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Perspective

2020 Vision for Biology: The Role of Plants in
Addressing Grand Challenges in Biology

In November 1998, a group of scientists met in Palo Alto,

California, at an NSF-sponsored workshop to discuss the grand

challenges facing biology at that time. Their primary aim

was to identify areas in which plant science could provide im-

portant and lasting contributions to addressing these chal-

lenges. A key recommendation from their report was to

focus sufficient resources on the reference plant Arabidopsis

to be able to exploit fully its soon to be completed genome

sequence. Nine years later, as we near completion of the

2010 program, it is appropriate to step back, assess progress

and once again ask how plants can contribute to addressing

the grand challenges in biology. What is crystal clear is that

there are a host of real-world problems that involve plants: es-

calating pressures for food, the need for renewable biofuels,

and habitat preservation are being driven by the demands of

an ever growing and ever more prosperous human popula-

tion. The ability to face these challenges is dependent on a fun-

damental understanding of the basic biology and ecology of

plants. NSF-funded plant biology research in the past decade

has provided the foundations for solving some of these press-

ing problems. By identifying the next set of grand challenges

in biology, and how they can best be met by plant research, we

will be preparing for the unforeseen problems of tomorrow.

For this purpose, a workshop was held on 3–5 January 2008

in Arlington, VA, that focused on the future directions for

plant research, with special emphasis on the role of the refer-

ence species Arabidopsis in uncovering fundamental biologi-

cal principles that will enable us to face future challenges to

our well-being and that of the global environment (see full re-

port at www.arabidopsis.org/portals/masc/workshop2020.pdf).

During the last 20 years, Arabidopsis has emerged as the pri-

mary experimental system for essentially all aspects of plant

biology. By focusing on a single tractable system, the interna-

tional Arabidopsis community has made dramatic advances in

nearly every area of plant research. Further, because of the

close evolutionary relationships between all flowering plants,

discoveries inArabidopsishave been readily translated to other

plant species such as economically important crops. In addition,

discoveries made in Arabidopsis have impacted on research in

animal systems including disease processes in humans.

The remarkable success of Arabidopsis research is partly the

result of wise investment by the NSF, first through the Arabi-

dopsis Genome sequencing program and attendant technol-

ogy development and subsequently via the Arabidopsis 2010

Program. This project, now nearing its completion, has funded

the generation of a broad range of powerful genetic and ge-

nomic resources and technologies. The Arabidopsis toolbox,

together with the unique qualities of Arabidopsis and allied

species, will now facilitate effective studies at all levels of bi-

ological organization, including, molecular, cellular, organis-

mal, and ecological. In addition, the Arabidopsis 2010

Program has fostered the development of a vigorous and dy-

namic international community of researchers—a process that

has included the training of many graduate students and post-

doctoral researchers, and recruited many scientists not trained

initially in plant biology. Because of this investment, the Ara-

bidopsis research community is ideally, and uniquely, posi-

tioned to address the next set of Grand Challenges in Biology.

The workshop participants identified the following Grand

Challenges:

1. How do cells work and how do they interface with the

environment? The complex functions performed by multi-

cellular organisms ultimately depend on processes that occur

within cells. Arabidopsis will continue to be used extensively

for the analysis of cellular processes because of its rich genetic

and genomic resources and rapid generation time. In addition,

advances in imaging technologies coupled with genome-wide

knowledge of cellular components will provide the starting

points for understanding the dynamics of regulatory networks

controlling cellular states.

2. How do single cells develop into multi-cellular organ-

isms? The development of all multi-cellular organisms requires

the creation of a diverse set of specialized cell types that must

be organized to form functional tissues and organs. Further,

the organism must maintain pools of stem cells throughout their

lifetimes. This requires developmental networks that are robust

enough to ensure the correct assembly of parts, but flexible

enough to modify development in the face of injury or environ-

mental change. The ability to grow large populations of Arabi-

dopsis in the lab or in the field makes Arabidopsis a powerful

experimental system to dissect the contributions of genetic

and environmental factors to development. The availability of

genomicsequencesformultipleecotypesalsoallowsArabidopsis

researchers to uncover the genetic changes underlying specific

responses to the environment in natural populations.
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3. How do genomes generate organismal robustness and

diversity? A critical question underlying our understanding

of the diversity of life on earth is how highly related or even

identical genomes can yield distinctly different individuals.

Plant science has led the way in elucidating connections

between the genetic blueprint and its biological output.

Arabidopsis has provided the proof-of-concept system show-

ing that we can now map the dynamics of the genome at every

level from DNA sequence to DNA methylation patterning to

genomic association of histones and transcription factors.

4. What is the molecular basis of evolution? The long-term

goal of evolutionary biology is to discover general principles

and laws governing evolution. The detailed elucidation of

the genetics of adaptation and speciation will require a fo-

cused approach using reference systems like Arabidopsis. In

addition, genomics-based answers to important questions in

evolutionary biology are within reach using plant reference

systems as study organisms.

5. How are biological systems integrated frommolecules to

ecosystems? The genomic revolution has paved the way for

understanding the integrated function of biological systems

across molecular, organismal, and ecological scales. Arabidop-

sis is ideal for this endeavor because of the wealth of genomic

and functional data and systems biology tools available, and be-

cause it is well suited to manipulative ecological experiments.

6. How can the environment bemade sustainable for future

generations? As primary producers, plants are the ultimate

source of food, fiber, and fuel for all forms of terrestrial life,

including humans. An integrative systems approach to plant

biology will be necessary both to predict the response of bio-

logical systems to human perturbations, and to design adap-

tive strategies to enhance system resilience in the face of rapid

environmental change. Systems biology approaches founded

on model systems such as Arabidopsis, united with parallel

efforts by ecosystem modelers, can provide the necessary tools

to answer key questions in environmental biology

INTEGRATIVE BIOLOGY: FROM
MOLECULES TO SYSTEMS

The overarching goal of biology is to fully understand life and

the operation of biological processes. The achievement of this

goal requires detailed knowledge of life’s component parts at

every level from molecules to ecosystems, as well as a holistic

view of these components and their dynamic relationships

over space and time. Arabidopsis is uniquely suited to research

encompassing these diverse approaches. The development of

powerful genetic and genomic technologies will continue to

energize ongoing efforts to understand the molecular basis

for cellular and physiological processes. These technologies

will also facilitate major advances in our understanding of evo-

lution. New analytical tools promise to provide near complete

catalogs of all the constituents of every cell type as well as de-

tailed knowledge of macromolecular function. Further, dra-

matic advances in cell imaging will produce unprecedented

views of the cellular environment. Finally, the integration of

this diverse knowledge to produce a unified view of life will

require the development and application of novel ‘systems’

approaches.

A true systems-biology approach, encompassing all of life’s

components from molecules to populations, is now possible

using Arabidopsis. To achieve this goal, we make the following

general recommendations:

(1) NSF should continue to provide major and specific sup-

port to integrate molecular, cellular, organismal, and eco-

logical research on Arabidopsis as a system to understand

how a living organism develops, functions, and adapts to

its environment.

(2) Funds should be provided for development of additional

and new types of large-scale experimental genomics

resources that will be required to effectively address

the Grand Challenges.

(3) Efforts should be made to encourage the development of

new quantitative approaches to the study of biological

systems using Arabidopsis and allied species. This should

involve the development of collaborations between biol-

ogists, mathematicians, computer scientists, engineers,

and scientists in other quantitative disciplines.

(4) Data acquisition should remain a major focus of future

programs to fuel iterative cycles of data analysis, integra-

tion, hypothesis generation, and testing. The emergence

of new technologies will enable the collection of new and

higher-quality data of all types, thus permitting more so-

phisticated systems analyses.

BROADER IMPACTS

Plant research plays a central role in broadening the appreci-

ation and understanding of biological sciences. Beyond the

fundamental appeal of plants, the focus on Arabidopsis has

transformed biology over the past two decades. Arabidopsis

provides a uniquely tractable multi-cellular experimental sys-

tem. Its ease of culture and extensive toolkit make it an entry

point to scientific discovery at every level, from the classroom

to cross-disciplinary and international collaborations.

Perhaps the most significant way in which Arabidopsis has

shaped science today is by drawing in researchers trained in

other fields who would not otherwise have considered work-

ing with a plant system. Furthermore, Arabidopsis is leading

the way in projects that bring together biologists with chem-

ists, mathematicians, physicists, statisticians, engineers, and

computer scientists. Arabidopsis is now widely accepted as

one of the premier laboratory organisms for studying basic

eukaryotic processes, and it has the added value of serving

as a direct reference for other plants.

Workshop participants in alphabetical order:

Judith Bender (Brown University)

Philip Benfey (Duke University) Co-Organizer
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Dominique Bergmann (Stanford University)

Justin Borevitz (University of Chicago)

Gloria Coruzzi (New York University) Co-Organizer

Jeff Dangl (University of North Carolina, Chapel Hill)

Caroline Dean (John Innes Centre, Norwich, England)

Joseph Ecker (Salk Institute)

Mark Estelle (Indiana University) Co-Organizer

Jane Glazebrook (University of Minnesota)

Sarah Grant (University of North Carolina, Chapel Hill)

Mary Lou Guerinot (Dartmouth University)

Rodrigo Gutierrez (Catolica U. of Chile, Santiago, Chile)

Jeff Long (Salk Institute)

Magnus Nordborg (University of Southern California)

Scott Poethig (University of Pennsylvania)

Natasha Raikhel (University of California, Riverside)

Johanna Schmitt (Brown University)

Arp Schnittger (University of Cologne, Germany)

Marc Vidal (Dana Farber Cancer Institute, Harvard)
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