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Prospects for Plant Biotechnology and Bioindustry in the 21st Century:
Paradigm Shift Driven by Genomics
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ABSTRACT Biotechnology in the 21st century will be driven by three emerging technologies: genomics, high-
throughput biology, and bioinformatics. These technologies are complementary to one another. A large number of
economically important crops are currently subjected to whole genome sequencing. Functional genomics for
determining the functions of the genes comprising the given plant genome is under progress by using various
means including phenotyping data from transgenic mutants, gene expression profiling data from DNA microarrays,
and metabolic profiling data from L.C/mass analysis. The aim of plant molecular breeding is shifting from
introducing agronomic traits such as herbicide and insect resistance to introducing quality traits such as healthful
oils and proteins, which will lead to improved and nutritional food and feed products. Plant molecular breeding is
also expected to aim to develop crops for producing human therapeutic and industrial proteins.

Key words: Bioinformatics, gene expression profile, genomics, high-throughput biology, metabolic profile,
phenotype
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19603t =4t Gordon Moore= ¥FEA| 9] FA 7142 187)]
4 992 F uly 3718 Aojgle dE3det °8 F
9] YA(Moor’s Law)ol2ta i} 1870 dnitt HE O A &
T7t F o, Wl2e] A7 dolg o] F Hi7} FUtE] 59
Foll= 108, 108 Foll= 100u] 153 Foll= 1,00081 7} 7t
Hy wide) v4-E AdFog "oz 7L HA7A|
A AFEL AL 2599 BARUe g§YS JHeA &
Ak

1990t F4t v]=e] EAEANE GenBankel] FAEHE
Az FG71M 8] ZE7t Moore?] HE 4 w7 1871€
oit} = w4 Frtele AS SR olE FAEY W
Folzky HH3l4th o] Human Genome Project (HGP)Z &
H BEF3ld AlsdT 2l g Ao2A HHI|SHH
HHE & e AEREA A AEFE JHS s
Rol7|% s}tk

Paradigm Shift

1990 dt] $HHERE Alg, &% 5ol disiA Alw<e DNA
71N gol 3] ARFHBEA AleAFE 20009 68l
7+ 742 DNA G714 ge] EXHIL, Y 12¥90l= of
71Zdel gk A Al DNA 9714 o] ¢33 Fei2 Ui
Hol $E& HolEE AFAUE Zolsh HUrk

7NEY) BANES ] MEHA KRR 5L w83}
st 34 Aldelle SENES A A A
£ oFA Hol A=A 23 & holistic approach & &
AR EGAME AHEEA HIAE o] 7HeA & A
Perkin-ElmerAl7} 25 7/H&st o83 ¥& 25 G748 2
A2 ABI 37000} 2 DNA microarray9} 7+ high-
throughput A| 2~ &2 o]& ¢]&3%} high-throughput biclogy 7}
I ARAo|m, 44 DNA 97]A¥ © high-throughput
biologyoll 2l AAE= dA tlolHE Al £ + Y=
REXRBE (bioinformatics)o|2}. & 4 QiTt o|2H 7|E ]
A E8lo] ArFE AL empirical, labor-intensive, time-
consuming 3t{tHH, AlFATol vlgE T 214719 AEE
AE-8}-2- rational, automatic, high-throughputS 5422 3tk
Al A, high-throughput biology, A Z&A W 8ol 2la)] AL
gto] sfejciglel @8] uiAA HIUoh (Figure 1). ool e}
Al 7123 AEMAE 2147]0E 718 & vs
o] o7]Hr)

¢ Empirical * Rational
- Selection of cell lines with - Advanced metabolic
high productivity engineering to improve
productivity
¢ Labor-intensive ¢ Automatic

- Automation of analytical
instrumentation and gene
cloning using robotics

- Manual operation of >
analytical instrumentation
and gene cloning

¢ Time-consuming
- Dealing with a few tens of
chemicals at a time
- A single gene approach

* High-throughput
- Miniature, muiti-channeled
process
- Genomics approach

Figure 1. The conventional vs. the new paradigm approaches.
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FEoA AAE = Taxol (paclitaxel)- diterpene alkaloid 2
A e 290 SEeE ASHL 210w 2047
AAERE A AAF9] R AXY AT Taxol2 F
Z7} B3t sishedol 7HTga, A A Gol
HolA AEA el o thFAYAe] FQ HFHo] Hoigk

 ZEAE okl A UEh}E Taxol T MEFE )&
Aoz Mukglo 24 1990\t Zulo] PHYTOPharmceutical
AlE 7130 A NEFE dse o etk A
FAY 2 RS o] MEF FY 7ieS ool HA Hx
2 Taxol A A8 FEA LY th g A 2" E e
b AF3ReH ol AFIAZ AAALOEAN A EATH)
ol &gk olAMNAMHE S AFste] 71 EuA] JAE ol F
Atk

Tropane alkaloid$] scopolamine, hyoscyamine < 714] 3ol
&3l= Atropa belladonnad| A A5t} ScopolamineS-
hyoscyamine . 2H-E THEoA=H AANM T o] FAo]
rate-limiting ¥]©] hyoscyaminedl] v]&}e] Y53 Y F8o)
AolRth ZEWSHY] Yamada 152 AlElE (Hyoscyamus
niger) 28] hyoscyamine 63-hydroxylase FA4AE Z243
o A. belladonna®| A overexpressionA]Z] © 2 rate-limiting &
3| A3ted scopolamined] F&& F7|Hox Y F AT
(Yun et al. 1992). JEhAR &S] FAE & 4 e o] 93
R L e EEELRINERL ELBIP EENE
EE ARk 188 A 28] Taxol AJ4+3} Yamada
59 Ak i<l empirical T rational approach®] o7}
dok BAA Aok EAE Yamada 10| A= o]xthA}
e FEFTUE Y8 AT dAbE A HEHE 718
AESY] 2 vhe Alo] Hth

g ol A8 EASHA G PcaroteneS A/l
A= Al A FARTE & e Al F e gl
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23] Blo] TUFOZMN provitamin AQl PcaroteneS
Arehs 2SS (18 ‘goldenrice’#ki ) (Yeet
al. 2000). o]z 54 &l EAsh= olAitiAte] AP A=
ZA8te ER0AAMMHEY £&E Fole ALt ok
EAEA B oA EE AT EH R plug-in’
g ok A 2 A & Uk vl YT WL
2 4 FEAEUS Atk A AR gaEde A
Aehe AR T8 AddE g Ao 23u BAe 4E9
o|AfhAell A APV FEA Xt o] A=
OIAIHAA R F Aol AAE FHA g ARt A
=38 AgHoF Holth. 715fFrdA A+ (functional geno-
mics) A2 ol $ FAE A F Ue BAHT FEL
Z T ik

o

A AT

1998\ Ao} Craig Venter7} AR3% W3 Akl Celera
Genomics7} MAl Aol 7131 J&2 713 Fyolck
YAC library ) Alo] BAC library &, mappingg AJ 3l
shotgun method & #|-8-8}9] 2™ Perkin-ElmerAle] 7323 ABI
3700 97118 24 A9k Compag Ae] ZFE] st=doft
AZESolE AN FolHe HEV2E BB U
Atk o)EM ZA] AAAIR0] 2005871 AR
HGPE Celera Genomics T=2 2 20003 699 »5-g A
T A HAT (HARE AT Al F7IMEY draftE SR
AN ST 3528 THIYS). Ventere] HHZ o] F
Z §AA 9 (structural genomics)?] 7)E 2 EFo] g
th. o] o] A& genome Foll HEE o] o7
genome project7} 20000 12€e] AE OB o]ojx B9
7 DNA 97149 ¢4ES w9 T2 Aok 0024 1€
Beijing Genomics Institutueol] A draftS 2% 819-2.).

T34 AT e FAE AR 715E AFse V)
T dolth DNAY H7|MEE Afske F3213A
dAFE AEY TR BAQlel dvtzes &S 5 U
Qo] Sy=lel gt Wald A5aaA A7E BE A
2o tia] HEFos HLE + U= Yol Yol UA
35 ¥ ool Y EFE i8] FAge|lZ & Tt 3

oA A7 dHE T3 ATFHA YEAG] o
A FAREY 715EAS EFH Wgol duleER
28 7 Atk Z15RAA 919 old A wFdl FA
To] FukEzlel Fu APAER ARPEZ IAAYHE
H38 4 o &  dth
AE 715/AA ATE 9% 7P 9itARl ojERA e
knockout mutant &2 activation-tagging mutantS O 2 AJ
2kaled #H3}E phenotypes} knockout &2 activation® f+H =}
oto] HEHAE F3te AW FHAXY 75E AAsH=
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reverse genetics HH2jo|t}. &) o7|AHe RE FAAE A
W& 0 Z knockoutA]Z] mutant library7} Q7 AFENA 2F
I AolM AE FAA 715 RV F71HoE =T §
ou ¥zt 1 HE 92 Yok

obga o7 FAHZXAA LHEHE mRNAY EST
(expressed sequence tags)Z #|Z+E DNA microarray g ©]-8-8}
o] gene expression profiling dataZ 920 2K HEa o ht
N8 Yols1%, 87 AEA2 TR So] B 4
WA BE w0 TAYA oA Utk B
Croteau 1§ HHTE9] 8] monoterpene®] AT AR
2 # fAA ZEE FHer] 94t EST (expressed
sequence tagged) ] T2 X]E &t} (Lange et al. 2000). | #H7l
E Qo) EudE NES 4RYH Rulse dnRE
2A71¢] wichomeo] A 3t=d] 9& JAELZ 4d F Eof
A % wichome & HhFYRF F o|ZHE) mRNAE S}
& trichome £©] ¢DNA libraryE #)2tslH o). F3H92 A
3 1,300 7je] FEYERE ESTY F71MEE 83 & o]
HlolElE GeneBank®} vlolejst wlwaie 7§ ESTS 7)%F
S FA3Arh A5 2 trichome ESTell= o] xFchAtel] &
Hy Zoz FHHE Ao] w9 52 vE&E FRHJ
¥ E 2] monoterpene2] A 7 Z = radioisotope 2 ZHAH
ARA T& FTHES o83t 43 A=r BEA A
T Crotean TF> AA7HA] #1873 £ FRHE APA
729} ESTY #7349 715#E AA8td monoterpened] A
FE AR BAE A2 FAHFHE ESTE HH2E Fu
g T ATk

AE 7eRAA a7 #Hste NEE A% FY
= YAl el LC/mass 4971718 o] &3t o]xFhAt
A& 9] metabolic profiling data®t ESTZ #)Z¥ DNA
microarrayel] 23} gene expression profiling dataZ EA]e] &
S0E2M #E AR 715E Ho ARFOE Yele A
o]t}. Phenomenon DiscoveriesAbh= 7] 4l ZHe] AMA o
Stoll oha o]¥ 4ol o AP KA UF FE2YY
Fd Al2"E sty Tk (Anonymous, 2002a). Paradigm
GeneticsA= metabolic profiling3} gene expression profiling 2
A= oh7)3hel 4% A 4] HejH phenotyping daa
image analysis A/ 2928 REUEFate] dojzl T Hlo]
E]E metabolic ¥ gene expression profiling | ©[E{<} &4 A
g3l FO2ZM f71ANY A FHAY 7SS A A
A1 3= tiE3t integrated approachE 3t Tt
(Anonymous, 2002b).

l

High-Throughput Biology

XA 9] gene expression profiling data® WA 7t tiFoZ
3= WO 2 DNA microaryS AME-aH= Zo] high-
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throughput biology$] THEZT. ¥ & AoH BH5H cleltie]
o] @A o) T3 high-throughput biologyE A3t} o)
glo] AlsbiRe 95 AARE LOmasZ HLAEL
#2E T (BAEA dolg gE) olg U 7Y wF
AE (AA B ZL2 AT =EANAA HsE gene
expression profilingS DNA microarray 2 ZA 3l oA &
A%} manscription factore] LS gsle EAE e 92
(high-throughput screening)©] o] 43tk o]2{gt high-
throughput screening & ¥ 4E2] FLPAE AT WolE
A9) 232oE 43502 942 Aot

ER P,

Shotgun 4ol €3} genome$] DNA H71A4E AA o] Yt
sk AYE dAFHQ o= AEAHEE (bicinformatics)
Yolaglz & 4 Utk DNA microarraytd high-throughput
biology®] HERA7} AAAQ g Z7] HaME AER
Hajof o HlolE e a4 AA AR itk T8 of
el dolg AL oA 7kR] ZEGA Ut & 5 9
o % oG iAo ALEY 3 AZEYrt @
2] Hg=H DNA microarrayE ¥]Z3F <42 high-throughput
biology Al2=®lo] A8 A+ FHFSE 22 wjZ]EA
4 Zolth

v ol @3] £&9 FAIZE ofdzt Aol A
T 7Fssd AT ES =t o P & gle B
Al A FILE ML Uk Roloh 7712 F
A AFEL oln] F4 A A T2 A} JAF S
5t A9 HoHE o]&3td MEE 77| J4FE
A I E HFHC g AlEH KR AW 45
motet = YAl =AU o) viRHA R o]n] Aekg st
© SEEoklAE 71EY dHolHE FHAFE A o
FEAY YA S AEHNAT F Ae HAR AYst
2 Qltk ojA] AHFEo] 1 HE AL e Aot

19994 AR A0S thste] Evjet B4E 127749 424
BE olfsll 7MY AFAE AFEANIA TS0l
T} (Tomita etal. 1999). SYHO 2 AT & A= A4 5
Mg Ae &9 §AAE ML dE 259 397
(Mycoplasma genitalium)& 712202 FWI Rel7l= 3R

Table 1. Examples of plant molecular breeding under development.

o} o] HYFL 517709 |ARNE /AT Jorg Ere
259 AP 25g FHE 2 2o} itk Enjer TF5e
FE ARAE v ololBo] AFES 2= ANY &
& dE AYY) YelzAYE o] AFH Zaayo
o} FW & ARy /W AF T vi=d o] FI
AR A5 7] YEYIAES ofslsly EPHoE AZ
JE AEAL Beg s H2de] §AA £ F
317] 91gtoldth o Yozt 3 B3e AEshze A

WS PR B 4 At R 298aA @

N

N

p

oo of at & 48 N
4 2

)
=

B8 52 ARS DHY WA 59 BAS s
DNA shuffling ¥Ho] ARSI Qled ol MZ oE o
239 £9 7158 2E 99 BE FHLAE Tts
v FARE 2402 AL, o] 24ES
3l Ao 2 A AT (Stemmer et al. 1994). 0] FA 3l &
A8 FEE AELR AXY FAxES U9 FAREY
DNA 27}5-g TF3tZ Jou Widesrt il oS
WAFE ol &8 TEE AEYOE e dujdg Foh
T Aotk 13y o] WS FAL)F )L, AP F ol |
49 Z2EZRE FAH YA 2dH o] HEx 4
3} e Eete olgald AERRE I o APsrs
o2 AZE AZIE FolstAl HAT Moor et al. 2001).

NETTEEFIE:

0r

A o) sigE AEFF 5 A 7P Bel Auls
I AE A AZRA WG FL2 dF5E diTs S5olth
ol o|9| 1980\ At TellA 1990 Zofl AHA 30
A el g E RAo2A Hd' 9] FFL oplch UlF}
ST EUE AEE 3FL AujAte] HE 9% Ao
2 2HAAE 58 oA S AT EE Aot (GMOd
e AHASY] AA A Bl EdE i3 ofE &
HZE wiEety] 2 SFEE A4 Ty & & o
th). 23y X FAES] mtat 83 SR A U Ay
4 A e ARl st 50l £S5 Y3l
NZso] R&D7E A 2H|AEAA e F& Wi
A/ ALE HRIY (Table 1) (Anonymous 2000).

Trait Crop

Advantage

Tropical fruits
Potato, tomato
Maize, soybean

Delay ripening
Higher solids content
Increased essential amino acid content

Decafeinated Coffee
Natural sweetness Maize, pea
Modified fatty acid content Qil crops

Shipping long distances

Decrease processing costs

Improve the quality of protein in food products and animal feed
Reduce sensitivity to caffein

Tastier food

More healthful oils
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Table 2. Some examples of plant bioreactor systems for commercial production of valuable proteins.

Protein Crop Company System URL
. . - . . Suspension culture, ) .
o-1-Antitrypsin Rice Applied Phytologics mature grains http://www.apinc.com
Human therapeutic Potato. Boyce Thompson
. P ’ Institute for Plant Edible vaccines http://bti.cornell.edu
proteins Tomato
Research

Human therapeutic
proteins Tobacco CropTech
(e.g., urokinase)

Wounding promoter that
allows production of

. L. http://www.Croptech. com
foreign proteins in

shredded leaves
Mab Alfalfa Medicago Medicago's inducible http://www.Medicago. com
promoter
Avidin, vaccine for
hepatitis B, TGEV, Lt- Maize ProdiGene Grains http://www.prodigene. com
B, Laccase
Anti-HSV antibodies Rice Epicyte Pharmaceutical Grains http://www.epicyte.com
Hum?.n therapeutic Maize Monsanto Grains http://www.monsanto.com
proteins
Somatotropin Tobacco Monsanto Plastid transformation http://www.monsanto.com
al. 2000).

BEAgE0] szl oA A s R&D Tl tigk H717E)
25 Fuiglaly) YaME FEA AL Z& A
£ S PAksl= Aolth CropTech-S wounding stress -
Azte] Z2RE 4 &8 d¥d {FARNE 443
Felo]l =go =N AuiE gl 4 8 F BN I
712 A BolA FH AEE wlFo] HAFEE Fh= A
2"E gt ojdlel o, ¢ 5§ 0§38 molecular
farming (£ pharming) A|2E]o] i3] IApeA 7= T
{Table 2).

A2AE GE2F7E QAN EARZY FABAE o)Fivt
XY A7|HoE wdgl AeE FAHT itk MAAE
1 AA7E QYA EEAY Ak BEAE /ALY e /13
A 7= 10078 W jolw AAxe] duld 3437 +E 7t
A3 93 QHE (3 M TREE o7 M FERFAA
7F Alojg)e] ZFdch webr] HiAd HFAHAE EY
&t YAz 7 10078 W7 =3 HSo] 9%
A Eo= GEA7E 1004 77 HBZ 3 e FSAZA =
10,000 7} 8] AR EAEA Ho deflFAx o
o2 EQEHAUE 9 7jEHo R F e FHurt AlE] X
Ask= A A hE2A 5o gene dosage effectel] 2J3] 4
AAe =8 YA o =Ud Aol vis] £A
A wE Hrh 1008 o FrtebA ok B3 MAdE B
AFAE IEZ A4Ad =Yd HAfAdAE 5579 38
(pollen)oll = EAISIA] foR2 FAATH FES At
T skt o8 AT oRIF R Qe RFAE Hojd
MANE 29He2 Add F A& olFo] ATt (Staub et

ok ofet MAA oA BEHE dud S AR RE F
ZHHoe FYHEER NEHY FTihd o BIEHA de
o|Fo] Utk tit HAlY] eEE BulY] A7 LRty
O 2 PFAAG] 7hzE Boln Evtg, 24, AU, W F
o] REHoZ rshgdtct. Pate] A7 v ot
RecA FAAE |ule] 8o Y3 & MAA R targeting =]
T2 FAR 228 & A AF ol particle bombardment 2 2]2j
FAAE =& ZH RecA7F HAA A SAHA] F2 &
Hol v A3 2 AaA FAAG] s (7
E 5 2002). ©]= RecA7} fJefH-7AAte] AAA Algoze
=9 ¥ 23 homologous recombinationg- E$7] W&
M AT FAe] A7 Aol o] WRHLE Hujolele] o7
ZE9 LA FAASRE AR itk

AED HYy

AEo FARFE FF FdA @, high-throughput
biology, M EAHHE F Aol g3 FEHe M2 HHt
e} 2147) AT 7)&RAH WA dEa 2
Aolth 010874 AAARLE 120228 NBE 228
A B 2ge) PAREE Vsl 4B A=) AUEE =
gA7lE o IXA g3 FEE 454 9, Y A
55 AABle HlolLEAE 2 g8E s & Zlolth
AEY J5RAANATE 2147] BEAGY JIHEEAS F
4, AF AT T FHAS Fopol A=z g Wi & A
ot} (Figure 2). Wlef &] ZHE] &F& AFIATAHE vigd
© 2 3 computer-aided design (CAD) ¥2jol] olaf] AlE#o]A
H Z2 TIPS o3t o]FojF Aotk T A RA F
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Agrochemicals
- Herbicides

- Plant protection
chemicals

Industrial Agriculture
application - Seeds

Pharmaceuticals
- Drugs
- Nutraceuticals

Food Environment
- Functional foods - Phytoremediation

Applied
research

.

Unraveling gene

expression network

Large-scale cloning
of novel genes

Basic
rescarch

Plant Functional Genomics

Figure 2. Impact of plant functional genomics on industry.
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