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Abstract

Plants have a pivotal role in eco- and agricultural

systems. Genomics is driving a rapid expansion of

our understanding of how genes, individually and in

networks, determine plant function. Technological

developments in breeding and genomics are provid-

ing strategies to translate this knowledge into crop

improvement. The possibilities range from improve-

ment of existing crops and the systematic use of

natural diversity through to the domestication of com-

pletely new species. As examples of possible goals, it

is discussed how profiling of composition will integrate

plant breeding and agronomic practice with emerging

knowledge about nutrition and health, how improved

and novel crops will contribute to the creation of new

bio-based economies revolving around plant products,

and how advances in our knowledge about plant–

environment and plant–pathogen interactions will

provide novel strategies to stabilize agricultural yield

in a fluctuating environment and contribute to inte-

grated approaches in which modern agriculture is

carried out in concert with the environment. In addi-

tion, knowledge generated by plant science will be

needed to monitor, understand, and cope with climate

change and its impact on agriculture and ecosystems.

Realization of these goals will require close interac-

tions with related disciplines including agronomy and

ecology. Further, it will be important to continue and

deepen open support for research in the developing

world.
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Plants are the key to life on earth

Without plants, most life on earth would cease. Plants use
energy from sunlight to convert carbon dioxide and in-
organic nutrients into carbohydrates, proteins, fats, nucleic
acids, and tens of thousands of other organic compounds.
These are required by almost all other aquatic and terrestrial
organisms as a source of energy, and as raw material for
growth. In addition to being the driving force for most
ecosystems, plants are a major determinant of water and
nutrient circulation and play a key role in stabilizing the soil
and establishing the microclimate. At a global scale, the
assimilation of carbon dioxide and recycling of oxygen play
a key role in establishing and maintaining the atmospheric
composition, with far-reaching implications for climate. The
landscapes formed by plants are important for our recreation,
and play a dominant role in our cultural appreciation of
nature. Plants are the ultimate source of all our food, and
produce natural fibres and innumerable compounds that are
pivotal for industrial and medical purposes.

Plants are complex: it was a surprise for many scientists
to find out that the model plant Arabidopsis has many
more genes (Arabidopsis Genome Initiative, 2000) than
a fly or a worm; and not many fewer than mice or humans.
The number of genes in crop plants, which have more com-
plex genomes, will be higher than in Arabidopsis. Plants
are also different: although there are recognizable simi-
larities between plants, fungi, and animals with respect to
basic features of the biochemical and cellular machinery,
there are also major differences and many aspects that are
specific to plants. For example, the unicellular progenitors
of plants (algae) underwent an important evolutionary step
following the establishment of a second endosymbiotic
relationship, resulting in the evolution of the plastid. As
multicellular terrestrial plants evolved independently
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from animals, plants possess fundamentally different
anatomical and morphological structures, and have dif-
ferent strategies for resource acquisition and transport,
communication within and between cells and organs,
development, reproduction, dispersal, and survival.
Plants have never been as important to people as at the

start of the 21st century. At present, 800 million people are
chronically malnourished and 2 billion lack food security.
Unless there are major increases in food production, the
situation will deteriorate further as the world population
grows from 6.3 to 8–11 billion in the next 50 years.
Combating this will require that the nutritional quality of
plant products is maintained and even increased. It will also
require increased production. These goals need to be met
without taking large additional amounts of land into agri-
cultural use. Most of the land on the globe that is suitable for
agriculture is already in use, and this precious resource is
currently declining due to urbanization, erosion, and salina-
tion (Halweil, 2002). Solutions are urgently needed that will
increase productivity per unit area, while safeguarding land
quality and protecting surrounding natural ecosystems.
Simultaneously, it will be important to decrease inputs into
farming. For example, >70% of all freshwater used by
mankind is consumed in agriculture, and a reduction will be
essential as freshwater reserves decline (World Agriculture:
Towards 2015/2030, FAO, 2002 http://www.fao.org/docrep/
005/y4252e/y4252e00.htm). On another note, profligate use
of fossil fuels is altering the composition of the atmosphere
and leading to climate changes that threaten ecosystems and
the well-being of mankind. A move from a fossil fuel-based
to a renewable economywill require that, in addition to food,
plants provide an increasingly large proportion of our
requirements for energy and chemicals.
There is a tendency to view plant research as being of

only marginal importance. There are many reasons for this
neglect. These range from difficulties in the past in
translating advances in basic knowledge about plants
into better crops or a better understanding of ecosystems,
through to complacency about the stability of the food
supply. Further, recent controversies about transgenic
plants and apprehension created by unrelated breakdowns
in food production systems (for example those that led to
BSE), have accentuated public concerns that parts of the
food production system have developed in the wrong
direction and that it is important to develop a sustainable
agriculture, which places more emphasis on environmen-
tal concerns and pays more attention to the needs of the
consumers and the third world.
We are convinced that continued investment in the

development of the plant science research base is essential
to provide the knowledge base that will be required to
underpin the establishment of efficient sustainable agricul-
tural food production systems and the quest for renewable
resources in Europe and by Europeans in the 21st century.
The contribution that plant science can make has already

been outlined in studies prepared by scientists in the
USA (e.g. Plant/crop-based renewable resources 2020, http://
www.oit.doe.gov/agriculture/pdfs/vision2020.pdf; The Mu-
ltinational Coordinated Arabidopsis 2010 Project, http://
www.arabidopsis.org/workshop1.jsp), Japan (The Rice
Research Program in Japan, http://rgp.dna.affrc.go.jp/
index.html), Australia (The Plant Functional Genomics
Centre in Australia, www.arc.gov.au), and Canada (The
Canadian Crop Genomics Initiative, www.agr.gc.ca/
science). A recent BBSRC report (www.bbsrc.ac.uk/
media/pressreleases/04_05_12_csr.html) analyses the pro-
blems in the United Kingdom and calls for a national
strategy for crop science research.

The present document was drawn up by a set of plant
scientists at a workshop initiated by the European Plant
Science Organization (EPSO)y. It extends previous analy-
ses and considers examples that illustrate, from a European
perspective, why strong strategic investment in plant sci-
ence will be essential to meet the major societal and envir-
onmental issues that we will be facing in the next 25 years.
It does this by developing the following theses.

(i) Advances from basic science can now be used to
support plant breeding

(ii) New technology developments and discoveries in
basic research will lay the grounds for further major
undertakings

(iii) Profiling of composition will integrate plant breeding
and agronomic practice with emerging knowledge
about nutrition and health

(iv) Improved and novel crops will contribute to the
creation of new economies based on plant products

(v) Advances in knowledge will provide strategies to sta-
bilize agricultural yield in a fluctuating environment

(vi) Changes in crops and management systems will
help us to carry out agriculture in concert with the
environment

(vii) Knowledge about plants is needed to monitor, un-
derstand, and cope with climate change and its
impact on agriculture and ecosystems

(viii) A global perspective dictates strong and open sup-
port for the developing world

Advances in basic science enable great
improvements in the efficiency of
plant breeding

Plant breeding has led to large improvements in yield and
yield stability, especially by improving plant architecture
and by providing resistance to plant pathogens. Plant
breeding was, for a long time, an empirical art that invol-
ved carrying out crosses to generate large segregating
populations, which were grown in the field and screened

y The acknowledgement lists the participants of the workshop and other
major contributors to the article.
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for individuals with favourable traits. Here it is usual to
distinguish between ‘qualitative’ and ‘quantitative’ traits:
these are traits that show either a simple segregation of
distinct phenotypes or awide spread of phenotypic variation,
respectively. ‘Quantitative’ traits are often polygenic (i.e.
determined by a large number of genes) and influenced by
environment.

Plant scientists have been making advances in under-
standing the biochemical and molecular processes that
underlie important metabolic, physiological, and develop-
mental traits, or that affect the ability of plants to cope with
unfavourable environmental conditions (‘abiotic’ stresses)
or pathogen attack (‘biotic stresses’) for several decades.
However, it was often difficult to exploit this information
for plant breeding, because the level of understanding was
not deep enough, and because necessary techniques were
not available. Recent developments in plant molecular
biology and genomics are greatly accelerating the speed
with which knowledge gained in basic plant science can be
applied to crop improvement. This is occurring via three
complementary routes.

One route starts out from genes whose function is
known, and uses transgenic technologies to make directed
changes to attain a specific goal (‘genetic engineering’).
This route is based on technological breakthroughs made
from 1983 onwards, when the first successful transfer of
a foreign gene into a plant was reported. It came into
widespread commercial use from the mid-1990s onwards as
it became possible to transform a large range of important
crop plants. It requires prior knowledge about the role of
a gene in determining a given trait and is, at present, only
applicable for traits that are determined by one or a rela-
tively small number of genes. To date, most applications
that have reached the field involve the use of heterologous
genes (i.e. genes from other organisms) to engineer herbi-
cide resistance or insect tolerance. A second generation of
plants are in preparation that have a wider range of traits,
including nutritional quality and abiotic resistance. This
approach is viewed with caution or mistrust by many
consumers, but is essential when the aim is to introduce
a trait that was previously absent (e.g. tolerance against
insects or herbicides, or the production of a fine chemical,
a pharmaceutical, or a pro-biotic) or when a trait is recal-
citrant to conventional approaches because, for example,
the required genetic variation is absent from available
breeding materials.

The second route uses tools from genomics to increase
the speed and effectiveness of conventional breeding.
Natural genetic variation within species and between re-
lated species has been and will continue to be the major
resource for crop improvement. A battery of technological
advances and platforms is accelerating the identification
of useful genetic diversity in crops and related wild
species, and enabling its introduction into plant breeding
programmes. Most of these tools were developed in the last

10 years. Transgenic technology is required to validate
strategies and conclusions, but not necessarily as part of the
route to create the new crop line. The tools include molec-
ular marker-assisted selection (http://www.igd.cornell.edu/
Training&Education.html), quantitative trait loci mapping
and its integration with large-scale phenotypic analysis
(QTL) (Gur et al., 2004) and association studies (Thornsberry
et al., 2001; Buckler and Thornsberry 2002). A molecular
marker is a simple diagnostic test for a difference (e.g.
a single base pair change, termed a ‘single nucleotide
polymorphism’, SNP) in the DNA sequence, and QTL
mapping and association mapping are different ways to
search for correlations between a particular molecular
marker (or markers) and a particular ‘quantitative’ trait.
The ability to characterize routinely the genotypic compo-
sition and phenotypic traits of populations is making it
possible to develop core collections and revolutionize
the logistics of maintaining, extending, and using gene
banks. It aids the identification of suitable material for
breeding programmes, and supports the creation of tailored
populations, in which useful changes are easier to detect. By
coupling wide crosses (i.e. crosses between two genotypic-
ally very diverse members of a species or even between two
related species) to the use of molecular markers, recom-
binant inbred or introgression lines can be generated in
which small and defined segments of a ‘donor’ genome (e.g.
distantly related cultivar or related wild species) are in-
troduced into a host ‘acceptor’ genome (e.g. a modern
cultivar). These populations can then be systematically
screened to identify useful genetic variation in a large
number of traits, and analysed in detail to understand the
genetic and molecular basis of the variation (Fridman
et al., 2004).

The third route will increase the diversity in the crop
package available to farmers and consumers. Enrique
Sanchez-Monge, in his Flora Agricola (Sanchez-Monge,
1991), listed over 4000 plant species that humans have used
in the past millennia as food, feed or source of other
products. Almost all were abandoned, with the result that
arable agriculture is currently based on a small number of
species. Diversification of the species used as crops is
a major future challenge for modern plant science.
The domestication of crops, particularly cereals (Salamini
et al., 2002; Salamimi, 2003), was the central achievement
of the Neolithic revolution 12 000 years ago in south-east
Turkey (Childe, 1953). This, and parallel events like the
domestication of maize and members of the Solanaceae in
pre-Columbian America and rice and soybean in East Asia,
shaped all subsequent food production on the planet
(Diamond, 1997). A set of complex changes occurred
during crop adoption, which is known as the ‘domestication
syndrome’ (Pozzi et al., 2004). Recently, we have started to
understand the genetic and molecular basis of this phe-
nomenon. It occurred via the selection of suitable variants,
often natural mutants. The types of traits that were selected
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included the choice of alleles of specific genes that support
an appropriate timing of seed germination, reduce the
influence of the length of the day on the timing of fruit
ripening, improve seed size, keep the seeds in the ears, and
aid hand-threshing of ears. This, however, also resulted in
a strong reduction of genetic variability because only
a small subset of germplasm that was available in the
natural population of a given species was domesticated
(Vigoroux et al., 2002). The time is ripe to go beyond
understanding what happened in the past. It will soon be
feasible to repeat the domestication process, allowing easier
development of new crops or a better use of the wild species
resource (Tanksley et al., 1997). Such new crops have the
potential to revolutionize agriculture.

New technology developments will lay the
grounds for further major undertakings

New technologies will be instrumental in allowing us to
identify, characterize and use plant genetic diversity (i.e.
analyse the genotypes, or ‘genotyping’) and to analyse the
resulting changes in the characteristics of the plant
(technically, this is termed analysis of the phenotype, or
‘phenotyping’).
Novel high-throughput genotyping technologies will

play a key role in propelling large-scale analyses of large
collections of plant genotypes to identify defined differ-
ences (termed DNA polymorphisms) in their genetic struc-
ture. One key development is TILLING, which combines
a screen for altered DNA sequences in important (‘candi-
date’) genes with chemical mutagenesis (Henikoff et al.,
2004) to detect genotypes that carrymutations in a candidate
gene that is known or thought to be important for a particular
trait. This technology can also be used to survey large
collections of naturally-existing populations for variation
in a gene-of-interest (Comai et al., 2004, this is sometimes
termed ‘eco-TILLING’). Another important breakthrough
is the development of increasingly cost-effective platforms
for the parallel analysis of large numbers of SNPs
(Hardenbol et al., 2003). This will greatly facilitate the use
of molecular markers (see above) in breeding. It will
allow multiple markers to be analysed for multiple traits,
increase the power of QTL and association mapping, and
will also speed up the generation of introgression lines.
Exploitation of marker or DNA or genome technology in
crop plants has already led to concepts such as ‘Breeding
by Design’ (Peleman and van der Voort, 2003), where
a multitude of traits can be monitored and combined in
breeding programmes. There are already many examples
of marker-assisted breeding in commercial use, both for
‘qualitative’ traits (e.g. some types of disease resistance)
and, increasingly, for ‘quantitative’ traits (e.g. yield,
composition, abiotic stress resistance).
However, a further quantum leap in DNA polymorphism

analysis will be required to analyse complex multigenic

traits, to understand biodiversity, and to elucidate the mo-
lecular basis of adaptive traits in the genomes of wild
species and domesticated crops. QTL cloning, which is still
in its infancy, will progress rapidly and provide unprece-
dented opportunities and a new impetus for the understand-
ing of the genetic basis of quantitative traits and their
contribution to adaptation. The recently constructed Arabi-
dopsis genome tiling array (see Ishkanian et al., 2004, for
a general account of the technology) is already providing
unprecedented and detailed insights into the organization
and expression of a eukaryotic genome. The availability of
the rice genome sequence has vastly improved our capacity
to identify and clone candidate genes in all cereals. The
genomes of other important crops will soon be sequenced,
adding further opportunities to sequence-based selection.
Following the sequencing of a genome for one represen-
tative cultivar of a species, tiling arrays can be used as
a cost-effective approach to obtain information about the
genome sequence in a large number of other cultivars. This
will provide a large source of molecular markers and, as our
understanding of the relation between gene sequence and
function increases, important clues about the molecular
basis of differences in traits between cultivars that can then
be experimentally tested.

These technologies for ‘genotyping’ will be particularly
powerful when they are combined with the comprehensive
approaches for phenotype analysis, which are also being
developed in functional genomics. Rapid advances are
already being made in our ability to systematically analyse
(or ‘profile’) the expression of all genes using microarrays
(AtGenEXpress) or multiplexed RT-PCR (Czechowski
et al., 2004) and the levels of hundreds and, in the near
future, thousands of proteins (Kleffman et al., 2004) and
metabolites (Stitt and Fernie, 2003; Kopka et al., 2004), to
analyse metabolic fluxes (Schwender et al., 2003, 2005)
and to visualize in vivo the localization of proteins, in-
teractions between proteins, and the levels of ions and
metabolites (Fehr et al., 2005). These will allow us to
analyse traits more quickly and precisely, to track genes
that are responsible for these changes through breeding
programmes, and to identify the genes and understand the
processes that they affect. As our knowledge of plant
genomes expands, novel tools will also be needed that pro-
vide a deeper understanding of the biochemical pathways,
networks, and epigenetic controls that direct key develop-
mental processes, such as flowering and grain filling. A key
challenge will be to identify genetic programmes that are
conserved across a wide taxonomic range, in order to
prioritize research in specific crop plants to focus on genes
or gene programmes that are responsible for variation
between closely-related species and within species.

The analysis of plant phenotypes and physiological
processes poses an even larger challenge. ‘Whole plant’
traits like allocation, shape, and architecture play key roles
in many vital traits, including water and nutrient use
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efficiency, yield, and susceptibility to pathogen attack. We
need new tools to describe the architecture of a plant, and
allow fundamental aspects of cell biology and plant
physiology such as water movement, metabolite flow be-
tween source and sink, and the motion of signalling mole-
cules directing intercellular communication to be visualized
in real time. This will involve a close interaction with
developments in physics and nanotechnology, as well as
with developments in informatics that allow visualization
of complex and dynamic processes. Understanding and
visualizing plant physiology will have an enormous impact
on breeding and optimizing agricultural practices.

Fundamental research is still urgently required in order to
understand and decipher major unresolved questions in
heredity, gene and protein regulation, cell biology,
physiology, and the response of plants to environmental
stresses and pathogens. In recent years, several discoveries
have demonstrated that our knowledge of even the most
fundamental processes is still incomplete. Examples range
from the presence of major gaps in our understanding of
metabolic pathways and their regulation even for a central
compound like starch (see Benning and Stitt, 2004, for
references), through to the revelation that the function of
the vast majority of the genes in the Arabidopsis genome is
poorly or completely unknown (Arabidopsis Genome
Initiative, 2000), and the recognition that not only tran-
scription factors but also epigenetics (Gendrel and Colot,
2005), and post-transcriptional regulation including micro
RNAs (Jones-Rhoades and Bartel, 2004) play a major role
in the regulation of gene expression. Another example is the
major impact that understanding apomixis would have on
plant breeding (Spillane et al., 2004). In these and many
other areas, advances in fundamental understanding will
open the door to important possible applications.

The integration of the information generated by high
throughput genotyping and high throughput phenotyping
analysis will require major advances in bioinformatics and
the progression to an integrated ‘systems’ approach that
provides a global view of how plants operate and how they
interact with the environment. Put more generally, the entire
field of the life sciences is currently undergoing a dramatic
transformation from a series of fragmented, reductionist
activities towards the realizationof anew integrated approach,
which reunifies the molecular-based and the organism-based
branches of biology (Kafatos and Eisner, 2004). Plant science
is incorporating these new system-oriented approaches. The
knowledge and resources gained by understanding of plant
function can be transferred to other research fields like
breeding, agronomic practice, and ecosystem research in
which system-orientated analysis is also vital.

The following sections will discuss how advances in our
understanding of plants and changes in the process of plant
breeding can be combined with new priorities in the kinds
of traits we select, and the way that agriculture is car-
ried out.

Profiling of composition will integrate plant
breeding and agronomic practice with emerging
knowledge about health and nutrition

Of the tens of thousands of chemicals in plants, a minute
fraction is currently known to be beneficial or detrimental
for health. The impact of the others is a matter of research,
conjecture or ignorance. It can be anticipated that in the
next years nutritional science, supported by human
genomics, will make significant advances in extending
our knowledge about the roles of many more of these
metabolites for human nutrition and health. Recent rapid
advances in the technologies for metabolite profiling allow
100s and potentially 1000s of metabolites to be routinely
analysed (Stitt and Fernie, 2003; Kopka et al., 2004). As
these technologies are refined and expanded to allow
analysis of a large number of important micronutrients,
they will allow an increasingly exhaustive analysis of plant
composition at an early stage in breeding programmes, and
during the development of new storage, transport, and
processing regimes. This information will make it easier to
integrate emerging knowledge from nutritional and medical
research into the food production chain. Simultaneously,
new perspectives will emerge for interdisciplinary research
on nutrition, for example, by systematically investigating
the relation between the spectrum of metabolites in
ingested food, the resulting changes in the blood and
tissues, and the impact on cellular responses and expres-
sion patterns in animals and humans. This will contribute
to a much deeper understanding of the relation between
food and health. Metabolite profiling will be a particularly
potent tool when it is combined with technological ad-
vances for genotyping (see above) that accelerate identifi-
cation of useful genetic diversity and its introduction into
plant breeding programmes. The finding that the difference
in the metabolic profile between different ecotypes of
Arabidopsis (Fiehn et al., 2000) or related tomato species
(Roessner et al., 2001) are far larger than the difference
when markedly different phenotypes are created by in-
troducing single genes by transgenic approaches shows
that a rich diversity is available in natural gene pools,
which can be used to breed plants with improved nutri-
tional value. Metabolite profiling can be used to reveal if
new products—irrespective of how they are produced—
differ substantially from those already present on the
market, if they provide real benefits, and if they require
additional safety testing.

Improved and novel crops will contribute to
the creation of new economies based on
plant products

Higher plants synthesize tens of thousands of different
lowmolecular weight compounds, with enormously diverse
and often complex structures. They are sometimes termed
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‘secondary metabolites’. Correspondingly, plants have been
used through unwritten and written history as a source of
medicines, fragrances, spices, and colourants. Their impact
has been huge, for example, 25% of all commonly pre-
scribed pharmaceuticals are directly or indirectly (via semi-
synthesis) derived from plants, notable examples including,
paclitaxel, campthothecin, vincristine, morphine, codeine,
and steroidal hormones, representing a market value of over
C= 40 billion in western countries. The chemical potential of
plants is however, still largely unexplored. Chemical di-
versity has only been analysed in about 10% of all land
plants, and even here only the most abundant compounds
have been well characterized. There are unprecedented
possibilities for the discovery of novel chemicals, for
diverse uses from pharmaceuticals through to fine chem-
icals. Their discovery and use will be accelerated by
genomic and evolutionary analysis of the large gene
families that encode the rich array of enzymes that contrib-
ute to their synthesis, by rapid advances in the analytical
methods to define structures, and by the development of
high throughput platforms to characterize their chemical and
biological properties (Oksman-Caldentey and Inzé, 2004).
Recent studies have also revealed the potential of using
transcription factors to control the biosynthesis of entire
pathways for valuable secondary metabolites (Van der Fits
and Memelink, 2000; Bovy et al., 2002; Mathews et al.,
2003). Compounds produced by plants can be fed into
industrial processes (Herrera, 2004), decreasing the use of
fossil-fuel resources, saving energy, and also opening up
avenues for new and improved products. The specificity
provided by enzymically-catalysed processes in vivo allows
precise synthesis of complex structures, for example, mod-
ifications of the branching pattern of starch or site- and
sterospecific desaturation of fatty acids, which are difficult
or impossible to achieve by conventional chemical synthe-
sis. In addition to producing or modifying existing
compounds, novel products like high-value fine chemicals,
enzymes and, in particular, pharmaceuticals will be
produced.
At the other end of the scale, plants can be optimized to

produce more biomass. There is great potential in annual
crops and perennials, including short rotation tree species,
to increase the bulk production of resources like carbohy-
drates, lignin, and vegetable oils. Trees are of particular
interest because they produce the majority of terrestrial
biomass. To date, research related to fibre as a raw mate-
rial has mainly been concentrated on forest management
and on timber, pulp, and paper technology. The existing
biodiversity in fibre-producing plants has not been
exploited, partly because their long lifespan seriously
hindered improvement by breeding. Recent developments
like early flowering lines and marker-assisted breeding will
facilitate dramatic advances in tree breeding. This will be
supported by in vitro propagation, in particular for long-
lived or late flowering trees. Based on experience with

annual crops, we can expect that breeding will generate
large advances within a few generations. It will be possible
to develop new varieties of trees that have higher yield, that
contain modified products, or that have a broader spectrum
of genetic variability allowing higher resistance to abiotic
and biotic stress and climatic fluctuations. In order to
combat the prevalent use of monocultures in forest, which
leads to problems of susceptibility to insects, fungi, and
abiotic stress, it will be possible to grow synthetic and
mixed populations with chosen properties. The challenge
will be to co-ordinate tree breeding with the preservation of
genetic resources, both in vitro (genetic banks) and in situ
(genetic bases). It will be important to introduce remnant
valuable populations of previously neglected, but econom-
ically important shrubby woods, which are important
for preservation of ecosystem diversity as well as protect-
ing against erosion, capturing dust, and aiding hydrolog-
ical stability.

Advances in knowledge will provide strategies
to stabilize yield in a fluctuating environment

An important component of agriculture is the stabilization
of yield, both in marginal environments that are more
exposed to the vagaries of weather conditions and under
agronomic practices that decrease the input of water,
fertilizers, and pesticides. This is important at all levels,
from the individual farmer through to the efficient operation
of food production chains. Stability of yield and quality will
be vital if plants are to take on a larger role in the delivery of
energy and other raw resources. Fundamental plant science
is generating major advances in our understanding of
the strategies that plants use to survive unfavourable and
variable environmental conditions particularly drought
(Tuberosa and Salvi, 2004), and to defend themselves
against pathogens (Suzuki et al., 2004) and herbivores
(Kessler and Baldwin, 2002).

This knowledge will open up new strategies to create
crops with durable resistance against pathogens and herbi-
vores as well as plants with increased resistance to stress or
an increased capacity to maintain yield in changing abiotic
and biotic conditions. For example, most farmers in
Northern Europe need to spray fungicides 10–20 times
per year to control potato late blight caused Phytophthora
infestans. Resistance genes that have been isolated from
wild relatives of potato could, if appropriately deployed,
confer durable resistance (Song et al., 2003). We will need
to take advantage of transgenic approaches to accelerate the
precise introgression of the rich diversity of genes from
wild relatives into cultivated potato varieties, because, in
this species, conventional breeding will probably be too
slow. In an extension of this approach, it could be that
resistance genes involved in non-host (species-level) re-
sistance in one species could be transferred to related
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species, dramatically increasing the gene pool available for
crop improvement. For example, resistance genes from
Arabidopsis could confer resistance to Brassica diseases, or
the genomes of grass relatives of wheat and barley might be
a source of resistance to important wheat diseases such as
mildew and Septoria. Drought and heat stress or low
temperature stress are major abiotic limitation on plant
growth in most crop environments. Genes such as Arabi-
dopsis CBF1 when overexpressed confer drought and frost
resistance (Jaglo-Ottosen et al., 1998). It is likely that more
such genes exist. However, elevated CBF1 expression also
confers a yield penalty, and a better understanding of the
interactions between pathways in the plant will be required
to reap the benefits of such drought-tolerance while
mitigating the side-effects. Similarly, elevated jasmonic
acid levels enhance insect and necrotroph resistance, but
this is often also associated with reduced growth; a better
understanding of interactions between defence and growth
pathways may facilitate obtaining a desired trait without
deleterious consequences.

Two very recent examples illustrate how advances in
understanding fundamental plant physiology also open
exciting possibilities in agriculture. Both involve develop-
ments that have made it possible to improve the efficiency
of water use (WUE) significantly, which is a major target in
a world where the pressure to reduce water use in agri-
culture is immense (see Abramovitz, 2002, and above).
Insights into the biochemistry of photosynthesis and the
regulation of carbon dioxide entry into leaves led to an
understanding of the basis for discrimination against the
naturally occurring carbon isotope 13C, which has been
exploited through plant breeding to deliver new wheat
varieties for the wheat cropping zone of northern Australia
(Condon et al., 2002). These varieties (e.g. cv. Drysdale)
have an increased WUE under limited water supply and, as
a result, have increased yield when the water supply is
limited. In the second example, novel irrigation techniques
that exploit increased understanding of long-distance chem-
ical signalling in plants have been used to deliver sub-
stantial increases in WUE in the wine grape industry in
South Australia (Loveys et al., 2004). These are two
examples where insights gained in basic plant biology re-
search have been developed in little more than 10 years into
fully commercial systems. Other emerging approaches to
deliver high WUE include screening genotypes for oxygen
isotope discrimination and producing lines with altered leaf
area compared to standard cultivars (Richards et al., 2002).

Changes in crops and management systems will
help us to carry out agriculture in concert
with the environment

A major characteristic of land use in many regions of
Europe is the close juxtaposition of farmed and natural

environments. These are also closely intermeshed with
urban or semi-urban settlement, leading to a keen appre-
ciation of the impact of farming practice on biodiversity
and the environment on the fields themselves, in the
border areas and in neighbouring non-farmed areas. In
the last 50 years, the impact of farming on the natural
landscape has increased greatly, reducing biodiversity and
increasing environmental degradation. Europe requires
a combination of strategies that will support economi-
cally-viable agriculture whilst delivering an increased
range of environmental benefits. This might be termed
‘increasing the stride and decreasing the footprint of
agriculture’, and requires a systems-based approach to
food production chains.

Fundamental plant science is a vital part of the research
continuum that will support this approach. This can be
illustrated by two potential key contributions. Firstly, there
will be a shift away from breeding purely for yield, and
towards breeding for good and stable performance with
lower inputs of fertilizer, herbicides, fungicides, and in-
secticides. This will be enabled by the large increase in the
speed of breeding and the genetic diversity it can access,
and by advances in our understanding of how plants
function. These advances will allow breeding programmes
to target important processes and genes in a direct manner.
Basic research on plant nutrient metabolism, for example,
can now be integrated with developmental and molecular
studies to identify breeding targets to improve nitrogen use
efficiency throughout crop growth (Hirel and Lemaire,
2003). Secondly, improved knowledge will allow the state
of plants, fields, farms, and catchments to be continuously
monitored and compared with robust mathematical models
that describe nutrient and water use and the epidemiology
of crop–weed and crop–pathogen interactions, allowing
precision management to minimize inputs and the resulting
effects on the environment. Evaluation of livestock systems
using this approach shows that very significant reductions
in losses of nitrogen can be achieved with a relatively small
decline in animal production (Laws et al., 2000). Such de-
velopments will represent a step towards developing a less
costly, more environmentally-friendly and more sustainable
agriculture. They will require increasingly close interac-
tions between the development of new plant varieties and
management techniques.

Farming and management build two essential elements
in the conservation of the ecological equilibrium of cultural
landscapes that have been created over 1000s of years in
Europe. The continuation of farming is important for their
maintenance. For example, deterioration of the land fol-
lowing abandonment of farming was one of the factors
leading to the large forest fires in recent years in southern
Europe. At the same time, it is clearly important that the
introduction of novel types of plants is reconciled with the
maintenance of cultural landscapes, due to their ecological
importance, their recreational and emotional importance to
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the citizens of Europe, and the economic importance of the
associated tourism sector.

Knowledge about plants is needed to monitor,
understand and cope with climate change and
its impact on agriculture and ecosystems

Human activities are having an unprecedented impact on
the global environment. It is imperative to be able to detect,
monitor and understand these effects, in order to identify
and justify the appropriate preventive actions. Systems
ecology has already developed an impressive range of
technologies to monitor changes in the physical environ-
ment and vegetation cover, and integrate these in descrip-
tive and predictive models that apply to various levels of
ecosystem organization. Further large advances can be
anticipated in the next 20 years including, we believe,
decisive inputs from plant science.
First, the new analytic technologies developed in func-

tional genomics for the profiling of transcripts, proteins, and
metabolites, and more sophisticated approaches to analy-
sing plant phenology will facilitate a muchmore precise and
informative characterization of plant status in the field
under changing environmental conditions (Külheim et al.,
2002; Bhalerao et al., 2003; Wissel et al., 2003). This
information can readily be related to changes in genotypes
and diversity, and to changes in the physical environment
measured locally and using the increasingly powerful
resolution delivered by satellite systems. The outputs will
range from the availability of sets of diagnostic markers for
different physiological states, through to an increased
understanding of the physiological processes underlying
ecosystem change (Osmond et al., 2004).
Second, tools developed in plant genomics will be

combined with advances in population genetics to provide
unprecedented insights into the genetic diversity in
the field. Adaptive evolution (like successful breeding)
depends on the presence of genetic variation. Until now, the
assessment of genetic diversity in populations of declining
plant species has relied almost exclusively on the quanti-
fication of variation at putatively neutral marker loci. Over
the coming 20 years, plant science will provide conserva-
tion geneticists and breeders with a range of molecular tools
to identify loci of adaptive significance (Kroymann et al.,
2003; Ramos-Onsins et al., 2004; Stinchcombe et al.,
2004), and will screen directly for allelic variation at them.
When this is combined with genomic analyses of plant
function in the context of the ecosystem, we can expect new
and fundamental insights into ecosystem interactions,
evolution, and the impact of climate change and environ-
mental disturbance on plant populations. A better under-
standing of the genetic basis of plant adaptation to
geographic variation in the biotic and abiotic environment
will support the development of effective management

strategies in conservation, agriculture, forestry, and plant
breeding to adjust to environmental change.

A global perspective dictates strong and open
support for the developing world

The novel opportunities offered by state-of-the-art plant
science have to be considered in a global perspective. The
knowledge obtained will be important for the competitive-
ness of European agriculture and industry. However, agri-
culture is important worldwide and most acutely for the less
developed world. One of the most formidable challenges
facing humanity is the rising population and the associated
lack of food and unbalanced diet, and the urgent need for
improvements in the standard of living in many important
regions of our planet. This, in turn, leads to pressure on land
and farming water and, as a consequence, the danger of land
erosion and salinization, leading to the destruction of natural
ecosystems that are often seen as just a short-term source of
resources. This is clearly a political problem. However,
appropriate developments in science and technology can
contribute to finding solutions to such problems.

Europe has a long-standing tradition of collaborating
with developing countries, and a duty of solidarity in
developing the appropriate science and applying the new
technologies to the needs of these countries though appro-
priate collaborative programmes. There is an urgent need to
support improvements in plant breeding and agriculture in
the developing world by generous cost sharing in large
projects that generate, safeguard and utilize key resources,
by open transfer of knowledge and by training and skill
transfer. Plant breeding has already contributed varie-
ties that are better adapted to different climate conditions
such as the New Rice for Africa (West African Rice
Development Association, 2001), whose breeders received
the World Food Prize this year. The new approaches
offered by plant genomics must be applied to traditional
species, and to introduce characters important for local
conditions. We also need to collaborate to preserve, manage,
and characterize the corresponding wild species for the
long-term benefit of mankind, and to support their use
for local needs. European plant scientists should contribute
by entering into close and open co-operative projects with
the excellent breeding institutes located around the de-
veloping world. Examples range from the initiative to
sequence the banana genome or the Brazilian sugarcane
project to the Golden Rice developed by Swiss and German
researchers (Xudong et al., 2000), which is now being bred
into local varieties in different Asian countries.

It is essential that all technological advances are open to
use in the less developed world. In many cases, the
infrastructure and skills can be learnt during research and
training visits, and then established locally. Additional
mechanisms will be needed to support open access to
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international centres in cases where a technology requires
extremely large-scale investment in facilities and staff. The
direction in which technology develops must be guided by
interdisciplinarity and by close interactions with experts
from the less developed world to ensure that relevant and
appropriate routes are taken. As outlined in a recent survey
(Cohen, 2005), many important strategies for crop im-
provement are already being pursued by public research
institutions in the less developed world. These have a high
potential to generate useful products linking technology
with the local conditions and needs. Further, the vast
majority are not circumscribed by issues relating to in-
tellectual property or worries relating to the predominant
position of large agrochemical concerns. However, this
survey also highlights that a large impediment to the
success of these local projects is the slowness in developing
a suitable regulatory environment, and in the gaining of
expertise by local institutions to operate within this envi-
ronment. In this direction the General Assembly of the
United Nations approved a call in 2003 (Resolution 58/200
of the United Nations) that: ‘Urges the relevant bodies of
the United Nations system engaged in biotechnology to
work cooperatively so as to ensure that countries receive
sound scientific information and practical advice to enable
them to take advantage of these technologies, as appro-
priate, to promote economic growth and development’.

Concluding remarks

This paper has argued that recent developments in plant
science are creating unprecedented possibilities to use our
knowledge about plants, and illustrated this using a series of
topics where our research field is generating knowledge and
applications that are relevant to a series of pressing
ecological, social and political questions. We are aware
that the topics we have discussed are selective, and hope
that colleagues will amend them and add further themes.
The entire field of the life sciences including plant science
is currently undergoing a dramatic transformation from
various fragmented activities to a new integrated science,
which reunifies the molecular-based and the organism-
based branches. We believe that plant science is an
important driver in this direction, not least because much
of the knowledge and resources gained by understanding of
plant function are applied in other research fields like
breeding, agronomic practice and ecosystem research, in
which system-orientated analysis is also vital. We would
also welcome a contribution from colleagues in scientific
areas such as taxonomy, soil science, agronomy, human
nutrition, food processing, sensor technology, and field and
global ecology, important disciplines with which plant
sciences will need to interact increasingly closely in the
future. We also stress that technological contributions from
scientific research fields are options, which must ultimately
be combined in a political solution.

The developments we have sketched in this paper make
plant biology better prepared to contribute to a solution of
some of the problems that society is facing. However,
support is required to allow these options to be held open,
let alone implemented. Support is needed not only to secure
resources and allow their development, but also to create
an atmosphere in which young scientists will continue
to move into plant sciences to secure this important field
for the future.
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