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ABSTRACT Carotenoids are synthesized from the plastidic glyceraldehyde-3-phosphate (GAP)/pyruvate pathway
in isoprenoids biosynthetic system of plants. They play a crucial role in light harvesting, work as photoprotective
agents in photosynthesis of nature, and are also responsible for the red, orange and yellow colors of fruits and
flowers in plants. In addition to biological actions of carotenoids as antioxidants and natural pigments, they are
essential components of human diet as a source of vitamin A. It has been also suggested that some kinds of
carotenoids might provide protection against cancer and heart disease as human medicines. In this article, we
review the commercial applications on the basis of biclogical functions of carotenoids, summarize the studies of
genes involved in the carotenoid biosynthetic pathway, and introduce recent results achieved in metabolic
engineering of carotenoids. This effort for understanding the carotenoids metabolism will make us to increase the
total carotenoid contents of crop plants, direct the carotenoid biosynthetic machinery towards other useful
carotenoids, and produce a new array of carotenoids by further metabolizing the new precursors that are created
when one or two key enzymes in carotenoid biosynthetic pathway are exchanged through gene manipulation in the
near future.
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Figure 1. The carotenoid biosynthetic pathways in plants. Abbreviations: AQ, aldehyde
oxidase; Bch (CrtR-b), B-ring hydroxylase gene; CrtR-e, e-ring hydroxylase gene; Ccs,

FFEE oS AR ZAR7E @FHEY
lutein epoxidet} violaxanthin © 2 2-Ej neox-
anthin synthase (NSX)ol] ¢j& 9HEojx|&= 3
Aol 54712 A= 28ED 279l
neoxanthin®] 9-cis epoxycarotenoid dioxy-
genase (NCED)9l] 9J3]} xanthoxin® 2 At
¥ ¥ short -chain dehydrogenase/reductase
(SDR)l| &J3] abscisic aldehydes} L
aldehyde oxidase (AQ)l 2l3 ABAZ s
o] At} (Seo and Koshiba 2002).

capsanthin/capsorubin synthase gene; Dxr, 1-deoxy-D-xylulose 5-phosphate
reductoisomerase gene; Dxs, 1-deoxy-D-xylulose 5-phosphate synthase gene; GGPP,

geranylgeranyl pyrophosphate; Ggps, GGPP synthase gene; Ipi, IPP isomerase gene; IPP,
isopentenyl pyrophosphate; Ley-b (CreL-b), lycopene-f-cyclase gene; Ley-¢ (Crel-e),
lycopene-e-cyclase gene; Mecs, 2C-methyl-D-erythritol 2,4-cyclodiphosphate synthase;

FIZE[LO[E MY & FHA

gene NCED, 9-cis-epoxicarotenoid dioxygenase; Nxs, neoxanthin synthase gene; Pds,

phytoene desaturase gene; Psy, phytoene synthase gene; SDR, short-chain
dehydrogenase/reductase; Vde, violaxanthin de-epoxidase gene; Zds, {-carotene

desaturase gene; Zep, zeaxanthin epoxidase gene.
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Table 1. Some cloned genes involved in carotenoid biosynthesis in plants.

Enzyme Plant Gene DNA Clone Type  Accession Number' References
1-Deoxy-D-xylulose Arabidopsis Clal cDNA W43562 Mandel et al. 1996
5-phosphate synthase Pepper Tkt2 cDNA Y15782 Bouvier et al. 1998
(DXS) Peppermint Tkt cDNA AF019383 Lange et al. 1998

Periwinkle Dxs cDNA AJ011840 Chahed et al. 2000
Tomato Dxs cDNA AF143812 Lois et al. 2000
Medicago Dxsl cDNA AJ430047 Walter et al. 2002
Medicago Dxs2 cDNA AJ430048 Walter et al. 2002
1-Deoxy-D-xylulose Arabidopsis Dxi(IspC) cDNA AF148852 Schwender et al. 1999
5-phosphate Peppermint Dxr cDNA AF116825 Lange and Croteau 1999a
reductoisomerase Periwinkle Dxr cDNA AF250235 Veau et al. 2000
(DXR) Tomato Dxr cDNA AF331705 Rodriguez-Concepcion
et al. 2001
4-Diphosphocytidyl- Arabidopsis IspD cDNA AF230737 Rohdich et al. 2000a
2C-methyl-D-erythritol
synthase
4-Diphosphocytidyl- Arabidopsis IspE Putative orthologue AF288615
2C-methyl-D-erythritol Peppermint Ipk cDNA AF179283 Lange and Croteau 19990
kinase Tomato IspE cDNA AF263101 Rohdich et al. 2000b
2C-Methyl-D-erythritol Arabidopsis IspF Putative orthologue ACO010852
2 4-cyclodiphosphate Maize IspF Putative orthologue Al712133
synthase (MECS) Soybean IspF Putative orthologue AW202270
Periwinkle Mecs cDNA AF250236 Veau et al. 2000
Geranylgeranyl Arabidopsis Ggpsl cDNA 125813 Scolnik and Bartley 1994:
pyrophospate synthase Arabidopsis Ggps2 cDNA U44876 Scolnik and Bartley 1995,
(GGPS) Arabidopsis Ggps3 cDNA U44877 Scolnik and Bartley 1995
Arabidopsis Ggps4 genomic DNA 122347 Bartley et al. 1994
Arabidopsis Ggps5 cDNA D85029 Zhuet al. 1997a
Arabidopsis Ggps6 genomic DNA ABO000835 Zhu et al. 1997b
Pepper Ggps genomic DNA X80267 Kuntz et al. 1992
Pepper Ggps cDNA P80042 Kuntz et al. 1992
White lupine Ggps cDNA U15778 Aitken et al. 1995
White mustard Ggpsl cDNA X98795 Bornk et al. 1997
Periwinkle Ggps cDNA X92893 Bantignies et al. 1995"
Hevea Ggps cDNA AB055496 Takaya et al. 2003
Phytoene synthase Pepper Psy cDNA X68017 Romer et al. 1993
(PSY) Tomato Psyl(pTom5) cDNA Y00521 Ray et al. 1987
Tomato Psyl cDNA M84744 Bartley et al. 1992
Tomato Psyl(GToms5) genomic DNA X60441 Ray et al. 1992
Tomato Psy2 cDNA 123424 Bartley and Scolnik 1993
Tomato Psy2 genomic DNA X60440 Ray et al. 1992 .
Arabidopsis Psy cDNA L25812 Bartley and Scolnik 1994
Daffodil Psy cDNA X78814 Schledz et al. 1996
Phytoene desaturase Pepper Pds cDNA X68058 Hugueney et al. 1992
(PDS) Tomato Pds cDNA M8B8683 Giuliano et al. 1993
Tomato Pds genomic DNA X71023 Mann et al. 1994
Tomato Pds genomic DNA U46919 Corona et al. 1996 .
Arabidopsis Pds cDNA L16237 Scolnik and Bartley 1993
Maize Pds cDNA 1.39266 Hable and Oishi 1995
Daffodil Pds cDNA X78815 Al-Babili et al. 1996
Soybean Pds cDNA M64704 Bartley et al. 1991
Wild tobacco Pds cDNA U19262 Kumagai et al. 1995
{-Carotene desaturase Arabidopsis Zds c¢DNA U38550 Scolnik and Bartley ]9h95h
(ZDS) Maize Zds cDNA AF047490 Luo and Wurtzel 1999
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Table 1. (Continued)

Enzyme Plant Gene DNA Clone Type  Accession Number References
Lycopene-f-cyclase Pepper Ley-b cDNA X86221 Hugueney et al.1995
(LCY-B) Arabidopsis Ley-b cDNA U50739 Cunningham et al. 1996

Tomato Ley-b cDNA X86452 Pecker et al 1996

Tomato Cyc-b cDNA AF254793 Ronen et al. 2000

Tobacco Ley-b cDNA X81787 Cunningham et al. 1?96‘

Daffodil Ley-b cDNA X98796 Al-Babili et al. 1996
Lycopene-&-cyclase Arabidopsis Lcy-e cDNA U50738 Cunningham et alh. 1996
(LCY-E) Tomato Ley-e cDNA Y 14387 Ronen et al. 1998

Potato Lcy-e cDNA AF3211537 Cunningham and Gantt 2001
B-Carotene hydroxylase Pepper Bch cDNA Y09225 Bouvier et al. 1998
(BCH) Pepper Bch2 cDNA Y09722 Bouvier et al. 1998

Arabidopsis Chybl cDNA U58919 Sun et al. 1996

Tomato CrtR-b] cDNA Y 14809 Hirschberg 1998

Tomato CrtR-b2 cDNA Y14810 Hirschberg 1998
Zeaxanthin epoxidase Pepper Zep cDNA X91491 Bouvier et al. 1996
(ZEP) Arabidopsis Zep cDNA AF281655 Audran et al. 2000

Tobacco Zep cDNA X95732 Marin et al. 1996

Tomato Zep cDNA 783835 Burbidge et al. 1997
Violaxanthin de- Tobacco Vdel cDNA u34817 Bugos et al. 1998
epoxidase (VDE) Arabidopsis Vdel cDNA U44133 Bugos et al. 1998 ‘

Lettuce Vdel cDNA U31462 Bugos and Yamamoto 1996
Capsanthin/capsorubin Pepper Ces cDNA X76165 Bouvier et al. 1994
synthase (CCS) Pepper Ces genomic DNA X77289 Deruere et al. 1994

Pepper Ces genomic DNA Y14165 Bouvier et al. 1998

Orange Ces cDNA AF169241 Xu et al. 1999

“The sequences of genes cited in this table could be accessed in the GenBank database.

"The genes were only published on gene register of Plant Physiology.

“The sequences of genes were directly submitted in the GenBank database.

IPP2} DMAPPS| A

1-Deoxy-D-xylulose 5-phosphate synthase (DXS)

Mandel 5 (1996) 2ja] @FA| LAdo] 7)o A
22X ZE233 7tE2E kot A7l AYE I albino phe-
notypeS Hol= N7|AUN (Arabidopsis thaliana) CLAI
mutant”} B 75 th Lois 5 (1998)¢)] ¢}8 E. coli Dxs7} &
29 8 ¥ o] CLAI mutantel| X ZAEE {2 vlE 9))7)
At Dxso] 8842y (Estevez et al. 2000), CLAI §74 =}
9] null mutationdl| = E-F8tY o435 FZEIHI JIREL
o]E7} EAldhe ®/de] Araki 5 (2000l oJsf FHA Dxs
FRzY EAZ AHEUTE 22 type?] transketolase 2]
o] o] DXSE FHsh= FAA= IF (Capsicum annu-
um), ¥Y3} (Mentha X Piperita), QY= (Catharanthus roseus
W= Madagascar periwinkle), Ev}E (Lycopersicon esculen-
wm) =2 A EoA g 2=HA EHT (Bouvier et al.
1998; Lange et al. 1998; Chahed et al. 2000; Lois et al. 2000),
FH 2ol medicago (Medicago truncatula)®) A} ¥Wa) 23
AN tE2A HEEHE T EFY FEA7E FHEHAG

(Walter et al. 2002).

1-Deoxy-D-xylulose 5-phosphate reductoisomerase (DXR)
DXS+= isoprenoid ¥9F o}y 2} thiamine3} pyridoxol®] A}

e FoAdow MAA oA isoprenoid FEAE T
AR A IA G4 DXRoltk DXR2] null phenotype<-

otz Wb E o] giA
MEPZ A== dA9 §ARZ 24-5le] DXR 245 &
oo g Aol ofr|1FthellA FIHIATE (Schwender et
al. 1999). Dxr -f-# 2= ¥}3} (Lange and Croteau 1999a)9} o
Az (Veau et al. 200004 E-2 =T, vFsl Dxre] S4x}
o] Enl¥e] EST clone (cLEBSMI) S ZRE EvE
Dxr $-AAE Helske o] o] 25} (Rodriguez-Concepeion
et al. 2001).

t fosmidomycin 8471 DXP7}
-

a
fA

z
o

4-Diphosphocytidyl-2C-methyl-D-erythritol synthase (IspD)

E. colid)X 7150l Bl UA S YebP thld 44
< Zuj3l= 4-diphosphocytidyl-2C-methyl-D-erythritol syn-
thasez}l= A 237} B3 (Rohdich et al. 1999 % & o] &
ZAAE ©]-8-3F BLASTP searchol] 9]3l| o 713t <] IspD -3
27} B3 E At} (Rohdich et al. 2000a).

4-Diphosphocytidyl-2C-methyl-D-erythritol kinase (ISpE)

Htslo] trichome 22| S ZHE] 5oz ¢DNA library &
random sequencing A& Prosite database (http://www.
expasy.ch/prosite)ol} ] ZA}eE & kinase2] GHMP family 2]
putative ATP-binding domain®} AF240] =& E85 Ads}
A2 ] isopentenyl monophosphate kinase -2} (Iph)E E.
colidll ZAAIA DXP Z &2 aisd npxet drof] it
o] AAE AT} (Lange and Croteau 1999b). FE3}, E. coli YchB



kA o] 4-diphosphocytidyl-2C-methyl-D-erythritol ¢14F3}
7)1%z0] ¥ &7 (Lutigen et al. 2000), o] FAx}e} AEAE
7HAE ERE §12HE et E coli HEAZ A3 2
X8 FANE QAk3) A7)+ 4-diphosphocytidyl-2C-methyl
-D-erythritol kinase©] =3 €21t} (Rohdich et al. 2000b). ¥
sl el &) E. coli YchB9E E0tE 4-diphosphocytidyl-
2C-methyl-D-erythritol kinase+= isopentenyl monophosphate 2]
Askst 7162 e Ao WK

2C-Methyl-D-erythritol 2,4-cyclodiphosphate synthase (MECS,

IspF)

E. colid)x 7)%50] ¥ax AA ¢k YebB ©jH o]
MECS<]o] 9zl 3 (Herz et al. 2000), ©] $4XE o] &8
BLAST search®. &4~ (Zea mays), F (Glvcine max), 9714
g¢] EST ZFEE22E) orthologue S-AAZ o A5 = cDNA
FE2E0] FHEEHJL, o|FE7H oprlilt FEA S LAR
RT-PCRe| 9J3) ddx 28] MECS f427F #el= At
(Veau et al. 2000).

Phytoene2| &

Geranylgeranyl pyrophosphate synthase (GGPS)

FIRE o] WY ol GASH ABA F 4
phylloquinone, plastoquinone, taxol, tocopherol
chaing Fw3h= 5 o 7} diterpene &4 2]
¢l GGPPE FA 5= GGPSE T FollM Al &
E o)]R3le FF cDNAV} E8% ¥ (Kuntz et al. 1992), 3.
F9) Wiz G olgatod of71Fuhe] DNAK 22lE|3]
t} (Bartley et al. 1994). oj 714t o] A4 AZ7A 652 A
2 02 259 GGPS #4847} Ralgogn 717be] $44
7} golet HE RS A B S TR
tlEo GGPS7F o|52] f4S A &3¢ 24 pointdd 7}
Ao A A EE (Bartley and Scolnik 1995; Zhu et al.
1997a; Zhu et al. 1997b).

Phytoene synthase (PSY)

Ray < (1987)0l] 9ja EriE ipa £4 5ol pTOMS &4
A7F B2)E T, reverse geneticst S o]-&-38te] antisense =
HAASA 7 EnlES] ) Lol FEZE|o]Lr HX
3] 789+t (Bird et al. 1991; Bramley et al. 1992), Psvel]
el PAE FA4x CrB ol R. capsulantus®l] comple-
mentation Al7]= AHE Fal Psy FAAY ]l THHIJL E
vhE Helld Psy2 HaAph #eld ol pTOMS Fa2k=
Psyl SAAE HHEE T (Bartley and Scolnik 1993). o] &
A= duet EvtEe] FHAXST Al AR GA 755
Zangess AAEE (dwarfism)g ZHSIAT (Fray et
al. 1995). A7 o 71t E Mt wF9F st

A20|A Carotenoid Mt ZZ 9} HALSEIH 88 - 87

(Narcissus pseudonarcissus)o| Azt 3 2729 Psy #4327}
2alg]o] it} (Romer et al. 1993; Schledz et al. 1996).

Lycopene &M

Phytoene desaturase (PDS)} {carotene desaturase (ZDS)

# %9l lipophilic 7F2E]0]E9] phytoened F ZF-9]
desaturase A} Pds?} Zdsol| 2&) lycopene 0.2 3
o} ghe) glo}, Zo], A& el PDS 4= RE4AZ FAD9}
Agtsl=rd P38 A3 A ¢l pyrimidine dinucleotide binding
domaing E3H3ly ¢lom, AAE 73 PDS 7-$- FADS} 2
Stet= Aol BIHUTH (Hugueney et al. 1992). PDS -3 2k
= porflurazon A Z2A o) A3+ 8AE Hole Cvanobacteria
HolFENH 199030 AL Feld F ol ZRER T &
A7 B2l (Bartley et al. 1991). #R|74A] EvlE9}
T3 71, S5, A8 gl F A AEdAM EelE
it} (Giuliano et al. 1993: Pecker et al. 1992; Hugueney et al.
1992: Al-Babili et al. 1996; Kumagai et al. 1995). ©] = ErflE
Pdse] 22 B Y8 Jt2E et JR= HskE FA]
% 23 A o] FARAE A TN FRHES
FEE o 88 Aoz AANHUY (Corona et al. 1996;
Mann et al. 2000). ZDS §A 2+ E. coli-complementation
assayoll 218] Cyvanobacteria]x 1993 ¥-2|% &, of 7] 3]
o 944 £ AZ §849) 2 f8a AHEHAT:

Carotene &

Lycopene-g-cyclase (LCY-B)&} lycopene-e-cyclase (LCY-E)

Cyanobacteriadx} B2l@ §A=} (Crily7} E. coli-comple-
mentation assayol] ¢Jsf S-LCYE @& 2 (Cunningham et
al. 1993) 21& orthologue S8} Halo] ZEHE o] &Y
ok 7)ol Al Z+zE single copy®E ERjEe T R
cyclase 32} (Ley-b8t Ley-e)7) 25 HeE]Eo] 7t2H o)
E gzl 3t A 717 At A2E T (Cunningham et
al. 1996), EviEoA A SA7]7F b f3Rpe] HE o
Hadls BLCY $48AF (Ley-b B Cril-b)7d EHAT
(Pecker et al. 1996). EvIE #HolA & Deltaw e-LCY F3%}
(Ley-e BE Cril-e)2] 38 WHolAZA J-carotene©] &4
%913 (Ronen et al. 1999), FAA A HojHog dHsh=
B-LCY F52} (Cye-b)= #Ed o)A Beta$t null 9]
A2 Old-goldZ2H-E map-based cloningel] & Ez]= 3t
(Ronen et al. 2000). 2o 72} Lev-e= FHEE]X:0]= ring
number ZAd] #edglo] FHEATH (Cunningham and Gantt
2001).
LCY-BX LCY-E¢} 30%, CYC-B9} 53%¢] w2 olmj-Ab
5SS Rolz W oA E CCSS 86.1% 9]
5

=S
IL
AEHS BT NXSE ZUF o5 AE cyclase 5

rlo ox
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L% Cyanobacteria®) CriLZRE AgEH NS 208 FHH
Ark. IFNE FHA 7L B FAAHLE ddEE
Ley-b7b 2851203 (Hugueney et al. 1995), =438k A £
B Lcy-b¥= golden rice 7Hbol] ARS-E AT

Xanthophyll M4

B-Carotene hydroxylase (BCH)

7126 EZEZHEH A fTAQ ZAELS BEs
BCH §A A= 73 A cDNAE E. uredovora €22 Crt 5
HAAE 2 E B I Y2 7FASEMN B-carotene-d WASIES
ZAF E colifl AHPEANA 1L EE HPLCE sk
o o8 & ZFE7F BaETt (Bouvier et al.1998). En}
Eo M= green tissueo| A S == A3} 2N §3] 73
FEEE F FH7F EXEIS (Hirshberg 2001), < of 7]
Aol full genome sequence7} XA of 7| AT A M =
T Z577} Aol AA =) ering hydroxylaseE FE3}

FARRE oFf AN g3 Uk

Zeaxanthin epoxidase (ZEP)

ZEP 43 2= transposon taggingol] 2] wHEoz o7&
el g@ule] WolAlEZKE map-based cloning 7|&S ©]&
Sl HE2lE § 0l ZRBE TF9 saoA © A
U= Zepyt B2]H AT (Bouvier et al. 1996). ©] 715 &
HAFE E. colid] SHEEAA Brings /A= AAELY &
oA o7 ZLsl= 44 BEAL HEY T, wilt-related E
utE Q] ZepE B H AT (Burbidge et al. 1997).

Violaxanthin de-epoxidase (VDE)

VDE §-A2= A} (Lactuca sativa)o) A A& B2 UL
(Bugos and Yamamoto 1996), ¢} 7]t HelxF IAER 3
27} 443 non-photochemical quenching 1 (npgl)e] Vde
null mutantJo] #&A Tt (Niyogi et al. 1998). o] ol 7]t}
Vdel3t G| Vdel= 2 EollA 248 3 Z9 lipocalin A1 E
Z9] =2 FHEAT (Bugos et al. 1998).

Capsanthin/capsorubin synthase (CCS)

3, 6-Epoxicarotenoid®! antheraxanthin3} violaxanthing 3
Z ZA MAE2 9] capsanthin®} capsorubin .2 H3AF]=
bifunctional enzyme$l CCSE 4 739 ZAAZHE J
A8 AT & A Z =0 cDNA screeningol] AR-3FETH
(Bouvier et al. 1994). CCS 3= #Ha £A1717) Eol Eo
o2 uralE Wul ol g} Ggps, Psy, Pds, Loy, Zep 59 3
F FIRE oL fAXETH T o8 o 849 M (reac-
tive oxygen species, ROS)ol| oJ3)] 74} §-=5% o] ROS7} 7}
ZExo)= AL ufsfsle second messenger®] PEYo]
B 7 E 2k (Bouvier et al. 1998). Y5 #ale] &4l o)A

mevalonate pathway 2] & 49 HMGR=| farnesyl pyrophos-
phate synthase (FPS) §-A71e] W8 SE¥A o7 712E
o= M &4 GGPS, PSY, PDS fAale] who] 1
THUE FEFH 35 SHAAE o] HARIZL H4ag
2% o)49lo] AN HYH (Haetal. 1999).

Ces7} A9 yellow 1232] 739 capsanthin®} capsorubin
o] AR & MA FIZE oL oF dA] wlg AL, A
5 mutantoll M AEe 9] lueino] FHE7E Stk o)
A3 Ft2E o=l lycopene®] S-carotene pathwayZ £
7171 913k specific channeling®l] -LCY$} d&Eo CCS7t &
HH8-S k= Zlo] obd7t F5E7]% FiTh (Hugueney et al.
1995). theket s3paie] ¥5 FAAAE o]&sle] HPLCE
o]43k FlZE| ot ZA 2 gk B4 |9} northern blot
A4S 53¢ FIRECE AR HHAEY diESe] A

IAE vlad £ Aelrs durFe g o] A
e} FtREe|= Tl §43] FrtsEE A4 5 y
8 s3pafo] m|A, ghA), F=ghal Abpalel v 49 v
ol vla] A FEEELolE8] o] A itk =
o] Ay o), & FIA, AN ZAM Fo J oAt
capsanthino] A E T o]+ capsanthin®] A7 742 E %
olE &3 Ax¥e AATAE AMAIES =8 PSYS PDS
FRAY] FF F@H CCS -1 73 Wyo] o] 7}
ZExoE A 2 FHo 27go] AAHAJTE (Ha et al.
unpublished).

rJ
ol

ir

-

S
Ko

Abscisic acid (ABA) g

ABA A EolA 2= zeaxanthing all-rrans-violaxanthin
L2 uHte ZEP o ©AFE A ZETh ABA A& BiojA)
Zol| A Aukgl o) 7)1 At 9] abal 3} GHl (Nicotiana plumbagini-
foliay aba2®] 73% Zep HAATY £748 AFRE HWHHAG
(Marin et al. 1996). all-trans-violaxanthin-g all-trans-neox-
anthin®.2 v}¥E NXSe| A9 24} (Solanum tuberosum)$:
EntENA Ces®t Cyc-bo] paralog2A A=A O (Al-
Babili et al. 2000; Bouvier et al. 2000), all-trans-violaxanthin&
9-cis-violaxanthin £+= 9-cis-neoxanthin®. 3 A 3t3l=0) L
3 24 e obd wAHA] 43 Utk 9-cis-epoxy-
carotenoid 2 H&E FAET 2 NCEDe| 93] 4tshZ
ol Atk uhof 93] xanthoxinCZ HEoiRth 1997d 24
& HolA & A Viviparous 14 (vp14)7} NCEDo)| s
o] 1999\ @ WAL, H]£=3t Al7|o] EulE WHolA| notwabilis
ZRE] Vpld-relaed FHAR] Needlo] EE]EAc) 2001
of 71gehol 4l NCED fi7ke] 2ol olall by 23 7b5
Fo] A7E WA NCED7F ABA Qg9 Fa4Y0) w3z
t} (Seo and Koshiba 2002).

o} 7174t ABA A& WojA| F aba2®} aba3®l 73-F-, Mai
AN wHEo]A xanthoxin & o] M EZANA ABAZ 3



HeE v &4l AREd 7247 xanthoxin O 2 F-H
abscisic aldehydeZ A sl SDR#} abscisic aldehyde&-
ABAEZ =& A0 sigEe FHA] Aoz 1997 %
AL, 19983 Sl abal®) AT TS HHA 297t
aAtEl A9ty Xanthoxin©. ZHE] ABA7} HEo(x] = A
EAoAe] HFE F DAY P2 obH 3] FHHA &
XL, SDR A0S} A& A7) v o} AO7F WA A8-3
73-%- xanthoxic acidE A% ABAZ Y= A2 9 abscisic
alcohol g AXE ® T2 A2 7158 A0R o&H1 9
t} (Seo and Koshiba 2002).

¢

h

FtZE|0|E tHAISE

FIRE ol o] AE 9 TS Mo =N AEe] o
& 7HAE FHAEE wEE oy 7] ks A2
HiHo) o3l Ao YT E. coli®t yeast £ in vivo system
Al ZEZEolE thAkE ] 7S oln T Ee] AU
(Misawa and Shimada 1998), 2] & 8- &3} 712 E]
ol thAFEE 53] HE R Wikl F AIE o] FUTh
I RHEAQ A7t ¥ wiS, S (Brassica napus) EA}, EnlE
F2 ol A B-carotene (provitamin A)2] ko] Z=7}% 713} H]

B #d 7FREE o= ¢] astaxanthing Sl Zo) A AJAIA]
R Folth
AR AmolA FHEE oS thAbgste] ek o
o UI7HA BAE T3 s gty A A, EnlEA
71E SARERxolES 8-S OE JIRE RO JRCE o)
A4 EE shifting 3t A 7 WA, g2 Rt fA T
NMAE 7129 7AZE o= FFS HAAHORE Z7HA)7]
o 2L A WA, B el JRRERe|TIL Gl A A
ZEREolE AR ARE Ute A uRge R AEo
A e MAE FIRE O EE AEdA AAAIZ A

Sold,

M oR2

o

[

=)
o
]

Tomato

EvtE 7h2Elmol=e) FAES lycopene o o, %
AZA HY7)5 P AGAS o, G H8 H2] &
3 5ol 7ol nugel mel A% F2E kol o
ARFEHS Y3 fAA 2] kEHE FE BEulEolA] Al:
A FFEE ol T tAle] AlZH E4<1 phytoene$] A4t
FrA2F PsyE anti-sense2 =18t silencing s -REAIZ]
#F AR FRHolE Aol MAFHoE AaHHALL
(Bramley et al. 1992), EvlE 34 5o] polygalacturonase
(PG) ZZHEo] PsyE sense®} anti-sense® Z}zZ} 95}
lycopene A4 Zxlol 23} deep red color2} lycopene 44 A
sfiof] W attractive yellow color®] A& 234t} (Bird et al.

i

WY, oX

AIZ0M Carotenoid Mt ZZ ot THAIZEH 28 - 89

1994). Psy®] W@ £32 FUO2ZH A 7tREkE F
P ZAATIEE AEE AB SEE GAY BT A%
GGPP 7H4] J}2E|o|E PO E FUEFSE s U3 &
U A FHe) FHS BU (Fray et al. 1995), Psy] &
S #2 OE AdMe A Psy 744 F5A AZoR
M FEREOlE FAde HAAY Astg ZRUske 5 4
& A53G Tk Fraser & 2002)& EnfE 3 Eo) PG 2R
ST Ejo] EntE Psyl 9] transit peptideE &91 gfel|&]o} F2) 2]
CriBE #tptdl A7l 27}, phytoene, lycopene, S-carotene 2]
o] 7zt 24w, 184, 224} SUTHAES E& AA 7=
EllrolE k2 2~4u) T Fobdlth ol EntE WAl Psyo}
35% olate] AEidol ¥ HlTlol {AHAE o) EFoEH
gene silencingS 359, PG Z2RHE A8l &Y
FHAE HaAe] oM BHEESE temporal expression
2 ugosH 15e oo

Misawa 5 (1994)2 A ZjA= PDS9 ZDS7t st
W TSl BES} e BEeR Saek Bnvinia £2°)
Cril §70212 Thilo] RBAT APA PDSE Adh ke
AzA <l norflurazonol] AskAdel 828 Btk o] Crl
425 & ribulose bisphosphate carboxylase small subunit
2] transit peptide S 94 (35S::p::Crihdlal Evlge] HAA
23t A4 lycopene -3 A 7FEE|olE §eo] F7iH
A G oA H AT E BT P-carotene THo]
A FFEE] o] =2] 45% (5 mg/100 g fresh weight)ol] @&l
FAZ el AFAZ 2dth (Romer et al. 2000). ©] Cril EnFE-)
A A Psye] MEEE AHHAS % ohlet phytoene 33
T ZO)EQOY Pds, Zds, B-Leye] BEAEE Zh7b 1400, 2.5
Hl, L7) Z7Hete HEH 22 B-carotene FEF HIFHAH
Aol vl 3.5u] S7hE ATk

ErE 3] So] HHS K3 Pdsd ZRRES) 97)
A B-LeyE senseZ, ERFE B-LevE anti-sense 2 9172 3l
AR EokE FYA8A 21zke) Bl ATE
ol gharo) oMW Zubd AIE BUTH (Rosati et al.
2000). &3] B-Lcv up-regulation£ sense construction®] 74
B-carotene @] ko] Tl A% Zrrgd whel rede] EviE I}
Alo] orange-red T+ orangeZ B} & phenotype] HEE B
%43, B-Ley down-regulation- anti-sense construction®] 73-$-
B-Leve) 8o] 50% B A=A lycopened] U= thi
Z7hskdch

&

Carrot2} golden canola

Z2UER AY F e 9
2T A FRRE kL TS Fo|
L e f= ZZHE E herbicola -8 2]
£ FEsks (nBE JZEAIToZH ALEdch 1

FIEEo|E A= &

ofr

lycopene®]\} B-carotene
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7F glol AA FtRE| ot o] 1L7ufellA 538 7kA] Z7}
5%t (Hauptmann et al. 1997). 31 €219 oil 245 /14
slEe w39 d3ko R Brassica 2] £xF 9] napin
ZHE]9 transit peptide$} E. uredovora el CrBE 92
(Np::tp::CnB)A A QAZEAZ A3k faie] v Azo] 2
ARE vy AL EE A JMEEROD 2 50u), B-
carotene<> 5004} (¢l palm oil9] B-carotene kst §-AMSH
TEVNA Z7FE AL XA Z2A A % 18:2 (linoleic acid)
¢} 18:3 (linolenic acid)®] ¥} &2 Eo1E3 18:1 (oleic acid) 2
H&2 Z71sFAt) (Shewmaker et al. 1999). 41381 PsyE
v Zxlol| A A1 golden rice®] 74§~ phytoene 7RI HF A8
dol e o sl HH o fele CrnBE FxpollA &
A7) RAje] A9 B-carotenes EE o-carotene”}A] A4
o] F=%3t} (Giuliano et al. 2000).

Goden rice

Burkhardt 5 (1997)ell &j8) F§d 5ol gl FHREx
oltyt AMHA e HE ZHCAM ZIZHEH B-
carotenes ¥AsH7] 9 A AFol EIHAD B
endosperm-specific glutelin ZZFE Gtlo] X3} PsyE ¢
Aste] wlol] FAHR A7l & T vE FAe] wifE IAL
s0Clog 2Ag 714E (PPst GGPP)3} whgalel w]ga
FANM PUR phytoene Aol HEH Aolch 3d $

2 150 o8 Grl::Psy/355:tp::Cril 8} Gtl::Leyd] o3
FAASA ofsf W FALe] Mol dFMO T W golden
rice7} B E AT (Ye et al. 2000).

old B W8l E uredovora Fe) Q) Crils}t so43ke B-
Ley7}y 5708 o] At Aol oJebd B-Ley7t o7 FAAE
HS W B-carotene®] A Fol ozl FA|RE Psvet
Criifo 2% oA FLZE|o|E AHEC] lycopene H T}
down pathway®] J}2E€jmo]t AEE (f-carotene, o-
carotene, lutein. zeaxanthin)o] AJAJ o] WA th o] Al
LCY-B, LCY-E, BCH 59| &450] ¥ £2}2] endospermo]]
A PR wEEY YAY It HAH lycopened] 2]
3l o] ZAES FHo] FHLE FH A obdrt 49
Ak

AS F2 08 3z ool okxElFL, ghE ol E]7t 5 F
A8k 26705 ool Uk 53] Adolrlote] 54 ojs} ofH
ol¢] 70%7} Ble}Nl A ZHZ (avitaminosis A)oll o8] 7%
< BT Atk AHelA o] dAfE FEESIOW, United
Nations Children’s Fund (UNICEF)ol] ¢]3t® ojepsiaio =
Z7vE HIERT A gl olaf sid 1Al A 44 Ate]o] oY
o] 100~200%} Fo] H&S 78 Zolal 9 ek Golden
rice®] fB-carotene $HF-Fo] 100 gF 200 ug A=ty B
o, M & 300 g0 EEE RDA 7159 1/10 AKX T2
Bl AZ 2504 5= Zi6)t} (Giuliano et al. 2000).

ol

)

Tobacco

Tobamovirus subgenomic promoter& ©]-&3fd T3 i
CesZ 2HN2) AAA) transfection A7) A& A= capsan-
thin $ko] A 7FZExe]=9) 36%7A] F7H A} gl
o] o Mzo] HXZ Wl oy M SEE o= F
7F glol o) F8 AMED AJE 7ante] ZHHUS H
ofzt A J EWE FlRE|kolE £F FFRQ
lipoprotein fibriloll %7 €]ojo} & capsanthin AJo] S|
ZAEmA thylakoid membrane®] 7% ©[A}a} grana staking
9] 7kAE op71AI#tH (Kumagai et al. 1998).

ALEe 7les ol&ald A Eos EAEHA de MAE
Fehe] FEREo)EE AEA A e o] Mann
S (2000)0 ©J3] AIEHALE FERE| oL F AP E 1A
7} 7F% =Hoyt astaxanthine alga®l Haematococcus pluvialis
o] A ATA B-carotene ketolaseE codingdle Cri0
o] 2aj Al zeaxanthin S ZFE AAE 4 At} (Lotan and
Hirschberg 1995). ErlE Pdse] ZZ Y E]9} transit pepetideo]]
CrOE ZAgsto guljoll &A% A7l A3 g 2o XA

% (nectary)9] 7ol astaxanthin 5 o33] £7e] keto-
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