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A pioneer perspective on 
adaptation

Functional genomics of environmental adaptation 
in Populus: the 12th New Phytologist 
Symposium, Gatlinburg, TN, USA, October 2004

In its natural habitat, the black cottonwood tree (Populus
trichocarpa Hooker) is a pioneer species that thrives in the
dynamic, resource-rich environments created by massive flooding
(Fig. 1; Braatne et al., 1996). With the recent public release
of the complete genome sequence of P. trichocarpa (http://
genome.jgi-psf.org/Poptr1/Poptr1.home.html), an analogous
flood of data is creating unprecedented opportunities in basic
and applied research on this model tree (Strauss & Martin, 2004;
Tuskan et al., 2004). This is a landmark event for ecological
research in particular, because unlike herbaceous model plants
like Arabidopsis, corn, and rice, Populus is a wild, perennial plant
that constitutes a dominant component of many ecosystems
throughout the northern hemisphere (Braatne et al., 1996).
The genome sequence provides a cryptic blueprint of the
molecular underpinnings of adaptation in natural populations,
raising the possibility of linking molecular polymorphisms
to adaptively significant phenotypic variation, a feat that has
been accomplished only rarely in plant research until recently
(Remington et al., 2001; Jackson et al., 2002). Breakthroughs
in the understanding of ecologically significant molecular
variation will require continued technological advancement
and investment in genomic resources for additional ecologically

important species, as well as cross-disciplinary collaboration
in ecology, population genetics and molecular biology (Feder
& Mitchell-Olds, 2003). To facilitate this collaboration, the
12th New Phytologist symposium brought together a diverse
group of ecologists, geneticists and molecular biologists to
explore the prospects for determining molecular determinants
of adaptive variation in Populus and other species. Rapid
progress is likely in the understanding of molecular under-
pinnings of adaptation in Populus due to a rapidly expanding
molecular toolbox, an energized and growing research com-
munity, and ecological assets that are unparalleled among
sequenced model plants.

Adaptation research in forest trees

Adaptation research in forest trees has a long history, driven
in part by the commercial importance of producing well-
adapted and improved seed stocks for reforestation, and in part
by the ecological importance of forest trees (Howe et al., 2003).
Initially, studies focused exclusively on adaptive traits, and
usually involved planting diverse provenances in a common
garden and performing a battery of measurements over a long
time span. Such studies continue to be important because they
provide the most direct means for determining the distribution
of adaptive variation on the landscape, the degree of genetic
and environmental control of a wide range of complex traits,
and the extent of genotype by environment interactions (Zobel
& Talbert, 1984). However, such studies provide little insight
into the underlying genetic architecture of complex traits (i.e.
the number and strength of genes involved, and the degrees
of additivity and dominance of individual genetic loci).
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The introduction of biochemical and molecular markers
revolutionized the study of population genetics and adaptive
variation. Putatively neutral molecular markers have allowed
delineation of the genetic structure of natural tree populations
and inferences about the evolutionary history of species, and
levels of historical and contemporary gene flow (Mitton, 1994;
Smouse & Sork, 2004), all of which contribute to the under-
standing of adaptive variation. Furthermore, comparison of
genetic population structure at neutral loci (FST) to the structure
of quantitative traits (QST) allows inferences about selective
forces acting on populations (Howe et al., 2003). Finally,
neutral markers have allowed determination of the genetic
architecture of complex traits by exploiting linkage to quantita-
tive trait loci (QTL) in structured pedigrees (Lynch & Walsh,
1998), which raised the possibility of identifying the molecular
determinants of phenotypic variation (Remington et al., 2001).

Associating genotypes with phenotypes

The current feasibility of studying molecular adaptive
variation is due to rapid advances in marker technology and
the accumulation of a critical mass of structural and functional
genomics data from model organisms. Optimal strategies for
identifying and characterizing adaptively significant molecular
polymorphisms depend upon the details of the organism,
traits and populations to be studied. One key consideration
is the amount and organization of genetic diversity in the
species. Ideally, the organism should harbor a large amount
of diversity due to a long history of large effective population

sizes, as seems to be the case for many forest trees (Neale &
Savolainen, 2004), and/or a high inherent mutation rate.
Another important consideration is the prevailing level of
linkage disequilibrium (LD) in the study population, because
this determines the size of genomic regions that are marked
by individual polymorphic genetic markers. A high level of
LD is desirable to allow efficient scanning of the genome for
marker–phenotype associations and rapid determination of
the genetic architecture of a complex trait. For example, initial
QTL analyses are usually conducted with early-generation
pedigrees derived from divergent parents, because the level
of LD is quite high in this situation due to a limited number
of opportunities for recombination during meiosis. However,
a major disadvantage of populations with high levels of LD
is that many genes and polymorphisms are contained in the
chromosomal region represented by the marker, thus greatly
complicating the identification of causative polymorphisms.
In contrast, populations with low levels of LD, including
wild populations of many tree species (Neale & Savolainen,
2004; Yin et al., 2004), potentially allow the identification
of very small chromosomal segments that are associated with
traits of interest, bringing researchers much closer to the ultimate
goal of identifying the actual molecular polymorphisms that
are responsible for adaptive phenotypes. The trade-off is that
very large numbers of markers are required to scan the entire
genome for associations with complex traits. For example, the
level of LD appears to decline within about 1.5 kb in loblolly
pine genome (Brown et al., 2004), meaning that at a min-
imum at least one marker per gene would be required for

Fig. 1 A Populus trichocarapa stand on the Willamette River near Corvallis, OR, USA.
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whole-genome association scans, and many more if putative
noncoding regions are to be surveyed as well. At the present
time, this is an unfeasible level of genotyping at the levels of
funding typically available for plant genetics research.

A common solution to this conundrum is the candidate
gene approach, in which genes are identified a priori as likely
candidates for the trait of interest and variation in those genes
is screened in the test population. This approach has had some
success in forest trees, as described at the meeting by David
Neale (USDA Forest Service, Davis, CA, USA) and Christophe
Plomion (INRA, Cestas, France) for pine, Douglas-fir and
oak. Associations have been detected between candidate gene
polymorphisms and wood quality, drought, disease resistance
and phenological traits, despite the fact that a relatively small
number of candidate genes have been screened thus far.

Despite these initial successes, the candidate gene approach
is widely acknowledged to contain some significant flaws.
One of the principal problems is that the process of selecting
candidates limits possibilities for novel gene discovery.
The most common source of candidates is information
from model herbaceous organisms, principally Arabidopsis.
Whereas there is clearly substantial conservation of gene
structure and function between Arabidopsis and trees, even
including the distantly related gymnosperms (Kirst et al.,
2003), there is also substantial divergence reflected by the
stark differences in morphology and life history. Therefore,
many genes and polymorphisms that are important in
tree adaptation will have to be discovered in trees directly.
Furthermore, candidate gene approaches may provide a
limited view of the genetic architecture of traits and may fail
to capture complex patterns of epistasis. For example, Michael
Purugganan (North Carolina State University, Raleigh, NC,
USA) described a situation in Arabidopsis where a haplotype
of Flowering Locus C was associated with latitutidinal variation
in flowering time only when an active allele of the Frigida
gene was present. This association and interaction would
only be detected with some a priori knowledge of the
pathway, which could be quite different in a perennial tree
like Populus or a distantly related gymnosperm like pine.

Candidate genes in Populus

Fortunately, there are substantial functional genomics efforts
in forest trees, especially in Populus (Bhalerao et al. 2003), and
these are generating tree-specific candidate genes for a host of
important traits. Research described at the meeting was repre-
sentative of worldwide efforts, which typically focus on traits
that are tree-specific, including dormancy, maturation and wood-
formation (Brunner & Nilsson, 2004; Pilate et al., 2004), as well
as studies of tree-specific symbionts, pathogens and insect pests
(Arimura et al., 2004; Grunze et al., 2004; Martin et al., 2004a).
In addition to intensive studies of single genes and gene families,
there are also substantial efforts to perform broad transcript
profiling using expressed sequence tag (EST) sequencing of

libraries prepared from a wide variety of tissues and treatments,
and microarray analyses (Smith et al., 2004; Sterky et al., 2004).
Several laboratories have prepared large cDNA arrays con-
taining up to 50% of the predicted genes in the Populus genome,
and soon whole-genome oligonucleotide microarrays will be
available for Populus through NimbleGen (Madison, WI,
USA) and Affymetrix (Santa Clara, CA, USA). Furthermore,
several groups are developing high-throughput proteomic and
metabolomic platforms for Populus, raising the possibility
for metabolic pathway modeling. Finally, one of the primary
strengths of Populus as a model species is the relative ease with
which it can be genetically transformed and propagated. This
has facilitated ‘forward-genetics’ gene discovery approaches
using activation tagging and enhancer traps, as well as
‘reverse-genetics’ through the creation of gene knockouts and
overexpression. Transformation provides an excellent comple-
ment to studies in natural population because strong, dominant
mutations can be induced that would be unlikely to persist in
natural populations due to selective sweeps (Brunner et al.,
2004). Large collections of informative transgenic lines
are being generated by Populus researchers, and efforts are
underway to develop centralized germplasm repositories and
distribution systems (Tsai & Hubscher, 2004). Taken together,
all of these approaches afford the opportunity to generate
extensive lists of candidate genes that can be tested in
association studies in natural populations. These efforts are
described in greater detail in the International Populus
Genome Consortium science plan (http://www.ornl.gov/sci/
ipgc/the_populus_genome_science_plan.pdf )

Even with extensive lists of genes and high-throughput
genotyping capabilities in hand, candidate gene association
studies may still only provide a partial picture of the molecular
underpinnings of adaptation. If surveys focus on coding regions
exclusively, cis- and (especially) trans-acting regulatory elements
may be missed. Furthermore, as was pointed out in multiple
presentations at the meeting, many gene functions are not
apparent under controlled laboratory conditions, and experi-
ments in realistic field environments and natural populations
are essential for characterizing gene function. Therefore, de novo
discovery of candidates in association tests would provide a
valuable parallel strategy. One option is to identify candidate
regions using populations with moderate levels of LD and high
levels of genetic variation. Populus provides an excellent resource
that fits these criteria: extensive zones of natural hybridization
(Lexer et al., 2004). All North American Populus species form
hybrid swarms in zones where closely related but ecologically
distinct species overlap (Eckenwalder, 1984). Some of these
zones have been intensively characterized over many years, and
it has become apparent that Populus plays a keystone role in
these systems. Consequently, the genetic and phenotypic
variation resulting from hybridization has consequences
that are detectable at the ecosystem and even landscape
scales (Whitham et al., 2003). This raises the possibility of
extending the frontier beyond molecular determinants of
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adaptation of individual species to include the composition
and functioning of communities and even ecosystems. Toward
this end, the Department of Energy is now sequencing two of
the major mycorrhizal symbionts of Populus, Laccaria bicolor
and Glomus intraradices (Martin et al. 2004). The flood of
data and discoveries will therefore continue as pioneer Populus
researchers enter the age of ecosystem genomics.
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