (D) petunidin ¥-glucoside, (E) petunidin ®-glucoside
incubated without NmA3G5GT, and (F) petunidinO3glucoside incubated

with NmA3G5GT.
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Table 4 Relative activity of the recombinant NmA3G5GT toward

anthocyanins

Relative activity

Substrate Product
(%)
Pelargonidin 3G Pelargonidin 3,5-diG 91.4+17.5
Cyanidin 3G Cyanidin 3,5-diG 57.5+4.1
Delphinidin 3G Delphinidin 3,5-diG 53.8+1.9
Peonidin 3G Peonidin 3,5-diG 70.4+4.5
Petunidin 3G Petunidin 3,5-diG 100
Malvidin 3G Malvidin 3,5-diG 474 +1.8
Pelargonidin 3,5-diG ND ND
Cyanidin 3,5-diG ND ND
Delphinidin 3,5-diG ND ND
Peonidin 3,5-diG ND ND
Malvidin 3,5-diG ND ND

Averages and SD of three reactions are shown. Averages and SDeof the
reactions are shown. The relative activity of NmA3G5GT was calcubeteed
on 100% activity toward petunidin 3G. The product derivethfpetunidin 3G
was tentatively determined as petunidin 3,5-diG, because the ematalyzed
5-O-glucosylation of pelargonidin 3G, cyanidin 3G, delpdini3G, peonidin

3G and malvidin 3G. ND, not detected.
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3. 3. 4. Functional analysis of recombinant AMTin vitro

SinceN. menziesidominantly accumulates petunidin-based anthocyanins, rather than
malvidin-based anthocyanins, the substrate specificityNofmenziesiAMT was
elucidated. Among the two AMT homologs (NmAMT3 althAMT6), only NmAMTG6

was subjected to further study because they differ in termalpfSoout of 232 amino

acid residuesHig. 16), and preliminary enzymatic characterization of the recombinant
NmMAMT3 and NmAMT®6 indicated that their substrate preferences aikasioata not

shown).

NmAMT3 17 MSLGQTILQSESLKKYIAETSVYPREHEQLKELRKATVEKYKYWSLMNLP| 50
NmAMT6 7 MSLGQTILQSESLKKYIAETSVYPREHEQLKELRKATVEKYKYWSLMNLP| 50

NmAMT3 57 (VDEAQLLTMILKLMNAKNTLEIGVFTGYSLLSTALALPDDAHILAVDPDR| 700
NmAMT6é 57 VDEAQLLTMILKLMNAKNTLEIGVFTGYSLLSTALALPDDAHILAVDPDR] 700

NmAMT3 107 |EAYEIGLPFIQKAGVEHKIQF IQSEAMKV IKDLLNEGKENTYDF I FVDAD| 750
NmAMT6é 707 [EAYEIGLPFIQKAGVEHKI|E[F IQSEAMKV IKDLLNEGKEDITYDF | FVDAD| 750

NmAMT3 757 [KENYLNYHEEL IKLVKVGGVIGYDNTLWFGTVGL|SDDAEMSDAGRSGREC| 200
NmAMT6 757 [KENYLNYHEEL IKLVKVGGVIGYDNTLWFGTVGL|PDDAEMSDAGRSGREC| 200

NmAMT3 207 (LMKVNSFLASDDR|VEQSLVSVGDGLTLCR[R|LY| 232
NmAMT6é 207 [LMKVNSFLASDDR|I[EQSLVSVGDGLTLCR[G|LY| 232

Fig. 16 Alignment of NmAMT3 and NmAMT®6. Identical amino acid ressdu

are highlighted in gray.
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Table 5 Comparison of substrate preference of NmAMT6 an@. hybrida

MT2 AMT
Relative activities
Substrate (%)
NMAMT6 P. hybrida MT2 AMT
. 100 100
Delphinidin 3G
(Pet 97.8%, Mal 2.2%)  (Pet 90.3%, Mal 9.7%)
85.7+3.6 46.9+11.8

Delphinidin 3,5-diG
(Pet 86.0%, Mal 13.0%) (Pet 98.8%, Mal 1.2%)

Petunidin 3G 8.75+2.2 25.0+12.0

Relative activities are shown relative to delphinidin 3G, whvels set at 100%.
Data represent averages and SD of three independent assays. Percéntages o
petunidin (Pet) and malvidin (Mal) glucoside of total prodircthe reaction

mixture are shown in parentheses.

Comparative analyses of substrate and product specificity of NmMARNGP.

hybrida MT2 AMT were conducted Table 5. P. hybrida MT2 AMT preferably

produces petunidin over malvidin (Provenzano et al. 2014). Etbyfation efficiency

of recombinant NmAMT6 was much higher for the substrates dédjpmi83G and

delphinidin 3,5-diG than for petunidin 3G. In contrdthybridaMT2 AMT preferably

catalyzed methylation of delphinidin 3G than of delphinidi+@&@G and petunidin 3G.

Reactions of the recombinant NmAMT6 with delphinidin 3Gl aelphinidin 3,5-diG

produced petunidin 3G and petunidin 3,5-diG, respectiaglgl, only small amounts of

malvidin 3G (2.2% of total products) and malvidin 3,5-di@.(026 of total products),

respectivelyP. hybridaMT2 AMT yielded more malvidin 3G (9.7%) from delphinidin

3G than NmAMT6 and less malvidin 3,5-diG (1.2%) from delmghm 3,5-diG.
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Interestingly, the ratio of malvidin glucosides produced vailegending on substrates.
The low production of malvidin glucosides by NmAMTG6 aadhybridaMT2 AMT is

in contrast to that by. vinifera (Hugueney et al. 2009F. hybrida MF1 and MF2
(Provenzano et al. 2014) afid hybrida (Nakamura et al. 2015) AMTs, which were
demonstrated to efficiently catalyzé&hd 3-O-methylations of delphinidin glucosides
to yield malvidin glucosidesC. persicumAMT was also shown to catalyze malvidin
production (Akita et al. 2011). The low production of mdiriglucosides by NmAMT6
(Table 5) is possibly due to its low reactivity to petunidin gludes. This specificity
explains the anthocyanidin compositionNaf menziesipetals containing petunidin, but
not malvidin.

Since NMAMTG6 efficiently catalyzed the methylation of both deljhm 3G
(85.7%) and delphinidin 3,5-diG (100%JYaple 5), the N. menziesiianthocyanin
biosynthetic pathway may form a metabolic grid, as reported fory rotirer plants,
such asP. frutescengYamazaki et al. 1997) an@. triflora (Fukuchi-Mizutani et al.
2003).

Depleting Md@* from the reaction mixture decreased the activity of NmAMT6 to <
2% (data not shown), indicating that NmAMT®6 activity deend Mg, as is true for
AMTs of other plants, includingy. vinifera (Hugueney et al. 2009). Th&n andkca
values for delphinidin 3G of NmAMT6 were 26.8 + 4.6M and 13,100 + 3127
respectively. Th&m, value of NmAMTG6 is consistent with that ®f hybrida(Nakamura
et al. 2015)V. vinifera(Hugueneyet al. 2009)S. lycopersicuniRoldanet al. 2014) and

P. suffruticosgDu et al. 2015) for anthocyanins ranging from 1.1 to 1&B
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This chapter demonstrated thét menziesianthocyanin modification genes, such
asNmA3GT NmA3G5GTandNmAMT,were identified and their recombinant enzymes
were characterized biochemically. The recombinant NmA3GT exhibitetle 3GT
activity toward not only anthocyanidins but also flavondlse substrate specificity of
NmMAMT6 was consistent with the anthocyanin compositidnNo menziesiipetals
accumulating mainly petunidin-based anthocyanins rather than dimabased
anthocyanins. Additionallyin vitro activity of NmA3G5GT and NmAMT6 indicated
that the biosynthetic pathway from delphinidin 3G to pielian 3,5-diG forms a
metabolic grid inN. menziesipetals Fig. 17). The best substrates of NmA3G5GT and
NMAMTG6 are also delphinidin 3G and petunidin 3G, respegtiveliggesting that
delphinidin 3G is mainly methylated at thé-@G position by NmAMT6 and then
glucosylated at ® position by A3G5GT. To understand the biosynthesipetfinidin
3pCG5MG, gene isolation and functional characterization of ATs yata)

3p-coumaroylation and 5-malonylation are required.
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Fig. 17 Biosynthetic pathway of petunidin 3(®-diglucoside synthesis iN.
menziesii petals. A3GT, anthocyanisin G-glucosyltransferase; A3G5GT,
anthocyanisin 3-glucoside 50-glucosyltransferase; AMT,

S-adenosylmethionine-dependent anthocy&umethyltransferase.
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NmMA3G5GTgene related to the anthocyanin 5GT cluster was isolated andtecthib
5-O-glucosylation activityin vitro. Since no contig belonging to the anthocyanin 5GT
cluster was obtained from thd. menziesiitranscriptome, Nm3G5GT may catalyze
5-O-glucosylation of anthocyanidin 3G iMN. menziesii However, unsuccessful
identification of GT belonging to the anthocyanin 5GT clussenot excluded. To
confirm the physiological function of NmA3G5GT, further stedare necessary, such
as knockout oNmA3G5GTgene inN. menziesjiand ectopic expression NMMA3G5GT
gene IinA. thaliana ASGTmutant (At4g14090, Salk 108458, Columbia background)
and wild-typeN. tabacumplants accumulating mainly cyanidinGB+utinoside in their
petals.

The following chapter focuses on key flavone glucosyltransferase,gehies are

essential for blue metalloanthocyanin formation.
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Chapter 4 Identification and characterization of a novelN. menzesii flavone
glucosyltransferases that catalyzes flavone 7;0-diglucoside, a key

component of the blue metalloanthocyanin

4.1. Introduction
The pure blue color of thdl. menziesiiflower is derived from metalloanthocyanin,
nemophilin, which consists of six petunidin-based acyhnin molecules and six
molecules of apigenin 7:iG or its derivatives with two metal ions fFeand Mg*) in
the center of the complex (Yoshida et al. 2009; Yoshidd. &015;Figs. 3A-Q. The
two apigenin glucosyl moieties at the dad 4-O positions have been shown to be
crucial for metalloanthocyanin formation (Kondo et al. 2001 hiaes et al. 2009).

One plant species may contain more than 100 different GT famityembers
(Yonekura-Sakakibara and Hanada 2011). Flavonoids are very ofteffietiodith
several glycosyl moieties, and plants adopt various tactiashieve specific flavonoid
modifications. Anthocyanidin 3,5-diG and its derivatives\aidely distributed in plant
species and synthesized stepwise by A3GT and A3G5@T frutescengYamazaki et
al. 1999),P. hybrida(Yamazaki et al. 2002) an@. triflora (Nakatsuka et al. 2008),
while 5- and 39-glucosylation of anthocyanidin 3,5-diG R. hybridaand 3- and
5-O-glucosylation of delphinidin 3;%'-O-triglucoside inC. ternateaare catalyzed by
single enzymes, anthocyanidin 5,3GT and anthocydbi3, respectivelyf{Ogata et al.
2005; Noda et al. 2017A. thalianacontains many kinds of flavonol glycosides, which
have been shown to synthesize stepwise glycosylation by UF@eKMra-Sakakibara
et al. 2008; Saito et al. 2013; Yonekura-Sakakibara et al)2014

UFGTs whose activity is glycosylation of flavonoids are cfeesk into several
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clusters on the basis of their amino acid sequence identitiesdffitMizutani et al.
2003; Nakatsuka et al. 2008; Yonekura-Sakakibara et al. 20d4t¥l. 2017). UFGTs
catalyzing glycosylation at the same position in flavonoids fifferent species
usually belong to the same clusters, as described belownekgioned previously
(Chapter 1), UFGTs can be classified into the following clusters:
flavonol/anthocyanidin  3GTs, anthocyanin 5GTs, flavonoid7GTs and GGTs
(Fukuchi-Mizutani et al. 2003; Nakatsuka et al. 2008;ekama-Sakakibara et al. 2014;
Yin et al. 2017). InterestinglyC. ternatea anthocyanin 35GT belongs to the
flavonol/anthocyanidin 3GT cluster (Noda et al. 2017), ardaihthocyanin 5GT-like
sequence oPyrus communigndCamellia sinensisiave been suggested to be flavonol
7-O-glucosyltransferase (Fischer et al. 2007; Dai et al. 2. Mybridaanthocyanidin
5,3 GT (Ogata et al. 2005) ad majuschalcone 40-glucosyltransferase (Ono et al.
2006) do not belong, but are related to the flavongi®tlz3 cluster.

Many UFGTs have been shown to exhibit flavorieod 7-O-glucosyltransferase
activitiesin vitro. Dorotheanthus bellidiformibetanidin 50-glucosyltransferase (Vogt
et al. 1999) showed flavonoid’ 4nd 70O-glucosyltransferaseactivities. G. max
isoflavone 7©-glucosyltransferases (IF7GT) (GmUGT1 and GmUGT7) (Noguchi et al
2007; Funaki et al. 2015) exhibited flavoneOiglucosyltransferase (F&T) activity.
Scutellaria baicalensiglavonoid 7©O-glucosyltransferase (Hirotani et al. 2008gta
vulgaris flavonoid GTs (UGT73A4 and UGT71F1) (Isayenkova et aD&0andD.
bellidiformis betanidin 6©-glucosyltransferase (Vogt et al. 1997), exhibited
7-O-glucosylation activity toward apigenin or luteolmvitro. In spite of these studies,
our knowledge of flavone glucosylatiamvivo remains very limited.

In the present study, a set of biosynthetic flavonoidegencludingFNSII was
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isolated fromN. menziesii(Chapters 2, 3 to understand the molecular biology of
nemophilin biosynthesis. However, the biosynthesigmfenin 7,4diG has not yet
been characterized. In this chapter, it was revealed th&TF4&nd flavone
4'-O-glucoside 70-glucosyltransferase (F87GT) sequentially catalyze biosynthesis of
flavone 7,4diG. The genes encoding these GTs were isolated and characienieal
andin vivo. These genes are expected to be useful molecular tools éndtaalter color

to a bluer hue by metalloanthocyanin accumulation.

4. 2. Materials and Methods
4.2.1. Plant materials

The plant materials are describedChapter 2. 2. 1.

4. 2. 2. Chemicals
Apigenin, apigenin -glucoside (apigenin 7G), luteolin, luteolin-@-glucoside
(luteolin  4G), luteolin 70O-glucoside (luteolin 7G), kaempferol, kaempferol
3-O-glucoside (kaempferol 3G), kaempferoD7glucoside (kaempferol 7G), quercetin
and quercetin ®-glucoside (quercetin 3G) were purchased from Extrasynthese.
Quercetin 40-glucoside (quercetin’@) was purchased from Tokiwa Phytochemical.
Genistein and daidzein were obtained from the Cayman Chemical Copii@panArbor,
MI, USA). Apigenin 7,4diG was provided by Dr. Yoshida (Nagoya University).
UDP-glucose and UDP-galactose were purchased from Nacalai Tedbud.tihem
were of analytical grade.

The apigenin 40-glucoside (apigenin’@) used for biochemical assays in this

study was isolated froran enzymatic reaction mixture with apigenin and recombinant
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FAGT isolated fromN. menziesiilts identity was confirmed by comparing it with the
chemically synthesized authentic apigeni® 4vhose structure had been verified by

NMR measurement{g. 18.
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Fig. 18 Comparison of the enzymatically synthesized apigefriD-glucoside
with the authentic apigenin-®-glucoside. HPLC chromatogram of (A) M
authentic apigenin '4D-glucoside, (B) 1pM enzymatically synthesized
apigenin 40-glucoside, and (C) co-chromatography of (A) and (B). A UV

spectrum of a peak of (A), (B) and (C) are shown in the chromaatog

4. 2. 3. Chemical synthesis of apigenin

7-O-benzylapigenin obtained by the benzylation of apigenin was egbautith
2,3,4,6-tetra@-benzylf-D-glucoside under Mitsunobu conditions (Kim et al. 20®
provide benzyl-protected apigenifr@-p-D-glucoside. By removing the benzyl group

of the Mitsunobu product, apigeni+@-p-D-glucoside was generated as a pale yellow
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powder.

Pale yellow powder analytical datdd NMR (methanolds, 800 MHz);6 3.44 {H,
dd, Jun=9.2, 9.2 Hz, Glc-3), 3.49, m, Glc-2), 3.50 {H, m, Glc-4), 3.51 H, ddd
Jun=2.8, 5.8, 8.4 Hz, Glc-5), 3.7FH, dd, Ju4=5.7, 12.2 Hz, Glc-6), 3.92'H, dd,
Jup=2.2, 12.1 Hz, Glc-6), 5.04H, d, 7.44 Hz, H-1"), 6.22d, d, J4+=1.8 Hz, H-6),
6.47 ¢H, d, Ju=1.9 Hz, H-8), 6.66H, s, H-3), 7.25 fH, d, J4+=8.9 Hz, H-3), 7.95
(H, d, Jup=8.9 Hz, H-2); 13C NMR (methanols, 200 MHz)s 62.48 (Glc-6), 71.30
(Glc-3), 74.81 (Glc-4), 77.95(Glc-2), 78.34 (Glc-5), 95.09-8)C 100.21(C-6),
101.74(Glc-1), 104.89(C-3), 105.43 (C-10), 118.07 (C426.19 (C-1), 129.19 (C-2,
159.47 (C-9), 162.09 (CH¥ 163.29 (C-5), 165.59 (C-2), 166.15 (C-7), 183.89 (C-4);
HRMS (ESI) Calcd. for €H21010 [M+H]* 433.1129. Found 433.1118.

NMR spectra were acquired using a Bruker AVANCE IIl HD 800 spawtter
equipped with a 5-mm TCI cryogenic probe and Z-axis gradi@gmnikér Biospin). All
spectra were measured at 25 °C, usingn® NMR tubes. Standard Bruker pulse
sequences were employed. The data analyses were carried out with Bjp&pm 3.2
software (Bruker Biospin). Chemical shift was reported in partsnpéion (ppm)
relative to the peaks from methartal{CD3OD, on 3.31ppm,oc 49.00ppm). The data
for 'H NMR are reported as follows: chemical shift, integrationltiplicity (s = singlet,
d=doublet, t=triplet, m=multiplet) and coupling constants in Hertz.

High-resolution mass spectra were obtained using an ion-trepai-flight mass
spectrometer (Shimadzu LCMS-IT-TOF). A YMC-Triart C18 column (50x21,
3.0um; YMC) was used for separation at 40°C with a linear gradiging solvents F
(H20:formic acid, 99.9:0.1, v/v) and G (methanol:formic acid, @19:v/v), from 10%

to 90% solvent G for 4 min, followed by isocratic elutiasing 90% solvent G for 3
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min at a flow rate of 0.3 ml mit In this experiment | collaboratedwith Bioorganic

Research Institute, Suntory Foundation for Life Sciences.

4. 2. 4. Preparation of crude proteins fromN. menzesii petals

The relevant methods are describe€apter 3. 2. 3.

4. 2. 5. Detection ofN. menziesii F4'GT and FA'G7GT activities

Glucosyltransferase activities were measured in aul @@action mixture consisting of

5 ug crude protein extract, 1 mM UDP-glucose or UDP-galactose asaa goigor, 20

uM apigenin, apigenin’@ or apigenin 7G as an acceptor, and 0.1 M Tris—HCI buffer
(pH 7.5). After pre-incubation for 10 min at 30 °C, the reacti@s initiated by the
addition of the crude protein extract. After incubation at@@ct O, 1, 2, 5, 10, 20, 30,
40, 60, 90 or 120 min, the reaction was terminated by thigi@dadf 100 ul of 90%
acetonitrile (v/v) containing 0.1% TFA. HPLC analysis was peréml as described

above Chapter 3. 2. 6).

4. 2. 6. Isolation of N. menziesii glucosyltransferase genes

A BLAST homology search was performed with the amino acidesemps ofG. triflora
anthocyanin 30-glucosyltransferase against a petal transcriptome database cgnsistin
of 61,491 contigs derived from the normalized cDNA sequeibcaryi of N. menziesii
petals Chapter 2. 2. 4) using BLASTX 2.2.17 (tblastn, expectation value setQpta
obtain homologous contigs. The sequences obtaired aligned with known GTs from
various plant species using MacVector Assembler version 1#h5i@entify contigs

encodingN. menziesiGTs. ThoséN. menziesiGT amino acid sequences were used for
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phylogenetic analysis. A Neighbour-Joining tree was coctgduusing 1,000 bootstrap
replicates with CLUSTALW version 2.1 (http://clustalw.qldig.ac.jp/). A phylogenetic
tree was constructed using Dendroscope version 3.5.9 (httplvédenpe.org/).

The contigs expressed more strongly in petalsagfest 1 and 2 but rarely expressed
in leaves, were also analyzed with respect to petal and leaf RPKls. The
full-length cDNAs were amplified by RT-PCR using total petal REAd a pair of
primers {Table 1) designed based on theahd 3 parts of the genes with Super Scriptll
Reverse Transcriptase (Invitrogen) and KOD-plus polymerase (TOYOB®@).PCR
conditions were: 2 min at 94 °C followed by 30 cycles o618 94 °C, 30 s at 55 °C,
30 s at 68 °C for 1 min, followed by cooling to 4 °C.eTamplified DNA fragment
(Table 1) was subcloned into pCR-TOPO vectors and sequenced. A @GegreRit
(Invitrogen) was used to obtain full-length cDNA sequences wiiieigontigs contained

only partial sequences.

4. 2. 7. Characterization of NmF4'GT and NmF4'G7GT in vitro

A total of 24 GT cDNAs were isolated fronN. menziesji including NmGT8 and
NmMGT22 and subcloned into a pET15b vector (Novagen) and expresgedoli BL2
cells using the Overnight Express Auto Induction SystemiNdvdgen) at 25 °C
overnight.

The activities of the recombinant proteins were measured inull00 a reaction
mixture consisting of the recombinant crude protein extract (@ and 1 mM
UDP-glucose, 10-2aM flavone, and 0.1 M Tris—HCI buffer (pH 7.5). The reaction
mixture was incubated at 30 °C for 30 min, and the reactiortemasnated by adding

100 pl of 90% acetonitrile containing 0.1% TFA. As a control, BL2dlls were

94



transformed with the empty vector, pET15b, and the crude prexéiact was assayed
under the same conditions. HPLC analysis was performed asbéelsabove Ghapter
3.2.6).

The substrate preference of NmGT8 was measured usindvRffavonoid and 300
ng of purified recombinant protein in a 1Q0 reaction mixture. The recombinant
protein was purified to homogeneity by HisTag affinity chromatphy with the
Profinia protein purification system (Bio-Rad). Reactions were padd at 30 °C for 3
min. The substrate preference of NmGT22 was determined usipd/7/avonoid and
50 ng of purified protein. Reactions were carried out at 30 PCHanin. The activity of
NmMGT22 in the presence of an equal amount of NmGT8 was measueedO0pl
reaction mixture containing 2@M apigenin and 300 ng of purified recombinant
NmGT8 and NmGT22. Heat treatment to inactivate the puriegedmbinant enzymes
was carried out at 100 °C for 7 min.

Activity toward betanidin was assessed in a fiD@eaction mixture consisting of
recombinant purified protein, 1 mM UDP-glucose, 10 mM Na-asterbnd 140 mM
KPB (pH 7.5). The reaction mixture was incubated at 30 °C for ikf then the
reaction was terminated by adding @0of 10% phosphoric acid. HPLC analysis was

performed as described abohépter 3. 2. 4).

4. 2. 8. Characterization of NmGT3 and NmGT4 in vivo using P. hybrida

A vector was constructed on a pBIN-PLUS binary vector (van Engetl al. 1995) to
expressNmGT3or NmGT4in P. hybridacv. Surfinia bouquet Red. Becaudehybrida

does not synthesize flavonés, hybridaFNSII wasinserted in the binary vectorhe

genes were regulated by an enhanGadliflower mosaic virus35S (CaMV 35S)
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promoter (Mitsuhara et al. 1996) amtEP18.2terminator (Nagaya et al. 201(.
hybrida transformation was performed as previously described (Fukuchitdi et al.
2003) usingAgrobacterium tumefacien&gl0 (Lazo et al. 1991) harboring a binary
vector. More than 20 transgenic lines were obtained, and aleof trere subjected to
further analysis after confirming the transcript of the transgenes byCRT-P

The collected petals of the transgenic petunia plants were lgzhiand their
flavonoids were extracted using eight times (v/w) of 50% acet@n(irilv) containing
0.1% TFA. After being centrifuged at 12,400xg for 5 min, tn@esnatant was subjected
to HPLC analysis for flavone analysis as previously descrilhiter 2. 2. 3).

Flavone aglycone analysis was performed as previously des¢@bagter 2. 2. 3).

4. 2. 9. Determination of NmF4'GT and NmF4'G7GT kinetic parameters

The kinetic parameters of Nm&HT with apigenin were determined using a purified
NmMF4GT enzyme (300 ng) added to the reaction mixture containing-202oM
apigenin, 1 mM UDP-glucose and 0.1 M Tris—HCI buffer (pB) 7n a 100ul reaction
mixture. The reaction mixture was incubated at 30 °C for 3 mid,favones were
guantified by HPLC analysis as described ab&keapter 3. 2. 6).

The kinetic parameters of Nm&YGT with apigenin and apigeninG} were
determined by adding ig and 50 ng of the purified enzyme, respectively, to il G
the reaction mixture containing 1.25-1218 of one of the substrates and 1 mM
UDP-glucose in 0.1 M Tris—HCI buffer (pH 7.5). The reactiontare was incubated at
30 °C for 15 min, and flavones were quantified as mentionedealimax andKm values

were determined using a Lineweaver—Burk plot.
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4. 2. 10Characterization of NmF4'GT and NmF4'G7GT in vivo using tobacco
culture cells
N. tabacunBright Yellow 2 (tobacco BY-2) (RIKEN Gene Bank RPC 1) (Nagatal.et
1992) cells and their corresponding transgenic cells were maintainedodified
Linsmaier—-Skoog medium (Nagata et al. 1981) with a 3% inotuhnd vigorous
rotation in the dark at 27 °C and then subcultured ewa®k. The binary vectors to
expressNmGT8 and/or NmGT22 in tobacco BY-2 cells were constructed on a
pBIN-PLUS binary vector (van Engelen et al. 1995). The geregs wegulated by an
enhanced CaMV35S promoter (Mitsuhara et al. 1996 H8i@18.2erminator (Nagaya
et al. 2010). Tobacco BY-2 cell transformation was performediasribed previously
(Shindo et al. 2006) using. tumefacien®\gl0 (Lazo et al. 1991) harboring a binary
vector. More than 20 transgenic cell lines were obtained for eackrugingnd all of
them were subjected to further analysis after confirming the qresa the transgenes
by RT-PCR.

Wild-type and transgenic cell cultures were diluted (3 ml ofucalinto 97 ml of
new medium) and grown at 27 °C for 3 days. Apigeninodliesl in 50% acetonitrile
was added to 4 ml of culture to a final concentration of Il82 The cultures were
maintained at 27 °C for an additional two nights. The cells waneekted at 1,600xg at
15 °C for 15 min. The collected cells were ground in liquidogen using a pestle
before being thawed in 2 ml of methanol containing 1% HCIl stoded overnight at
room temperature. After being centrifuged at 12,400xg for 5 minstipernatant was
subjected to HPLC analysis. HPLC was performed using @m-gack FC-ODS column
(15 cmx4.6 mm; Shimadzu) at 40 °C with a linear gradiengusitvents A (HO:TFA,

99.9:0.1, v/v) and H (kD:methanol: TFA, 9.9:90:0.1, v/v), from 20% to 100% solvH
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for 90 min, followed by isocratic elution using 100% solvBribr 5 min at a flow rate
of 0.6 ml min’. Flavonoids were detected at a range of absorbances between 250 and
600 nm using a photodiode array detector (SPD-M20A, ShimaBeak identification
was based on retention time, spectra and co-chromatography thivetlauthentic

compounds.

4.3. Results and discussion

4. 3. 1. Analysis of apigenin 7,40-diglucoside synthesis in the crude petal protein

extracts

The order of glucosylations during the biosynthesis of apig 7,4-diG, an
essential component of nemophilin, was elucidated using the gnadeins extracted
from N. menziesipetals. The results of a time-course experiment investigatiggrapi
glucosylation are shown fig. 19A. Apigenin was depleted within 60 min as a result of
UDP-glucose-dependent glucosylation. The amount of apigé@nncreased for 40
min, but then decreased with concomitant increases in apigdfitiG. Most apigenin
(83.9%) was converted to apigenin 745, and the rest to apigenin 7G in 120 min.
These results indicate that tNe menziesicrude protein extract catalyzes a synthesis of
apigenin 4G from apigenin and then of apigenin 7g4G from apigenin 45 (Fig. 20).
The detection of a small amount of apigenin 7G (15.6%) inekctitat the extract also
exhibited weak -glucosylation activity toward apigenin (dotted lineFigy. 20), and
that 4-O-glucosylation activity does not catalyze apigenin 7G. WherP{gBlactose
was used as a sugar donor, no products were detected (datawok $Nben apigenin
4'G was used as a substrate, it was converted into apigefroiG,within 60 min Fig.

19B), while there was no significant conversion of apigenin 7G toeapig7,4-diG
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even after 120 minFig. 19C). These results confirm that apigenin is glucosylated first

at the 4O position and then at the@position.
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Fig. 19 Biosynthetic activity leading tapigenin 7,40-diglucoside synthesis

in N. menziesiipetals. FAST and FAG7GT activities were detected in the
crude N. menziesiipetal protein extract. The averages and SD of three
independent measurements are shown. (A) Timeline of apigenin
7,4-0O-diglucoside, apigenin '4-glucoside, and apigenin @-glucoside
synthesis and accumulation from apigenin. (B) Timeline ofgeapn
7,4-0O-diglucoside synthesis and accumulation from apigeri@-glucoside.

(C) Timeline of apigenin 7;40-diglucoside synthesis and accumulation from

apigenin 7©-glucoside.
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Fig. 20 Biosynthetic pathway of apigenin 7@-diglucoside and apigenin
7-O-glucoside synthesis iN. menziesiipetals. The dotted line indicates a
minor pathway leading to apigenin Ctglucoside. F45T, flavone
4'-O-glucosyltransferase; F37GT, flavone 40-glucoside

7-O-glucosyltransferase; F7GT, flavoneJfglucosyltransferase.

4. 3. 2. Isolation of N. menziesii GT cDNAs using transcriptome data

A BLAST homology search witls. triflora anthocyanin &T resulted in 150 contigs
from theN. menziesitranscriptome, including103andc1526 which were designated
asNmA3GTandNmA3G5GTin Chapter 3, respectively. Of these, 38 contigs expressed
strongly in stage 1 and 2 petals but rarely in leaves were selecteghdidates for
FA'GT and F4'G7GT, given that these genes are expected to be expressed in a

co-ordinated manner witRNSII, transcripts, which are abundant in the stage 1 and 2
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petals but not in leavehapter 2). The two contigs showing the highest RPKM in
exons at stage 1 wecd985(RPKM value = 710.5) and1526(278.3) Fig. 21). c1526
had the highest RPKM value (343.8) among GT homologs at &tafjlee expression
profiles of c4985andcl1526 are consistent with those @HS CHI and FNSII in N.
menziesiiall of which are expressed strongly in petals at stage 1 and #@akly in
leaves Chapter 2). Full-length clones 0€4985andc1526were obtained and referred
to asNmGT8 and NmGT22 identified asNmMA3G5GTin Chapter 3, respectively.
Among the 10 most highly expressed contigs in stageetale Fig. 21), further
sequence analyses revealed the#8874 c7634 ¢39734 ¢31592 and c57111
corresponded tBimGT8and thatt12619andc13699corresponded tBlmGT22 which
suggests thaimGT8andNmGT22are expressed much more strongly than the @her

genes at early petal stage889corresponds tBimGT6
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s
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N. menziesii glucosyltransferase contigs

Fig. 21 Transcriptional profiles oN. menziesiiglucosyltransferase contigs.
Expression levels (RPKM values) at 4 developmental stages of tineog0D

highly expressed contigs in stage 1 petals are shown.
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In addition toNmGT8 and NmGT22,15 GT cDNAs from the 38 contigs were

isolated The additional 7GT cDNAs belonging to or related to the flavonoid7&T

cluster were isolated in the expectation thélGT andF4'G7GTwould belong to or be

related to the flavonoid’/@GT cluster. A total of 24T cDNAs were obtainedT@ble

6). Phylogenetic analyses revealed that NmGTO, NmGT3 and Nni@lbhg to the

flavonoid 3/7GT cluster; NmGT8, NmGT9 and NmGT10 are related to the flaidon

3/7GT cluster;, NmGT24, identified aSimA3GT in Chapter 3 (c564 and c103

correspond tatNmGT24 belong to the flavonol/anthocyanidin 3GT cluster; NmGT22,

identified asNmA3G5GT inChapter 3, is related to the anthocyanin 5GT cluster; and

NmGT11l, NmGT26, NmGT27 and NmGT28 belong to the GGlistet. NmGT1,

NmGT2, NmGT5, NmGT6, NmGT7, NmGT13, NmGT14, NmGTIE8MGT17,

NmGT18, NmGT21 and NmGT29 do not belong to any clugkegs 22).

Table 6 List of glucosyltransferase genes isolated in the presentgyu

Clone Contig Forward primer/ Accession UGT
name number Reverse primer number number
GGAATTCCATATGACGGCTCAATTTCATGT/

NmGTO c3093 LC368259 UGT73BD1
CG GGATCCTTAATTGTGTTCTTCTTCCGCT
GGAATTCCATATGGGAAGCTTGATAAAT/

NmGT1 c21325 LC368260 UGT93P1
CGGGATCCCTATCTAGTAATATGGGCA
CCGCTCGAGATGGCTAATATCAAAGATCA/

NmGT2 c7523 LC368261 UGT93P2
CGGGATCCCTATCTGGTAATGTGTGCAAT
GGAATTCCATATGCCATCAATCCTGAGCAATA/

NmGT3 c14484 LC368262 UGT89P1
CGGGATCC TTAGTTAATTTTTACCTTTAAACCA
GGAATTC CATATG GCAGCTCAGCTTCATGTT/

NmGT4 c19672 LC368263 UGT73BD2
CGGGATCCTCATATCTTGTTTGATTGTGA
GGAATTC CATATG ACTAACCCTTGTAAT/

NmGT5 c10672 LC368264 UGT93Q1
CGGGATCCTTATCTAGTTATGTGAGA

NmMGT6 c84 GGAATTCCATATG TTCAAAGTAGCCAAGCTT/ LC368265 UGT85A60
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NmGT7

NmGT8

NmGT9

NmGT10

NmGT11

NmGT13

NmGT14

NmGT16

NmGT17

NmGT18

NmGT21

NmGT22

NmGT24

NmGT26

NmGT27

NmGT28

NmGT29

c402

c4985

c17153

€16952

c13349

c49797

€1645

cl772

c3551

c2333

c31710

c1526

c564

€1995

c5914

c257

c5982

CGGGATCCTTAACAATTAACGGTAACA
CCGCTCGAG ATGGAGTCAGCTTTAGGTGA/
CGGGATCCTTATACAACTAAACTGCC
GGAATTCCATATGGAGAAAAAAACTATT/
CGGGATCCCTATTTCCAACCATCCAGTA
AGCATATG GGACTGGAAGGTAGTA/
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Fig. 22 A phylogenetic tree of UFGTs. The amino acid sequences of 24 GTs
obtained fromN. menziesjiincluding NmF4AGT (NmGT8) and NmF&7GT
(NmGT22), and 29 known UFGTs from various other plant spese®
aligned. Accession numbers for those GTs in the database and s@EenEs
are shown. GTs whose functions have been studieyo are shown with bold

letters. Scale bar = 0.1 amino acid substitutions per site.

4. 3. 3. Characterization of NmGT8 and NmGT22in vitro

The 24 GTcDNAs obtained were expressedHncoli and subjected to a glucosylation
assay for apigenin, luteolin and their glucosides. NmGT8 esg@desE. colidisplayed
FAGT activity (Fig. 23C). Although NmGTO catalyzed @-glucosylation of flavones
in vitro (Fig. 240, the RPKM value was very low (14.47), so this activitgymmot
occurin vivo. NmGT3 and NmGT4 exhibited flavoné 45T activitiesin vitro (Figs.
24F, G) but these activities were not detected when they were expredsadsigenid.
hybrida (Fig. 25. NmGT22 catalyzed ©-glucosylation of flavones (apigenin and
luteolin) and flavone 'Gs (apigenin 45 and luteolin 45) (Fig. 23F), while it exhibited
A3G5GT activityin vitro in Chapter 3. The other 19 GTs (NmGT1, NmGT2, NmGT5,
NmGT6, NmGT7, NmGT9, NmGT10, NmGT11l, NmGT13, NmGTIMMGT16,
NmGT17, NmGT18, NmGT21, NmGT24, NmGT26, NmGT27, NR28 and
NmMGT29) exhibited no flavone GT activity. They may catalyze ghucosylation of
plant secondary compounds except for flavoneN.imenziesipetals. Based on these
results, NmGT8 and NmGT22 were determined to correspond' @&rFthd FAG7GT,

respectively, and were subjected to further study.
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Fig. 23 Enzymatic activity of the purified recombinant NmGT8 or NmGT22
expressed inE. coli. HPLC chromatogram of (A) apigenin and apigenin
4'-O-glucoside, (B) apigenin incubated in the reaction mixture witNooG T8,
(C) apigenin incubated with NmGT8, (D) apigenlrO4glucoside and apigenin
7,4-0O-diglucoside, (E) apigenin '4D-glucoside incubated in the reaction
mixture without NmGT22, and (F) apigeniri-@-glucoside incubated with

NmGT22.
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Fig. 24 Enzymatic activity of protein crude extracts Bf coli expressing
NmMGTQ NmGT3 or NmGT4. HPLC chromatogram of (A) apigenin and
apigenin 70-glucoside, (B) apigenin incubated with the extradE o€oli host,
(C) apigenin incubated with. coli expressindimGTQ (D) apigenin, apigenin
7-O-diglucoside and apigenin 7-@-diglucoside, (E) apigenin incubated with
the extract ofE. coli host, (F) apigenin incubated with the extractEofcoli
expressingNmGT3 and (G) apigenin incubated with the extractEof coli

expressindNmGT4
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Fig. 25 Amount of luteolin 7©-glucoside in petunia plants expressikiySli
andNmGT3or NmGT4 Percentage of luteolin @-glucoside of total luteolin
was measured in transgenic petunia plants expre§dukgNS ThFNS and
NmMGT3 and ThFNS and NmGT4. The averages and SD of at least four

independent transgenic petunias are shown.

The purified recombinant NmGT8 efficiently catalyzedOdglucosylation of
apigenin Fig. 230). It also catalyzed '4O-glucosylation of luteolin, albeit less
efficiently, though it did not catalyze glucosylation of apiged’G, luteolin 4G,
apigenin 7G or luteolin 7G Téble 7). Additionally, it weakly catalyzed
4'-O-glucosylation of kaempferol and strongly catalyzeé®4lucosylation of quercetin,
but it did not catalyze glucosylation of isoflavones (gems#gid daidzein) or betanidin
(Table 7). Betanidin is a red floral pigment and belongs to betalaidsfeaent class of
compounds from flavonoids. AlthougiN. menziesii petals contain kaempferol

3-0-(6-O-rhamnosyhglucoside-70-glucoside and its derivatives, but not flavonol
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4'-O-glucosides (Tatsuzawa et al. 2014Chapter 2), the flavonol
4'-O-glucosyltransferase activity of NmGT8 was detedtedtro. Further study on this
in vitro activity toward flavonols was necessary.

The recombinant NmGT22 catalyzedO7glucosylation of apigenin’@ to yield
apigenin 7,4diG (Table 8 Fig. 23F. NmGT22 efficiently catalyzed ©-glucosylation
of apigenin 4G followed by luteolin 45. Interestingly, it also catalyzed
7-O-glucosylation of apigenin and, to some extent, lutediable 8). It did not catalyze
glucosylation of isoflavones (genistein and daidzein) or betanidin

Apigenin 7,4-diG was efficiently synthesized from apigenim vitro when equal
amounts of NmGT8 and NmGT22 were added to the reaction miige26E), while
the addition of NmGT8 or NmGT22 alone resulted in synthekiapigenin 45 and
apigenin 7G, respectivelyFigs. 26C, D. These results indicate that NmGT8 and

NmMGT22 co-ordinate to produce apigenin-dis from apigenin.
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Table 7 Relative activity of the recombinant NmGT8 toward flavones,

flavonols, isoflavones and betanidin

Relative activity

Substrate Product
(%)
Apigenin Apigenin 4'G 100
Apigenin 4'G ND ND
Apigenin 7G ND ND
Luteolin Luteolin 4'G 52.6 £3.7
Luteolin 4'G ND ND
Luteolin 7G ND ND
Kaempferol Kaempferol 4'G 145+£1.2
Kaempferol 3G ND ND
Kaempferol 7G ND ND
Quercetin Quercetin 4'G 62.4+4.0
Quercetin 3G ND ND
Genistein ND ND
Daidzein ND ND
Betanidin ND ND

Averages and SD of three reactions are shown. The relative activity oTBImG
was calculated based on 100% activity toward apigenin. The girdeéuved
from kaempferol was tentatively determined as kaempferol 4'G, bedaeise t
product was different from kaempferol 3G and kaempferol 7G and tlyenenz
catalyzed 40O-glucosylation of quercetin. The condition of a reaction with
betanidin as a substrate is different from that with flavonesoprilaleé and

isoflavones as substrates. See text for details. ND, not detected
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Table 8 Relative activity of the recombinant NmGT22 toward flavones,

flavonols, isoflavones and betanidin

Relative activity

Substrate Product

(%)

Apigenin Apigenin 7G 27.8+3.6
Apigenin 4G Apigenin 7,4'-diG 100
Apigenin 7G ND ND

Luteolin Luteolin 7G 251+14

Luteolin 4'G Luteolin 7,4'-diG 424 +12.3
Luteolin 7G ND ND
Kaempferol ND ND
Kaempferol 3G ND ND
Kaempferol 7G ND ND
Quercetin ND ND
Quercetin 3G ND ND
Genistein ND ND
Daidzein ND ND
Betanidin ND ND

Averages and SD of three reactions are shown. The relative activity of
NmGT22 was calculated based on 100% activity toward apige@in ¥he
condition of a reaction with betanidin as a substrate is differemt finat with
flavones, flavonols and isoflavones as substrates. See text fds.d€fdj not

detected.
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Fig. 26 Accumulation of apigenin 7 D-diglucoside due to recombinant
NmGT8 and NmGT22. Recombinant NmGT8 and NmGT22 weredatidthe
reaction mixture. HPLC chromatogram of apigenin, apigenri@-glucoside,
apigenin 70-glucoside and apigenin 7-@-diglucoside (A), the reaction
mixture after reaction of heat-treated NmGT8 and heat-treated NmGT22 wit
apigenin (B), NmGT8 and heat-treated NmGT22 (C), heat-treated Nra@I'8

NmGT22 (D), and NmGT8 and NmGT22 (E).
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The kinetic parameters of NmGT8 and NmGT22 are showfabie 9. The Kn,
value of NmGT8 toward apigenin was less than one-third aif adh NmGT22, which
indicates that NmGT8 has a higher affinity for apigenin tNamGT22. TheKn, values
of NmGT8 and NmGT22 toward apigenin (2.3 £+ QUM and 7.5 = 1.2uM,
respectively) were in the range &fn values (2.4-137uM) previously reported,
including that of B. vulgaris flavonoid 7O-glucosyltranferase (UGT71F1) toward
guercetin (Isayenkova et al. 2008}. max IF7GT (GmUGT1) toward genistein
(Noguchi et al. 2007)P. frutescensA3G5GT toward cyanidin 3G (Yamazaki et al.
1999) andS. baicalensiflavonoid 70O-glucosyltranferase toward baicalein (Hirotani et
al. 2000). NmGT22 showed comparable affinity for apigenthawigenin 45, but also
akea/Km value about three-fold higher toward apigeni@ 40.12 + 0.01 8 uM™1) than
toward apigenin (0.03 £+ 0.00'suM™). These results indicate that the combination of
the high affinity of NmGT8 for apigenin and the high velpaf 7-O-glucosylation of
apigenin 4G catalyzed by NmGT22 results in efficient accumulation of apigeni

7,4-diG.

Table 9 Kinetic parameters of NmGT8 and NmGT22

kcat Km kcat/Km
Enzyme Substrate ) IR

(s (uM) (" uM™)
NmGT8 Apigenin 0.22+0.03 2.28+0.71 0.10+0.02

NmGT22 Apigenin 0.24+0.03 7.54+125 0.03%+0.00
NmGT22  Apigenin 4'G 0.73+0.13 6.66+0.71 0.11 +0.01

The recombinant NmGT8 and NmGT22 were expressé&d aoli and purified

with HisTag.
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4. 3. 4. Characterization of NmGT8 and NmGT22 in vivo

Tobacco BY-2 cells can be used to easily and quickly ewadays) confirm flavone
GT activitiesin vivo due to their ability to import flavone dissolved in mediinto cells.
Tobacco BY-2 cells expressidgmGT8(cell line NmGT8-05)NMGT22(NmGT22-16)
and botiNmGT8andNmMGT22(NmGT8/NmGT22-24) were fed with apigenin to reveal
their functionin vivo. The results of HPLC analysis are showrFig. 27. Wild-type
BY-2 cells fed with apigenin synthesized apigenin 7&g.( 27C), as shown by
endogenous flavonoid 7GT activity (Taguchi et al. 2003). Apig 4G was detected in
NmMGT8-5 cells Fig. 27D), indicating that NmGT8 functions as a’GZ in vivo. A
small amount of apigenin 7;diG was synthesized due to a combination of apigenin
4'GT activity derived from NmGT8 and endogenous 7GT activithe HPLC
chromatogram of NmGT22-16-ig. 27E) was similar to that of the host cellBid.
27C). This is unsurprising, since introduced NmMGT22-deriV/ @G T activity is not
distinguishable from endogenous flavonoid 7GT activity. &pig 7,4-diG was clear in
NMGT8/NmMGT22-24 Kig. 27F, suggesting thaNmGT8 and NmGT22 catalyze

sequential glucosylations of apigenin to yield apigenirdi@ in vivo.
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Fig. 27 Apigenin derivative profiles oNmMGT8 and NmGT22expressed in
tobacco BY-2 cells. Wild-type tobacco BY-2 cells and their tranggcells
were fed with apigenin and cultured over two nights; thasdk extractions
were subjected to HPLC analysis. (A) apigenin, apigeri@-glucoside,
apigenin 70©-glucoside and apigenin 7-@-diglucoside, (B) tobacco BY-2
host cells without apigenin, (C) tobacco BY-2 host cells,t{@)sgenic tobacco
BY-2 cells expressinfNmGT8 (E) transgenic tobacco BY-2 cells expressing
NmGT22 and (F) transgenic tobacco BY-2 cells expressnmgGT8 and

NmGT22
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The study described in this chapter showed thainenziesiapigenin 7,4diG is
biosynthesized in a sequential manner bycH4and FAG7GT. FAG7GT also catalyzes
the glucosylation of flavones to some extent. The genes emcadése enzymes,
NmMmGT8and NmGT22 respectively, have been successfully identified and sequenced.
These two GTs were biochemically characterized, and ithgivo function in apigenin

7,4-diG biosynthesis was elucidated.
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Chapter 5 General Discussion and Concluding Remarks

The present study showed that | identified 21 genes encodikgnd$ of flavonoid
biosynthetic proteins (CHS, CHI, F3H, FNSII,'¥8l, DFR, ANS, GST, R2R3-MYB,
bHLH, EFP, A3GT, flavonol 3-glucosyltransferase (Flavonol 3GT), A3G5GT, AMT,
F4GT and FAG7GT) belonging to the flavonoid biosynthetic pathwayWNinmenziesii
petals. | have characterized the biosynthetic pathway leading toothpositions of
nemophilin, one of pure blue metalloanthocyanins by isgatme structural genes in
the pathway and conducting a biochemical study.

A number of AMT genes involved in the biosynthesis of malvidin-based
anthocyanins have been identified (Hugueney et al. 2009; Latlkér2010; Akita et al.
2011; Provenzano et al. 2014; Nakamura et al. 2015etCal. 2015). Howeve AMT
gene involved in dominant accumulation of petunidin-bametthocyanin has not yet
been isolated. NmAMT isolated frofd. menziesiis an intriguing methyltransferase
that almost exclusively yielded petunidin-based anthocyanirather than
malvidin-based anthocyanin€ijapter 3). The AMT gene can be a useful molecular
tool for shifting the flavonoid biosynthetic pathway to pédlin-based anthocyanin
biosynthesis to produce nemophilin.

Previously, flavone glucosylation had mainly been studiedhe basis ofn vitro
measurements (Vogt et al. 1997; Vogt et al. 1999; Hiratal. 2000; Isayenkova et al.
2006; Noguchi et al. 2007; Funaki et al. 2018)vivo studies of flavone glucosylation
were scarce. This is the first report on the isolatioRHGT andF4'G7GT exhibiting
their activitiesin vivg, and this study has shed new light on flavone bidmsis

(Chapter 4). Co-expressions of these GTs can lead to the efficient syzitigef
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apigenin 7,4diG in other plants, which is essential for blue metalloatyanin
formation.

The petal transcriptome data Mf menziesicould show thaCHS CHI, F3H and
FNSII are expressed in the early step, &8t'H andANSare in the late step involved
in the flavonoid biosynthetic pathway b menziesipetals. This result suggests that
the flavonoid biosynthetic genes isolated in this study wergerally expressed in a
well-coordinated manner, as has been reported in many other. plants

Interestingly, inN. menziesipetalsA3GT, ABG5GBndAMT are expressed strongly
at stages 1 and Fi@. 13, although anthocyanin-modified genes typically function at
later stages of flavonoid biosynthetic pathway tAdNS significantly in petals. In the
case of NmA3GT, the recombinant enzyme expressdd. iooli exhibited not only
A3GT activity but also Flavonol 3GT activit®Chapter 3). The enzyme may function
as Flavonol 3GT at an early stage and then as AG3GT at thadgéeisN. menziesii
petals. Such a GT exhibiting G-glucosylation toward both anthocyanidins and
flavonols was isolated fron. hybrida (Yamazaki et al. 2002), whose expression
patterns were slightly earlier than those of CHS and DFR (EBmaglet al. 1999).
NmMGT22 was shown to exhibit A3G5GT activity by expressn E. coli (Chapter 3)
and FAG7GT activity by expression in tobacco BY-2 celhépter 4), indicating that
a single enzyme may play two roles, A3G5GT andGK&T, in the flavonoid
biosynthetic pathway. Further analyses are necessary to sabWrttFAG7GT is also
physiological ASG5GT and that NmA3GT/NmFlavonol 3GT fuaos inN. menziesii

Among the 24 kinds of family 1 GT cDNAs isolated@hapter 4, only three GTs
(FA4GT, FAG7GT/A3G5GT and A3GT/Flavonol 3GT) were functionally stddiso

much remains to be investigated to understand the full pictufanoly 1 GTs inN.
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menziesiiThe GT catalyzing D-glucosylation of flavonol has not yet been isolated.

In the case ofRosaceaeplants, P. communisflavonol 7:O-glucosyltransferase
belongs to the anthocyanin 5GT cluster (Fischer et al. 2007%-@rdlucosylation of
anthocyanins is catalyzed . hybrida anthocyanidin 5,3GT (Ogata et al. 2005)
related to the flavonoid’@GT cluster. The fact thit. menziesiFAG7GT is related to
the anthocyanin 5GT cluster suggests that the alteration of $p€&dificity is flexible,
and the acquisition of new functions has occurred in thexistinganthocyanin 5GT
gene several times throughout plant evolution.

A transcriptome analysis is useful to identify genes inwblva flavonoid
biosynthesis. Most flavonoid-related genes were successfedilated and partial
sequences ofFLS and ATs were found, but these were not subjected to further
examination in the present study. However, it should lednibat the elucidation of the
function of a gene by amino acid sequence homology is not slaegurate, so
functional analysis is essential. For example, though wssiple to predict the function
of a UFGT by phylogenetic analysid, menziesiF4G7GT related to the anthocyanin
5GT cluster was shown to be flavonoid7glucosyltransferase.

Among genes which are essential for synthesizing the comigonémemophilin
(petunidin $CG5MG and apigenin 7@4G), three genes remain unidentified in this
study. These genes encode ATs catalyzing aromatic acylatiomalodylation in the
biosynthetic pathway of petunidipm@G5MG (Fig. 4C), and malonylation in that of

apigenin 7GMG (Fig. 4D), respectively. Two acylations in petunidipGG5MG

biosynthesis are catalyzed by anthocyanidin
3-O-glucoside-B-0O-p-coumaroyltransferase (A3AT) from P. frutescens
(Yonekura-Sakakibara et al. 2000) and anthocyanin
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5-O-glucoside-6-O-malonyltransferase (A5MaT) fronSalvia splendensand A.
thaliana (Suzuki et al. 2001; D'Auria et al. 2007), respectively, in pldcth® ATs
encoded by two of three unidentified genes fildmmenziesiiOn the other hand, there
is no report on the isolation of genes which substituteie other unidentified gene
encoding the AT catalyzing the malonylation in apigen4®G biosynthesis. In
addition to nemophilin, four other blue metalloanthocyanasetheen determined from
C. communigTamura et al. 1986%. patengTakeda et al. 1994¥;. cyanugKondo et

al. 1998) ands. uliginosa(Mori et al. 2008), all of whose flower color are blue. These
metalloanthocyanins have the differences in their componentsi(éost al. 2009).
One of them is the number of malonyl groups of the componéetnécessity for the
malonylation in apigenin 7GMIG biosynthesis to accumulate blue metalloanthocyanin
was examined by the reconstruction experiment. It showednthtabnly apigenin
7G4AMG but also apigenin 74liG can form blue and stable metalloanthocyanin by
mixing with petunidin BCG5MG, Fé* and Md" in vitro (Fig. 28), suggesting that the
malonylation of apigenin 741G is not essential for forming blue and stable
metalloanthocyanin at least vitro. These results indicate that a set of isolated genes
from N. menziesiin this studyP. frutescen®\3ATandS. splendens/A. thaliana ASMaT

would lead to blue and stable metalloanthocyanin formatiorbrmdflower coloration.
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Fig. 28 Coloration and color stabilities of metalloanthocyanin recootgdin

vitro. (A) Photos of a solution taken 15 min (left), 24 h (middiegd 40 h

(right) after mixing 2.5 mM petunidinpg€G5MG, 0.4 mM F& and 25 mM

Mg?* with 4 mM apigenin 7GMG in 130 mM citrate-phosphate buffer

solution (pH 5.0). (B) Absorption spectrum of the solutof (A) diluted by

half. (C) Photos of a solution taken 15 min (left), 24 idie) and 40 h (right)

after mixing 2.5 mM petunidin @G5MG, 0.4 mM F& and 25 mM Mg*

with 4 mM apigenin 7,4diG in 130 mM citrate-phosphate buffer solution (pH

5.0). (D) Absorption spectrum of the solution of (C).
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To completely understand the whole process of the metalloamthiocyiosynthesis
in N. menziesiisome issues on specificity for flavonoid transport to theielac or
metabolon formation for flavonoid biosynthetic enzymeblinmenziesipetals must be
solved. However, although those issues still remain uadah this study, the ectopic
accumulation of apigenin 7;diG, an essential component of metalloanthocyanin, in
other plant cells was succeeded by co-expressidimd#4GT andNmF7,4GT isolated
in this study Chapter 4).

Now that the molecular tools to engineer the components kfe b
metalloanthocyanins (petunidin@G5MG and apigenin 74liG) have been obtained,
we have moved one step closer to the accumulation of nagtHilcyanins in
heterogonous plants and engineering pure blue flowers @r sfiecies. The dream of

developing a ‘blue rose’ will come true.
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