
Summary During the last decade, a strong case has been
made for viewing trees as model systems in plant biology.
More recently, forest biologists have argued for the sequencing
of the genome of a forest tree. Now, the United States Depart-
ment of Energy has announced plans for sequencing the ge-
nome of the Populus trichocarpa clone, “Nisqually-1.” Thus,
forest biology is poised to enter an exciting period of scientific
discovery. Embracing new technology and new research para-
digms, however, is never easy. It is, therefore, timely to ask
how tree physiologists will take advantage of the Populus ge-
nome data. We contend that the most attractive opportunities
will arise through genome-wide research designed to: (1) ex-
amine the differences between trees and herbaceous annuals;
(2) explore questions relating to the temporal and spatial scales
that characterize the life histories and growth of trees; and (3)
investigate cause-and-effect relationships that are intractable
to conventional research methodologies. To highlight the po-
tential applications of genomics in tree physiology, we briefly
discuss each of these approaches.
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Introduction

The emergence of structural, functional, and comparative
genomics has ushered in a new era in plant biology. The devel-
opment of high-throughput genomics technologies has made
possible the ongoing and detailed characterization of the ge-
netic foundations of life. Out of this work, exciting ideas have
emerged in areas as diverse as regulatory gene networks and
evolutionary biology.

An important milestone in plant genomics was the sequenc-
ing of the complete genome of the higher plant, Arabidopsis
thaliana L., which has been embraced as a model organism.
Efforts have been initiated to sequence the genomes of other
plants, including rice (Oryza sativa L.), a model cereal (Eck-
ardt 2000), and Medicago truncatula Gaertn., a model legume
(Frugoli and Harris 2001).

The forest genetics community has argued the case for view-
ing trees as model systems in plant biology (Bradshaw et al.

2000). This dialog has given rise to a convincing rationale for
sequencing the genome of a forest tree, and the United States
Department of Energy (DOE) has now announced plans to se-
quence the genome of a clone of the forest tree Populus tri-
chocarpa Torr. & Gray (Tuskan et al. 2002). A member of the
genus Populus, which includes cottonwoods and aspens, is
well suited to serve as a model species because it has a rela-
tively small genome—about 550 million base pairs, which is
similar to rice, only 4× larger than Arabidopsis, and one forti-
eth the size of the Pinus genome. Other important attributes
and resources include worldwide distribution of multiple spe-
cies; high growth rates; ease of clonal propagation; availabil-
ity of genetic maps and structured pedigrees; publicly accessi-
ble molecular markers, gene sequences, and bacterial artificial
chromosome (BAC) libraries; and high-throughput plant
transformation and regeneration capabilities. Finally, there
exists a network of scientists who have, for many years, used
Populus as a model to study tree biochemistry, physiology,
morphology, genetics and molecular biology (Stettler et al.
1996).

The DOE Joint Genome Institute, with funding through the
DOE Office of Biological and Environmental Research, will
provide a 3× draft sequence of the female Populus tricho-
carpa clone “Nisqually-1” in late-2002 and a second 3× draft
in mid- to late-2003. Draft sequence data are fragments of
DNA whose approximate locations within the genome are
known; however, the true order and orientation of these frag-
ments within the genome are not. Thus, a draft sequence will
be of a lower accuracy than a “finished sequence,” which
might take several years to achieve. The project will generally
employ a whole-genome shotgun approach. Genomic DNA
will be fragmented into pieces of defined size, cloned into a
plasmid vector and amplified, and sequence reads generated
from a large number of sub-clones (cf. Green 2001). Sequence
reads will be assembled into larger contiguous regions and
these will be further assembled onto about 2000 BAC-end se-
quenced scaffolds. The final assembly will be accomplished
using supplemental information from physical and genetic
maps of the Populus genome. All sequence data will be freely
available to the scientific community.

In the wake of this project, forest biology will enter an ex-
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citing period of discovery. The outcome, however, depends on
how well prepared forest scientists are to take advantage of
tree genome data as they become available. Although ge-
nomics, especially functional genomics (Colebatch et al.
2002), offers tree physiologists many opportunities, we con-
tend that the most significant benefits will be found in the
search for answers to questions that are: (1) difficult to address
in herbaceous model organisms; (2) specific to the temporal
and spatial scales that characterize the life histories and
growth of trees; and (3) otherwise intractable with conven-
tional research methods. To highlight the potential application
of genomics in tree physiology, we identify here a few of these
questions.

Trees are not herbaceous annuals

Trees can achieve great age and size. Bristlecone pine (Pinus
longaeva DK Bailey), for example, can live to be more than
4700 years old, and coast redwood (Sequoia sempervirens
(D. Don) Endl.) and giant sequoia (Sequoiadendron gigan-
teum (Lindley) Buchholz) can exceed 100 m in height and
25 m in circumference, respectively. The great size and long
life span of trees complicate almost every aspect of tree physi-
ology studies: leaves are difficult to access for gas-exchange
measurements; imposition of experimental treatments re-
quires control of the conditions of large volumes of air or soil;
significant inter- and intra-annual variations in growth due to
changes in climate or pest populations limit the validity of
conclusions from short-term studies; and the task of harvest-
ing a mature tree for the purpose of quantifying biomass allo-
cation to leaves, branches, stems and roots necessitates a
Herculean effort. However, it is because of their great poten-
tial size and longevity that trees differ developmentally in so
many respects from herbaceous plants, including patterns of
apical dominance, perennial growth habit, secondary xylem
(wood) formation, iterative development of complex crown
form, phase change, dormancy cycles, seasonal nutrient real-
location and reproduction. Consequently, tree development is
unlikely to be understood based solely on information from
herbaceous systems. For example, secondary xylem formation
in Arabidopsis can be a model for wood formation (Chaffey et
al. 2002), but it is essential that results be placed in the context
provided by parallel studies with trees. Chaffey and col-
leagues recognize this, and emphasize that the identification
of genes involved in secondary xylem formation would be
greatly accelerated if comparative studies between Arabidop-
sis and a model tree such as Populus were conducted.

Trees present unique spatial and temporal challenges

Because of their longevity, tree are likely to experience rela-
tively extreme climatic events. However, trees possess various
means of adapting to environmental change. Respiration, for
example, is known to acclimate to temperature; photosynthe-
sis is thought to acclimate to atmospheric carbon dioxide
concentration [CO2]; the vertical distribution of roots is re-
sponsive to the distribution of water and nutrients; and as trees

increase in size, they may respond to changes in light climate
and water availability with changes in net CO2 assimilation
rate, leaf anatomy and canopy structure (Bond and Franklin
2002). Yet the metabolic pathways involved in these re-
sponses are not well understood. The same can be said for
characteristics that distinguish northern and southern popula-
tions within the geographic range of a species, and the role that
genetic adaptation to drought or temperature plays in deter-
mining species distribution. Such adjustments and adaptations
could be probed with genomic tools.

Because of the size of the organism and the volume that it
occupies, it is logistically difficult to manipulate trees and
their environment experimentally. Therefore, we continually
search for approaches that allow scaling up from small studies
and extrapolation beyond experimental conditions. The tools
of genomics are rarely considered in relation to the problems
of scaling or extrapolation, but they may nonetheless prove
useful in this context. Genomics is perceived as a reductionist
approach to scientific investigation because it involves intri-
cate dissection of the genetic code to the finest scale. How-
ever, because genomic data can be so comprehensive, they can
be applied to problems at the scale of the whole organism, the
plant community or entire ecosystems. As a result, genomics
may provide a mechanism for translating understanding of
cellular processes to scales that allow one to address questions
in forestry and ecology. Although the potential of such an ap-
proach will likely take years to fully realize, the possibilities
seem worth exploring now.

Overcoming the constraints of existing methods

Traditionally, plant biologists have faced methodological
tradeoffs between generality and precision, and researchers
have either been forced, or have chosen, to work near the ex-
tremes of a continuum. At one extreme, the reductionist biolo-
gist has studied the action of one or a few genes on a specific
biochemical process. At the other extreme, the generalist has
conducted studies at the whole-plant level, integrating the ef-
fects of thousands of genes and thousands of gene products.
Both approaches have their strengths. Plant biologists have,
however, experienced considerable frustration in using fine-
scale knowledge to predict phenomena at larger scales. Ex-
trapolation (i.e., scaling) continues to be one of the greatest
challenges in plant biology.

Today, genomics is providing tools that allow examination
of whole-plant responses at single-nucleotide resolution, thus
providing a bridge between cell biology and whole-plant
physiology. For example, we have detailed information about
the sequences and functions of many genes involved in photo-
synthesis and carbon and nitrogen metabolism. However,
plants respond to chemical and climatic perturbations such as
elevated [CO2] or nitrogen availability in ways that could not
be predicted based solely on the genes specific to a single pro-
cess. Armed with the tools of genomics, a complete genome
and gene expression microarrays (Lockhart and Winzeler
2000), gene activity for all relevant processes can be moni-
tored under contrasting conditions. This will provide an inte-
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grated view of plant responses at the finest scale. As an illus-
tration of how this technology might be used, consider that
physiologists have, for years, struggled with the interrelation-
ships among carbon allocation, source–sink balance, and feed-
backs to photosynthesis. Although some progress has been
made in showing apparent down-regulation of the enzyme
Rubisco under conditions of high carbohydrate status—a re-
sponse indicative of source–sink feedback—a predictive
model for the biochemical, physiological, and whole-plant
processes that link source activity, sink strength, and photo-
synthetic rate has yet to emerge. The tools of genomics would
free tree physiologists from the need to focus only on single
genes or enzymes, and permit them to examine the simulta-
neous expression of hundreds or thousands of genes.

Expression arrays have already been used to assess qualita-
tive differences between plants exposed to ozone and drought
(Matsuyama et al. 2002, Seki et al. 2001), and it is only a mat-
ter of time before microarrays are used in a variety of physio-
logically relevant studies. Genomics tools will, of course, con-
tinue to be used to study the action of individual genes, and the
availability of an assembled and annotated genome will further
enrich such investigations. Nonetheless, the hope is that gene
expression arrays will enable the actions of individual genes to
be studied and interpreted in a broader context. For example, it
should be possible to couple physiological measurements with
gene expression profiles, thus illuminating the function of
genes, biochemical pathways and cellular processes that are
affected in a coordinated manner by a given set of conditions.
Studies such as these would lay the groundwork for mapping
regulatory networks and depicting linkages among gene prod-
ucts, biochemistry and whole-plant physiology. This could, in
turn, facilitate predictive modeling of cellular processes and,
with time, genome-based modeling of plant growth and physi-
ology in response to a range of cultural, edaphic and climatic
perturbations.

Conclusions

Understandably, the world of genomics seems foreign to many
forest scientists. The language is unfamiliar and there is sel-
dom reference to anything resembling a whole plant. Fortu-
nately, the true utility of genomics for the majority of research-
ers in forestry lies well beyond nucleotide sequences and en-
coded genes. Instead, its value resides in understanding how
genes and gene products (i.e., proteomics) determine how cells
function, how cells form organisms, and how those organisms
respond to their environment. This is the realm of the tree
physiologist, and as a discipline we should welcome, and when
appropriate apply, all technologies that serve to move our sci-
ence forward. Kramer (1948) recognized the value of embrac-
ing new frontiers when he challenged the post-World War II
forestry community by writing: “It should be remembered that
the more fundamental the research, the wider its possible prac-
tical applications. All that is needed is enough imagination to
see the potential applications and to plan effective research
that will produce results which can be applied.”

Although Kramer was not referring specifically to molecu-
lar biology or genomics, he nonetheless believed that a knowl-
edge of mechanisms, described at any scale of organization, is
essential to the optimization of forestry practice.

Writing from a similar perspective, we have argued that ge-
nome-wide research can lead to advances in the basic and ap-
plied goals of the tree physiologist. Within each of three broad
areas, we have outlined how genomics could shed light on in-
teresting, yet poorly understood processes. These examples
are presented solely for the purpose of illustration and to stim-
ulate discussion. However, each of us will have our own ideas
about how genomics can be applied in tree physiology. As a
result, the list of potential applications will be long and its
contents will likely reflect our varied interests in processes
that regulate structural development: vegetative and repro-
ductive growth; photosynthesis and respiration; carbon and
nitrogen metabolism; translocation; seed physiology; growth
regulator synthesis and mode of action; and environmental
and cultural factors that affect growth.

In conclusion, we believe that the real power of genomics
lies in the fact that all known organisms share the same ge-
netic code. Furthermore, sequences for many genes have been
largely conserved through evolutionary time, so that informa-
tion gained about the functioning of genes in one organism
can be applied to distantly related organisms. For example,
the functions of more than half the genes in Arabidopsis were
inferred from experimental data gathered in animal, yeast and
microbial model species (Somerville and Somerville 1999).
Similarly, we can expect that, through comparative genomics,
many of the rapid advances in understanding structural and
regulatory genes in other model plants and organisms will
translate directly to poplar and other tree species. And the re-
verse will also be true; research with Populus will aid in un-
derstanding the genetic regulation of metabolic processes in
other plants and organisms. It should be recognized, however,
that the course we chart based on our knowledge today is un-
certain and it will be necessary to change direction as we learn
more about genomics and the basic mechanisms that underlie
the biochemistry, physiology and growth of trees. Nonethe-
less, we should begin to lay a strong scientific foundation for
opportunities that are just now becoming visible on the hori-
zon.
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