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Aspen (Populus tremuloides) is an iconic species in North American landscapes, highly valued for recrea-
tion, fiber, wildlife and livestock forage, carbon sequestration, biodiversity, and as a fuelbreak. However,
there are rising concerns about the ability of aspen to persist in portions of its range, based on bioclimatic

Keywords: modeling, physiological thresholds and mortality surveys. Our ability to predict and mitigate aspen
Aspen decline will depend on our understanding of the factors influencing aspen establishment and persistence.
Populus tremuloides Genetic techniques are providing important insights about reproductive strategies, evolutionary and
?:A:rizf;]ilsr demographic histories, a.nd adaptive cape?city in vyestern aspen, often Yvith important and r}ovel manage-
Ecology ment implications. A suite of new genetic tools is also becoming available as a result of innovations in

genomic sequencing technology, along with the availability of an annotated reference genome for Populus
species. Here we present a synthesis of how these genetic tools have been, and could be, used to answer
questions directly relevant to aspen ecology and management. We also present a brief description of the
molecular tools themselves. Our goal is to provide an informational resource to forest managers about the
utility of traditional and emerging genetic technologies, with specific relevance to aspen ecology and

management.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Aspen (Populus tremuloides) is a species of enormous ecological,
economic, and social value. Ecologically, aspen has the largest dis-
tribution of any North American tree (Little, 1971), is a foundation
species associated with high levels of biodiversity, and responsible
for a tremendous amount of carbon flux at the continental scale
(Hogg et al., 2002). Economically, aspen is an important source of
fiber, wildlife and livestock forage. Socially, aspen is a particularly
beloved species, gracing the names of municipalities, apparel, and
institutions, and appearing frequently in art, jewelry, and even on a
US postage stamp. Aspen is especially valued in western land-
scapes, where, as the dominant deciduous forest tree, it is associ-
ated with high levels of plant and wildlife diversity (DeByle and
Winokur, 1985; Stohlgren et al., 1997; Mills et al., 2000; Simonson
et al., 2001).

Like many temperate plants, aspen has undergone a dramatic
and relatively recent range expansion since the last glacial maxi-
mum (ca. 18,000 year bp), and changing climates, management
practices and management legacies continue to influence aspen
distribution (Frey et al., 2004; Rehfeldt et al., 2009; Landhausser
et al., 2010). At the continental scale, aspen distribution is likely
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limited by low temperatures at high latitudes and elevations
(Turner et al., 2003) and by low soil moisture at lower latitudes
and elevations (Hogg and Hurdle, 1995; Hogg et al., 2008; Ander-
egg et al., 2012) but pathogens, fire suppression, and ungulate her-
bivores can also influence patterns of regional and local persistence
(Frey et al., 2004). Recent concerns about the sustainability of as-
pen in western and southern portions of the species range have
emerged based on reports of large-scale mortality and climate pro-
jections (Worrall et al., 2008; Rehfeldt et al., 2009). Unfortunately,
these are the same areas where aspen has some of the highest eco-
logical and social values (DeByle and Winokur, 1985). As a result,
forest managers are faced with a pressing need for effective conser-
vation, restoration and mitigation strategies. Such strategies can be
informed by the long and rich history of research in aspen regener-
ation ecology and physiology (Peterson and Peterson, 1993), but
our understanding of these topics is rapidly changing and neces-
sarily incomplete.

Scientific advancement typically occurs in conjunction with epi-
sodes of rapid technological progress, interspersed with periods of
reflection and integration across disciplines. The advent and rapid
evolution of molecular tools in recent decades has enabled new
lines of scientific inquiry in many fields, including forest ecology.
In many cases, these emerging tools now allow us to ask direct
questions about molecular function, variability, and adaptation -
research which previously relied on untested assumptions about
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organismal processes and histories. A barrier to the application of
these molecular tools to meaningful management questions is
the limited communication between molecular scientists and
managers and the highly technical nature of the genetic data.
Our objective here is to provide an overview of current and emerg-
ing molecular tools in a manner accessible to scientists and manag-
ers from a broad range of backgrounds; particularly those involved
in the study and management of aspen. It is our hope that such a
synthesis will improve the communication between molecular
researchers and applied scientists and managers, facilitating novel
questions and integration across both fields of study.

2. Questions about aspen that can be addressed using molecular
tools

We have organized our synthesis around four general types of
analyses using molecular tools that can be used to understand as-
pen ecology, each with specific management applications: identifi-
cation of individuals, assessment of landscape-scale gene flow
patterns, assessment of adaptive variation, and identification of
cytotype. For each general type of analysis, we explain why the
information is relevant to aspen management, which molecular
tools are appropriate, and how the results of such analyses are
changing or expected to change our perspectives in aspen
management.

2.1. Identification of individuals

2.1.1. Clonality in aspen

Aspen is renowned for its ability to form clones (genets), which
are clusters of stems (ramets) originating from the same seed.
Stems in a clone are genetically identical, with the rare exception
of mutations that occur within a clone during vegetative growth
(i.e., somatic mutations) and which can accumulate with clonal
age (Ally et al., 2010). Aspen produces viable seed, but seedling
establishment in more xeric landscapes (e.g. the Intermountain
West) is relatively rare and tends to follow fire (Jelinski and
Cheliak, 1992; Kay, 1993; Romme et al., 1997; Tuskan et al.,
2006). Thus, although aspen clones in eastern North America are
typically quite small (Wyman et al., 2003), vegetative growth pre-
dominates in western landscapes and clones can become quite
large (Kemperman and Barnes, 1976).

2.1.2. Delineating clones

Aspen clones can easily be differentiated using molecular tools
(see Microsatellites, below). In the absence of molecular tools,
investigators have used morphological and phenological traits to
distinguish, enumerate, and delineate individual clones (Kemper-
man and Barnes, 1976). These approaches can result in overestima-
tion of clonal numbers when traits vary within a clone (e.g. due to
stem age and environmental conditions), or underestimation when
large numbers of small clones are present or when traits lack var-
iability among clones. Phenotypic similarities are particularly
problematic when adjacent clones are half-siblings, as might be ex-
pected around a fecund female clone. By contrast, appropriate
molecular fingerprinting techniques can distinguish even closely
related individuals. However, many genetic markers may be neces-
sary to distinguish full siblings, which can be identical at many loci.
Further, somatic mutations (discussed above) do occur in aspen,
particularly in older clones, and care must be taken to avoid over-
estimating clonal richness (see Microsatellites, below).

2.1.3. Management importance of clonal delineation
When individual clones can be accurately identified, a range of
questions relevant to management becomes more tractable. For

example, once clonal boundaries and sizes are described in an area,
stand composition and age structure can be described in the con-
text of clonal richness, local and regional genetic diversity can be
accurately measured, and differences between clones (e.g. mortal-
ity, chemistry, physiology, and susceptibility to disease or herbiv-
ory) can be characterized. The importance of clonal boundaries in
driving other boundaries (e.g. soil microbial and plant understory
diversity) can also be assessed, and by looking at clonal sizes and
juxtaposition, it may even be possible to use aspen genetic data
to corroborate fire histories.

2.1.4. How the molecular identity of clones has already changed
perceptions of aspen ecology/management

In western landscapes, the obvious phenotypic (morphologic
and phenologic) boundaries between large clones led to a general
perception among foresters that aspen stands generally consisted
of only one to a few clones, that these clones were quite ancient,
and that sexual regeneration almost never occurred. This view
underlies the primary regeneration strategy for western aspen:
coppicing to stimulate suckering. Genetic work, initially using iso-
zymes (Cheliak and Pitel, 1984; Hyun et al., 1987; Hipkins and
Kitzmiller, 2004) and more recently using microsatellites (Mock
et al., 2008; De Woody et al., 2009) suggests that clonal diversity
within western aspen stands is far greater than previously recog-
nized. These studies have also shown that clonal richness in
western landscapes tends to be highly patchy, with most individ-
ual clones detected only once on a 50 m grid (Mock et al., 2008;
De Woody et al., 2009). These findings, together with recent obser-
vations of seeding events following fires (Kay, 1993; Tuskan et al.,
1996; Stevens et al., 1999; Turner et al., 2003; Elliott and Baker,
2004; Romme et al., 2005), suggest that establishment by recent
seeding events may be more common than previously supposed.
Elevated clonal richness and small clone size are not de facto proof
of a recent seeding event; this would require clonal aging or
information about landscape history. Nevertheless, management
strategies for western aspen should consider genetic diversity
and episodes of seedling recruitment (Long and Mock, in press).

2.1.5. Future individual-level possibilities with molecular tools: clonal
aging

Using microsatellites and DNA sequencing data (see DNA se-
quences, below), it should be possible to estimate clonal age based
on the accumulation of mutations within clones. This approach has
been developed in aspen by Ally et al. (2008, 2010), and although
the method currently requires numerous simplifying assumptions
and yields large confidence intervals, improvements could come
with the availability of large-scale sequencing data. The ability to
age individual clones could provide remarkable insights about clo-
nal establishment, persistence, and resilience.

2.2. Assessment of landscape-scale gene flow patterns

2.2.1. Gene flow in aspen

Because aspen has wind-dispersed pollen and seeds, movement
of genes from one region to another is expected to be extensive.
However, seedling recruitment (and hence gene flow) may be lim-
ited by biological, climatic or physical features at a landscape scale,
and also by low fitness of propagules from source populations in
novel environments. Geographic barriers in western North America
may be particularly important to gene flow patterns in aspen, given
the varied topography and steep ecological gradients present.

2.2.2. The relevance of contemporary and historical gene flow patterns
to aspen ecology and management

Information about contemporary gene flow patterns in aspen
can be used to understand natural seed sources and sinks as well
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as to identify areas where hybridization with other species (e.g. P.
grandidentata, P. alba) occurs (e.g., Pauley, 1956; Spies and Barnes,
1982; Burczyk et al., 2006; Grivet et al., 2009). This information,
along with information about clonal diversity, can help provide a
context for regional and local patterns of mortality, succession,
and phenotypic variation.

Information about historical gene flow patterns can be used to
identify distinct lineages that have been isolated for long periods
of time and may merit separate management (Moritz, 1994). His-
torical gene flow patterns can also be used to reconstruct range
shifts following past climate changes (e.g. post-glacial expansion),
which can provide a valuable context for current climate change
modeling and future predictions about species distributions.

A recent study using microsatellites has described genetic
structuring across the entire range of aspen (Callahan, 2012). In
this study, two distinct genetic groups were discovered: one in
the southwestern portion of the species range, south of the last gla-
cial maximum, and one in the northern portion of the species
range. Populations in the southwestern portion of the range
showed less genetic diversity and more isolation than populations
in the northern portion of the range, and apparently did not con-
tribute to the northward range expansion following glacial retreat.
These findings provide a framework for a variety of ecological
questions in aspen, including the degree and mechanisms of repro-
ductive isolation, the possibility of parallel genetic structuring in
sympatric species, and the possibility of ecotypic variation.

2.2.3. Using molecular tools to reconstruct demographic histories

Microsatellites and DNA sequencing data (see following sec-
tions) have been used in many other tree species to describe family
structure and parentage (Dow and Ashley, 1996) and the geogra-
phy of population expansions (Ingvarsson, 2008) and bottlenecks
(Boys et al., 2005), which we will refer to collectively as “demo-
graphic histories”. Although these approaches have not yet been
used in North American aspen, such information could be valuable
in understanding (1) the movement of genes via pollen vs. seed
and (2) how short- and long-term climate histories are influencing
aspen population expansion and contraction in particular regions.
This information could be useful to forest managers in optimizing
stand size, distribution, and genetic diversity for maximum resil-
ience. This information could also be valuable in modeling aspen
responses to past (and future) climate changes.

With the emergence of single nucleotide polymorphisms (SNPs;
see below) as a common and accessible tool for Populus species
(Keller et al., 2010; Geraldes et al., 2011; Harrison and Kidner,
2011; Marmiroli et al., 2011), and the development of new statis-
tical approaches for estimating demographic parameters (Theunert
et al.,, 2012), such analyses in aspen are becoming much more
accessible. Demographic histories are particularly informative
when overlain with adaptive traits such as phenology and herbi-
vore defense, as has been done in European aspen (P. tremula)
(Ingvarsson et al., 2006; Hall et al, 2007; Bernhardsson and
Ingvarsson, 2012).

2.3. Assessment of adaptive variation

2.3.1. Common garden studies

Adaptive variation is of particular interest to resource manag-
ers, and is a fundamental assumption underlying seed transfer
zones and conservation guidelines (e.g., Randall and Berrang,
2002). Traditionally, local adaptation in plants has been assessed
using common garden studies, reciprocal translocations, or prove-
nance plantings in a range of ecological conditions to determine
plant fitness and evolutionary potential in particular geographic
zones or environments. Such common garden studies are difficult
and expensive for long-lived tree species, although once

established, they can yield valuable information in aspen. For
example, Gray et al. (2011) have recently used reciprocal transloca-
tions to demonstrate adaptational lag in Canadian aspen, to deve-
lop a risk model linked to climate change projections, and to make
spatially explicit recommendations about assisted migration in
anticipation of future climate change patterns.

2.3.2. Genomic technologies and adaptive variation

Although most population-level differences in genomes are
neutral (of no adaptive significance), there is a small subset of such
differences that do underlie adaptive divergence. Until very re-
cently, the identification of such differences has been difficult, so
inferences about adaptive divergence had to be made based on a
combination of common garden studies, neutral markers (used to
identify evolutionarily independent lineages or gene flow barriers),
and habitat differences. However, improved technologies can now
assay hundreds or thousands of molecular markers at a time in an
individual or population (DNA sequencing and SNPs, below),
providing the means to identify genomic sites which may have
adaptive variation (Keller et al., 2011; Marroni et al., 2011). Using
large-scale sequencing technologies and novel statistical ap-
proaches, it is possible to scan genomes for regions that show a sta-
tistical “signature” of being under natural selection (e.g. those that
show ecological correlations not present in neutral markers) (Nielsen,
2005; Joost et al., 2007; Strasburg et al., 2012) or an association
with a particular trait. Once these genomic regions are identified,
they can be linked to specific genes or molecular pathways,
depending on the genomic resources available for the species.

Another approach to studying adaptive variation and gene func-
tion is to survey the subset of genes that are expressed in an indi-
vidual. This pool of expressed genes is called the transcriptome,
and it can vary by individual, specific tissue, and environmental
condition (see cDNA, below). For example, in response to low soil
moisture, a particular aspen tree might up- or down-regulate the
expression of a suite of genes, and the fitness of the individual in
this environment may be a function of sequence variation and/or
regulation of these genes. The identification of genes involved in
responses to particular conditions can be a powerful way to under-
stand biochemical pathways, ecological tradeoffs, and adaptation.
One of the limiting steps in the analysis of transcriptome variance
is the establishment of a “library” of genes that might be expressed
in a particular species (i.e. a complete reference transcriptome). An
effort is currently underway to characterize transcriptomes in sev-
eral North American forest trees, including aspen (USFS Western
Forest Transcriptome Survey) (Rai et al., submitted for publication).
This will become one of the many publicly-available resources (see
DNA sequences, below) that will enable genomics-based research
in forest trees.

Of more interest to managers, once genes of potential adaptive
significance are identified, alleles or combinations of alleles at mul-
tiple loci can be linked to specific types of ecological gradients
(Guillot et al., 2009; Richardson et al., 2009; Holderegger et al.,
2010). This type of information could revolutionize the way seed
zones are delineated, could lead to the identification of specific
genes involved in adaptation to specific conditions (e.g. drought)
(Eveno et al., 2008; Eckert et al., 2010; Keller et al., 2012) and could
be used to guide breeding programs for particular types of tree
improvement.

2.4. Identification of cytotypes

2.4.1. Polyploidy and adaptation

Polyploidy, or the existence of variants in a population with
three or more complete copies of the genome per cell, is extremely
common in plants (Wood et al., 2009). Cytotype, or the level
of polyploidy, can be determined by counting chromosomes
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(chromosome staining and microscopy) or by estimating the size
and density of nuclei (e.g. Flow Cytometry, below). Different cyto-
types (e.g. diploids, triploids, tetraploids) frequently have different
morphological and physiological traits, and these may be favored
in certain environments (Hegarty and Hiscock, 2007). Odd-num-
bered cytotypes (e.g. triploids; 3x) have greatly reduced fertility,
so are unlikely to make a significant contribution to the local gene
pool. However, these cytotypes may persist vegetatively, particu-
larly if they have selective advantages in certain environments,
and they may be a “bridge” to the formation of sexual tetraploid
lineages (Ramsey and Schemske, 1998). Physiological studies have
shown that polyploids can have greater xylem conduit size
(Pockman and Sperry, 1997), and in some species may be more
drought tolerant (Maherali et al., 2004). However, polyploids also
have larger cell sizes, which may lead to structural vulnerabilities
(Stebbins, 1938; Otto and Whitton, 2000). Understanding the
frequency and geographic distribution of cytotypes can provide
important management insights about optimal regeneration strat-
egies, and cytotype information may be an important characteristic
to control in ecological studies or provenance planting in aspen.

2.4.2. Triploidy in Aspen

Using microsatellites and flow cytometry (see sections below), a
recent study has documented that a large proportion of clones in
western North America are triploid and that triploidy corresponds
with climate variables (Mock et al., 2012). Furthermore, there is a
strong tendency for the larger clones in some western study sites
to be triploids (Mock et al., 2008). These patterns have a number
of implications. First, both triploidy and clonality are elevated in
western landscapes, and these traits may be synergistic and impor-
tant in extending the geographic range of aspen. Second, triploids
are expected to have reduced fertility, potentially reducing the pro-
portion of viable seeds in areas dominated by large triploid clones.
Finally, triploids may have different susceptibilities to climate
change than diploids, resulting in mortality patterns that have a
strong bias toward either triploids or diploids. The physiological
implications of triploidy in aspen (growth rate, suckering rate,
pathogen defense, drought tolerance) have yet to be characterized.

3. Molecular tools
3.1. Overview and history

People have been assessing and documenting genetic variation
for centuries. Early approaches used visible characteristics (such as
flower color or leaf shape). As soon as Mendel’s work was widely
known at the turn of the twentieth century, many researchers
sought to uncover the inheritance patterns for these visible charac-
ters. By the 1950s, protein variation and secondary compounds
could be examined in plants, and by the 1970s it was possible to
explore DNA itself; the raw material of genes. With DNA-based
analyses, it became possible to assess differences in many more
portions of the genome, not just those genes coding for specific
proteins and traits. Most of these non-coding regions were pre-
sumed to be selectively neutral (i.e. of no adaptive value), and al-
lowed the direct assessment of relatedness, gene flow patterns,
and phylogenetic relationships without the influence of selection.
Recent technological developments make it possible to target spe-
cific genes over large numbers of individuals, to randomly sample
large numbers of genes at the individual level, to sample multiple
whole genomes within a species, or even to genetically character-
ize entire biological communities. Increasingly, particular ques-
tions can be answered using a variety of different tools, i.e. there
is less “optimality” as more techniques emerge. Below, we outline
some of the tools that have been and are being applied in the field,

with the goal of providing an introduction to interested scientists
and managers with limited backgrounds in genetics.

3.2. Isozymes

One of the first approaches applied to natural populations in-
volved extracting metabolically active enzymes from living tissue,
then separating the enzymes using an electric field in a gel. The gel
can then be treated and stained so that different forms of an en-
zyme (isozymes) can be seen as dark bands. This enables variation
in the underlying genes to be measured. Isozymes have been used
on many hundreds of species of plants and animals, including as-
pen (Cheliak and Pitel, 1984; Gallo and Geburek, 1991; Lund
et al, 1992; Liu and Furnier, 1993a,b; Hipkins and Kitzmiller,
2004; De Woody et al.,, 2009). Thus, isozyme analysis revealed
underlying genetic variation that was hidden when viewing an
organism with the naked eye.

3.3. DNA sequences

By the 1970s, techniques for examining genetic variation had
moved from the biochemists’ workbench to molecular biology lab-
oratories. Geneticists were now examining variation at the DNA le-
vel. One of the first approaches to capturing variation in the
sequence of nucleotides in a DNA chain was by cutting the DNA
into pieces and looking for variation in the size and number of
pieces. Most naturally-occurring bacteria produce enzymes to re-
strict the entry of foreign DNA by cutting at characteristic recogni-
tion sequences. The same enzyme will always cut DNA when it
encounters that specific sequence. Variation in the DNA sequence
therefore results in different cut patterns, or restriction fragment
length polymorphisms (RFLPs). The restriction enzymes (endonu-
cleases) can be purchased commercially. However, this technique
only captures variation in the regions where DNA is cutting (the
recognition sequence) and still much of the variation can be
missed. By the end of the 1970s, techniques had been established
for sequencing entire pieces of DNA. Now, rather than data consist-
ing of complex lists of DNA fragments of different lengths, the
string of nucleotides can be described simply by the sequence of
the four bases. Different individuals are then compared by examin-
ing the base at a particular position in the sequence. The simplicity
of DNA sequence data belies, and actually enables, some very com-
plex and powerful analyses.

One of the initial breakthroughs in sequencing was polymerase
chain reaction (PCR), which allows the synthesis of many thou-
sands of copies of the same genomic region across many individu-
als, facilitating comparisons at the individual, population, and
species levels. More recently, additional technological develop-
ments have made it possible to obtain many millions of short se-
quences from each individual. Until about 2007, DNA sequencing
technology was progressing at about the same rate that computers
get faster, doubling in speed about every 2 years. Then something
drastic happened: a range of so-called next generation (or more
appropriately “second generation”) technologies became widely
available. Sequence costs plummeted and the rate of data accumu-
lation began overloading many databases. By 2012 the array of
methods for generating DNA sequence data has become awe-
inspiring. Several detailed reviews of these techniques are emerg-
ing (e.g. Niedringhaus et al., 2011; Liu et al., 2012). The scale and
efficiency of data acquisition has also changed such that many
molecular biology labs will now outsource work to specialist facil-
ities. Researchers are no longer limited by the rate at which DNA
sequences can be acquired; rather, progress is now limited by
the ability to filter out relevant information from massive datasets.

The first tree genome to be fully sequenced was Populus tricho-
carpa (black cottonwood) (Tuskan et al., 2006). Because this tree is
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a close relative of aspen, its genome can be used as an important
reference for aspen genetic studies using a variety of different
types of markers. For instance, if sequence variation is detected
along a latitudinal gradient in aspen, the P. trichocarpa genome
can be used to determine the genomic location and identity of that
particular genetic site. Alternatively, sequence variation in known
genes from P. trichocarpa can be characterized in aspen with re-
spect to particular ecological gradients, as has been done for day
length perception genes in P. tremula (European aspen) (Ingvarsson
et al., 2008).

Once DNA sequence data (of any type) are available, they can
easily be used by other researchers as a reference or in data mining
studies. This is facilitated by the availability of public databases,
and the requirements of some funding agencies and many journals
that such data be made available. One of the most widely used
depositories for DNA sequence data is the National Center for Bio-
technology information (NCBI; http://www.ncbi.nlm.nih.gov/),
which also provides an extensive range of tools for data mining
and analysis. Many of the databases on this site are mirrored at
the DNA Data Bank of Japan (DDBJ; www.ddbj.nig.ac.jp) and the
European Molecular Biology Laboratory (EMBL; www.embl.org).
The Dendrome Project (dendrome.ucdavis.edu) focuses specifically
on genomic data for forest trees (Neale and Kremer, 2011), and in-
cludes links to databases on several species including aspen
(http://aspendb.uga.edu/). These databases provide a wide range
of information that can be easily accessed and then used on related
species, or to find specific genes or genomic regions for new stud-
ies. In many ways the availability of public data and free analysis
software is the most powerful set of tools in the molecular biology
laboratory.

3.4. Amplified Fragment Length Polymorphisms (AFLPs)

For management purposes, one of the most useful applications
of genetic tools is the comparison of populations. However, popu-
lations generally differ with respect to frequencies of certain alleles
(variants at a locus) rather than being invariant (or “fixed”) for
alternative alleles. In order to compare the overall genetic diver-
gence between populations, then, many different loci should be
queried and allele frequency patterns compared. When popula-
tions show allele frequency differences at many different loci, this
provides confidence that the differentiation is due to population
phenomena (i.e. restricted gene flow and independent demo-
graphic or evolutionary histories), and is not an artifact of a single
locus. Although this concept applies to any of the tools discussed
here, a variety of specific marker systems have been developed
to query many different loci simultaneously; one of the earliest
was a technique called “amplified fragment length polymorphism”
analysis, or AFLPs.

In AFLP analysis, DNA-cutting enzymes are used to cut the
genomic DNA at specific places, leaving a range of fragment sizes
(Vos et al., 1995; Mueller and Wolfenbarger, 1999). The lengths
of these fragments will vary among individuals and populations,
but there are too many fragments to analyze efficiently. The frag-
ment pools for each individual are then subsampled by selectively
amplifying only a set of particular fragments using PCR. These frag-
ments can then be visualized, and the pattern of presence/absence
is scored across each individual. The advantages of AFLP analysis
are (a) that it can be applied to any organism with very little
investment in marker development and (b) that it can provide
information on hundreds of loci simultaneously. The disadvantage
is that much of the sequence variation can be missed, since only
fragment sizes, and not sequence data, are obtained. While AFLP
analysis is still being used in many plant and animal systems, this
technique will gradually be replaced by other marker systems and
large-scale sequencing approaches.

3.5. Microsatellites

A common problem with comparing DNA sequences is that of-
ten there is insufficient variation for comparing individuals at the
DNA sequence level. One solution is to focus on the most variable
regions of genomes. One of the most variable types of regions in
the genome is ‘satellite DNA’; regions of highly repetitive nucleo-
tide sequences. This DNA tends to be furthest from the regions that
encode proteins, and it generally does not get expressed. Thus, dif-
ferences do not carry any selective disadvantages and variation can
build up faster. An additional reason for more variation in satellite
DNA is that the mechanisms of DNA change (mutation) can be or-
ders of magnitude faster than for protein-coding regions. Micosat-
ellites are regions made up of short nucleotide repeats, with a
repeating 2-5 nucleotides long, which can be repeated up to a
100 times within that microsatellite (e.g., GATGATGATGATGAT. . .).
Variation is encountered in the number of repeats at that region.
One copy of the region might have 20 copies of ‘GAT’, whereas a
different individual (or chromosome) may have 35 copies. Popula-
tions can possess many alternative copy numbers, which are the
microsatellite version of alleles of a gene. Analysis of microsatel-
lites reveals some of the highest levels of variation of any part of
the genome and this seems to be the case across plants, animals,
and fungi. Most species possess thousands of microsatellite loci.
A small subset of these regions is used to establish DNA finger-
prints in humans for forensic and paternity cases. Microsatellites
have also been used to examine genetic variation in aspen (Dayan-
andan et al., 1998; Wyman et al., 2003). Because each microsatel-
lite contains so much variation, data from a small number of
microsatellite loci (6-10) can be sufficient to distinguish clones.
Scoring errors, the presence of closely related individuals, and
mutations within clones present risks in using microsatellites for
clonal identity in aspen, although risks can be minimized through
the use of appropriate quality control measures in the laboratory,
the careful selection of loci, and various statistical approaches
(Parks and Werth, 1993; Arnaud-Haond et al., 2005; Hoffman
and Amos, 2005; Schnittler and Eusemann, 2010).

3.6. Single nucleotide polymorphisms (SNPs)

A specific region of sequenced DNA contains many nucleotide
positions that are identical across all samples, and only a few posi-
tions that vary. More recent approaches can target only those
nucleotide positions that vary: single nucleotide polymorphisms
(SNPs). These data can be sampled in a variety of ways. If your
organism has been well-studied (such as humans or laboratory
model organisms) then tools are available that simply collect data
at the variable positions. For example, in humans well over 10 mil-
lion SNPs have been characterized (www.ncbi.nlm.nih.gov/SNP/).
On average, 1 position in 1000 is variable. This provides outstand-
ing power for comparing individuals and populations. In organisms
for which no complete genome sequence is available, SNPs can also
be targeted by screening from vast genome-scale sequencing pro-
jects that are now affordable and feasible. Examples of such ap-
proaches include reduced representation sequencing approaches
such as Genotyping by Sequencing (GBS) (Van Tassell et al.,
2008; Elshire et al., 2011) and Restriction Site Associated DNA
markers (RAD tags)(Miller et al., 2007; Hohenlohe et al., 2010; Da-
vey et al., 2011). In these techniques, DNA sequences are obtained
from a subset of nucleotide sites across the genome using sequenc-
ing tools that can produce many (tens of millions) of sequence
reads. Similar regions from different individuals are then com-
pared, and the variable regions are extracted by computer analysis.
This approach can be used to isolate tens of thousands of informa-
tive SNPs in a very fast and cost-effective way for an organism for
which genomic resources are previously unavailable. These
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techniques are revolutionizing population genetic studies, since
large numbers of individuals can be assayed and allele frequency
data for large numbers of genomic sites can be obtained.

3.7. cDNA analysis and transcriptome surveys

Only a small portion of most genomes is transcribed into RNA
and only a fraction of that is translated into proteins. That portion
transcribed is referred to as the transcriptome, and fractions of this
can now be easily captured. First, it is necessary to extract RNA
from the tissues being studied. The transcribed portion of the gen-
ome varies by individual, specific tissue, and environmental condi-
tions or history. Although this is a small portion of the genome,
information about genes transcribed under certain conditions can
lead to the discovery of ecologically important genes. In Populus,
transcriptome analysis has been used to characterize genetic re-
sponses to drought (Wilkins et al., 2009; Raj et al., 2011), day
length (Hoffman et al., 2010), elevated CO, (Tallis et al., 2010),
embolism response (Secchi et al, 2011) and other conditions.
RNA is generally unstable and difficult to analyze, but it can be
converted to DNA by the enzyme reverse transcriptase. This DNA
copy of the RNA is cDNA, which can then be sequenced by a range
of different strategies. Often, this is more efficient (and cheaper)
than attempting to sequence and assemble an entire genome.

3.8. Flow cytometry and cytology

Individuals within a species can vary at specific genes or geno-
mic regions. In plants it is also possible for the numbers of gen-
omes present in cells to vary among individuals (i.e. polyploidy;
see above). There are several indirect ways that polyploidy might
be detected (e.g. physical traits or genotypes), but obtaining direct
evidence requires some extra approaches. One approach is simply
to count the chromosomes. Such cytological techniques for stain-
ing and visualizing chromosomes have been used for about a cen-
tury (Belling, 1926), but they tend to require specific tissues such
as root tips or flower buds (in which cells are actively dividing)
and they are time-consuming. An alternative is flow cytometry,
whereby the distribution of DNA content in individual cells is
examined in an automated machine-driven system. This requires
careful tissue homogenization, appropriate DNA staining, and the
use of individuals of known chromosome number as reference
points (Suda and Travnicek, 2006; Mock et al., 2012). With these
tools in place it is possible to screen large numbers of individuals
for chromosome number.

4. Future directions

Here we have provided an overview of some of the currently
available genetic tools and how they might provide useful informa-
tion relative to the ecology and management of aspen forests. We
also thought it useful to mention two of the emerging genetic ap-
proaches, epigenetics and metagenomics, which will be more
broadly available in the coming years and which may fundamen-
tally change our perceptions of genetics and ecology.

4.1. Epigenetics

Until recently, the finest scale at which the genes of an organ-
ism were assessed was the sequence of the four bases in DNA.
Interestingly, within most cells of most organisms, the bases in
DNA can become chemically modified during the lifetime of the
individual. The most common such modification is the addition
of a methyl group to certain nucleotides; another is modification
of proteins involved DNA packaging in the nucleus. These

modifications can affect the degree to which specific genes are ex-
pressed (see Section 3.7). Collectively the modifications are termed
epigenetic effects. Thus, individuals can have identical DNA se-
quences, but can have different phenotypes based on epigenetic ef-
fects (Boyko and Kovalchuk, 2008; Golldack et al., 2011; Lauria and
Rossi, 2011). In some cases, epigenetic effects are the result of eco-
logical conditions experienced by the individual, and in some cases
these changes can be heritable across generations. The emerging
sequencing technologies enable analysis of epigenetic variation,
but there are so far relatively few reports of epigenetic variation
in natural populations of plants (Bossdorf et al., 2008; Bossdorf
and Zhang, 2011; Richards, 2011; Abratowska et al., 2012). In as-
pen, given the ability of individual clones to persist for perhaps
many thousands of years, epigenetic effects could be a significant
component of genetic variation. Discovering epigenetic effects
and associated ecological conditions (e.g. herbivory or frost dam-
age) may be an exciting area of study in the future, and may even-
tually lead to some novel management recommendations in aspen.

4.2. Metagenomics

With current sequencing technologies, it is possible not only to
obtain genomic sequences of individuals, but also genomic se-
quences of environmental samples (with all the component organ-
isms). This approach is becoming more tractable as genomic
databases expand (Tyson et al., 2004; Eisen, 2007). For instance,
the soils associated with aspen clones could be subject to metage-
nomic sequencing, yielding DNA from plant roots, mycorrhizae,
other fungi, and soil bacteria. This scale of analysis allows assess-
ment of whole communities and how they change along clonal
boundaries, with clonal diversity, or across different environments.
This approach is a particularly powerful way to assess microbial
communities, since most of these organisms cannot be cultured
in a laboratory setting. In aspen, studies are already showing
clone-specific differences in soil chemical processes in common
garden studies (Madritch et al., 2006); metagenomic studies may
eventually help us understand the effects of clonal diversity and
stand structure on ecologically important soil processes (including
nutrient cycling, carbon sequestration, and water retention) in nat-
ural populations.

5. Conclusions

Here we have provided an overview of some of the current and
emerging genetic/genomic tools that can be used to answer impor-
tant questions in natural resource management. We focus specifi-
cally on the way that these technologies can be used to address
questions important to forest managers and ecologists, and we
use aspen as our example species throughout. Specifically, we ex-
plain how molecular tools are already being used to understand
the frequency and geography of seedling recruitment vs. suckering
in aspen, how genetic variation is distributed across the enormous
range of the species, and how the species has responded to past cli-
mate changes. Long and Mock (in press) have recently published a
complementary review on how information from several recent
studies (including genetic studies) are fundamentally changing
management perspectives on aspen in the western US.

We also suggest that an increasing range of ecological questions
in aspen are becoming tractable as molecular tools evolve, includ-
ing clonal aging, the influence of genet diversity on soil processes,
and a molecular understanding of adaptation to particular environ-
ments. It is our hope that the information presented here will help
foster linkages between emerging molecular approaches and ap-
plied research, potentially improving management and conserva-
tion of this important forest species.
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