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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 bicinformatics. 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 LC/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.
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1960 3th =4k Gordon Moore+ HFEA| o] A& 7|42 1870
2 99IR T WA SR Aolge dZalg og ¥
o] H&(Moor’s Law)ol2tal sict 1870 drfc} AE e A &
£7} 5 ), vl2e) A7 Hols o] F wlrk Z7ksle} 59
Fols 108, 109 Fol 1008 159 Fol= 100087k 27}
Ho yiHe] v &2 AdAoR "dojAs AT dA7HA
SGA AFHI UL 259y AR I 7HsA st
ATk

19903t Fut v]=e] FAEA= GenBankdll FA 5=
A7 G714 E ) A K7t Moored] H& 3 vz EA & 187114
vl ol S7eE 2S wRsden o BAEY ¥
Zolgly " 3tHth o= Human Genome Project (HGP)Z 5
B 2A3td AsdTt Aol g AoZA Rl
HAE 5 s AZARA 99 AUT U9 sk
Rol7| % sttt

Paradigm Shift

1990dd] FHHRRE] Ald, &5 5o tisir Alse] DNA
F7IMEe] A3 AHHTEA AsdTE 200009 6ol Q1
7+ f+449] DNA €714 80] REAL, S 12€d= o
71%dle] it A Al DNA G7|1Ago] ¢k Fel= %
Hol S vlofE R AlFAIHE HolatAl =AUk

719 EARYESto] NEAQA KAk EAS WA}
AT F4A4 Aldels BZAES 78 F32 AA
£ A Ho] Aol 22 9+ holistic approachE
AAESAME AMESHAl HAS. ol sFeA 3 A
Perkin-ElmerAbZE A& ke &5 14 25 9714€ 2
AAA]Q1 ABI 37000]u £-2 DNA microarray$} 722 high-
throughput A 28] &£ o|& o|£-3t high-throughput biology 7}
I AR oy, 44 DNA 9714 ¥ E high-throughput
biologyell ¢J3] A== G dloleE Al & + Ue
AEXH 3} (bioinformatics)o]Btal & 7 Qi) o] 24 71E9)
A Esto] Adet AT empirical, labor-intensive, time-
consuming3t{ T, Alg Aol vlgE & 214719 MEE
AW E-8F2 rational, automatic, high-throughput-&- £31° 2 g}
A=A, high-throughput biology, A &4 H gt 2Js] AVd-F
gto] sfjriglo] ¢hds] viAA Aok (Figure 1). olol whet
A sl 7128 AEAYE 2147 718 &S vt e
g Ee] o 7] Hth

M

* Rational
- Advanced metabolic
engineering to improve
productivity

e Empirical
- Selection of cell lines with
high productivity

e Automatic
- Automation of analytical
instrumentation and gene
cloning using robotics

¢ Labor-intensive

- Manual operation of 7Y

analytical instrumentation
and gene cloning

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

¢ High-throughput
- Miniature, multi-channeled
process
- Genomics approach

Figure 1. The conventional vs. the new paradigm approaches.

1990 MHZete| Mat F Empirical i
Rational Z 22} o

FEol| X AAE]= Taxol (paclitaxel)2 diterpene alkaloid 2
A GAagE fkekel SRk s ARR-EI glow 20471
AAEAE] Ho AAFY sHE AP Erh Taxol2
Z7t Bt sergsde) ZivkEal, AN AitEle ol
HojA] A EA Zuekol] g djFAAY F2 o] Folgk
ot FEAZ W golA UEhE Taxol L AZFE AH
Aoz AMuksto 24 1990\t Zulel] PHYTOPharmceutical
As G713 I AEFE sk d dFetach 4
SR A L= o] AEFe B 7)eS o)l AA Hzx
Z Taxol YA+ A3 FEHM L] dFe YA 25S 3=
o AFstgen ol AFsE ABANZA A EA Z)
okl 915k ol AUIAFE ] st 71dH Al YA E ol F
Ak

Tropane alkaloid2] scopolamine, hyoscyamine 52 7}x] 3]
&£ 3= Atropa belladonnao) 4 A AFE T} Scopolamine &
hyoscyamine © 2 ¥E] Eoix=d] AA|dAE o] Ao
rate-limiting 5o} hyoscyamineo] H]3la] Y53 F& £80]
Ao FEES] Yamada 1§ AME (Hyoscyamus
niger) 25E] hyoscyamine 63-hydroxylase FAAE F238}
o A. belladonna®| A overexpressionA]Z} 2. 24 rate-limiting &
8l a3l scopolamine®] F&E& F7IHoE A 4 AN
(Yunetal. 1992). 2 EjAz8te] gAl2t & & S+ ] ¥4
2 EAAES ) AdEHste] AENETT MEL oF
EE AANEIGTE 23 Ak ~9] Taxol A4k} Yamada
&9 AL thE 2 <] empirical T rational approach®] < 7}
gk AAA Qe E2 Yamada 150] AJEo)xiA}
AEo] FEZUE S8 ARSS YAREEA FEW 7189
AL £& vl Alo] "tk

HH Ael= Hs EAEA g Parotenes ATl #
Asls Al Mo fHAE & e Ald T e FAstelA
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Z2yste v =Y EHR provitamin A2 S-carotene S

Aatsle AL EEtet (olF ‘golden rice’ 2l ¥ (Ye et
al. 2000). )= EAA B ZA = olxtulAle] AFA AZ
g At BRolAARE Y] £8E ol ALt ol
g} EAeHA = olAAIARE ARREHOE  plug-in’
gk ok Ak we S @ ¢ Ak el TEE e
Z oA SEAIEUS AAEE A AExle] SEAS A
Asle A 5& AZRlE £ odnh 2y 24 15_ 4%94

1998430l Craig Venter7} A ¥ wl A3 Akl Celera
Genomics7} A A Algaatel] 71x1 a2 71s] &w A olrh
YAC library tf4loll BAC library &, mappingS A 2322
shotgun methodE 283151 2™ Perkin-ElmerA}e} 7423 ABI
3700 71X 8 ZA 4A9} Compag A ZAFH st=doish
AZESIE AMHFOEN HojHRl HEVLE FE3
AT oJEM Al HAaAIEC] 200597 fAE|R g
HGPE Celera Genomics Y= 2 20000 6Yo) mptel &
T A HATH HAZE AT AlE A7IMEY draftE =4
AaoAFH 3E22 ARSI, Ventere] WH2 oA +
Z FAA A7 (structural genomics) 2] 7]E TEEFo] HY
o} o] Wio] AE genome A7 A&H o] 7]
genome project”} 20001 12€e] A EOR olojx H9|
A DNA @749 e T T3 otk (20029 1¥
Beijing Genomics Institutueol| 4| draftE 23E3153E-).

FAA A9 v A= 1“}4
5674 9Tl DNAS] A71NBE B4k T2

A= AE TR WAY) YO 44T & U=
490) @950l R ol wstel A5 4AA AL ZE 3
Eo s} REFoE H83 £ 9= HFo] FYElo] 9%
%S W ohie AYe) BYE ] FAGlRT & 7 3
SIS G 948 55 AT 45AL o
8 B FANEY /15ERS AAF o] drkEA
22" 7 Utk s AdA A7 ol BA widel fHA
A7 FUAEAR] S AFAEE ARMEE SARAES
3T Aok & 4 Szl

HE 7IFAA AFE A% Y UubE]l oZR A=

knockout mutant 22 activation-tagging mutantE hgoz A
2bste] W3t phenotypeiq- knockout &-& activation% & =}
oto] Ao AAE B3 FA FHAY Jee AAse
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reverse genetics ¥]olth @A} |7|A Y BE FARE )
HA O F knockoutA]Z) mutant library7} QLRSI A 3-F
T YoM AE FAA 75 FEI G710 FuiET
on 87 I HE X Uk

olgd o8] FAZANA 2LHHE= mRNAY EST

(expressed sequence tags)Z A ZHE DNA microarrayE 0] 43}
of gene expression profiling datags U2 O ZH HE3 ol s

259 W)z} 87 2EH A FEI)E o A3
AAE e wo] FHYSHA o] FoAX Yt =T
Croteau 152 #HUES] 31 monoterpene®] A4 A=
2 AA fHA HEE FHE7] 948k EST (expressed
sequence tagged) o] ZZ )& 3} TH (Lange et al. 2000). #H 7]
E Y9 nHele RNEE APAstd BHlske dAnAEcl
F719) trichomeo] EA)3t=t] 48 AAFAZ 4 5 &
A 3 wichome s HF&H I § o|27E mRNAE +
o trichome 5©] cDNA libraryE A 2}slG o 2392 A
31,3004 71 ERUZHE ESTY @F7/IMEE WE § o
1°]E1§‘ GeneBank®] dlo|e]¢} Hlwate] 7i¥ ESTY] 7%
A3tk =38 N E trichome ESToll&= o] X}l Abol]
7/\ o2 FRHE Ao u¥ 2 B&E R 7
©] monoterpene ] A3 7 ZE radioisotope 2 THE E
TAH B2 FEE oldste AR Fert HeA 9l
4 Croteau 18 SA7kx] ez 52 2AT|= WA
Azl ESTY #AE 7I5#3E A5l monoterpenee] A
T AR #HAY ASE FYH: ESTE Fo=z €1
& T AL

AE 715 HAA A7 Adste] HRZE AF Fol sfut
© TYA tiE LC/mass £47]171& ol-&3td ofx}thA}
2HE 9] metabolic profiling data®} ESTZ A)2t¥ DNA
microarrayol] 2]t gene expression profiling dataZ FA| o]
oM BY fA4Sl 7se B E402 YeIE A
o[t}. Phenomenon DiscoveriesAbs @71 34 EHe 44 W
sloll il o] Ao o3k FAE {HHA Y F2YY
29 Al2"2 st it (Anonymous, 2002a). Paradigm
GeneticsAR= metabolic profiling®} gene expression profiling £}
ol of7|Atel A-S A A9 FelA phenotyping datas
image analysis A 2" 02 RFUE ] Aoz wdk blo]
ElZ metabolic @ gene expression profiling &8} gh7] A
23] FouM 71t A {FAAY 752 A 2
Asty 2 3= tEet integrated approachE &3 vk
(Anonymous, 2002b).
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High-Throughput Biology

ABA2] gene expression profiling dataS ©A| 7kl WO
g1 3l= WHOZ DNA microarryE AME-8l= Ao high-
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throughput biology 2] thEzty & 4= glom tj£3} olojr]o]
ol g o] wa hlgh throughput biologyE |33k} o]
voll Alephats st HAES LC/massZ /NEAEO.
Eeld & (FAHEA dold #H) o|g thekst TR wi
AZ (QA A Z& AT E2AAAN H3E gene
expression profilingS- DNA microarray 2 734 3le] oA &

dde Adshe 23S 2= 2l
(high-throughput screening)e] ©]oj &3t} o] 3} high-
throughput screening &3 2H&-9) F%T‘%Vc}% 93t WolE
o] 2Fegele Ao E &8-d Hgolth

%3k transcription factor &

NEEET

Shotgun B}21el] 2]%t genome2] DNA §714g AAo] out
3k 4 AT dAEQ o= AEAHEE (bioinformatics)
Holzty & £ itk DNA microarrayY high-throughput
biology2| #2RA7t Al oulE 7b7] A AEA
Bl ofgh dlojE|e] siX-g HA| ZALZ ) T} o]
Wl HolE 4 o7 ZugAlel Itk & 4 3l
oh R T sAEel AET BY £xESelr) W
2] EF=™ DNA microarrayE H|Z3F 2] high-throughput
biology A|Z"lo] A3t A7) FAHSE 2 LA
g o,

}%E =7

ggoz %ﬂf&f\lﬂi 213}% Aolek 4512 ¥

A JUFSe oln) #4 Aol Ay TS A% UGS
s 48 Ho laa c|83fed A2 E 47IE AdRE
A 9 AR A ARl Rom 4lel o2
st

71EY HolHE AFH Ajstd o
A9 A ‘ﬂg < g F+ e AR AUt
ATk oAl A Fgo] 1 HE QX e
1999 L& Alo| 2 tigre] Engt wrE 12 77H4 44
HE o|&3la] 7MbA AYAE AFEANAM HEU)
o} (Tomitaet al. 1999). EH Ao 2 Q=T ¢ 9= Audx] =
7V A2 o FAAE MR e 8EYE HYd

(Mycoplasma genitalium)& 712422 FHA Ao/ = &1

Table 1. Examples of plant molecular breeding under development.

i, T 517708 FAAE 7L e HE Erjg
2o AR 2= 4 & a7t AUtk Enjgl wge)
ofo]Fo] feAFEE 712w AANE &
A7 oty A 9w ol HFH ZRIAYOE
P Ay #7019 A= F3 vhed) o) F3
7517(} g2 7t UESAE olsjsty SHHCE AE
2 A7 BB sk Hawe] 42 #5
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B2 A2E o g Sol A4S fasksd
DNA shufﬂmg o) AMLE 7 glEd] o)l ME fE £o
ERH Fd Vs #He dUEe] BE #AYL4E FEd)
T RS 27402 YA, o] 2SS U ARE
3= AR R FAE T (Stemmer et al. 1994), o] 2 A 3l &
Y S MEL AXYE FHAES g9 fHAxEe]
DNA 2758 T8t 7 o) wigsrt El-ﬁ
WAFE o] &3 YEE MY 7H"*5] i
= Aotk 1} o] wHE 73
£ ZEEEE 72459 AN S
F ak3F e o)&-std "3%@5'_3“’” 45}1 "4]7“ Fsotes
o g MZE A7|E 2olaA =Tt (Moor et al. 2001).
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0ok

NEEXNSES %

TAEZ Qs NEE AEE F A 7P wol AuH
I Ye Ae ARA WA B2 dSAH T S5l
O[5 ofu] 19801t Woll A 1990\t o HHA S
A o] ¢EH ZoEA FW e FEL oMuh UF
S5 YE MRS FHELS Azl Helg A Re
Z nReAE 588 o)W E AFaA EAT (GMO9)
ek AnAEY] FAH Eebge] dibd FEH olfE &
HIZE wjEatr] @ SFER 44 dEolsy & F 9l
th). Levh S wabEe] tha 8 FRIE AL et
de dud 4 s Aol AstE FFol BART 93

ZNE ASZ Helt} (Table 1) (Anonymous 2000).

Trait Crop

Advantage

Tropical fruits
Potato, tomato
Maize, soybean

Delay ripening
Higher solids content
Increased essential amino acid content

Decafeinated Coftee
Natural sweetness Maize, pea
Modified fatty acid content Oil 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

o-1-Antitrypsin Rice Applied Phytologics

Boyce Thompson
Institute for Plant
Research

Human therapeutic Potato,
proteins Tomato

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

Suspension culture, .
. http://www.apinc.com
mature grains

Edible vaccines http://bti.cornell.edu

Wounding promoter that
allows production of
foreign proteins in
shredded leaves
Medicago’s inducible

http://www.Croptech. com

Mab Alfalfa Medicago 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

Humz.m therapeutic Maize Monsanto Grains http://www.monsanto.com

proteins

Somatotropin Tobacco Monsanto Plastid transformation http://www.monsanto.com

BASEY A} QoA RD B4 BF 2747k al. 2000).
A5 SHisR] AsiMe A2dA AAMYEE T2 A Wk ofuet MAAdA dEE SEe NEFERE F
£ hiE e AAksl= Zlolth CropTech wounding stress f+ P02 252 A xAe] Fio] 98] B=A 9=
Axe] Z2RES] QA ARE BuI FAAE AAs olFol Uk vk FAle] AERE Tuhe] LAt uy
el Ege A Al gl 9S FET F M AT 02 FHAsle] 7led ojn EntE 7| of7) AU ¥ 5
712 A HoiM T AR E o] ANEES sz Al o] FEAHOE shgsith gxte A4 dhH ok
28-S FfaElT) olgtell B, &4 B2 o] 23 molecular  RecA £1AE Fule] dlo] TYst T AMAAZ targeting )

farming (%2 pharming) A|2®o] o8] 3|AlolA Aw= gt
(Table 2).

AR G277 AABAES FABAESE o) Fthr}t
AZY A71@ez ggd o2 FHHT Yok Haqe
1 AA7 dYAEZEA L] A 54E /AT =Y 4
Al 7= 10078 Welol A Ee] vaig 47172 7}
AL A HE (3 e ZRHEH oY MY FRFAR
7v Alojg)e] AEsich wpelx] AAA ) Qg FHAE L)
s QAR bzt 10070 W7t HY teo] g%
A= ASAZE 100 A7 HEZ 3 79 /ARl =
10,000 7}1 ¢} Sj 3427 EA3HA Hol e FA=}7) &
o= EYHAES o 71BHoz F g At A 2
Ak A= A hE7) o] gene dosage effectol] 2)sf A
A 2R SR el =dE A9l vE /3
Ay JE7h 1008 o4 F7FeHAl Hoh Ed A B
AFAE SRR Ardd EYH YFAe S50 sHE
(pollen)oll = EAj3}A] donz FAHEH FAES Aujsiy
L 3Rl s g7 oRYFOR ARt Hod
NAANE 2EHeE AGT ¢ e o]Fo] ATk (Staub et

& §HAF 2283k & A AAe) particle bombardment = ]2
e EYst A3} RecA7 MAA oA HalEA] 42 &
wjoll Bla] @AS] #& MAA FHAME] st (F
g 5 2002). ol RecA7} QJef--3dxte] MAA Alxlz
LYol "3 homologous recombinationg F¢17] W&o
Mgk o] AFAAE o] HHOE Fujo]e] o
e MAA HAHNEE A= Sl

Z23t Hy

459 BAE
biology, A &A1 &}
Ade 214)7) AFste] Zigdde] dFoz oEsh 2
201t} 2010@7HA] AAAHLE 120989 NS FE8)
A E ZAEY BASEE 9] A%EH AlBY Ale &
A7) JAA 93 AES 985S 9, Y

% Ashe vl dEEA ] g s & Aotk
289 J5FAAATE 2147 AEALY 7YEEN &
d AF Ak 5 B ok Az g v & A
golth (Figure 2). mlef 9] 2H29] §5-2 AwdT+Ea34E vy
2 2 3 computer-aided design (CAD) WF&]ol] 2]3)] A|Ed]o)4
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Applied
research

.

Unraveling gene
expression network
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of novel genes
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research

( Plant Functional Genomicsj

Figure 2. Impact of plant functional genomics on industry.

ZoA] o] R0} 7 Y= DNA shuffling ¥H2]el| A & AL o
vol7ba gkZ o= chromosome shuffling &2
shufflingoll ¢]8] ‘super seed S 7\dl= Wake @ wAg A
o2 oSHoh Bk ofe}l MAA, HRI|&Fe] g3l 9
g Al71EY 2802 old WE AiiEe] dA AEE
71&9] AHdH ERHOZ ERY £ gl A3y g9 &

e Zojrk.
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AAF- B =BE 712 2147] ZEE] @R 2
EHAA7)5AFANG (RL) & A EAAS
(DWC), R AFHAR] (RL)H $338A
4 HEUAATAE (R 93 QA5

=
eIBE

rak

Anonymous (2000) http://www.monsanto.com/monsanto/
ediacenter/background/Better.html

Anonymous (2002a) http://www.phenomenon.com

Anonymous (2002b) http://www.paradigmgenetics.com

James C (1999) Global review of commercialized transgenic crops:
1999 ISAAA Briefs No. 12: Preview. IAAA; Ithaca, NY

Lange BM, Wildung MR, Stauber EJ, Sanchez C, Pouchnik D,
Croteau R (2000) Probing essential oil biosynthesis and secretion

by functional evaluation of expressed sequence tags from mint

glandular trichomes. Proc Natl Acad Sci USA 97:2934-2939

Moore GL, Maranas CD, Lutz S, Benkovic SJ (2001) Predicting
crossover generation in DNA shuffling. Proc Natl Acad Sci USA
98:3226-3231

Rifkin J (1998) The biotech century: harnessing the gene and
remaking the world. Tarcher/Putnam 271 pp.

Staub JM, Garcia B, Graves J, Hajdukiewicz PTJ, Hunter P, Nehra
N, Paradkar V, Schilittler M, Cairoll JA, Spatola L, Ward D, Ye
G, Russell DA (2000) High-yield production of a human
therapeutic protein in tobacco chloroplasts. Nature Biotech
18:333-338

Stemmer WPC (1994) DNA shuffling by random fragmentation and
reassembly: in vitro recombination for molecular evolution. Proc
Natl Acad Sci USA 91:10747-10751

Tomita M, Hashimoto K, Takahashi K, Shimizu T, Matsuzaki Y,
Miyoshi F, Saito K, Tanida S, Yugi K, Venter JC, Hutchison, C
(1999) E-CELL: Software environment for whole celt simulation.
Biocinformatics 15:72-84

Ye X, Al-Babili S, Kloti A, Zhang J, Lucca P, Beyer P, Potrykus |
(2000) Engineering the Provitamin A (8-carotene) biosynthetic
pathway into (carotenoid-free) rice endosperm. Science: 303-305

Yun, DJ, Hashimoto T, Yamada Y (1992) Metabolic engineering of
medicinal plants: transgenic Atropa belladonna with improved
alkaloid composition. Proc Nat Acad Sci USA 89:11799-11803

#38 ALF A4, 3K, &7 (2002) v] 4 € &3 H ]
ZZ o83 M FF A8 Y. 24w 10-2002-0000218

(AFYA 2002 49 269)



