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er plant genes, not just Arabidopsis. 
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T
he imminent completion of the Ara- 
bidopsis genome sequence repre- 
sents the culmination of a 10-year 

effort by the plant biology community. By 
the time the community was ready to un- 
dertake high-throughput sequencing in 
1996, a broad international infrastructure 
and a history of international cooperation 
were in place to support a collegial and ef- 
ficient sequencing project. 

As the project draws to a close, a new 10- 
year project of comparable import is about to 
begin (1)(Table 1). At the heart of the pro- 
posed program is the ambitious goal of 
knowing the function of all plant genes by 
the year 2010. More boldly, it is envisioned 
that this knowledge will facilitate the devel- 
opment of a virtual plant-a computer mod- 
el that will use information about each gene 
product to simulate the growth and develop- 
ment of a plant under many environmental 
conditions. In response to a proposal from 
the community, The U.S. National Science 
Foundation has recently announced a new 
funding program that is expected to provide 
up to $25 million per year for the project (2). 
In conjunction with programs for funding 
Arabidopsis functional genomics in other 
countries, the NSF 2010 Project will certain- 
ly accelerate progress toward understanding 
basic plant biology within the next decade. 

ow ever, we believe that the project will al- 
so change the way in which academicians 
study plant biology. Here, we have attempted 
to outline some of the issues that we believe 
will dnve these changes, and to offer opin- 
ions on how to attain desirable outcomes. 

There are about 25,900 genes in Ara- 
bidopsis, of which only about a thousand 
have been assigned a function by direct ex- 
perimental evidence (3, 4). Approximately 
55% of Arabidopsis genes can currently be 
assigned a putative function, but not a bio- 
logical role, by sequence comparisons to 
genes in public databases. The 2010 Project 
envisions that, 10 years from now, every 
gene in Arabidopsis will have been subject- 
ed to one or more exoeriments in which the 
gene is inactivated or overexpressed. The re- 
sulting phenotypes will be examined by all 
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available criteria, including full-genome 
mRNA expression profiling and metabolic 
profiling. Comprehensive information will 
be available about where and when every 
gene is expressed; where the protein is lo- 
calized; how the protein is modified; and 
what, if any, other proteins the gene product 
interacts with (5). The substrates will be 
known for the more than 900 protein kinas- 
es (6),and the promoters controlled by each 
transcription factor will be defined. The in- 
formation from these and other assays will 
be available in powerful databases that will 
interrelate Arabidopsis-specific information 
with information available for homologs 
from other species. In those cases where 
genes have apparent functional duplicates in 
the genome, the phenotype of the multiple 
mutant will be established. This information 
will be used to infer not only the specific 
function of the gene products, but also the 
role of every gene in the growth and devel- 

several recently formed companies are 
already racing with the academic communi- 
l;y to complete the task of studying all Ara- 
.hidopsis genes. One of these, Paradigm Ge- 
netics, claims to be able to create and ana- 
lyze the phenotypes of mutations in 5000 
genes per year with only a few hundred sci- 
entists (7).Thus, there is little doubt that the 
Arabidopsis community of several thousand 
people can marshal the personnel and techni- 
cal resources for the task. However, doing so 
will necessitate some significant changes in 
the allocation of Arabidopsis research funds. 

As almost any research with a genetic 
component can be considered to be "func- 
tional genomics," the opening of the public 
coffers for expanded research on the func- 
tion of all Arabidopsis genes could simply 
devolve into a situation in which more fund- 
ing becomes available for hundreds of indi- 
vidual laboratories pursuing their specific in- 
terests. This w ~ u l d ~ ~ r o d u c ~  many-important 
discoveries but would almost certainly leave 
a large proportion of the genome unexplored 
for decades to come and would be a very in- 
efficient use of resources. For instance, it 
would be much more efficient to have one 

REPRESENTATIVE GOALS OF THE 2010 PROJECT 
1- to 3-Year Coals 

S. 

3- to &Year Coals 

Creat 

mental conditions. 

Develop global understanding of posttranslational modification. 

Undertake global metabolic profiling at organ, cellular, and subcellular levels under various environ- 
mental conditions. 

10-Year Coals 

Plant artificial chromosomes. 

Identify cisregulatory sequences of all genes. 
. . . . . . . .. .. .. . .. . .. . ..... . . . . . . . ., . .. . ,. , , .. 

Identify regulatory circuits controlled by each transcription factor. 

Determine biochemical function for every protein. 

Descri d 
subcellular levels under various environmental conditions. 

tion about a representative virtual plant 


Table 1. Goal for investigating Arabidopsis functional genomics. 
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laboratorv determine the DNA seauences 
flanking a hundred thousand transpison in- 
sertion sites than to have hundreds or thou- 
sands of scientists isolating and cloning in- 
sertions in their favorite genes one at a time. 
More generally, the 2010 Project envisions 
that there are many kinds of experiments that 
can be done most efficiently and most rapid- 
ly as a community service by a small num- 
ber of research groups, or "technology cen- 
ters," that can implement high-throughput 
methods. The current U.S. centers that pro- 
vide community access to large numbers of 
Arabidoosis insertion mutations or DNA mi- 
croarrays are a first step in this direction (8). 

Although high-throughput approaches 
can provide a wealth of useful information, 
we do not expect the 2010 Project to 
change the modus operandi of most plant 
biologists. Rather, the information generat- 
ed by genomics approaches should empow- 
er the average plant biologist to pursue de- 
tailed knowledge of specific aspects of 
plant biology. We consider it likely that in 
order to accomplish the goals of the 2010 
plan, it will be necessary to have relatively 
large numbers of laboratories using genom- 
ic methods to study a subset of the genome 
(such as all genes containing a particular 
motif) rather than the whole genome. This 
raises the problem that if one group is fund- 
ed to characterize a class of genes, it may 
be wasteful to fund other groups to study 
the same genes by the same criteria. Thus, 
the first group to propose a broad, large- 
scale investigation of a class of genes could 
obtain a de facto monopoly on funding. 

We believe that grants to study a large 
number of genes must be explicitly service 
oriented; all results and materials generated 
must be made freely and rapidly (before 
publication) available to the community as 
they are produced, in much the same way 
that the sequencing projects released data 
with minimal delay. TO provide transparency 
to the communi;y, each project k i l l  bk 
obliged to post the accession numbers of 
their target genes in a public database so that 
anyone can determine the probability of du- 
plication of effort. As with the sequencing 
projects, such a service-oriented approach 
will necessitate changes in how the academ- 
ic system rewards contributions in biology 
(9), or perhaps, some aspects of the work 
should be directed to companies or technol- 
ogy centers. Whatever the case, principal in- 
vestigators should not anticipate using these 
"community-service projects" as a means of 
funding their traditional research projects. 

Perhaps the most radical concept in the 
2010 Project is that it specifically endorses 
the allocation of public research support to 
studying plant genes that have no sequence 
similarity to any gene of known function. 
This necessitates a departure from the tradi- 

tional model of supporting research, in 
which scientists seek grant support to study 
a gene or genes, by arguing that the genes 
are a key to understanding an important bio- 
logical phenomenon. Grant review panels 
typically rank grants on the basis of their 
agreement with the proposed significance of 
the likely outcome and the feasibility of 
achieving that outcome. How will panels 
evaluate a proposal to study a family of 
genes that have no similarity to any other 
gene of known function? How can the quali- 
fications of an applicant be evaluated if 
there is no hint of what aspect of biology is 
to be studied? This could resemble "cassette 
science" in which a generic set of experi- 
mental approaches are used to study any set 
of genes. In the extreme, a standard propos- 
al could be written with empty blanks for 
the accession numbers of the genes to be an- 
alyzed. In addition to the unacceptable effect 
this could have on creativity, it would proba- 
bly not be desirable to have individuals ran- 
domly allotted to study genes that may bear 
no relation to their expertise and interests. 

One way of dealing with these problems 
is to focus initially on supporting whole- 
genome approaches to generate preliminary 
information about each gene. Proposals to 
identify all protein-protein interactions or all 
subcellular localizations might fall in this 
class. Similarly, proposals to develop and 
exploit whole-genome microarrays or gene 
chips to study the expression of all genes 
under a wide variety of conditions may per- 
mit clustering of most genes into known 
pathways or processes (10). For instance, it 
might be feasible to determine the function 
of all of the genes of unknown function that 
are simultaneously induced during cold ac- 
climation or infection by a pathogen. This 
model seems well suited to single investiga- 
tors or consortia of scientists with shared 
goals and complementary expertise. 

An unresolved issue associated with the 
new push toward functional genomics con- 
cerns the different standards for release of 
data and materials around the world. A good 
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example of international collegiality is the 
Genomic Arabido~sisResource Network 
(GARNet) in the bnited Kingdom, which 
provides unrestricted access to resources for 
functional genomics (11) and two initiatives 
h d e d  by the Biotechnology and Biological 
Science Research Council (12). One project 
will produce 30,000 transposon gene trap 
insertions. Another will sequence the flank- 
ing DNA of large numbers of insertions. All 
information is to be public, and all materials 
will be freely available through the Nottmg- 
ham Arabidopsis Stock Center. 

By contrast, the European Union (EU) and 
several European countries currently view re- 
search funding for plant functional genomics 
as an investment in regional or national com- 

petitiveness and do not appear to be support- 
ive of immediate release of data and materi- 
als. For instance, the EU Fifth Framework 
Program (FP5), whlch has recently provided 
major funding for Arabidopsis functional ge- 
nomics (13) "has been conceived to help 
solve problems and to respond to major socio- 
economic challenges facing the European 
Union") (14). FP5 provides fimding for con- 
sortia of academic and company researchers 
under circumstances in which participating 
companies may obtain preferential access to 
results, and there are no requirements for early 
release of data or materials. If two groups in 
different countries are both funded to study 
the function of all genes of a certain class, and 
only one group is obliged to instantly release 
all data and materials, this group may be sig- 
nificantly disadvantaged (15). However, by 
providing grant support for achievement of 
technical, community-oriented goals, the sting 
of releasing data and materials to a potentially 
uncooperative competitor should be dimin- 
ished. The groups that participated in the Am-
bidopsis sequencing project, including the 
EU-funded consortium, released data very 
rapidly. It is to be hoped that the relevant Eu-
ropean funding agencies will recognize the in-
herent unfairness of encouraging proprietary 
research in functional genomics projects that 
are large-scale, international, and public. 

It is axiomatic that scientific discoveries 
cannot be planned, but arise unexpectedly 
from individuals following the imperatives 
of personal curiosity. Also, great progress 
has been made in many fields when scien- 
tists working toward specific large goals are 
supported. Indeed, large-scale projects work 
best when they are focused around techni- 
cal goals. In this respect, the 2010 Project 
should probably be viewed as a technical 
program that will enable revolutionary dis- 
coveries by the plant biology community. 
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