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Arabidopsis thaliana is a small plant in the mustard family that 
has become the model system of choice for research in plant 
biology. Significant advances in understanding plant growth 
and development have been made by focusing on the mo- 
leculargenetics of this simple angiosperm. The 120-megabase 
genome of Arabidopsis is organized into five chromosomes 
and contains an estimated 20,000 genes, More than 30 mega- 
bases of annotated genomic sequence has already been de- 
posited in GenBank by a consortium of laboratories in Europe, 
Japan, and the United States. The entire genome is scheduled 
to be sequenced by the end of the year 2000. Reaching this 
milestone should enhance the value of Arabidopsis as a model 
for plant biology and the analysis of complex organisms in 
general. 

.4i.riiiic/op.iic ?hn/iiiiln has recently become the organism of choice for 
a \vide range of srudies in pla~lt sciences ( I  1. The current ~isibil i ty of 
di.iiiiii/op.ti.v research reflects the growing realizatioll amoi?g biolo- 
gists that this sinlple angiospelln can serve as a con\.enient model not 
on11 for plant biology but also for addressing f~indamental il~lestio~ls 
of biological structure and iiulction common to all eukaryotes. LI7hile 
gelloille projects 11al.e doc~iil~ented the extent to 1vhic11 all eul<alyotic 
orga~lisms share a common genetic ancestry. research it11 .41~iPir/o1/1- 
.sf.\ has clarified the i~llportailt role that analysis of plant genomcs call 
play in u~lderstandi~lg basic principles of biolog) rele\.a~lt to a \,ariet) 
of species. including humans. The emergence of a large. multinatio~lal 
research community de\ oted to the complete analysis of a single plant 
represents a dramatic paradigm shift for plant b i o l o g ~ .  Traditionally. 
advances in our ullderstalldillg of plant structure and filnction \rere 
built on research n-it11 a n ide  range of species. particularlj those 
relc~,ant to agriculture. Althoush an impressive amount of i~lfom~ation 
IT as collected m ith this approach. ad\.ances in man> discipli~les xvere 
limited by scattered communit~ resources. duplicatio~~ of effort. and 
lilllited finding. Se~.eral plants Mere recognized as model genetic 
systems. includi~lg maize, tomato. pea. rice. barlej. petunia. and 
snapdragon. but research biologists failed to reach a collsellsus on 
n-hich species a.as most snitable for studying processes common to all 
plants. As a result. our u~lderstanding of fundamental aspects of plant 
gro~vth and development such as tlo\\ering. root gro\vth, hormone 
action. and responses to environmental signals remaiiled limited. 

Twenty years ago. plant biologists bcgan to search for another 
model orga~lislll suitable for detailed analysis using the combined 
tools of genetics and molecular biologl. Plants with effecri1.e proto- 
cols for regeneratio11 in culmre (such as petunia and tomato) n.ere 
logical candidates, particularly for studies inr.ol~.ing .igi~obeic~rei~iiiiii- 
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mediated cell transfolination. but attentioll gradually shifted toward 
di.nbit/opsi.c. a slllall a w d  in the illustard family that was first  chose^^ 
as a model genetic organism by Laibach in E:urope and later studied 
in detail by Rkdei in t11c IJnited States (3 ) .  The shift ton-ard -4i.iihi- 
tiopsi.5 gained momentum in the early 1980s ~vith the release of a 
detailed genetic map ( 3 )  and publications outlini~lg the \ d u e  of 
z4iuhir/op.cis for research in pla~lt physiology. biochemistry. and de- 
~ . e l o p i ~ ~ e n t  (4). This n,as follo\ved b~ tn-o sigllificant advances. the 
establishment of tra~lsformation protocols ( 5 )  and the demo~ls t ra t io~~ 
that .4i.iibir!opric had a small gelloille amenable to detailed molecular 
analysis ( 6 ) .  

The modern era of .-li~iibitiopcis research began in 1987 with the 
opening of the Third Interi~ational .4i~ciiiii/opsis Conference at Mich- 
igan State Lni\,ersitl and the subsequent formation of an electro~lic 
.41.iihi~/opsir nen.sgroup. Many indi\ iduals experienced in the analysis 
of other model organisms soon began to study .-li~cihic!o~~.tis as a 
promising lllodel for basic research. One important outgron-th of this 
illcreased eilthusiasm for .~i.tibii!O]~~ii. research \vas the drafting in 
1990 of a 1 ision statelllellt outlining long-term research goals for the 
.-li.ribii/opris comm~ul~ity. These included saturatiilg the genome n-it11 
mutations. identif!.ing e\ ery essential gene. and sequencing the entire 
gellolue b> the end of the decade. The importance of applying 
a t i~ances  nit11 di~tihii!op.vi.s to other plants and to solving practical 
problems in agriculture, industry, and human health \\as also stressed. 
.4 further commitment to .-ii~rihii!op.:i.i research 1vas made in 1996 with 
the establishment of the di~cibit!op.sis Genome Initiative dedicated to 
coordi~latiilg large-scale sequencing efforts. This initiative has be- 
come a ~llodel for multinational cooperatioll and has already resulted 
in more than 30 Llb of genomic DN.4 sequence being deposited in 
public databases. The remainder of the 120-Mb genome is scheduled 
to be sequellced b!, the end of 2000. ;ii.crbit!opci\ has therefore 
progressed in 20 5 ears from an obscure ~veed  to a respected member 
of the .'Security Couilcil of Modcl Genctic Orga~lisms" ( 7 ) .  Here Lve 
review some recent advances in .4i~ibiilopsi.s research and sumliiarizr 
features that haxe made this simple ailgiosperm a model for research 
in plant biology. 

Biology of Arabidopsis 
.-li.iihii/cysi.s rliiiliiiiiii (Fig. 1) is a membcr of the mustard family 
(Crnciferae or Brassicaccae) with a broad natural distr ibutio~~ through- 
out Europe, Asia. and Forth .4merica [see ( I )  for detailed re~.ien-s]. 
Llan! different ecotypes (accessions) ha\ e beell collected from nahl- 
ral populations and are available for experilllelltal analysis. The 
Columbia and Landsberg ecotypes are the accepted standards for 
genetic and molecular studies. The entire life cycle. including seed 
gemination. forn~ation of a rosette plant, bolting of thc main stem, 
flon-ering. and maturation of the tirst seeds. is coml~leted in 6 neelis. 
\!'hen it comes to size. almost ex,erything about .-li.nbiciop.\ic is small. 
Flo\vers are 2 mm long. self-pollinate as thc bud opens, and call be 
crossed b> applying pollea to the stigma surface. Seeds are 0.5 mm in 
length at maturit) a;ld are produced in slender fi-uits known as 
silicjues. Seedlings develop into rosette plants that range from 2 to 10 
cm in diameter. depelldillg on ~ r o u  th coaditions. L e a ~ e s  are c o ~ e r e d  
\~- i th  small  unicellular l~airb kao\~.n as tricllonles that are coa\eaient 
lllodels for studyillg mol1d1ogenesis and cellular differentiation. 

Plants can be g r o ~ r n  in petri plates or maintained in pots located 
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either in a greenhouse or under fluorescent lights in the laboratory. 
Bolting starts about 3 weeks after planting, and the resulting inflo- 
rescence forms a linear progression of flowers and siliques for several 
weeks before the onset of senescence. Flowers are composed of an 
outer whorl of four green sepals and inner whorls containing four 
white petals, six stamens bearing pollen, and a central gynoecium that 
forms the silique. Mature plants reach 15 to 20 cm in height and often 
produce several hundred siliques with more than 5000 total seeds. The 
roots are simple in structure, easy to study in culture, and do not 
establish symbiotic relationships with nitrogen-fixing bacteria. Natu- 
ral pathogens include a variety of insects, bacteria, fungi, and viruses. 

Genetic Analysis 
The Arabidopsis research community has developed most of the methods 
and resource materials expected of a model genetic organism. These 
include simple procedures for chemical and insertional mutagenesis, 
efficient methods for performing crosses and introducing DNA through 
plant transformation, extensive collections of mutants with diverse phe- 
notypes, and a variety of chromosome maps of mutant genes and 
molecular markers (8). The absence of an efficient system for gene 
replacement through homologous recombination is a limitation shared by 
other model organisms such as Drosophila and Caenorhabditis elegans. 
Promising advances in this important area of Arabidopsis research have 
nevertheless been reported (9). Mature seeds are the preferred targets for 
chemical mutagenesis because millions of progeny seeds homozygous 
for recessive mutations can be produced by selfmg M, plants derived 
from a single experiment. Insertional mutagenesis with transferred DNA 
(T-DNA) from Agrobacterium tumefaciens has become routine through 
development of whole-plant transformation methods (10) that avoid the 
pitfalls associated with plant regeneration in culture. Thousands of trans- 
genic lines carrying random T-DNA insertions throughout the genome 
have been deposited in public stock centers. Many additional lines are 
being produced at private companies interested in functional genomics. 
Maize transposable elements introduced through Agrobacterium-mediat- 
ed transformation have also been used extensively for gene disruption 
(11). 

Several thousand mutants of Arabidopsis defective in almost every 
aspect of plant growth and development have been identified over the 
past 20 years. The ability to save genetic stocks as seeds has mini- 
mized the effort required to maintain these mutants over long periods' 
of time. Mutations that interfere with gametogenesis, seed formation, 
leaf and root development, flowering, senescence, metabolic and 
signal transduction pathways, responses to hormones, pathogens, and 
environmental signals, and many cellular and physiological processes 
have been identified (I). Because mapping and allelism tests have 
often lagged behind mutant identification, a number of mutants 
currently being studied in different laboratories are likely to be 
defective in the same gene. Progress has nevertheless been made 
toward establishing community standards for gene nomenclature and 
mutant analysis to minimize duplication of effort (12). 

The Arabidopsis genome is organized into five chromosomes and 
contains an estimated 20,000 genes. The small size of meiotic chmmo- 
somes and the absence of polytene chromosomes have limited cytoge- 
netic studies of chromosome structure, although visualization has im- 
proved in recent years with in situ hybridization methods (13). Three 
related maps of each chromosome (classical genetic, recombinant inbred, 
and physical) are presented on the wall chart included with this genome 
issue. The classical map shows estimated locations of mutant genes based 
on recombination frequencies. The original map was produced by ana- 
lyzing segregating phenotypes in the F, generation after self-pollination 
of F, plants. More than 460 mutant genes are included on the current 
map, which is available through the Internet at http://mutant.lse.okstate. 
edu. The precise order and distances between many linked genes remain 
to be determined because map locations are based largely on two-point 
recombination data. One striking feature of the classical map is the large 
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number of cloned mutant genes included (more than 110 at present). 
These genes are noted in orange (mapped relative to phenotypic markers) 
and green (mapped relative to molecular markers) on the attached chart. 
The recombinant inbred @I) map illustrates locations of cloned genes 
and molecular markers based on recombination within a defined mapping 
population produced through repeated selfing of progeny plants in suc- 
cessive generations (14). Markers on this map include restriction frag- 
ment length polymorphisms (RFLPs), simple sequence length polymor- 
phism~ (SSLPs), cleaved amplified polymorphic sequences (CAPSs), and 
a variety of cloned genes, expressed sequence tags (ESTs), and the ends 
of bacterial (BAC) and yeast (YAC) artificial chromosomes. More than 
790 markers are included on the current RI map, which can be viewed at 
http:llnasc.nott.ac.uWnew-ri-map.html. The length of each RI chromo- 
some has been adjusted on the chart to match that of the classical 
chromosome. This facilitates comparison between equivalent regions and 

Fig. 1. Arabidopsis thaliana at an early stage of flowering. [Drawing by K. 
Sutliffl 
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emphasizes the fact that genetic distances betneen molecular 
markers 011 the RI map will eventually beconle secondary to 
physical distances measured in base pairs. Mutant genes noted in 
green and purple on the classical map Lvere first assigned a 
chromosome position based on recombination frequencies with 
molecular markers located on the RI map. Updated inforlnatioll on 
physical maps of the fil-e diwhir lop~i ,~  chromosomes can be found 
at http:.'.'genome-n~n~~v.stanford.ed~~~Xrabidopsis~. 

In addition to mutagenesis and mapping efforts, genetic analysis of 
..lrtrDidopjis has expanded in recent years to include specialized topics 
of broad interest such as epigenetics. gene silencing. tetrad analysis, 
centromere mapping, and reverse genetics. The history of maize 
genetics is filled n-ith elegant studies of epigenetics and paramutation. 
Research with Ai~abiilopsis has offered n~olecular details on some of 

steering committee. Advanced courses and workshops such as those 
offered by Cold Spring Harbor Laboratory and the European Molecular 
Biology Organization have played an important role in training an entire 
generation of ..li.nDidopsis biologists. The contributions of Asian scien- 
tists to diabitJopsij research have become increasingly apparent at recent 
meetings, particularly the Fifth International Congress of Plant Molecular 
Biology held in Singapore. Funding agencies have also played a signif- 
icant role in supporting and promoting .3mbidopji,s research. Significant 
investments in basic plant research have been made throughout Europe, 
Japan. Australia, and the United States. where the NSF continues to play 
a leadership role in funding sequencing efforts and a wide range of 
individual investigator awards. 

Genome Sequencing Initiative 
the genes involved within a hnctional genomics context (15). Tetrad The AGI was established in 1996 to facilitate coordinated sequencing 
analysis became possible in di~ciDidoysis n-it11 the isolation of the of the Ai.iibic/opsis genome (21)). This initiative followed advances in 
ijzru1,tet mutant in which four pollell grains derived from a single EST sequencing projects (21). constnlction of standardized YAC and 
meiotic event senlain attached n-hen released frorn the anther but BAC libraries (22), establishment of physical maps for limited regions 
neveltheless palticipate in fertilization (16) .  The precise number of of the genome (23). and molecular analysis of many individual genes. 
insertional mutailts available in Avtrbirlo~~,si,s is difficult to determine XGI participants frorn Europe. Japan. and the United States agreed on 
because some collections are available through public stock centers a strategy that combined BAC end sequencing. fingerprinting, hybrid- 
whereas others are being produced in the private sector. However. 
plans are under way to improve cornmunit> access to insertional 
mutants and to make it possible to obtain a lu~ockout of virtually any 
gene of interest n-ith only minimal effort (17). Thus. ~vith continued 
advances in mutant analysis. genome sequencing, and production of 
knockouts. diaDidopjij may soon become the higher eukarq-ote of 
choice for studying many fundamental concepts of modem genetics. 

Research Community 
The di-nbicioysis community is a diverse group of scientists represent- 

ization with anchored Y4Cs  and molecular markers. and starting 
points spread across the genome to begin sequencing contiguous 
clusters of BACs with minimal overlaps. The Japanese group pro- 
ceeded wit11 sequencing P1 artificial chromosome (PAC) clones be- 
cause they had already invested in this approach. Each group was 
assigned a chromosomal region to begin sequencing with the undes- 
standing that assignments could be adjusted later to reflect progress 
and availability of funding. Updated information on sequencing ef- 
forts can be obtained from the Internet addresses listed in Table 1. 

By 1 July 1998. the total amount of random BAC end sequence 
ing more than 30 different countries. Almost every major uni\ersity. generated by the TIGR. SPP. and Genoscope groups was 13.6 I\4b from 
research institute. and private company active in plant research has at 18.746 clones. By this same date. the entire AGI consortium had depos- 
least one individual working on Artibiilop~i~. This \vide involvement. ited in GenBank a~lother 28 I\4b of annotated genomic sequence from 
reflected in increased attendance at annual Aiabitloy,sts meetings, defined chrornosonlal regions. This included 4 to 5 Mb each from 
attracted more than 900 participants to the summer 1998 meeting held chrolnoso~nes 1 and 2, 9 to 10 Mb each Ibom clu-omosomes 4 and 5.  and 
in Madison. Wisconsin. Community resources include a centralized 
database, two stock centers. established EST projects, and several 
large-scale sequencing laboratories associated with the Ai.trbido~~si.r 
Genome Initiative (AGI) (Table 1 ). Rapid communication on scien- 
tific matters is facilitated through broad participation in the electronic 
-31-nbidopsis newsgroup (18). For the past 6 years. annual progress 
toward goals set forth in the Multinational Coordinated dlabido~~sis  
thnliai~ci Genome Research Project has been summarized in a docu- 
ment published by the U.S. National Science Foundation (NSF) (19). 

Community decisions are coordinated by two representative groups: 
the multinational science steering committee and the North American 

Table 1. Community resources for Arabidopsis genome analysis. 

less than 0.5 klb Ibom chromosome 3. . la lys is  of a contiguous 1.9-Mk 
region of chromosome 4 a as recently published by the ESSX group (24) 
and several seq~~enced regions on clu-ornosome 5 have been published by 
the Kamsa group in Japan (25). In addition. the CSHL collsortiulll has 
made available extensive fingerprinting data and initial results of orga- 
nizing BAC clones into a genome-wide contig map. Approximately 70 
lClb of the genome n-as contained in 66 BXC contigs by 1 July, and plans 
n-ere under way to complete the analysis of all 22.000 B4C clones by the 
end of the year. The combined availability of BAC end sequences and a 
genome-n-ide contig map should have an immediate impact on diubi- 
i lo~~sis  research, particularly in the widespread use of clu-omosome n-alk- 

~ Resource available Contact 
person 

Arabidopsis database (AtDB) 
ABRC* Stock Center (USA) 
NASCt Stock Centre (UK) 
AGI Sequencing Laboratories: 

TIGRt (USA) 
SPPS Consortium (USA) 
CSHL Consortium (USA) 
ESSAB Consortium (Europe) 
Genoscope (France) 
Kazusa Inst i tute (Japan) 

M .  Cherry 
R. Scholl 
M. Anderson 

5. Rounsley 
R. Davis 
R. McCombie 
M. Bevan 
F. Quetier 
5. Tabata 

Internet address for information 

*Arabidopsis Biological Resource Center, Ohio State University. The ABRC database (AIMS) is maintained at Michigan State University. tNot t ingham Arabidopsis Stock Centre, 
University o f  Nott ingham. $The lnsti tute for Genomic Research. $Stanford University (N. Federspiel), University of Pennsylvania ( j .  Ecker), USDA Plant Gene Expression Center 
(8. Theologis). C o l d  Spring Harbor Laboratory (R. McCombie), Washington University (R. Wilson), Perkin-Elmer-Applied Biosystems (E. Chen). TEuropean Scientists Sequencing 
Arabidopsis. Informatics for ESSA is provided by the Munich Information Center for Protein Sequences (MIPS). 
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ing to clone genes identified by mutation. 
Representatix-es from XGI sequencing laboratories met again later in 

July to discuss strategies for completil~g the genome in 2 5  qears. several 
years ahead of the schedule established in 1996. This accelerated time- 
table n.as luatle possible in paif by additional filnding from the European 
Conunission and from the ZSF Plant Genome Research Program. Par- 
ticipants agreed that completion of a given c11l.omosome \+.ould be 
defined as the full sequence of each a1111 as a single contig fro111 
subtelomeric repeat to ce~ltromeric talldell1 repeats. with acceptable gaps 
defined as internal tandem repeat regions (including iibosomal DN.A) of 
l u ~ o n n  lengtl~. It became apparent during the meeting that experience 
gained from completing the 100-h,Ib yellolne of C. e/egcii~s 1% ill be helpfill 
in finishing the .-liziDit/op.ci.\ project and that lessolls leanled with .-ii.cibi- 
t/opsi.i could be applied ro the anall.sis of more complex genonles in the 
filhlre. Improved technology auch as the automated telnplate procedures 
developed b) the SPP consortium for use \\-it11 di~iihitlopsi.~ ma) also find 
broad application in filmre genome projecta. 

The AGI and EST projects described above hale  provided a 
nealth of information on gene identity and genome organization in 
plants. The Ai.iibit/opsi.c genome is h i g l ~ l ~  enriched for coding se- 
quences, \tit11 one gene every 5 kb 011 average (31). About half of 
these genes appear to be c lose l~  related in sequence to genes found in 
other organiarns ranging from bacteria to humans. In striking contrast 
ro maize. \\-here repetitix e DsX rich in transposons collstitures a large 
percentage of the genome. rii~iibitlop\i.t has a relatix.ely small amount 
of interspersecl repetitive DNA. Sequencing the .ii~iiPit/o/~xis genoine 
has therefore pro] en to be a cost-effecti1.e method of identifying e\ el? 
gene i11 a representative flo\terin,v plant. 

Examples of Research Advances 
Research n it11 .ii~cibit/oi~.si.s has pro1 ided 1 aluable insights illto all aspects 
of modern biology. In some cases. long-standing questioils in plant 
physiology and biochemisti~ were first resolved tlrough genetic and 
molecular analysis of dizihiikq~si.~ imutants. For example, elucidation of 
ethylene s i p a l  trailsduction patlnvays in .-li~tiPitlop.ti~ pro\ ided the first 
unequi\ocal identification oi' a holmone receptor in plants ( 2 6 ) .  The 
de\.elopmental sigilitica~lce of another class of plant honnoiles. the 
brassinosteroids. a as re\ ealed by analyzing .-li.iihir/o~~sic mutants defec- 
ti1.e i11 hrassi~losteroid ~>~nthesis t 3  '). This n ork had the additio~lal benefit 
of providing insights into the h iochemis t~~ of related steroids impo~tant 
for human health. I11 the area of light perception. ln~~tall t  analysis a it11 
.-li.ciblt/oi~.sic has led to the identification of plant receptors and signal 
transduction components for phototr.opism (38)  and circadian rhg tluns 
(391 in addition to ad\.ancing our understanding of ph~tochrome action 
(30) .  Selerai genes that regulate the tra~lsitio~l to flo\xe~ing have been 
identified ( 3 1 )  and elegant models constmcted for the genetic control of 
pattern fo~mation during floral development (33).  Ad\ a x e s  in biochem- 
i s t ~ ~  and cell biology ha1 e covered topics ra~lging from ion transpolT and 
fatt) acid biosynthesis to cell mall formation and chloroplast maintena~lce 
( 1 ) .  

Soine research with .-Ji.iihir/o~~sic has pro\ ided u ~ ~ e ~ p e c t e d  insights 
into cellular mechanisms shared \\it11 other organisms. For example. a 
protein comple-i initially identified through senetic analysis of the 
coiistiiiiii~,e /~ /~oro i i~o iy~ / zoge i i~  class of .4i.rihii/oi,sis mutants has been 
found throughout eukarq otes and may p r o ~ i d e  clues to complex signal 
tra~lsduction net\\orlts acti1.e in humans ( 3 3 ) .  .A retinal photoreceptor 
that 111ay s e n e  to entrail1 the circadian clock in mammals aras recently 
identified 011 the basis of, in part. similarity to the C R Y  photoreceptor 
of .4i.iibit/o11~i.s ( 3 4 ) .  Plant bioloyists ha\ e long realized that cellular 
mechanisms common to eul<aryotes are often characterized first in 
yeast or animal systems and then later extended to plants. The advent 
of .-li.iihii/o/~.\i.s fi~nctional ge~lomics and the alailability of large 
numbers of .-li~tihit/op.~i.\ mutants defec t i~e  in I;no\\11 gene products 
prolides a unique opportunity for plant biologists to contribute to 
research efforts in a x ariety of related disciplines. As a result. it \?-ill 

become increasingly ilnportant for those studying other groups of 
organisnls to keep abreast of continuing advances in plant biology. 

Many biotechnology colnpanies are counting on Aicibit/opsis re- 
search to hel!~ sol\-e practical problems related to agriculture. energy, 
and the em,ironment. Sigllifkailt advances have already been reported 
in applied research efforts including lnolecular cloning of disease 
resistance genes (35) .  engineering of plants resistant to cold ternper- 
atures ( 3 6 ) .  production of specialized hydrocarbons (37). and stimu- 
lation of premature flowering in trees and other plants n-ith extended 
life c ~ c l e i  (38) .  If patent applications are any indication of the 
practical beneflta of .4i,iibit/o~>.ris research. then the econonlic value of 
this aimple need  has already been denlonstrated (39 ) .  One of the 
original ideas behind using .-li.tibit/op~is as a model system n-as to 
facilitate the identificarion of related genes of importance in crop 
plants. At the moment there is every indication that this strategy is 
n orltinp as planned. 

Vision for the Future 
A new vision statement for the filtilre of di.aDidop.cis research was 
recentlq articulated in the annual report for the Multinational 
,li.cil~it/opc.i~ Genome Project ( 1 9 ) .  The short-ternm goals were to 
complete the genomic sequence and screens for illformative mu- 
tations. obtain insertional l t~~ocltouts of every major class of gene. 
continue detailed characterization of cellular. physiological. and 
de1-elopmental pathna!.s. continue the widespread use of .-Ii.nbi- 
i/oij~si.s as a model to study basic principles of genetics. establish 
improx ed computing systems to organize information on cellular 
processes inloll-ed in plant gronth  and development. and make 
advances obtai~led through the .-Iicibii/o~~sii genome project a\-ail- 
able to those norlting on other projects. Technological innovations 
such as the use of DNA chips and microarrays to study global 
patterns of gene expression ( 4 0 )  should play an important role in 
.li~ihitlo~~si.c research during this period. The Inore long-term goals 
are to determine the f~inctions and locations of key gene products 
identified through large-scale seq~leilci~lg efforts. unto\-er mecha- 
~ l i s ~ n s  by which c o n ~ p l e ~  networks of gene products become 
established and localized. conlbine illformatio~l on gene products 
bvith ad\ antes in plant physiology and biochemistry to establish a 
compre11e1lsi1.e picture of plant structure and function. and use 
,-liciPit/oi~si.s to r e s o l ~  e c l~~es t io~ l s  concerning e\-olutionary relation- 
ships alllong eukaryotic organisms and the evolution of common 
cellular and de\.elopme~ltal pathways ( 1 9 ) .  

>leering these goals mill place i~lcreasi~lg demands on the devel- 
o ~ m e n t  of databases desipned to present massive amounts of infor- 
1natio11 to -4iahii/op.tis experts and the diverse audience of biologists 
Representatives of the .-liahitioi,.sis and i~lforlilatics communities met 
in the sulillner of 1998 to discuss options for desigaing and supporting 
a Ilea generation of databases for .-Ii.~ihii/o/~sis in paiticular and plant 
biology in general. -4lthough a nuinber of problems reinail1 to be 
addressed. there was agreealent that de\.eloping inno\-ati\e metl~ods 
for ~ rov id ing  access to info~ination represents one of the principal 
long-tenn challe~lges of the di~ciPit/o~i.sis genome project. With con- 
tinued progress in genomics, biology, and database management. it 
ne\-ertheless appears lil<eIy that .-Ii.rib~tk~/~.si.s will soon become a 
inodel not only for understa~ldi~lg plant structure and function. but also 
for addressing more uiliversal questions concerning the nature and 
origin of biological complexity. 
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New Goals for the U.S. Human Genome 
Project: 1998-2003 

Francis S. Collins," Ari Patrinos, Elke Jordan, Aravinda Chakravarti, Raymond Cesteland, LeRoy Walters, 
and the members of the DOE and NIH planning groups 

The Human Genome Project has successfully completed all 
the major goals in its current 5-year plan, covering the period 
1993-98. A new plan, for 1998-2003, is presented, in which 
human DNA sequencing will be the major emphasis. An am- 
bitious schedule has been set to complete the full sequence 
by the end of 2003, 2 years ahead of previous projections. In 
the course of completing the sequence, a "working draft" of 
the human sequence will be produced by the end of 2001. The 
plan also includes goals for sequencing technology develop- 
ment; for studying human genome sequence variation; for 
developing technology for functional genomics; for complet- 
ing the sequence of Caenorhabditis elegans and Drosophila 
melanogaster and starting the mouse genome; for studying 
the ethical, legal, and social implications of genome research; 
for bioinformatics and computational studies; and for training 
of genome scientists. 

The Human Genome Project (HGP) is fulfilling its promise as the 
single most important project in biology and the biomedical scienc- 
e s o n e  that will pei~nanently change biology and medicine. With the 
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recent completion of the genome sequences of several microorgan- 
isms, including Eschevichia coli and Sacchavornyces cerevisiae, and 
the imminent completion of the sequence of the metazoan Caeno- 
vhabditis elegans, the door has opened wide on the era of whole 
genome science. The ability to analyze entire genomes is accelerating 
gene discovery and revolutionizing the breadth and depth of biolog- 
ical questions that can be addressed in model organisms. These 
exciting successes confirm the view that acquisition of a comprehen- 
sive, high-quality human genome sequence will have unprecedented 
impact and long-lasting value for basic biology, biomedical research, 
biotechnology, and health care. The transition to sequence-based 
biology will spur continued progress in understanding gene-environ- 
ment interactions and in development of highly accurate DNA-based 
medical diagnostics and therapeutics. 

Human DNA sequencing, the flagship endeavor of the HGP, is 
entering its decisive phase. It will be the project's central focus during 
the next 5 years. While partial subsets of the DNA sequence, such as 
expressed sequence tags (ESTs), have proven enormously valuable, 
experience with simpler organisms confirms that there can be no 
substitute for the complete genome sequence. In order to move 
vigorously toward this goal, the crucial task ahead is building sus- 
tainable capacity for producing publicly available DNA sequence. The 
full and incisive use of the human sequence, including comparisons to 
other vertebrate genomes, will require further increases in sustainable 
capacity at high accuracy and lower costs. Thus, a high-priority 
commitment to develop and deploy new and improved sequencing 
technologies must also be made. 

Availability of the human genome sequence presents unique sci- 
entific opportunities, chief among them the study of natural genetic 
variation in humans. Genetic or DNA sequence variation is the 
fundamental raw material for evolution. Importantly, it is also the 

682 23 OCTOBER 1998 VOL 282 SCIENCE www.sciencemag.org 


