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Flavonoid Biosynthesis: Biochemistry and Metabolic Engineering
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ABSTRACT Flavonoid biosynthesis is one of the most extensively studied areas in the secondary metabolism. Due
to the study of flavonoid metabolism in diverse plant system, the pathways become the best characterized
secondary metabolites and can be excellent targets for metabolic engineering. These flavonoid-derived secondary
metabolites have been considerably divergent functional roles: floral pigment, anticancer, antiviral, antitoxin, and
hepatoprotective. Three species have been significant for elucidating the flavonoid metabolism and isolating the
genes controlling the flavonoid genes: maize (Zea mays), snapdragon (Antirrhinum majus) and petunia (Petunia
hybrida). Recently, many genes involved in biosynthesis of flavonoid have been isolated and characterized using
mutation and recombinant DNA technologies including transposon tagging and T-DNA tagging which are novel
approaches for the discovery of uncharacterized genes. Metabolic engineering of flavonoid biosynthesis was
approached by sense or antisense manipulation of the genes related with flavonoid pathway, or by modified
expression of regulatory genes. So, the use of a variety of experimental tools and metabolic engineering facilitated
the characterization of the flavonoid metabolism. Here we review recent progresses in flavonoid metabolism:
confirmation of genes, metabolic engineering, and applications in the industrial use.
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1. Flavonoids2] AMz|= 7|

=

Flavonoid AEA 22+ o8 UAIERE, &
flavonone, isoflavonoid, flavone, flavonol, leucoanthocyanidin
(flavan-3,4-diol), anthocyanin 522 o]Fo|x] 9o H| &
2 FHso Atk (Figure 1). oy FHAH e FHAL2
pelargonidin 3-glucoside (2.81%| 4], Z2A] w7t cyanidin
3-glucoside (AFEA, A5, T18]7

< chalcone,

delphinidin 3-glucoside

flavonoid (flavonol, flavone, chalcone, aurone)x= 2§24-& 24
st o 93-S XA Ak webA flavonoid AR/
A5 FHAE A= ATECl FE ARYel
(Petunia hybrida)®] &4 =4 AF1E FALE olFo{A ¢
ow 3 t}okdl flavonoid7t A7FRE 2 o4 o] W
AME FEYeA AFsol I &It #HHL UG
(Dixon and Steele 1999; Forkmann and Martens 2001).

g9l A WA ZEA chalcone synthase (CHS)ol 2|3t
acetate 72 2] malonyl-CoA A £-2}9} phenylpropanoid 2}
9] p-coumaroyl-CoA 3+ EA25FE 3k Ex}¢] tetrahydroxy-
chalconeo] A HTH 2k 42 kDa9] dimeric polyketide
synthase ¢1 CHS: cofactor® HQ 2 &4A) &ow, T3l 7
2.9 3+ NADPH 9&7 reductased] 25t 6-deoxy-
chalcone (isoliquiritigenin)©] AAAE7|%= @) o] 2FFe

chalcone-2 Z9)| w}lz}A aurones (flavonoids subclass) 2.2 &

(A, 24 5 A ¥of] A E)E anthocyanine] 7]R18HH  FE7)E Fhr} w3 stilbene synthase (STS)l 9]3te] p-
STS
4-coumaryl-CoA + 3 malonyl-CoA #  Resveratrol (stilbene)
halcone synthase I CHS
T ADPH reductase ‘
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Figure 1. Scheme of the individual steps in the flavonoid pathway leading to the most important classes and the hydroxylation of the ring B.
Abbreviation: ANS, anthocyanidin synthase; CHS, chalcone synthase; CHI, chalcone isomerase; DFR, dihydroflavonol reductase; FGT, UDP-
gle:flavonoid 3-O-glucosyltransferase; F3H, flavanone 3-hydroxylase; F3°H, flavonoid 3”-hydroxylase; F3°5°H, flavonoid 3°5 -hydroxylase;
FLS, flavonol synthase; FNS I, flavone synthase I; FNS II, flavone synthase II; IFD, 2-hydroxyisoflavanone dehydratase; IFS, 2-
hydroxyisoflavanone synthase; LCR, leucoanthocyanidin reductase; STS, stilbene synthase.



coumaroyl-CoA ¢} malonyl-CoA 25 stilbene (resveratrol)©]
A, F2 IX (Vitis vinifera), B2 (Arachis
hypogaea), 2=\ (Pinus sylvestris) S0 Z)3pH AlAH S
ZAA7IE Z37F B 9th (Winkel-Shirley 2001).
=29} tetrahydroxychalcone2 chalcone isomerase (CHI)
o] 23} A E-0]A <] ring closure isomerization THA| & A&
A9l naringenin®] =6 YXE= liquiritigenino] 7%
gttt Flavone2 F32HE3) 257 whelglo} 7he] AFadA ol
Al ALRRE B 9EE FYse o2 uuA
Jod, 1 & % Fd9 naringenine W 7)15S =747
= &7} B ES ) o} flavanones (naringenin, eridiotyol,
pentahydroxy flavanone)s= C-2-C-3 ¢]54% 2 2 flavones
(apigenin, leuteolin, tricetin)$} flavonols (kaempferol,
quercetin, myricetin) 187 3-9]X ¢ hydroxylation . &

3:0

¢

dihydroflavonols (dihydrokaempferol, dihydroquercetin,
dihydromyricetin)©] ® T} Naringenin< flavone synthase
(FNS)ell oJ&ted C-2/C-3 Y&]o)| A dehydration®]o] apigenin
(Mavones)o) S8, Fo) W goet &4 Fehg 72k
Z, 3£ (Petroselinum crispum) A E B A= a-ketog-
lutarate-dependent dioxygenase (FNS Dol} €3] flavone & 4j o]
2ol =\, Antirrhinum 2201 41+ NADPH-dependent FNS II¢]]
o5t Zv) ®c} T3 naringenin® WHEA] Fe'E QR
3} o-ketoglutarate-dependent dioxygenase<! flavanone 3-
hydroxylase (F3H)oll 2]3}ted stereospecific 3-hydroxylation
(= 3’-hydroxylated analog) ¥ ¢ dihydrokaempferol
(dihydroflavonol)& 4] §tc}. dihydrokaempferol2 flavonoid
3’-hydroxylase (F3'H)oll &]3}od dihydroquercetino] 7w+
flavonoid 37, 5°-hydroxylase (F3°5"'H)el|l ¢]&}e] dihy-
dromyricetine] ¥t} Dihydroquercetine F3°5°Hel| £]3}¢]
dihydromyricetin®] ¥7|% 3t}

HZ e st FERL QUE isoflavonoid A2
isoflavone synthase (IFS)¢]l 2}&] flavanone (naringenin,
liquiritigenin)ol| A4} C-2¢lA C-3E2¢] aryl ©}]% % hydroxy-
lationo] Fuj o] 2-hydroxyisoflavanones (2-HIS)°] E4¥
%, 2-hydroxyisoflavanone dehydratase (IFD)ol] ¢]3}o]
dehydration o] genisteini} diadzein©] ¥4I E th Naringenin
2 NADPH-dependent cytochrome P450 monooxygenase 2}
A 9+ 54 hydroxylation® 2 A% dihydroquercetin©]
%, o-ketoglutarate-dependent dioxygenase ¢ flavonol syn-
thase (FLS) off 2|3t C-2-C-3 0|4 2] FA O quercetin
(flavonol)o] =™, H XT3 quercetin®] FHHAAAI} B
=tk &t dihydroquercetin & NADPH-dependent
dihydroflavonol reductase (DFR)ol| £}&}ed 2 x o] leuco-
cyanidin (flavan-3, 4-diol ®== leucoanthocyanidin)©} Ft}.

Leucoanthocyanidin® & L& Z3 §o|¥ g4% A3

Az FRHOZ T} flavonoidE vRECL ZYojal B

K3
A 9] leucoanthocyanidin (leucopelargonidin, leucocyanidin,

Flavonoid A4BHAL: A4S}5IT} CHAIRSIN 282 - 267

leucodelphinidin)2  o-ketoglutarate-dependent dioxygenase?!
anthocyanidin synthase (ANS)e]] ¢]3}o anthocyanidin
(cyanidin, pelargonidin, delphinidin)o] ¥ £ UDP-glucose:
flavonoid 3-O-glucosyltransferase (FGT)ol) &]sted 2 A0, 2124,
A 59 Mg =& anthocyanin (cyanidin 3-glucoside,
pelargonidin 3-glucoside, delphinidin 3-glucoside)7} §H4]®lth
olu] B #2] hydroxylation Fed] 2]5}e] anthocyanin £{/7}
AR, 48 ¢4 hydroxyl 7| & 71A& 2 = HA 9
cyaniding 7]EA AR F 79 7hE3 ¢X)9)Ae) hydroxy-
lationof] whebA] w7k 21 Q & X|A) ] pelargonidin 2} A &
A H s3] delphinidin A} 27F /A Hch =S
leucoanthocyanidins< leucoanthocyanidin reductase (LCR) of|
2]3le] catechin o] H™, cateching g}t gz} HAY =7}, &
4, FHEF, st § oS EFvlIsel #HEHUT
Catechin2 condensing &40l ¢]&}e] condensed tannins ©]
=1, coupling T, chain extension TJA}L, 48+ modification
o] FAEE Ao g <#A condensing G- HA7EA] Alt]
2 A @2 Ik

2. Flavonoid AM#tAMoj| 2lojsl= = FHMA}

Flavonoid thAlol] @&t A31eha EXNEL od A7t 2
<% 3

A L §4E9 FElo 48HE 49 3o gt
A gtk 2 §ARE A o)At AR FASS 2F
a3, 24 fAA= flavonoid®] F&d JTFE mAAY &
St AL AA &2 GF-E switch on = off 35} o]&
FHAES A2 pH, co-pigmentation, F&0]2 59 FF
S ¥h=t} Flavonoid A B8 G488 ¥ o2 HE 44
FEE 7t Hsstd dA7kA E

22 REo] waAn
Anthocyanins &4 W22 chalcone synthase (3}£3a),
chalcone isomerase (& <2}, 3 A XEu) <), flavanone 3-
hydroxylase (¥ 51 o}, dihydroflavonol 4-reductase (2-74),
anthocyanidin synthase (555, flavonoid 3-O-glucosyltrans-
ferase (2590 9&le], 1813 WA} flavonoids= antho-
cyanidin 384 #FAe F7HHE FEZAZEA leucoanthocyani-
din reductase (LLCR), flavone synthase [ == II (FNS [, FNS
ID), flavonol synthase (FLS) 1) 7. isoflanone synthase (IFS)
Zof o3t Zul=Et} (Holton and Cornish 1995). Thekgh =
2] flavonoid7} hydroxylation, hydroxyl7]] methylation,
glycosylation, acylation 59 ¥SEL AXA FAFCH
Flavonoid 3"-hydroxylase (F3°H)9} flavonoid 37, 5°-
hydroxylase (F3'5'H) & £3] FE& W= 3484 7129
naringenin 3} dihydrokaempferolol| A B&e] A=A x|
hydroxyl71& $% 3} luteolin} tricetin (flavone), quercetin
3} myricetin (flavonol) 783 cyanidin3} delphinidin
(anthocyanidin) S-¢] f-8& flavonoidE $HAIsHA sich A7)



268 - Korean J. Plant Biotechnology

A B2 WA #H fHREe] 28 qEE %htﬂ
proanthocyanidin 4Jol A3} ‘condensing enzyme' 2 A &)
&2 Figure 194 FAIGH B4F9] 7232 fHAEC] EH
Row FAar Wl FAF transcription factorel] 3 F3=
22 2d fFAREE 2 #HEAG A7 olEe o
A FRARES FA A, sk, BAE A B A4
& RS hat B 1FE] o]FoA gt} (Holton and
Cornish 1995; Mol et al. 1998; Forkmann and Martens 2001).
Table 1 flavonoid A Mol #HE FARS] £ A}
of g YEAE, F FAAAE FH TAEY B T 4
HBo) gh _E_)\-lgit’a oje z%i = 2ask 1;]-3_11;1
g A E olg3ste] FEFAT Tt AEAUY W
A FEE Qo] E whiAo] AIglshE FAo £°]5}
A gorg REL pansposons ©]&3ld B Eglom,
# 2ol &= T-DNA taggingo] 83t ol &5 Yt} 53] of
]X"EH (Arabidopsis thaliana) 21-H] flavonoid A §H4Jol =&
H e TEste Adgel &9d] FYHT Qe

‘

2 9

Table 1. History of flavonoid gene isolation.

flavonoid A Al A7 A o7 AHH T2 FARE o
g SddelAL BelA 22 JdoRdle oEdE
o o 834 1%511 Atk (Devic et al.
S (1984)o] A2
UDP-Glc: flavonoid 3-O-glucosyl transferase #2221 bronze
1 FAAE E88=d 433 o]gl & chalcone synthase= T}
£ oA (Kreuzaler et al. 1983), isoflavonoid thA} & &4
FAASE T3 Yool ReHOD, PE FUAEY
EES S dFuol A EEHATE B3 S44, ¥
Fuol, o 7133t oll ti g} transposon} T-DNA taggingS- o]
Sk thA} & AFollA flavonoidse] A1 A4¢] cytoplasm ©.
EFE AFELY Ax2Y o)Fd BAAHE FHz] gg
AR 83x 7 9t} (Debeaujon et al. 2001).

—

1999). Federoff

2 transposon tagging WH-S o] &3}

2.1 Chalcone Synthase (CHS)

A DAl dofste AT FAAEA AEHETEH AE

Gene Method Species Citation
Structural genes
Chalcone synthase (CHS) Antibody screening Parsley Kreuzaler et al. (1983)
Chalcone isomerase (CHI) Antibody screening Bean Mehdy and Lamb. (1987)

Isoflavonoid synthase (IFS)

Flavonol synthase (FLS)
Flavanone 3-hydroxylase (F3H)

Cytochrome P450 homology

Dioxygenase homology Petunia
Antibody screening

Akashi et al. (1999)
Steele et al. (1999)
Jung et al. (2000)

Holton et al. (1993)
Petunia Britsch et al. (1992)

Soybean, Licorice

Snapdragon Martin et al. (1991)
Flavonoid 3"-hydroxylase (F3'H) Cytochrome P450 homology Petunia Brugliera et al. (1999)
Flavonoid 3°5"-hydroxylase (F3"5 'H) Cytochrome P450 homology Petunia Holton et al. (1993)
Dihydroflavonol reductase (DFR) Transposon tagging Snapdragon Coen et al. (1986)
Leucoanthocyanidin reductase (LCR) T-DNA tagging Arabidopsis Devic et al. (1999)

2-Hydroxyisoflavanone synthase (IFS)

Analysis of cytochrome P450S

Soybean Licoric Akashi et al. (1999)

UDP-Glc:flavonoid 3-O-glucosyl transerase Transposon tagging Maize Federoff et al. (1984)

Dooner et al. (1985)
Anthocyanidin synthase (ANS) Transposon tagging Maize Menssen et al. (1990)
(Leucoanthocyanidin dioxygenase)

Regulatory genes

CI (myb) Transposon tagging Maize Cone et al. (1986)
Lc (basic Helix Loop) Transposon tagging Maize Ludwig et al. (1989)
P (myb) Transposon tagging Maize Lechelt et al. (1989)
CPRFI, CPRF2 Southwestern screening Parsley Weisshaar et al. (1991)
delilah (bHLH) Transposon tagging Snapdragon Goodrich et al. (1992)
anthocyanin 11 (WD40) Transposon tagging Petunia de Vetten et al. (1997)
TRANSPARENT TESTA GLABRA2 (WRKY) Transposon tagging Arabidopsis Johnson et al. (2002)
anthocyanin2 (bHLH) Transposon tagging Petunia Quattrocchio et al. (1999)
TRANSPARENT TESTA 1 (WD40) Positional cloning Arabidopsis Walker et al. (1999)
anthocyanin 1 (bHLH) Transposon tagging Petunia Spelt et al. (2000)
TRANSPARENT TESTA 8 (bHLH) T-DNA tagging Arabidopsis Nesi et al. (2000)
PAPI] Activation tagging Arabidopsis Borevitz et al. (2000)




EFER00H (Kreuzaler et al. 1983), 0]& o]&3&}] HH1jo}
oM F EF & thE CHS FAHAEC] F71 BHEHUH
HFujelell= 12709 MZ ofE CHS f-427t Exj8te of
S F GA 45 (chsA, chsB, chsG, chs)), ZL T EAXE= 2
Z5H (chsA, chsh?r 2= 2102 B 75 uh Transposon
tagging & o] &3] 4T HE 2879 CHS 37} £
HR o, 2= 2] anthocyanin A, whps 3HE-9)
CHS &g x4o] #AAs: AR FHHUTE B3 Fox
genome+- T2 17]2] CHS HHAgF HH381 glck

2.2 Chalcone Isomerase (CHI)

Chalcone-2- CHI®l| 2]
ZAe) 24

8le] naringenino] HAHZBE &
g2 vlolict E=3 CHIZF QI
£0]7] Fxuk 2} A O 2 isomerizationF] 0] naringenin
£ A3t I18v) CHI mutantol| A chalcone £2& Holx=
S o7} SolE Q). CHI &8lo] ARE I (Callistephus
chinensis)=} 7Hd}0]4¢] corollas (ZZH-2)ol A chalcone A 4
ol X507 o] Ao g AR

CHI cDNA: A2 o83l TOBXE 2z Rl
2} (Mehdy and Lamb 1987). I3l #|FUo} 0 2 HE]
£ CHI 49 antiserums ©]&3te] mHFujol 9]
cDNA expression library 258 CHI @38 £2]3l¢ict &z
2 &52] CHI 544} (chiA, chiB)7} E8)¥ 1 71 EAlo] 144
Q2™ (van Tunen et al. 1988, 1989) o]& GHAE o] &3}
of Foixet 54 CHI FHAELE 25Uk

oTa}‘—L, =

Ol-

2.3 Isoflavanone Synthase (IFS)

Isoflavonoid A2 thdt Ao AsleHE, 4% =8
B2 IFS7} cytochrome P450 oxygenase familydl] & @&gkchy
QrAlEte] gk o) E 3t AMAE Trx (Glycyrrhiza echinata) %
BH IFSE Eddo24 7352 (Akashi et al. 1999)
Richard Dixon Z15 % P450 cDNAS] functional screeningol]
o3l F (Glycine max) 2 2XE IFS FAHAE Hagsct
(Steele et al. 1999). F<L DuPontAle] & I1&-2 7+ screen-
ing WS- o] &8}to] yeast expression systeme] 2)sf IFSE &
23}t (Jung et al. 2000).

2.4 Flavanone 3-Hydroxylase (F3H)

Differential screening®} genetic mappingS ©|&-3le] Fof
Z9)] incolorata locusd)] 3|53l cDNA @ o] Ea|5|9]on
o]Zlo) F3HS¢! Ao g da4tt (Martin et al. 1991). 3+ |
Fuoke] £ 22 F3H cDNA7E EHAEH, ofvic it
7tel Mg vl 9 gl 2 Al hydroxylase 84 55
Eatel 7150] QZHEd Folist A RUCklE B 4

Flavonoid A4gH - AU58HTH CHAKZRSIE 28 - 269

TS B3tk #Fuol F3H cDNA @85 o] &3te 7}e]o]
A #E FoERY slF oDNA7E BIHILH, o)

reticulocyte system-s- ©]-8-3fo] EI=| Tt
2.5 Flavonoid 3'-Hydroxylase (F3'H)

Faghs ol 2@ A7l AQ¥ F3'H 87 H7|ME
A }40 olg&ste] FEEHTEL FAYo] E1E s FUoke]
¥ FEEANXM ZL @8] HEF =, naringenindt
dihydrokaempferol°] 3 91X9] hydroxylationS Zvjalsgch
5 719) genetic loci Htl 3} Hi2= ) F1jole) el F3'H &
8-S ZFsl=|, Hl& corollad) limb9} tubed| A, Hi2 =
corolla tubeo| A Z&3it) o]F F F&AA= anthocyanin
flavonol¥] 3’-hydroxylationg Zd3dl=tl|, F3'He|| 3]|%3l=
cytochrome P-450 cDNA ©H#o} #HlFUol2 5 e 25Ut
(Brugliera et al. 1999).

Larson3} Bussard (1986)= €44 §-EEXRE A2
some B8oA F3'He EZA4E #¢ls9+=1 kaempferol,
naringenin, apigenin2 7|22 o]&43}1, cytochrome P-450
superfamilyol] sl5él= Ao ® WAk

micro-

2.6 Flavonoid 3°,5"-Hydroxylase (F3'5'H)

Fd A & P-4509] Q7MY $AS N2
HEUolERE T ZF9] F3'SH £4AE 2alsgs=r,
ES l A B e A fé%“&s &ol3}3ith (Holton et al. 1993).
F3'S'HE F 709 2 loci (Hfl, H2)% 22AAS BGlo
), Hf1& corolla, stigma, pollendl| A, Hf2+= corolla limbol] 4]
Eoldoz ALk F3'5’'H &4 cytochrome P-450
superfamilyel s Febck EFFAE F 200% oo MZ
THE P-450 g71xge] AR olF Tole 4 BEF
A7 E RE 722, PCRE degenerate oligonucleotide
primersE& A7 ah=t] 0|45 7 9t} Holton 5 (1993)2 #
FUCLZRE % 71¢] full-length P-450 f#+2] cDNA T
5% Fesiion AY WdS File] F3SH 838 39
stk E3 HFU ol EdAmolAel tigh RFLP mapping}
complementation Z¥} 247} HfI3} Hf2 genetic lociol 3]
< gk

Florigene 15

2.7 Dihydroflavonol 4-Reductase (DFR)

DFR 42 4249} Fo]ZZH-F transposon tagging S
o] &3l E Rt 25:429] g F#2} recessive mutation
2 FAe] sEZS Fu8lN e in vitro translations E38}
o] al cDNA ©# o] DFRYo] El= Ut} (Reddy et al. 1987).
w29 pal locusol] et EAHo] 27 anthocyanin 4§ %

gol AgFel T4 EE AR FYHE FL HLHAC



270 - Korean J. Plant Biotechnology

¥, pal mutante]] leucocyanidin-g&

3 =, dihydroquerceting 253 7%
precursor feeding A8E 3l pal F-447} DFRE 948
o] ZHHJUL. Pal FAAS] AHES Zholli= ofv At 54
< H4on, 5o/29 DFR cDNA ©#Ho] #HFY 0}-4
homologous FH 25 E2|3t=t AM-HAT} (Beld et al.
1989). Ml FUolollE 3%/ DFR S-42} (dfrd, drfB, dfrC)
7t Sl dirA o] 7] ZFjolx ZAIE)IL RFLP
mapping#} complementationg £33} An6 locusdl] 3 s}=
Ao WAtk dF Yol DFR E4F AYHO R dihy-
dromyricetin?+s- 71824 X33} leucodelphinidin® 2
A7)0, dihydroquercetin®} dihydrokaempferolo)] thslel=
NAEAMY ARE7E YAV 7FAR o] &HA OB
leucopelargoniding AJAIE]A] 9kqtt) o7]dl #HF Lol 7)
2 Eo)Ao Qlate A3 delphinidin S A E9 M)z
%33} pelargonidin 4)2:] Ao] Lehyick

F58 Z$ anthocyanino]
= RaEA e

2.8 Leucoanthocyanidin Reductase (LCR)

23 flavonoid AFHAle] Tejsl W Z o8 §ARAS|
THEEYEH, 2 £2]¥ LCRL leucoantohcyanidin & 2 5-
B cateching 3¢t © 24 proanthocyanidin A Z7)¢
AL A Rz WAL Devic £ T-DNA tagging
£ o]&3le] Arabidopsis 21 2] BANYULS 52217} olof &)
23S Tl (Devic et al. 1999).

2.9 Anthocyanidin Synthase (ANS)

Leucoanthocyanidins2 4] anthocyanidins ©.2 {3}
EA WA= o & 1 E oA 2o} oxidation dehy-
drationo] #ojsl= Ao g ATk S459 A2 FHA
mutation& leucoanthocyanidinsoj| 4] anthocyanidins© ¢} &
423 WHlo] A o, Fo]x2e] Candica (Candi) 42}
T FY% GA #Bosie Aoz gAY A A29
Candi 724+ 2= (Menssen et al. 1990; Martin et
al. 1991) o] 59| o]tk MY Tl & FF8E B2
n F3H, flavonol synthase, 1-aminocyclopropane-1-carboxylate
(ACC) oxidase 53 712 2-oxoglutarate-dependent dioxyge-
nase 9} AFEAS Bk

2.10 Anthocyanin Glycosyltransferases (FGT)

S-4==2] UDP glucose: flavonoid 3-O-glucosyltransferase
(3GT)oll alFsh= Bzl §227} transposon taggingll 2] &}ed
EHHANL ™ (Dooner et al. 1985), o] o]&sla] Fojxe}
ot frefe] FGT AL =k Fo129 #R/Y

o}¢] anthocyanin 3-glucosides¥> rhamnosylationoll <}3]

anthocyanidin 3-rutinosides©] ¥ t}. Differential screening}
genetic mapping= ©]-£-3}e] #HF1]o}Z 28 UDP rhamnose:
anthocyanidin-3-glucoside rhamnosyltrahsferase (3RT) &2}
7} 2R, o= Relocuse] AFHH, 3GT 2 o2
glycosyltransferases 9} G714 g A=A o] vortt HE o}
Fo|lA YAEE anthocyaninse 3 XA glucose 7| S 7}
Ay, A4 WA mek 5 fRA glucose”| & 7HE I
A=, ©]# 3} anthocyanin 5-O-glucosyltransferase (5GT) &
A8 thekst anthocyanin F-AA 59 WL ZASE= Anl 2
A Az AFBRAVE e AoE G

3. Flavonoid Agtdo| &oist= =& |EA

TE FARe 2EE 2 2 KHAEL flavonoid
A BEe} Aol FES mXITh Table 01]*1 STT, =
olZ, HFUek oi71Ft FlA 2dE =

ofstom, o] 52 B4 A T2&A H mRNA ”’5‘!

E3te 5k Flavonoid A$H4
transposon tagging ¥} positional cloning 2 7E—8— —}?;Z}%%jl‘}
W olgdlel AT 2 WAl oloigck oleld
o] &3le AIARE {3l signalsdst 44
domain} helix-loop-helix transcription factor (R, B, C1, P)&
HANA F& 22 AEE 2Eud o) daHrh

E-3] proanthocyanidin®} anthocyanin A 8HAdel] Eo]Z 2 1)
AVARS mpAe @A §AES] BHE 2™ FAAEY
T lofx & o] o]Foiich HFu ol ANII (de
Vetten et al. 1999), o} 7)&A o] TTGI (Walker et al. 1999)&
heterotrimeric G T 21¢] B-subunite] Hefst= AL g A
Atk ANITS A 24 g ex 22 218 myb domaing
7HA = gl AN29] B8-S A%k} (Quattrocchio et al.
1999). TTGI1& 1 ¥ o] flavonoid TAJo] Theddl #ut ol
2 gele] ERAE Fe), Tae WY AY Sl M ANIIH
Z}o]E H.2lt} Phenylpropanoid thAlS] MYB ZZ <1z} €]
T A A7l PAPIC] EEEon g & A
Je AFA 25 7 3= ez ByETt (Borevitz et
al. 2000).

R gene family‘—‘- maize®] anthocyanin A 49] &3 A7), &
X, % & ZAAsH, R locus (S, Le, Sn =& Z#H3} B locus
= Ol-roﬁl A 2 FARE] ol sFE et (Dooner
etal. 1991). 7 §AAHE 2% 7k B9je] Hug Y=,

ZAYe] ZE3 anthocyanins®] £32 C] (2} T+ Pl

(AE 23S P8 F 3} Viviparous-1 (Vpl)L developing
maize seedol| X C1 §-3x}¢] 28-& E3le] anthocyanin 7 2
& ZA3ck I, anthocyanino] A9 E vpl mutants= =
A BEE olgolAA o

F0]x9] ZoA, 37}A] flavonoids 23 $-ARLE, 2 Delila

o% N

I



(Del), Eluta, Rosea7} YA =], A& CHSS CHI ¥ sHA=
& 2AE B GOk O o]F9 WAIEAAN Del FHAE
AHo g "7 3, Eluta®t Roseao| &)ate] oFzo] =
S w9ttt Del §3129) mutatione 8o A DFR, F3H,
Candi, 3GT 5& A HHAe] AAE ZFAaAA Del 3
A B9 AA} B4 07 flower lobe$t mesophyllo] A=
CHS 9] repressor2 &-83h= 2oz ghj Atk
HFYepoll M 470 locus (Anl, An2, And, Anll)$] mutation
ZA3 DFR, ANS, Ani3, anthocyanin methyltransferase (AMT),
chs] & FE FARES A tigt 28 G237} etk
Anl3} AnllE 2 &9 BEE ZF A, An2: flower limbol A,
Andz ofollA FUT TZ FHREL AAFE 243 36T
B B Anl, An2, Anddl Qo] ZAEEW, Anl S HfI T
H#dE F3SH 842 A dgA petunia 28§44
= F3’HE A|9)%t F3H oj¥¢] R E flavonoid §2248) F E
718AQ 28 2T
Transposon tagginge FA2} AHES] EAo] #A3k M}
e 2 s oo 88 WyHo g ojdxof ¢t
o, HE 2d FAAES 94 WA 24 $ARE o
S e 71F2E FalEo] £} Transposon tagging®l
9ste] FlH HRFUol An2 FARE opu| kAt FFeollA
Pl FAAR 7V = S AT An2

2= corolla €} tubedl| A BFEE 2L, kol M+ L& E
A gttt
PCR 71H& o] &3] HFuol2Re 44 R 449

Maize Le F-422 gfs) of 71 4uio] 8443 A3 4
TN Ak Z7HE BAE. o) Levt maize ©]9)9)
2 £ fA9 flavonoid A4 $AAE A3 & F ¢
< AMEtk Del s FAAHS BEvlEs 9 JF A5
A flavonoid §4do] Z7tE9 o), FAAS o z
Mt flavonoids7b F7HAACE vk FAHE Arabidopsis
NME Delo) F818 BHF S AAE YeA = 2o
2hA U5 of7ke] po|= XL flavonoid H YL MR of

T TEAAM AR SRl ofstd 2HES o4+ Qo

>

JucTi

.

(o]
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4. tHALS

HE ke Foll EAjsts flavonoide 289 FAHA]
A AR BsHEd oflet Ao AASy|E shr AEel A
shef, B2l ARl Slold w2 71%5-E @ & Uvel tist
o, el WAE EE aFe] Wi I3, shE YT o
el Bst 283 HE AEH 52848 =

L <

s
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Flavonoid AHBH: AiBIEIT} CHAFZSEHY 22 - 271

7es HRIh e AEe L ErkE SR Fat 3
o g8t §E & Bk ohug QA mF RS
% 3t} E3] free radical 7} reactive oxygen species
FAFE A A S4B TE AR 4%

= AT FE AE FH9
flavonoid thA} 7% A FAazEe] 2 FEEY
g, e U F HAREE SHoA FES
B gler, A7 flavonoidol| thet tAEEHE o4&
A= Figure 2004 Q.oks}3ch

4.1 BRIRS0) AN XM

ra,

o] BANES ] A, 53] fdx 22 2 A
710 WEE ol o8 s WA o] 7HFEA HAE,
[og fdget 7 A AR =g WA
A B8/dste] WEo R o] 85of gith

Flavonoid+= chlorophyllZ} carotenoid Th& 0.2 2] EA oA
7HE ol ERjshe Afdolch gl B3], FEA R g o]
AuE A AAE AE &0 dolA s, A5H
gl s B ESAY RS £ oiAEE v)E
WAl 89158 WA B AEEEY AEZE S
5T 7 Ue 2Ys srdo] F3 9tk (Elomaa and Holton
1994; Tanaka et al. 1998). T}E 4]& ®#1¢] DFR §A4xE &

o
o
rlo
=,
il
Ho
Jo 2

Genetic or biechemical modification

DFR

DFR,F3'5'H
DFR, F3'5’H
CHS, CHKR
FTH

P

i Biochemical effects ¢

Flower and plant coloration Nucleoceutical of ﬂavonoid:]

4 Pelargonidin (orange) Kaempf?rol
A Dihydrokaempferil Quercetin
(white flower) Flavonol
Flavone

A Delphinidin (violet flower)

4 Chalcone (pale yellow)
Naringenin-chalcone
2’-glucoside (yellow cream)

Proanthocyanin
Isoflavones (Diadzein, Genistein)
Catechin

“r > >

Figure 2. Modification of flavonoids and their applications. The
modification and levels of flavonoids can be controlled via genetic
and biochemical means. The resulting changes can alter the
properties and applications of flavonoids. An arrow pointing
upwards an increase in the level of an enzyme; an arrow pointing
downwards indicates a decrease in the level of an enzyme.
Abbreviation: CHS, chalcone synthase; CHI, chalcone isomerase;
DFR, dihydroflavonol reductase; FHT, flavanone 3-hydroxylase;
F3°57H, flavonoid 375 -hydroxylase; FLS, flavonol synthase; FNS,
flavone synthase; IFS, 2-hydroxyisoflavanone synthase; LCR,
leucoanthocyanidin reductase.
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) 3}led pelargoniding AT EMN #HFLole] L Qdl%]
Aoz ur AFAQ thALE-EHE (Meyer et al. 1987) AR
ste, e A E FEo dg MEL F2A9 £ ¢, antisense
T+ sense suppressionof] 213t flavonoid 4 HA 5 £E
g B A7t o] ol

HE Yo}l Dianthus (2 o]3h 9] flavonoid A &HAJol Tt
HlZ S04 (Forkmann and Ruhhau 1987, Stich et al. 1992)
Florigene 24847 Suntory 434 delphinidin F=A& =
P FN A EAA G B £ FHEA
Dianthus-S& 7NskEth &3k DFR3} F3'H 48 2% oA
&t dihydrokaempferolths @43k 8 AplE £& A
3}3th Dihydromyricetinghg 7122 wolZo) 7, dihy-
drokaempferol> 7142 wWolEolz] ¥E #HFUo {9
DFR#} F3'S'H 325 FAld] E93 Ao, F 29
EA] 2élo] dihydrokaempferolS hydroxylation 3}l dihy-
dromyricetin (F3'5°H)y& AjA351Q.2.1, o] #HFE1 o} DFR]
2l5led leucodelphinidin® £ wlH o] A A& YH aiE
o &3 delphinidin §EA17F At} o] Hely £2 59
Dianthus= MoondustTM’ & MoonshadowTM' o]2h= AME
BoZ & HzE JFASH FUHAEE AEHAT Tt
AR A A Dianthus £2 AAAHA R e
o}, ol F2 A¥ pHe ¥H43 A3 co-pigmentation
o 7IQlske AR dEizch F3'5'H §3498 “¢go=
delphinidino] A9 FE2A Au)ZE) Dendrathema,
Dianthus, Rosa So] 7NE= Y1) cyanidin ¥ pelargonidin
Fref 2l anthocyanin £¢] ]3] EA3A Tt

Chalcone FAZHE 53 MEE AR FAFHollA
g T o] ol I Y4B Fei 9 chalcone ketide
reductase (CHKR) f-AA-E sl FuolollA] Azl Az ff
A CHS® =% CHKRe AT&L9F 6'-deoxychalcone
isoliquiritigenin®] T = 2]t} Isoliquiritigening petunia CHI
o] 71do] ohE g, Hol| 4| chalconeo] %A Ho A
& E@dos HAHGG (Davies et al. 1998). AFke
chalconeol] 9J3F L&t 229l AL jsoliquiritigenin )
glycosylation®} hydroxylation®] 2J3le 7Hgsp o]zt
CHKR®] =922 CHS 84°] 52 BE AF FEIX A4
T8 7 Jde AR FEFlek o]2e flavonoid Al &g
ATFES £t DFR ¥ ANS gAlEo] &4 FY6xg
anthocyanin g4Jo] FHEJc) Antirrhinum -7 ¢] DFR &
Aot Martthiola Fe9] ANS R348 =g Fddg
Forsythia P v8]&)E @ carotenoid ¥ 7320)] anthocyanin
o) Fslo} Qg 2ol £g WA Bk

de Vetten 5 (1999)2 s FUolell A F3'5'Hel &#H-E& 3]
I Eo|&Q] cytochrome b7} BR3}T BTG o) T
cytochrome P-450 §4-529] A o3t axl= dFdsiy &
8Tk Cytochrome bsZ 2143k difF A EollA 3
9184 BHHT. H2 Florigene T1F-& 7hlol el F3'5'H:

cytochrome bs FHZHE E=9ste] A9 £E A2 AFNE
HEN 7 e, Bedue] Ado] sbsdhe AAlst
4Gt} (Brugliera et al. 2000). Dianthus 29| difF A=
Petunia F3'5’H 428 34 =9 23A7 23
delphinidin +EAES atA FHEHA AY HLE Zo] e}
ol (Koes et al. 2000). 2324 28 5-9= Dianthus A
Z0l Eilat' o antisense FHTE §AAs Aa Lo £&
AAVEHA] HEdl, o]+ naringenin-chalcone 2 -glucoside %%
o] 7]elste AL R dEHA T} (Vainstein et al. 2000). &}
anthocyanin A 2] oA 2o FAAMS £E9] &9 T
= control ZEHt}F A 4+ ©l+= methylbenzoate 2] 4
Fo] ZaA A5 y) wlEeojch welA antisense FHT=
flavonoid AFA AA sl thral ZE-S phenylpropanoid
pathwayol| A} 231 benzoic acid 4] WEFOE WAA
Z{t} (Vainstein et al. 2000 patent). 1211} flavonoid AY 34 3+
e 2ol B9 A pHS} cytochrome b3s 2 &3
g QRIEE <t 3 €9 A ®ge HEY Tt
o] o]RojH Gl s Bt obF] qpHsieiof & REE

o] Bo olglck

¢}
Frto] EANEIEE, AW ol &g FHAIF)Y]
A3 hAFEro] Eas) o] Foj firt

HZ EviE oA ggEtHes §-83 flavonol §
& FUAIFIZT Y8t sFYol CHI #3xp7t ol &5 U
(Muir et al. 2001). EvtES] 34 7Fol+= A %2 kaempferol
3 quercetino] EA|st=tl, &5 FAHY Les} C1 5 24
FAAE 2 F A #8-29] kaempferol T8 60%
A =R ATVl fele] CHI FA2E 2dAA Al
A quercetin S 70%7FA ZtA|A T EE 7EAAM Le
& Cl FAXE HEAZ] AFAAE tubero| A B2 k<]
kaempferolo] Z&Z 51t} (de Vos et al. 2000). T2 A& &
el FLS #HAFE ©]&-3 flavonol §4 ¢ FUE 7Hsdb
g 4 9lom, HL B3 PNS FAAES o] 231, o ust
A FWAA F33ES flavone ¥ FUAIZA & Uk
(Martens and Forkmann 1999).

Isoflavone& 17+e] S 2 #A¢ o AF 9 o S
A FEWT Jow, 254 F$EE (phytoestrogens) O EA]
ZH8-31c} (Seichel et al. 1998). A1 3 2291 estrogend} AL
& RS sk dAEE HHABEA €2 A7 AFE0
ojFolA gkt EAQ] F8 BHEZAEE diadzeindt
genistein®] &EA Utk HZ AEA isoflavoneS JETH, Al
FEUS 722 ARG s28e] A, FuEE vtk 8



B9 78, s, o 4 oA, A8 A oA 5 A
PHo2 e FL8 AVES FYs=
o =

hydroxyisoflavanone synthase (IFS)oll jsie] FAdHH, A2
T At 2o 24, isoflanonese] AP E Ue F
FAEE9 isoflanoneso] PAHTE dh= A
o} 7bg3stAl =AU (Yuetal 2000). 3 97 321 AE
o] of71gthol A B oiHch (Jung et al. 2000). T4 =
3} IFS -4 22 TMV 35S promotors ©]8-3tef Fajol] &3}
A ke AEA HHAZ HEAA naringenino] k2] o
2 FEg = phytoestrogens$! isoflanone genistein®.2 7
B9} (Setchell and Cassidy 1999). F2oll= Fujst 24
FME IFSS £U3te] genisteing AR ™ (Yuetal
2000) =3 IFS13} &7 chalcone reductase 2] AL H> &
t}2 7)49) liquirtigening FF3ked 8440l 4 diadzein g
dol 7Fs38A stk

Ho ALg AHESolA] condensed tannins (proanthocyanidins)
o A% Fuie WEEE bloat safetys} T o
G&8e HojshA =uk HE Lotus corniculatusd] CHS9:
DFRe] 9upsk 7198 o) 83t FAME A, Y3t E7]00A
Z}+z} proanthocyanidin®] ZHASEAYV S718 A3 R
th =3 Antirthinum §212) DFR #8225 S4% AgdA
% Al ARSS w9t (Robbins et al, 1998), T o

HotZ Al L4429 transcription factor®l Sad L.
comiculatus®] TJ8O ZM proanthocyanin FAJ-S A8k
B 77} 2lth (Damiani et al. 1999). A} EAHEE 9] &S SR
7171 9et FAHel AL condensed tannin®] Al AR
73 BE FAAE Eel7t o]FolAH b E A
otk &L of7]ANolA] leucoanthocyanidin reductase (LCR)
S RS AT FAAE BEEoR2A AR AEAA
condensed tannins (proanthocyanidin) AJ 48 ZHsHE Zlo]
7F=8H) H 9tk E3] LCRe 93} leucoanthocyanidin . 2 F-
B F1E71S A sk tiAbHy ol 7FsstAl Hls
gl (Devic et al. 1999), 746171 ek Ay F7L S84, o
HEZ 5 UAR B3R oplE B2 A Ad
ol 2%t sMbslEE molAl HE AEUARES SHo
FEu= A8 Bdoltt 13y S AFEAR &
+ condensed tannins A @A) et =, 84T
coupling, chain-extension THA}, AF8}4] 2" So] o}F ¥3]%]
2] gro} ko Z qprgE oo & FofE Fopgith

2

4 2

ZF9 zZEoa A7f-ulo]4 flavonoids AAl, phytoalexin
(isoflavonoid, flavanol, proanthocyanidin)®] A4 % Z4&
23l 2459 A3ty Zd), A4 (flavonol, anthocyanin) 2] 4
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o o3 M urel, nod FAA inducer (flavones,
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S T2 AR o8

& NEslE F350) FMlelA, =3k A S
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| K

AR 7RsAE 2042 ¢ Al Bk 18 e SH
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