
ronmental cues. A particularly interesting ques-
tion may be how mechanisms that evolved to
stably silence transposons could offer the flexi-
bility required for the developmental regulation of
endogenous genes. In addition, we do not yet
have a clear understanding of the nature and the
maintenance of the boundaries separating epige-
netically distinct chromatin compartments. In
some cases, genetic landmarks (such as the
transcription unit) may serve as borders; in other
cases, the balancing acts of opposing epigenetic
mechanisms may help to stably maintain the
epigenetic landscape of plant genomes.
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PERSPECTIVE

Extending Genomics to Natural
Communities and Ecosystems
Thomas G. Whitham,1,2 Stephen P. DiFazio,3 Jennifer A. Schweitzer,4 Stephen M. Shuster,1,2
Gery J. Allan,1,2 Joseph K. Bailey,4 Scott A. Woolbright1,2

An important step in the integration of ecology and genomics is the progression from molecular
studies of relatively simple model systems to complex field systems. The recent availability of
sequenced genomes from key plants is leading to a new understanding of the molecular drivers of
community composition and ecosystem processes. As genome sequences accumulate for species
that form intimate associations in nature, a detailed view may emerge as to how these associations
cause changes among species at the nucleotide level. This advance could dramatically alter views
about the structure and evolution of communities and ecosystems.

The emerging field of community and eco-
system genetics has shown that genetic
variation in one species can influence the

composition of associated communities (the in-
teracting species that live in a particular area) and

the functioning of ecosystems (the biotic com-
munity and its abiotic environment) (1, 2). To
date, this field has focused mainly on the genetics
of foundation plant species—those that structure
their ecosystems by creating locally stable con-
ditions and providing specific resources for di-
verse organisms (3). When a foundation species’
genotype influences the relative fitness of other
species, it constitutes an indirect genetic inter-
action (4), and when these interactions change
species composition and abundance among in-
dividual tree genotypes, they cause community
and ecosystem phenotypes to become statisti-
cally distinct from one another (2). Figure 1

shows some of the community and ecosystem
phenotypes that have been quantified for the
foundation tree species, Populus angustifolia.
These include canopy arthropod communities,
soil microbial communities, soil nutrient pools,
and interactions between an insect herbivore and
its avian predators. Common garden studies
show that these phenotypes are all heritable
(4–6) in the broad sense (i.e., additive, domi-
nant, and epistatic genetic effects influence these
phenotypes). For example, genes control the sus-
ceptibility to the leaf-galling aphid, Pemphigus
betae, in P. angustifolia. The presence or absence
of this insect is determined by susceptible or
resistant tree genotypes. This interaction pre-
dictably affects other trophic levels and alters
the composition of a diverse community of
fungi, insects, spiders, and avian predators (2, 5).
This work suggests that indirect genetic inter-
actions among relatively few species (e.g., a
tree, herbivores, mutualists, and/or pathogens)
and their environment may structure the com-
position and abundance of amuch larger commu-
nity of organisms and define ecosystem processes
such as nutrient cycling. However, much work
needs to be undertaken to understand the ge-
nomic components underlying these pheno-
types, such as additive genes and epigenetic
effects. Here, we examine how a genomics per-
spective may aid our understanding of com-
munities and ecosystems by focusing on the
indirect genetic interactions that arise among a
few foundation species rather than attempting to
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understand the interactions among all species in
an ecosystem.

Although much progress has been made in
obtaining genome sequences for of a few ag-
ricultural (e.g., rice) or model plant species
(e.g., Arabidopsis), extending this knowledge to
complex communities and ecosystems in natural
systems represents a major frontier. Ecologically
important traits with known effects on communi-
ties and ecosystems have beenmapped inPopulus,
including sex, dormancy, disease resistance, leaf
chemistry, and biomass (Fig. 2) (7–10). Many of
these same traits can expand our understanding
of community and ecosystem phenotypes among
related species in other ecosystems; for example,
markers from Populus trichocarpa x P. deltoides

genetic maps (10) have been transferred to other
Populus and Salix species (i.e., aspen and willow)
(11, 12), thereby bridging genetic resources be-
tween these species (Fig. 2). Similar links between
Eucalyptus globulus and a community of her-
bivorous arthropods and mammals have been
established with the identification of quantitative
trait loci (QTLs) involved in plant defensive chem-
icals (13). It is important to note that this line of
inquiry is in its infancy, especially as it pertains to

interspecific comparisons. However, a focus on
the shared and unique aspects driving ecological
interactions among many different species with a
community genetics perspective justifies genomic
investigation of nonmodel foundation species (e.g.,
Zostera and Solidago spp.) (14, 15) that support
diverse communities but lack the necessary map-
ping resources or genomics tools.

Community heritability (H2
C), the tendency

of related individuals within a species to support
similar communities of organisms and ecosystem
processes, provides a bridge linking ecological
interactions and genomics (2, 4). For example,
regardless of where a replicate clone of an indi-
vidual tree genotype was planted in a common
garden, it accumulated a similar arthropod com-

munity that was significantly different from other
replicated tree genotypes. Overall, tree genotype
accounted for about 60% of the variation in the
arthropod community (i.e., H2

C = 0.60) (Fig. 1).
Because these analyses confirm a genetic basis
for community phenotypes, they link community-
level traits with plant genetic maps and genome
sequences (Fig. 2), that is, they reveal genomic
locations where genes underlying species inter-
actions may reside. For example, foliar arthropod

and soil microbial community phenotypes as
well as ecosystem phenotypes (e.g., rates of
litter decay and soil nitrogen mineralization
processes) covary with plant leaf chemistry,
especially levels of condensed tannins and
phenolic glycosides (16–18). Given the impor-
tance of condensed tannins and lignins in energy
flow and nutrient cycling, now that their genes
are being identified (10), we can extend our under-
standing of the functional drivers of ecosystem
processes in natural forests (16, 19).

A genomics perspective can further add to our
understanding of community structure and eco-
system processes by elucidating the specific genes,
alleles, and epigenetic mechanisms that underlie
community heritability and ecosystem pheno-
types (Fig. 1) associated with mapped traits in
foundation species (Fig. 2). When interspecific
interactions have fitness consequences for one or
more species, selection occurs within a commu-
nity context (4). Foundation species imposing
selection on other community members are ex-
pected to cause genetic differentiation among
communities (20). This process provides the sim-
plest explanation for significant heritability in
community phenotypes (2, 4). It also suggests
that when allelic or genomic variation within
foundation species with phenotypic effects ex-
hibit population genetic structure, interacting
species will also show population level structure
to a degree determined by the concordance of
their life cycles (20). For example, the aphid,
Pemphigus betae, has evolved two life cycles. In
a natural hybrid zone of Populus angustifolia x
P. fremontii, where trees are highly susceptible,
aphids alternate between their primary tree hosts
and their herbaceous secondary hosts,Rumex and
Chenopodium spp. In contrast, in the adjacent
zone of pure P. angustifolia, trees are more re-
sistant and aphid survival is lower. In these habi-
tats, aphids live year-round on the roots of their
secondary host; this is a simpler life cycle.
Reciprocal transfer experiments show that these
life cycles are maintained in the field (21), which
supports the hypothesis that aphids and their tree
hosts genetically covary. The theoretical predic-
tion (20) that differential population genetic struc-
ture arising from these associations should be
identifiable by statistical covariance between neu-
tral markers in each species remains to be tested.

Because interspecific interactions and their
fitness effects are underlain by the heritable traits
of an individual, species within the community
undergo continuous evolutionary change (22). For
example, the mutualism between ectomycorrhizal
fungi and trees commonly affects other species,
both directly and indirectly. However, little is
known about the molecular mechanisms regulat-
ing the interactions between the host plant and
these fungi. Joint analysis of whole genome se-
quences and transcriptional profiles of the Laccaria
bicolor fungus and its P. trichocarpa host (23)
shows that the fungal genome encodes 28 pre-

Canopy arthropod
community

H 2
C = 0.60

Soil microbial
community

H 2
C = 0.70

Microbial biomass
nitrogen

H 2 = 0.61

Trophic
interactions

H 2
C = 0.80

Fig. 1. Community and ecosystem phenotypes of individual tree genotypes of Populus angustifolia
show broad-sense heritability (H2). Significant heritability of the canopy arthropod community, soil
microbial community, trophic interactions between birds and insects, and soil nutrient pools demon-
strate how trait variation in a foundation tree can structure communities and ecosystem processes
(H2C for community traits; H

2 for single ecosystem trait) (4–6). Because soil microorganisms mediate
many ecosystem processes, including litter decomposition and rates of nutrient mineralization, the
formation of these communities may feed back to affect plant fitness. Solid lines indicate known
interactions; dashed lines indicate possible interactions. Quantitative genetic patterns such as these
argue that genomic approaches will enhance our understanding of how interacting community mem-
bers influence ecosystem processes.
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viously undescribed, small secreted proteins that
are highly induced upon establishment of the
mycorrhizalmutualism.Similarly, theP. trichocarpa
genome contains homologs of proteins important
in establishing ectomycorrhizalmutualisms in other
species (24). Identified candidate genes controlling
the establishment and maintenance of this rela-
tionship allow for detailed studies of genetic co-
variation among species (4, 20).

A genomics approach to ecosystem processes
is especially important because these processes
represent the combined effects of interactions
amongmultiple species, environmental variation,
and complex feedback mechanisms that can be
difficult to partition or understand in an evolu-
tionary context. Understanding the molecular basis
(and expression) of plant and subsequent com-
munity traits may simplify our understanding of
ecological interactions that affect ecosystem pro-
cesses. In turn, these processes may feed back to
have fitness consequences for the individual ex-
pressing those traits. For example, the condensed
tannins that affect trophic interactions, soil mi-
crobial communities, leaf litter decomposition,
and soil nitrogen mineralization rates (6, 16) may
also feed back to affect the fitness of the host

plant itself. The heritability of specific commu-
nity and ecosystem phenotypes (Fig. 1) suggests
that a genomics approach may link the covarying

genetic interactions that have resulted in these
quantitative patterns.

As the above studies emphasize, quantifying
the genetic covariance among species is key to
understanding the evolution of communities and
ecosystems (20). Thus, the information gained by
studying multiple interacting genomes will inform
larger questions than understanding any one ge-
nome alone. With the sequencing of the Populus
trichocarpa genome (10) and with Eucalyptus in
progress, we are now in a position to understand
how genes in these foundation tree species, di-
rectly and indirectly, affect the evolution of their
associated forest communities and mediate eco-
system processes. Multiple genomes and genomic
tools are becoming available for diverse organisms
that interact with Populus, including the mycor-
rhizal fungus, Laccaria bicolor (24), with other
mycorrhizal, pathogen, and endophytic bacteria
in progress (Table 1). This integrative approach
is being used in the study of microbial symbiotic
communities in animals. Here, genome se-
quencing has revealed that these microbial
communities undergo evolutionarily convergent
reductions in genome size, resulting in obligate
associations driven by complementary metabolic
pathways (23).

Although integrating interactions among foun-
dation species at the genomic level is no small
task, it is far less imposing than understanding the
interactions of all species in an ecosystem. A
focus on genome-based interactions among foun-
dation species provides scientists with a realistic
approach for unraveling the ecology and evolu-
tion of complex ecosystems. Without such an
overview, ecosystemsmay seem intricate beyond
description, except as random or stochastic as-
semblages of communities. A merger of ge-
nomics with community and ecosystem ecology
may ultimately provide an understanding of how

• SNP analyses in natural 
  populations

• Molecular signatures
  of selection

• Gene functional analysis

Genome
sequence

Genetic
map

Mapping of traditional
phenotypes

Candidate gene
assessment

(sex, dormancy, disease
resistance, leaf chemistry,

phenology)

Community and ecosystem
phenotypes

(arthropod and microbial community
composition, trophic interactions,

nitrogen cycling)

SSR1

SSR2

SSR3

SSR4

SSR5

SSR6

SSR7

SSR8

SSR9

SSR10

Fig. 2. Traditional phenotypes (i.e., those expressed in the individual or population) can be used as a
bridge for uncovering the molecular determinants of community and ecosystem phenotypes. First, ge-
nomic regions controlling traditional phenotypes are identified with QTL analysis and/or genetic asso-
ciation studies. Candidate genes from these intervals are identified from the genome sequence and
anchored to genetic maps with sequence-tagged markers like simple sequence repeats (SSRs). Second,
these candidate genes are assessed for their involvement in traditional phenotypes with high-resolution
association mapping in natural populations, searching for signatures of selection such as selective sweeps,
enhanced local linkage disequilibrium, and/or rates of synonymous and nonsynonymous polymorphisms.
Third, genes with evidence for associations and recent selection are then subjected to functional analysis,
including transgenic overexpression and knockouts and transcriptome analysis. Fourth, genes responsible
for traditional phenotypes can be linked to community and ecosystem phenotypes through studies in
common gardens and natural populations. SNP, single-nucleotide polymorphism.

Table 1. Links for ongoing and completed genome sequencing projects for Populus and other
organisms that were specifically selected for sequencing due in part to their ecological associations
with Populus.

Species URL for Sequencing Project

Populus trichocarpa www.ornl.gov/sci/ipgc
Laccaria bicolor http://mycor.nancy.inra.fr/IMGC/LaccariaGenome/about_laccaria.html
Glomus intraradices http://repositories.cdlib.org/cgi/viewcontent.cgi?article=3173&context=lbnl
Paxillus involutus www.jgi.doe.gov/sequencing/why/CSP2008/pinvolutus.html
Melampsora
larici-populina

www.jgi.doe.gov/sequencing/why/CSP2006/poplarrust.html

Microbial
community in
decaying Populus
biomass

www.jgi.doe.gov/sequencing/lspssseqplans2007.html

Pseudomonas putida
w619

http://genome.jgi-psf.org/finished_microbes/psepw/psepw.home.html

Serratia
proteamaculans 568

http://genome.jgi-psf.org/finished_microbes/serpr/serpr.home.html

Stenotrophomonas
maltophilia R551-3

http://genome.jgi-psf.org/draft_microbes/stema/stema.home.html
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complex natural ecosystems are formed and
maintained through evolutionary time.
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PERSPECTIVE

From Genotype to Phenotype: Systems
Biology Meets Natural Variation
Philip N. Benfey1,2* and Thomas Mitchell-Olds1

The promise that came with genome sequencing was that we would soon know what genes do,
particularly genes involved in human diseases and those of importance to agriculture. We now have the
full genomic sequence of human, chimpanzee, mouse, chicken, dog, worm, fly, rice, and cress, as well
as those for a wide variety of other species, and yet we still have a lot of trouble figuring out what
genes do. Mapping genes to their function is called the “genotype-to-phenotype problem,” where
phenotype is whatever is changed in the organism when a gene’s function is altered.

Substantial progress in identifying gene
function has been made. Studying the
effects of modifying individual genes in

model organisms such as Drosophila, Caeno-
rhabditis, and Arabidopsis has allowed several
thousand genes to be associated with phenotypes.
Through similarities in the encoded protein
sequence, we have also managed to identify the
general function of many genes, classifying them
as enzymes, receptors, transcription factors, and
so forth. Another informative approach has been
to compare genes descended from the same an-
cestor across many different organisms. In bacte-
ria, this comparative genomics approach has
been used to map genes shared among orga-
nisms that have similar phenotypes, resulting
in the assignment of putative function to these
genes (1). And yet we still do not know the
function of a large number of the genes in either
plants or animals, and we still cannot predict with
any accuracy what the effect will be of modify-
ing the activity of an uncharacterized gene, even
when it has been assigned to a functional class.
(Indeed, natural selection may act on effects,

which are too subtle to be identified by experi-
mental manipulations; hence, it may be impos-
sible to determine the function of some genes.)
Equally daunting is starting with a phenotypic
variant and trying to predict what genes are likely
to be involved. The problem is complicated by
the fact that most phenotypes of medical or agri-
cultural interest are “complex,”which means that
more than one gene, in addition to environmental
factors, contributes to expression of the pheno-
type. Not that single-gene traits are necessarily
uninteresting for medicine or agriculture, but
these were easier for geneticists to decipher. Now
we are left with multigene traits that are harder to
work out.

The difficulty in mapping genotype to phe-
notype can be traced to several causes, including
inadequate description of phenotypes, too little
data on genotypes, and the underlying complex-
ity of the networks that regulate cellular func-
tions. Recent technical advances for acquiring
genome-wide data hold promise for improve-
ments in genotyping and phenotyping. It is
particularly exciting to contemplate the applica-
tion of these advances to the myriad of inter-
esting phenotypes found in nature. This natural
variation is generated by additive and epistatic
effects of alleles across multiple genes, resulting
in many individuals with phenotypes near the
population mean, and a minority showing ex-

treme phenotypes. Some combinations result in
enhanced traits, whereas other combinations are
deleterious to fitness in specific environments.
Phenotypic alterations are usually in matters of
amount, rather than in the presence or absence
of a trait. The field of statistical genetics has de-
veloped sophisticated tools to map such quanti-
tative traits to regions of chromosomes. The
chromosomal regions are known as quantitative
trait loci (QTLs) and are described in terms of the
percentage of the variation of a trait that can be
attributed to each region.

What has been generally missing is the con-
text in which to place these percentages asso-
ciated with QTLs. What does it mean, at the
cellular or molecular level, that a particular al-
lelic polymorphism has a large or small effect
on a trait? This is where the complexity of the
underlying cellular networks comes into play.
Until recently, most molecular processes oc-
curring within cells were described in terms of
linear pathways. A signal received by a cell
would be transmitted by a linear series of molec-
ular interactions, ultimately resulting in a response
such as a change in gene expression. The field of
systems biology is expanding this view, replacing
the linear pathways with interconnected net-
works. These networks frequently look like the
“hub-and-spoke” configurations of airline routes.
When viewed from the perspective of a network
in which there are preferred and alternative
routes, the magnitudes associated with quantita-
tive trait loci take on new meaning. Because of
the hub-and-spoke organization of the major air-
line routes, a snowstorm in Chicago can result in
disruption of 35% of transcontinental air traffic,
whereas a snowstorm in Des Moines might only
cause a 2% change.

This analogy illustrates another way in which
systems biology is changing the way we think
about biological processes. The relative impor-
tance of the different cities is a function of the
dynamics of transcontinental air traffic, not of the
cities’ intrinsic size or location. A city that is cen-
tral for one airline’s network is frequently pe-
ripheral for another airline’s network. Although
the dynamics of metabolic networks have been

1Department of Biology, Duke University, Durham, NC 27708,
USA. 2Institute for Genome Sciences and Policy–Center for
Systems Biology, Duke University, Durham, NC 27708, USA.
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