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Abstract

Strategies for the identification of functional genetic variation underlying phenotypic
traits of ecological and evolutionary importance have received considerable attention in the
literature recently. This paper aims to bring together and compare the relative strengths and
limitations of various potentially useful research strategies for dissecting functionally
important genetic variation in a wide range of organisms. We briefly explore the relative
strengths and limitations of traditional and emerging approaches and evaluate their potential
use in free-living populations. While it is likely that much of the progress in functional
genetic analyses will rely on progress in traditional model species, it is clear that with prudent
choices of methods and appropriate sampling designs, much headway can be also made in
a diverse range of species. We suggest that combining research approaches targeting different
functional and biological levels can potentially increase understanding the genetic basis of
ecological and evolutionary processes both in model and non-model organisms.
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Introduction

Identification of functional genetic variation underlying
phenotypic traits of evolutionary, agronomic or medical
importance is one of the most intriguing tasks in biology.
Until recently, extensive cross-field research directed at
understanding the role of functional genetic variation in
evolution has been primarily limited to the traditional
genetic model organisms, i.e. species with short generation
times and well characterized genomes (e.g. Krebs & Feder
1998; Cullum ef al. 2001). However, recent technological
and analytical advances enable similar cross-field studies
in species that have been the focus of considerable ecological
research, but are rather poorly characterized genetically
and physiologically (Feder & Mitchell-Olds 2003). Such
non-model organisms are currently extensively screened
to describe phylogeographical relationships and population
genetic structure using assumedly neutral nonfunctional

Correspondence: Craig Primmer, Fax: +358 2333 6680; E-mail:
craig.primmer@utu.fi

© 2005 Blackwell Publishing Ltd

molecular genetic variation. However, as stated by Lewontin
(1974), ‘To concentrate only on genetic change, without
attempting to relate it to the kinds of physiological, mor-
phogenetic, and behavioural evolution that are manifest in
the fossil record and in the diversity of extant organisms
and communities, is to forget entirely what we are trying
to explain in the first place.” This statement characterizes
the impetus behind the currently emerging research field
of ecological and evolutionary functional genomics,
which aims to apply cross-field approaches for identifying
functional genetic polymorphisms that affect the phenotypic
traits and fitness in natural environment (e.g. Jackson ef al.
2002; Feder & Mitchell-Olds 2003).

Rapid progress in genomics and related fields has resulted
in a wave of recent reviews advocating the application of
genomic approaches in various research areas, including
ecology and evolution (Boake efal. 2002; Heckel 2003;
Stearns & Magwene 2003; Delwiche 2004; Thomas & Klaper
2004; Hofmann ef al. 2005; Mauricio 2005), describing
the development of gene-targeted or ‘functional” genetic
markers (van Tienderen et al. 2002; Andersen & Liibberstedt
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2003; Rudd 2003; Varshney et al. 2005), and providing
detailed overviews on specific strategies for identification
functionally important variation (Table 1). However, most
reviews concentrate on small number of closely related
methodologies, often without judicious consideration for
other potentially useful alternatives. In addition, many
reports assume that extensive genomic resources, such
as large-insert genomic libraries, comprehensive expressed
sequence tag collections, microarray analysis platforms or
full genome sequence are already available for the species
of interest. Hence, their relevance to genetically less-studied
species is reduced.

The aim of this paper is to bring together and compare
various potentially useful research strategies for dissecting
functionally important genetic variation. We do not intend
to give a comprehensive overview of all available methods
and technical advances potentially useful for identifying
functional DNA polymorphisms, but rather we explore the
relative strengths and limitations of the currently most
widely used strategies and promising recent developments.
Finally, we emphasize the power of integration of comple-
mentary research strategies and suggest that combining

research approaches targeting different functional and
biological levels can significantly increase understanding
the genetic basis of various ecological and evolutionary
processes in wide range of organisms.

Research strategies for dissecting functional DNA
variation at different biological levels

For the purposes of this review, research strategies have
been classified into nine categories that utilize DNA,
messenger RNA (mRNA), protein, phenotypic and environ-
mental variation and can be applied at the individual, family
(pedigree), population or species level (Table 1; Information
Box). The outlined methods can be categorized on a scale
from ‘bottom-up’ to ‘top-down” approaches depending on
the focus of the research along the genotype—phenotype
pathway. ‘Bottom-up’ based approaches utilize DNA poly-
morphisms and traditionally assess if a particular locus has
been affected by directional or balancing selection either
directly or via linkage as opposed to neutral evolutionary
forces. When the neutral hypothesis is rejected, it can be
supposed that the particular locus or nearby region of the

Information Box — Outline of nine research
strategies for dissecting functional DNA variation

Single-locus and sequence-based ‘neutrality’ tests
represent a diverse group of statistical methods to test
for the null hypothesis of neutral evolution at different
timescales extending from current generation to hundreds
of thousands of generations.

Multiple-marker-based ‘neutrality’ tests utilize informa-
tion from numerous loci or genome regions to construct
the neutral null distribution based on the variability
characteristics of the markers in the analysed samples.
The combination of multiple marker information enables
distinguishing locus-/region-specific effects, such as
selection from the genome-wide effects due to, e.g.
random genetic drift and gene flow.

Quantitative trait locus mapping of messenger RNA
(mRNA) expression variation (also known as eQTL
mapping) uses the mRNA transcript abundance as a
molecular ‘phenotype’ and utilizes a linkage mapping
strategy (see below) to identify particular regions of
the genome that are associated with variation in gene
expression levels within a pedigree (family).
Allele-specific mRNA expression analysis enables
estimation of the expression levels of alternative alleles
within heterozygous individuals based on polymorphism
in the transcribed region of the gene.

Quantitative trait locus mapping of protein expression
variation combines linkage mapping (see below) and

protein expression analysis to identify particular regions
of the genome that are associated with variation in
quantitative and qualitative protein expression levels
within a pedigree (family).

Environmental association analysis evaluates if a
particular genotype/allele frequency is significantly
associated with a certain environmental variable over
time or space. Commonly, a significant association
between an environmental variable and an allele (or
haplotype) frequency is taken as evidence for directional
selection affecting the particular locus.

Quantitative trait locus (QTL) analyses (also known as
linkage mapping) identify particular regions of the
genome that are associated with the trait being assessed
or measured within a pedigree (family). Three basic
requirements for QTL mapping include genetic linkage
map information based on polymorphic markers,
pedigree (family) material to trace the segregation of
the markers and phenotypic data of individuals in the
pedigree.

Admixture mapping enables identification of genomic
regions that are nonrandomly distributed among natur-
ally occurring interpopulation or interspecific advanced
generation hybrids and associated with phenotypic or
fitness related traits.

Association analysis (linkage disequilibrium mapping)
tests if a certain genotype (or haplotype) associates non-
randomly with the phenotypic trait of interest within
families or populations.

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 3623-3642
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Table 1 Comparison of various strategies for identifying functional DNA polymorphisms

Genome
Gene coverage Directness®
Functional Species ascertainment Sampling (I=Iow; (1=Ilow; Reviewsand recent
level Strategy limitations bias unit Cost 10 = high) 10 = high) developments
DNA Single-locus  yes/no yes/no cohort/ low 1-3 1-2;34t  Kreitman 2000;
and sequence- population/ Yang & Bielawski 2000;
based species Nielsen 2001;
‘neutrality’ Ford 2002;
tests Wright & Gaut 2004
DNA Multiple- no yes/no cohort/ low/ 3-6 3-5 Sabeti et al. 2002;
marker- population/  medium Luikart et al. 2003;
based species Guinand et al. 2004;
‘neutrality’ Storz et al. 2004;
tests Beaumont 2005
mRNA- Quantitative  yes yes pedigree high 10 1-2;4-6F3  Jansen & Nap 2001;
DNA trait locus Pastinen & Hudson 2004;
mapping of Stamatoyannopoulos
mRNA 2004
expression
variation
mRNA- Allele-specific  yes yes heterozy- medium 12 9 Buckland 2004; Pastinen &
DNA mRNA gous /high Hudson 2004; Knight 2004;
expression individual® Stamatoyannopoulos 2004
analysis
Protein- Quantitative  yes yes pedigree high 10 1-2;4-63  de Vienne et al. 2001;
DNA trait locus Consoli et al. 2002;
mapping of Thiellement ef al. 2002
protein
expression
variation
DNA- Environmental yes yes/no cohort/ low/ 13 1-2;3-58  Eanes 1999;
environment association population medium Watt & Dean 2000
Phenotype  Quantitative  yes no pedigree medium 10 1-4 Mackay 2001;
— DNA trait locus /high Erickson et al. 2004;
(QTL) Slate 2005
analysis
Phenotype  Admixture yes no population/  medium 10 4-6 Rieseberg ef al. 2000;
—DNA mapping species of /high Rieseberg & Buerkle 2002;
hybrid origin Lexer ef al. 2004;
McKeigue 2005
Phenotype  Association yes yes/no family/ low-high  1-10 5-9** Neale & Savolainen 2004;
—DNA analysis population Hirschhorn & Daly 2005

*Strength of evidence that particular polymorphism affects phenotype (incl. mRNA and protein expression ‘phenotype’).

tTests based on comparisons between classes of mutations (e.g. dy;/dg ratio) are expected to provide less ambiguous evidence for selection
(directness: 3—4) than methods based on allelic distributions or levels of variability (directness: 1-2) (e.g. Nielsen 2001; Schlétterer et al. 2004).
$When the expression level of a gene is affected by loci in physically unlinked genomic regions, known as trans-acting factors, the strength
of evidence that particular polymorphism affects mRNA or protein expression ‘phenotype’ is relatively low (directness: 1-2). When the
expression level variation of a gene maps to the same position as the gene itself, it provides more direct support that transcription of
particular gene might be controlled by polymorphisms tightly linked to that gene, known as cis-acting factors (directness: 4—6).

§The strength of evidence that particular polymorphism affects phenotype is expected to be higher for temporal and microhabitat
association studies (directness: 3-5) than for large-scale (regional) environmental association analyses (directness: 1-2) (see text).
{Association analysis can be performed at various genomic scales starting from a single locus polymorphism analysis (genome coverage: 1)
to a high density whole genome screen (genome coverage: 10).
**The strength of evidence that particular polymorphism affects phenotype depends on the extent of linkage disequilibrium (LD), which
varies widely between species, populations and genomic regions (see text). The lower the level of LD, the stronger the evidence that
particular polymorphism or adjacent variant affects phenotype.

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 3623-3642



3626 A. VASEMAGI and C. R. PRIMMER

genome may contain genetic variants that affect phenotypic
variation and hence, fitness of the organism. At the opposite
end of the scale, ‘top-down” approaches, such as quantitative
trait loci (QTL) and association mapping, begin with the
phenotypic variation and aim to identify the genetic basis
of the phenotypic trait by describing the chromosomal
locations, number of loci, and the strengths and directions
of their effects. The main characteristics of the strategies,
including potential limitations, and the directness (in terms
of the strength of evidence that a particular polymorphism
affects the phenotype) of the approaches are summarized
in Table 1 and described in more detail below. Clearly,
there are substantial trade-offs between genome coverage,
directness and the cost of each approach which indicates
that generally no single strategy exists that is optimal for
every certain case or species. However, each strategy has
its strengths, and it is hoped that this review will assist
researchers in choosing the most appropriate strategy, or
combination of strategies for their particular study system.

Single-locus and sequence-based ‘neutrality’ tests

Both single marker and sequence data have been extensively
used to test the neutral null hypothesis to infer the evidence
of selection using a wide range of statistical methods.
Several excellent reviews on this topic exist (see Table 1 for
references) and hence, we provide only a brief overview
of the main characteristics related to single-locus and
sequence-based ‘neutrality’ tests. In its simplest form,
deviations from the expected Hardy—Weinberg genotypic
proportions within a population can be used to infer the
potential effect of strong selection on a particular marker
(Watt & Dean 2000). Unfortunately, this procedure has
very low statistical power (Lewontin & Cockerham 1959)
and many other confounding factors like null alleles,
genotyping errors, population substructure and migration
can cause false-positive results. Another single-locus method
that evaluates the functional significance of particular
polymorphism in the current generation is the test for
random mating in natural or experimental conditions, which
has been used for example to evaluate the importance of
major histocompatibility complex (MHC) gene sequence
variation in mate choice (reviewed in Bernatchez & Landry
2003; Garrigan & Hedrick 2003).

The next category of methods are based on allele fre-
quency distribution and/or level of variability and include
Ewens-Watterson test, HKA test, Tajima’s D-test and their
subsequent developments (Watterson 1977; Hudson et al.
1987; Tajima 1989; Fu 1996). Both the Ewens-Watterson
test, Tajima’s D-test and its derivates have been extensively
used to test the hypothesis of neutral equilibrium model
which includes strong assumptions regarding population
demographics, such as no population structure and con-
stant population size. In addition, recent simulations have

showed that Ewens—Watterson test for stepwise-mutation
model (Kimura & Ohta 1975; Cornuet & Luikart 1996) is
not a valid method to infer signatures of selection at
microsatellite loci (Schlotterer et al. 2004). As a result, it has
been increasingly realized that statistical methods based
on single locus allelic distribution and/or levels of vari-
ability cannot provide robust inferences of selection as they
strongly depend on demographic model (Nielsen 2001). For
example, Wright & Gaut (2005) suggested that the proportion
of genes that have reported to be under balancing or posit-
ive selection (>20%) in maize (Zea mays) and Arabidopsis
sp. represents most likely considerable overestimate.
Excellent depiction of the challenges related to neutral
equilibrium model-based tests is provided by Akey et al.
(2004), who analysed 132 human gene sequences and
applied extensive coalescent simulations to evaluate the
effect of various demographic scenarios to the performance
of four common ‘neutrality’ tests.

The third group of methods are based on comparisons of
between different classes of mutations within a locus and
include tests based on the nonsynonymous and synonym-
ous substitution ratio (dy/dg or K, /Kg) and McDonald—
Kreitman type test (Hughes & Nei 1988; McDonald &
Kreitman 1991). Unlike the methods described in the pre-
vious paragraph, this category of tests are not explicitly
based on neutral equilibrium model and therefore provide
stronger evidence of selection at the amino acid sequence
level (reviewed in Yang & Bielawski 2000; Nielsen 2001;
Yang 2002). In McDonald-Kreitman test, nonsynonymous
and synonymous polymorphism ratio within and between
species is compared in a 2 x 2 contingency table as d;/dg
ratio within and between species is expected to be the same
under neutrality. However, interpretation of the significant
outcome of the McDonald-Kreitman test can be complic-
ated because changes in population size together with
weak selection against deleterious mutations can either
increase or decrease the number of amino acid-changing
polymorphisms (Eyre-Walker 2002).

Estimation of the average nonsynonymous (dy) and
synonymous (dg) substitution ratio between two sequences
has been traditionally used to infer whether the particular
gene has been under negative selection (dy < dg), neutral
evolution (dy =dg) or positive selection (dy >ds) (Nei &
Gojobori 1986; Li 1993; Ina 1995). As the majority of amino
acid sites are highly conserved and only few substitutions
are expected to enhance the function of the protein, d > dg
calculated over the whole gene provides an extremely
stringent criterion for inferring the presence of positive
selection (Endo et al. 1996; Tiffin & Hahn 2002). Neverthe-
less, there is an increasing list of genes that have been
found to be under positive selection, especially those related
to reproduction and host—parasite interactions indicating
that the co-evolutionary arms race between sexes or host
and pathogen/parasite can lead to rapid protein evolution

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 3623-3642
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(reviewed in Ford 2002; Swanson & Vacquier 2002). More
elaborate approaches have been used to infer lineage-
specific episodes of positive selection from multiple sequ-
ences in a phylogenetic framework (e.g. Messler & Stewart
1997) and various methods have been developed to iden-
tify specific regions or even single sites under positive
selection (Fitch ef al. 1997; Nielsen & Yang 1998; Suzuki &
Gojobori 1999; Fares et al. 2002; Suzuki 2004; Massingham
& Goldman 2005). Application of these methods rep-
resents very powerful tool to obtain evidence of positive
selection and study function of the protein (Clark ef al.
2003; Sawyer et al. 2005). Nevertheless, such tests can pro-
duce misleading results if the underlying assumptions (i.e.
no recombination), ancestral sequence reconstruction or
nucleotide substitution model is violated or incorrect (e.g.
Kosakovsky Pond & Frost 2005). There has been active
debate recently over the usefulness of two currently most
widely used approaches, maximum-likelihood test (Nielsen
& Yang 1998) and parsimony test (Suzuki & Gojobori 1999)
to correctly identify positively selected genes and specific
sites. It has been suggested that the likelihood methods can
provide frequently false-positive results while parsimony
method has a low type I error rate (Suzuki & Nei 2001,
2002, 2004; Zhang 2004). Others stress that likelihood
method does not lead to an excess of false positives when
the underlying models are applied correctly and problems
with optimization are ruled out, while the parsimony
method has little power to detect positively selected sites
unless the data set is large (Wong et al. 2004).

In brief, single-locus and sequence-based ‘neutrality’
tests represent a diverse group of methods based on vari-
ous assumptions to test the neutral hypothesis at different
evolutionary timescales from current generation to hun-
dreds of thousands of generations. Obviously, methods
that estimate the role of selection over the history of species
(e.g. dy/dg) do not provide information whether or not the
observed substitution is currently under positive selection
(Garrigan & Hedrick 2003). Also, neutral equilibrium
model-based tests that infer selection over the history of
populations provide unambiguous evidence of selection
only in very limited circumstances, as described above. In
addition, even if the signal of selection at a particular gene
has been detected, often the selective agent remains
unknown. In summary, single-locus and sequence-based
‘neutrality” tests generally provide only limited evidence
that a certain DNA variant or tightly linked polymorphism
currently has direct phenotypic and fitness consequences.

Multiple-marker-based ‘neutrality’ test

Multiple-marker-based ‘neutrality” tests (also termed as a
‘population genomics’ approach, Black et al. 2001; or ‘genome
scan’, e.g. Storz 2005) are based on the concept of genetic
hitch-hiking (Maynard Smith & Haigh 1974) that predicts

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 3623-3642

that when the frequency of non-neutral polymorphism
changes as a result of selection, it also affects the flanking
neutral variation. By genotyping large numbers of markers
in sets of individuals taken from one or more populations
or species, it is possible to identify genomic regions or
‘outlier loci’ that exhibit patterns of variation that deviate
from the rest of the genome due to the effects of selection
(reviewed in Black ef al. 2001; Luikart et al. 2003; Schlotterer
2003; Storz 2005). Hence, a significant decrease in variability,
elevated divergence and/or an increase of linkage dis-
equilibrium is consistent with directional (positive) selection,
while more similar allele frequencies between populations
than expected can be caused by balancing selection. In
practice, however, it might be very difficult to detect loci
under balancing selection when the divergence between
samples is moderate or low (Beaumont & Balding 2004;
Beaumont 2005). On the other hand, there are an increasing
number of studies that have applied multiple-marker-based
‘neutrality’ tests to identify genes and genomic regions
potentially affected by positive selection related to coloni-
zation of a novel environment (Schlotterer 2002a; Storz
et al. 2004), drug and pesticide resistance (Kohn ef al. 2000;
Wootton et al. 2002; Nair et al. 2003; Catania et al. 2004),
domestication (Vigouroux et al. 2002, 2005; Goldringer &
Bataillon 2004; but see also Wiener ef al. 2003), reproductive
isolation (Wilding ef al. 2001; Campbell & Bernatchez 2004;
Emelianov et al. 2004; Rogers & Bernatchez 2005), local
adaptation (Kayser ef al. 2003; Storz & Dubach 2004;
Vasemagi ef al. 2005) and interspecific differentiation
(Scotti-Saintagne et al. 2004). Similarly to single-locus and
sequence-based methods, the multiple-marker-based
approach represents ‘bottom-up’ strategy and as it does not
require a priori definition of phenotype or candidate loci
(Kauer et al. 2002; Schl6tterer 2002b; Vasemaégi et al. 2005).

Multilocus ‘neutrality” tests for inferring positive selec-
tion can be broadly divided into three categories based on:
(i) reduction in variability within population, (ii) elevated
levels of divergence between samples, and (iii) increased
linkage disequilibrium along the chromosome. The first
empirical approach commonly utilizes highly variable
microsatellite loci to compare genetic diversity between
two samples by calculating the variance (V) in allele size
(In RV test; Schldtterer 2002a) or expected heterozygosity
(H) (In RH test; Kauer et al. 2002). It has been demonstrated
that In-transformed ratio of V and H are roughly normally
distributed under various demographic scenarios (Kauer
et al. 2002; Schlotterer 2002a). Therefore, loci that have been
affected by recent strong directional selection are expected
to lie in the tails of empirical genome-wide distribution of
In RV and In RH. Simulations indicate that In RV test has
lower power than the In RH test, as the former suffers from
higher variance and is sensitive to non-stepwise mutations
(Kauer et al. 2002). Nevertheless, the In RV-based test is
expected to be useful over longer time interval than the
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In RH test, as V is supposed to return to its equilibrium value
more slowly than H after the selective sweep (Kimmel ef al.
1998). One of the critical prerequisite of both In RV and
In RH test is the assumption of constant within-locus muta-
tion rate across populations. Given that there is strong
correlation between microsatellite repeat number and
mutation rate (Neff & Gross 2001) such an expectation is
probably unrealistic and different allele-specific mutation
rates can potentially have a significant bias to the outcome
In RV and In RH test.

The second group of multilocus neutrality tests compare
the level of divergence between two or more samples
to detect outlier loci that exhibit higher (or lower) than
expected intergeneration/population/species differenti-
ation (commonly measured as Fg; or analogous statistic).
The approach was originally proposed by Lewontin &
Krakauer (1973) and has been further developed, e.g. to
take account for population structure (Beaumont & Nichols
1996; Porter 2003; Beaumont & Balding 2004), to improve
accuracy by comparing only two, rather than multiple
populations (Tsakas & Krimbas 1976; Vitalis et al. 2001),
to enable use of the test with data for dominant markers
(Wilding et al. 2001) and to allow comparison of temporal
samples within a single population (Goldringer & Bataillon
2004). Commonly, the significance levels of these tests
are derived via simulations (Vitalis et al. 2001; Porter 2003;
Goldringer & Bataillon 2004; Beaumont 2005) but occasion-
ally, when the number of analysed markers is very large,
potential outlier loci have been directly identified from
the empirical data (Akey ef al. 2002). To overcome the
uncertainties related to various test assumptions in
model-based simulations, it has been advocated to employ
simultaneously two or more tests which are based on differ-
ent models and parameter estimation, and select outlier loci
for further analysis that are supported by multiple methods
(e.g. Storz et al. 2004; Vasemagi et al. 2005). Also, comparison
of different classes of markers (e.g. coding vs. noncoding
loci) can be used to infer the presence of selection in distinct
groups of polymorphisms (Scotti-Saintagne et al. 2004).

An efficient way to increase the reliability of the genome
scans is to utilize genetic linkage map information
(Emelianov ef al. 2004; Scotti-Saintagne et al. 2004) or avail-
able genome sequence (Harr et al. 2002; Schl6tterer 2003) to
identify specific chromosomal regions, rather than indi-
vidual markers, that are affected by directional selection.
Such a strategy, called ‘hitch-hiking mapping’, has been
successfully employed at various genomic scales in differ-
ent organisms, including rat (Kohn ef al. 2000), Drosophila
(Harr et al. 2002; Kauer et al. 2002; Catania et al. 2004), larch
budmoth (Zeiraphera diniana) (Emelianov et al. 2004), malaria
parasite (Plasmodium falciparum) (Wootton et al. 2002; Nair
et al. 2003) and closely related oak species (Scotti-Saintagne
et al. 2004). Several examples of how this approach has
been applied are outlined in Fig. 1. An alternative strategy,
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Fig.1 Examples of hitch-hiking mapping at whole genome,
chromosomal and fine-scale levels. (A) Comparison of allelic
diversity ratio (ADR) along the genome of chloroquine-resistant
and susceptible malaria parasite, Plasmodium falciparum,
populations from Africa measured using 342 microsatellite
markers. Highly significant reduction in diversity on chromosome
7 is consistent with a strong selective sweep driven by drug
resistance (modified from Wootton et al. 2002). (B) Interspecific
differentiation (Gg; values) between two closely related oak
species (Quercus petraea and Quercus robur) for 21 loci in a single
linkage group. Hatched bars indicate outlier loci which differ
significantly from the rest of the genome, most likely caused by
hitchhiking effects due to divergent selection (modified from
Scotti-Saintagne et al. 2004). (C) Relative variability estimates
expressed as In RV values for 14 microsatellites covering an X
chromosome region of 274.4 kb affected by putative selective
sweeps associated with the out-of-Africa colonization in
Drosophila melanogaster. The 95% confidence intervals of the
In RV statistic are indicated by dashed lines (modified from Harr
et al. 2002).
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which does not depend on the information of the genomic
location of the markers, is to exploit polymorphisms
tightly linked to the coding sequences, such as expressed
sequence tag (EST) linked microsatellites (Vigouroux ef al.
2002; Vasemagi et al. 2005). This approach is expected to be
more efficient than utilization of unmapped anonymous
markers [e.g. signs of selection were identified in 12-21% of
gene-linked loci (Scotti-Saintagne et al. 2004; Vasemagi et al.
2005) compared to 0-9% of anonymous loci (Wilding
et al. 2001; Campbell & Bernatchez 2004; Scotti-Saintagne
et al. 2004; Vasemagi et al. 2005)] and provides an efficient
means for further confirmatory sequence analysis of the
closest candidate gene when the full genome sequence of
the species of interest is not available. Other confirmatory
evidence of positive selection include searching for parallel
footprints of selection from multiple samples or popula-
tions (Wilding et al. 2001; Campbell & Bernatchez 2004),
unusually long high-frequency haplotypes (Sabeti ef al.
2002; Bersaglieri ef al. 2004; Kim & Nielsen 2004), associa-
tion with certain environmental variables (Storz & Dubach
2004) and co-localization with the known QTL region
(Rogers & Bernatchez 2005). Such complementary valida-
tion steps do not only reduce the number of false positives
from the initial genome scan, but can also generate useful
hypothesis about the underlying phenotypic trait and
potential selective agents for further functional analysis.
For example, recent genome scan in Atlantic salmon (Salmo
salar) identified microsatellite locus Ssal4 as a highly sig-
nificant outlier potentially affected by divergent selection
(Fig. 2A; Vasemagi et al. 2005). Notably, the same micro-
satellite locus has been found to linked to the upper thermal
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tolerance QTL in two other salmonid fish species, rainbow
trout (Oncorhynchus mykiss) (Fig. 2B) and Arctic charr
(Salvelinus alpinus) (Fig. 2C) (Somorjai et al. 2003), which
suggests that Ssa14 may be linked to loci affected by similar
temperature-related selection in Atlantic salmon.

The most significant advantage of multiple-marker
approach over the single-locus ‘neutrality’ tests is that the
null distribution is constructed using the variability
characteristics of the observed samples. Hence, multilocus
‘neutrality’ tests should not be biased by population his-
tory and demographic effects and can provide more direct
evidence of functional significance of particular gene
(Table 1). In addition, without a priori requirement to define
fitness-related phenotype, genome scans are expected
to be particularly suitable for analysis of adaptation and
speciation processes in natural populations of non-model
organisms.

c¢DNA microarrays and quantitative trait locus
mapping of mRNA expression variation

It has been generally recognized that DNA polymorphisms
in protein-coding regions account for only a fraction of the
total phenotypic diversity observed both between and
within species (Mackay 2001; Rodriguez-Trelles ef al. 2003).
Accordingly, it was proposed already three decades ago that
variation in gene expression, rather than coding sequences,
might explain a substantial proportion of the differences
between closely related species, such as humans and
chimpanzees (King & Wilson 1975; but see also Glazko et al.
2005). Recent large-scale gene expression studies using
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Fig. 2 Multiple evidence of the presence of functionally important variation linked to the genomic microsatellite Ssa14 in (A) Atlantic
salmon (Salmo salar) as revealed by genome-scan using 78 EST-linked (empty bullets) and 17 genomic (black bullets) tandem repeat markers
between two populations from the Baltic Sea. Dashed lines indicate the 99% confidence interval of standardized In RH estimates. Accession
numbers or locus names of putative candidate loci potentially affected by directional selection are indicated (modified from Vasemagi et al.
2005). Genetic linkage maps in (B) rainbow trout (Oncorhynchus mykiss) and (C) Arctic charr (Salvelinus alpinus) indicating the position of
the upper thermal tolerance (UTT) QTL as a solid and cross-hatched box (modified from Somorjai ef al. 2003).

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 3623-3642



3630 A. VASEMAGI and C. R. PRIMMER

c¢DNA microarrays have found considerable variation in
gene expression levels across individuals, populations
and species (e.g. Oleksiak ef al. 2002), which have invoked
heated debate over the biological significance of such
variation (Gibson 2003; Rodriguez-Trelles 2004; Feder &
Walser 2005). Perhaps not surprisingly, several studies have
suggested that a large part of the transcriptome differences
within and between species can be explained by the
stabilizing (Hsieh ef al. 2003; Rifkin et al. 2003; Lemos et al.
2005) or neutral models of transcriptome evolution
(Oleksiak et al. 2002; Khaitovich ef al. 2004). On the other
hand, it is also evident that quantitative mRINA expression
variation of certain genes has probable functional significance
and plays significant role in adaptive evolution (Ferea et al.
1999; Enard et al. 2002; Oleksiak et al. 2002).

Identification of the causative genetic polymorphisms
from gene expression data alone, however, is difficult
(Bochdanovits et al. 2003; Abzhanov et al. 2004; Drnevich
et al. 2004). This is extremely relevant because correlation
between transcript level and trait does not directly infer
that allelic variation of a particular gene directly affects the
phenotype as variation upstream in a particular pathway
can alter downstream gene expression. Given that it has
been shown that polymorphism in one gene can often affect
expression of many physically unlinked genes (trans-acting
factors) both in yeast, mice and humans (Brem et al. 2002;
Schadet et al. 2003a; Morley et al. 2004), the assumption that
a differentially expressed gene will contain a polymor-
phism directly responsible for the variation in transcript
abundance is often unlikely to be realistic. Therefore, iden-
tification of differentially expressed genes alone can be
regarded as rather ‘short’ step towards identification of
genetic polymorphisms underlying phenotypic diversity
(Feder & Walser 2005; but see also Gracey & Cossins 2003;
Nuzhdin et al. 2004).

Recently, it has been proposed that mRINA transcript
abundance can be considered as a quantitative trait amen-
able for genetic linkage (QTL) mapping (Jansen & Nap
2001; Doerge 2002). The rationale behind this strategy is
straightforward: by treating transcript abundance as a
‘phenotype’ and assessing whether or not a particular
marker cosegregates with the mRNA expression variation
within a family (or pedigree) it is possible to map the
genomic regions responsible for expression regulation of
particular gene (see Information box and Jansen & Nap
2004). When the expression level variation of a gene maps
to the same position as the gene itself, it provides evidence
that transcription of particular gene is controlled by poly-
morphisms tightly linked to that gene (known as cis-acting
factors; Fig. 3). Alternatively, the expression level of a par-
ticular gene can be controlled by loci in other physically
unlinked genomic regions, known as trans-acting factors.
Consequently, linkage mapping of mRNA expression level
variation [coined as ‘genetical genomics’ (Jansen & Nap
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Fig. 3 Schematic illustration of (A) genetic linkage mapping
combined with messenger RNA and protein transcript abundance
analysis to map the genomic regions (indicated between the two
vertical lines) in a segregating cross (F,) of parental chromosomes
(P1 and P2) responsible for variation in mRNA expression (eQTL),
protein abundance (PQL) and a phenotypic trait (QTL for size).
A differentially expressed hypothetical gene is denoted with an
arrow. (B) Physical co-localization of the hypothetical gene, its
mRNA expression variation, protein expression variation and
phenotypic QTL for size. Such a result would indicate that
cis-acting polymorphism(s) which affect the particular gene’s
expression level could be the causative agent resulting in variation
of the phenotypic trait.

2001) or eQTL mapping (Schadt et al. 2003a)] is particularly
suitable for estimation of the proportion of variation con-
trolled by cis- vs. trans-acting factors. Studies using eQTL
approach have already provided valuable insights into
transcriptional regulation in yeast, mice, maize and humans
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suggesting that a substantial part of gene expression is con-
trolled by one or several loci (Brem et al. 2002; Schadt ef al.
2003a). As a result, the integration of genetic linkage
mapping with gene transcription, protein expression and
phenotypic analysis approaches has been recognized as
very promising strategy for identifying polymorphisms
underlying complex traits in model organisms (Schadt
et al. 2003b; Jansen & Nap 2004; Kirst et al. 2004; Hubner
et al. 2005).

All the above-mentioned studies have used microarray
platforms for mRNA expression profiling and extensive
genetic map information to search for the regulatory poly-
morphisms of gene expression variation in model organ-
isms. The obvious limitations of the eQTL strategy in
non-model organisms are therefore following: (i) microarrays
are developed only in a limited number of species (ii) high
density genetic maps and pedigree information are often
not available (iii) the significant costs of simultaneous
expression analysis and genetic linkage mapping. Never-
theless, we suggest that eQTL approach can be successfully
performed in non-model organisms, especially for identi-
fication of variation in cis-acting regulatory elements. First,
it has been demonstrated that cross-species use of micro-
arrays is possible, with some extreme examples being the use
of a human microarray for analysis of pig (Moody ef al.
2002) and salmon gene expression (Tsoi et al. 2003). While
it is still too early to determine if there are any general
guidelines regarding the expected error rate and bias
towards highly conserved genes involved with cross-species
microarray use, it is clear that transfer between closely
related species will generally be feasible (e.g. Rise ef al.
2004). Second, a number of alternative mRNA transcript
profiling methods, such as differential display (Venkatesh
et al. 2005) and others (e.g. Breyne et al. 2003) may in fact be
applicable to an eQTL approach in non-model organisms.
Third, it is relatively straightforward to develop hundreds
of polymorphic markers and construct low-resolution genetic
maps in previously genetically uncharacterized species in
a relatively short period of time using molecular markers
such as amplified fragment length polymorphisms (AFLP)
and related methods (Vos ef al. 1995; Myburg et al. 2001).
However, as with any form of lineage mapping, the reso-
lution, or directness, of eQTL mapping is limited by the
number of recombination events that have occurred
during the crossing experiment. Therefore, dissecting the
genetic basis of trans-acting regulatory elements remains a
formidable task unless a high-density genetic map or whole
genome sequence information is available, Nevertheless,
less ambitious aims, such as identification of the propor-
tion of cis- vs. trans-acting factors, could be a realistic goal in
many cases. Obtaining such basic information in non-model
organisms would be of great interest as this has been stud-
ied in only a handful of species (reviewed in Jansen & Nap
2004), and determining the proportion of genes regulated
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by cis-acting factors will be important for evaluating the
prospects of further fine-scale characterization of functional
genetic variation. In addition, it would further our under-
standing of the general mechanisms of gene regulation.

Allele-specific mRNA expression analysis

A more direct approach for identification of regulatory
polymorphisms tightly linked to the transcribed gene
is to evaluate the evidence for allele-specific expression
differences (reviewed in Buckland 2004; Knight 2004; Yan
& Zhou 2004). The key advantage of this approach is that
relative expression levels of alternative alleles are measured
within heterozygous individual by designing allele-specific
primers based on known polymorphism in the transcribed
region of the gene (Singer-Sam et al. 1992). As a result,
allele-specific expression analysis circumvents the potential
biases of several confounding factors, such as environmental
variation and mRNA quality. Previously, allele-specific
differences in expression levels have shown to be associated
with the epigenetic phenomena and genomic imprinting
(e.g. Li et al. 1993). However, recent findings have shown
that a considerable proportion of genes in mammals
(Cowles et al. 2002; Yan et al. 2002; Bray et al. 2003) and
plants (Schaart et al. 2005) show highly tissue- and context-
specific allelic variation in gene expression. For example, a
recent study in maize demonstrated that alleles of two
stress-related genes, lipid transfer protein (LPT) and pro-rich
protein (PRP), respond differentially to stress treatments
(high density and drought) compared to the control group
(Guo et al. 2004). The biggest limitation of PCR-based
allele-specific expression profiling methods is the need of
polymorphism within the transcribed sequence and relatively
low throughput: identification of the polymorphisms
themselves and subsequent analyses can be time consuming,.
Several sophisticated approaches have been recently
proposed to overcome these limitations (Ding & Cantor
2003; Lo et al. 2003; Ronald et al. 2005) but the robustness
and the usefulness of these methods in non-model organisms
remains to be evaluated. Therefore, allele-specific expression
analyses of previously uncharacterized genes has a low
probability of revealing functional polymorphisms that
underlie phenotypic traits in non-model organisms. How-
ever, allele-specific expression profiling holds promise for
exploring the potential presence of cis-acting regulatory
DNA polymorphisms in previously identified candidate
genes for which there is some prior evidence of its potential
effect to particular phenotype.

Quantitative trait locus mapping of protein
expression variation

As numerous pre-, co- and post-translational modifications
take place prior to the formation of a functional protein,



3632 A. VASEMAGI and C. R. PRIMMER

mapping of genomic regions associated with the variation
in protein expression lies a step closer to the phenotype
compared to mRNA expression studies (Feder & Walser
2005). As for eQTL analysis (see above), quantitative trait
locus mapping of protein expression variation utilizes
linkage mapping to identify the genomic regions responsible
for protein expression variation within a known pedigree
(Fig. 3). For the past 30 years, two-dimensional (2D) gel
electrophoresis has been the most widely used technique
to separate and estimate the expression level of hundreds
of proteins simultaneously according to isoelectric point,
molecular mass and solubility (reviewed in Gorg et al.
2004). The first application of a QTL approach to study
quantitative and qualitative protein variation using 2D gel
electrophoresis was performed in maize (Damerval ef al.
1994). Altogether 70 genomic regions were identified that
affected the expression of 42 polypeptides, one to five
protein quantity loci (PQL) per gene (Damerval et al. 1994).
Commonly, two different types of protein polymorphisms
can be distinguished: variation in protein quantity and
electrophoretic position (position shift). The position shift
loci have been mostly mapped to the structural genes
themselves while protein abundance is often regulated by
numerous physically unlinked trans-acting loci (de Vienne
et al. 2001; Klose et al. 2002). Recently, the same strategy
(termed ‘quantitative proteomics’) was used to analyse
over 8700 proteins in a backcross of two mouse species
(Mus musculus and Mus spretus). Among 1324 proteins that
showed consistent variation, Klose and colleagues (2002)
mapped 665 proteins and identified 466 of them using
mass spectrometry demonstrating that combining large-
gel 2D electrophoresis and linkage mapping can identify
regulatory regions of hundreds of proteins. Obviously, the
protein quantity is not the only component that determines
the physiological effect of the protein. Linkage mapping
studies have been also used to search for genomic regions
that underlie enzyme activities, a trait that depends both
on the abundance and efficiency of the protein (e.g. Prioul
et al. 1999).

Generally, PQL suffers of similar limitations as the eQTL
approach such as a requirement of large family (pedigree)
material and reasonable amount of fresh tissue. Also,
similar to eQTL analysis, PQL mapping does not directly
reveal whether the regulatory polymorphism that affects
the expression of the particular protein has any phenotypic
consequences. Several studies have attempted to assess the
functional link between gene expression polymorphism
and phenotype by evaluating whether certain PQLs (or
eQTLs) co-localize with phenotypic QTLs (de Vienne et al.
2001; Hubner et al. 2005). For example, co-localization of
three genomic regions responsible for certain drought-
induced protein abundance (PQL) and growth under
stress (QTL) has been reported in maize (de Vienne ef al.
2001). As triple co-localization is unlikely to be due to

chance, the authors suggested that regulatory polymor-
phisms that affect the abundance of particular protein
could be directly linked for the growth under stress. The
biggest advantage of the PQL strategy is currently related
to the use of 2D gel electrophoresis that enables the sepa-
ration and abundance estimation of hundreds of proteins
simultaneously without any prior information of the
polypeptide. However, compared to mRNA microarray
platforms 2D gel electrophoresis can be still considered a
relatively low throughput technique, as generally only
hundreds, rather than thousands of genes, can be simulta-
neously analysed.

Environmental association

Environmental association studies generally assess whether
a particular genotype correlates with a certain environmental
variable. Such studies can be divided into two broad
categories: (i) temporal approach, where allele frequency
change together with the environmental factors are
monitored over time within a single cohort or population,
or where the survival of alternate genotypes in certain
environments are monitored over generations; (ii) spatial
approach, where the association between allele frequencies
and environmental variables from spatially distinct samples/
populations is measured. The first strategy has been widely
used in artificial selection studies in microorganisms to
study the genetic changes that underlie adaptation to
various environmental factors (e.g. Elena & Lenski 2003).
For example, in one of the longest running evolutionary
experiments, Lenski (2004) reviews over a 20 000 generation
long study in the prokaryote Escherichia coli. Occasionally,
temporal association studies have also been applied in
free-living natural populations. For example, Planes &
Romans (2004) followed a single cohort of marine fish
Diplodus sargus over 4 months from pelagic larval stage to
settlement and reported gradual allele frequency change in
phosphoglycomutase enzyme (Pgm) which together with
common-garden aquarium experiments provided convincing
evidence that variation in Pgm or closely linked loci affects
the growth and survival of this species.

Spatial association studies can be divided into small-
(microhabitat) and large-scale (regional) approaches. The
distinction between these two is not directly related to the
physical distance per se but rather depends on the spatial
scale of dispersal and steepness of the environmental
gradient. Thus, gene flow is expected to strongly counter-
balance selection in the microhabitat environmental gradient
and only strong selection pressures are expected to pro-
duce associations (a clinal relationship) between allele or
haplotype frequency and environmental variables. On a
small spatial scale, historical processes such as founder
effects and admixture of previously isolated populations
are expected to have no confounding effects as the genetic
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consequences of these processes should be common to all
samples. Small-scale environmental association studies
have been carried out mainly to evaluate the functional sig-
nificance of allozyme polymorphisms and several studies
have demonstrated that differential selection gradients can
exist over very short distances (Johannesson et al. 1995).
For example, in the northern acorn barnacle (Semibalanus
balanoides) Schmidt & Rand (1999) reported a significant
and temporally consistent association between mannose-
6-phosphate isomerase (Mpi) polymorphism and intertidal
thermal microhabitats, suggesting that Mpi or a closely
linked locus plays important role in adaptation to environ-
mental heterogeneity. Similarly, in the polychaete Alvinella
pompejana that lives in deep-sea hydrothermal vents, phos-
phoglycomutase enzyme (Pgm) polymorphism has been
shown to correlate strongly with the mean temperature of
the habitat (Piccino et al. 2004). It is interesting to note that
the presence of temperature-related selection on Pgm has
been reported in a wide range of organisms (e.g. Eanes
1999; Verrelli & Eanes 2001).

By far the most commonly reported marker—environment
associations in natural populations are large-scale
latitudinal analyses where the presence of statistically sig-
nificant associations between latitude and allele (or haplo-
type) frequency have been frequently taken as support for
the hypothesis that positive natural selection maintains
single-locus clinal variation (e.g. Eanes 1999; Baines ef al.
2004; Sezgin et al. 2004). The major difficulty is, however,
that no population-specific null expectation exists regard-
ing how frequently neutral polymorphisms are also
expected to show clinal variation. Consequently, it is often
overlooked that large-scale clinality of molecular variation
can be easily explained by historical processes, such as
founder effects or hybridization of previously isolated
populations and migrational patterns, such as spatially
restricted gene flow (isolation by distance). Furthermore,
environmental association studies traditionally utilize a
very limited number of loci (but see also Storz & Dubach
2004) which often makes difficult, if not impossible, to
evaluate the alternative neutral explanation. Therefore,
as emphasized by Clarke (1975), selection should only be
invoked as a reasonable explanation when additional
functional evidence, independent parallel clines within or
between species is found. Finally, it is important not to
underestimate the difficulties of correctly determining and
measuring the biologically relevant environmental factors
to avoid spurious or misleading associations. For example,
a significant single-locus latitudinal cline can suggest, but
not identify, what type of biotic or abiotic factors have
operated as selective agents. Clearly, it is not a trivial task
even in relatively well-studied systems where reasonable
environmental variable candidate may exist (Schmidt &
Rand 1999; Veliz et al. 2004). To conclude, empirical envi-
ronmental association studies, and especially temporal
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analysis, can provide an invaluable link between the genetic
variation and selective processes in natural environments,
but the successful execution of such an approach requires
thorough evaluation of the alternative neutral scenarios
together with a shift from single-locus towards multilocus
analyses.

Quantitative trait locus analysis

Quantitative trait locus (QTL) analysis (also referred as
linkage mapping) has been extensively used in model
organisms (Mackay 2001), plants (Mauricio 2001) and
domestic animals (Andersson & Georges 2004) to identify
certain regions of the genome that are associated with the
phenotypic traits of interest. Several recent reviews have
comprehensively addressed the application of QTL analysis
for studying a wide range of ecological and evolution
questions in non-model species (Erickson ef al. 2004; Slate
2005) and hence details of different mapping strategies will
not be covered here. In general, the effectiveness of a QTL
mapping strategy for identifying genes affecting the
trait of interest will be most efficient when (i) detailed
multigenerational pedigree information is available and
(i) a dense genetic linkage map is available for the species.
Clearly the number of free-living species for which these
criteria are fulfilled is quite limited. However, the recent
reviews listed above describe a number of strategies through
which significant progress can still be made even when all
criteria are not fulfilled. Nevertheless, it is important to
remember that while the knowledge of the number and
effect size of the genomic region(s) controlling the trait of
interest is very valuable, the procedure to identifying the
gene(s) and subsequently the quantitative trait nucleotide(s)
(QTN) of the QTL is still very time consuming (Slate 2005).
Therefore, in this review, we focus on applications of QTL
mapping which are integrated with other approaches (Fig. 3;
see above) and several additional mapping strategies
suitable for application in free-living populations and
discuss their potential integration with other approaches
(see below).

Admixture mapping

Hybridization and introgression is common both in plants
and animals (Dowling & Secor 1997; Allendorf et al. 2001)
and offers a unique opportunity to study the genetic basis
underlying the processes of speciation and adaptation
(Arnold 1997; Mallet 2005). The use of naturally occurring
advanced generation hybrids for linkage mapping studies
can essentially be viewed as an extension of conventional
linkage mapping in an artificial experimental cross resembling
an advanced intercross line (Darvasi & Soller 1995). The
basic principle of admixture mapping is straightforward: if
individuals from two genetically distinct populations that
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differ in allele frequencies affecting the trait of interest
hybridize, it is expected that the ancestry of the chromosomal
region linked to that locus is non-randomly associated
with the underlying trait (Fig. 4A). Because recombination
reduces the size of the chromosomal blocks inherited from
each of the contributing population in every subsequent
generation, admixture mapping is expected to have sub-
stantially higher resolution than traditional QTL analysis
that utilizes second-generation hybrids as the regions in
which significant linkage is detected will be smaller due to
the increased number of recombination events (Table 1).
On the other hand, the resolution of admixture mapping is
still lower than of association analysis that is based on
ancestral linkage disequilibrium (LD) pattern generated
over hundreds and thousands of generations (see below).
Several recent reviews have emphasized the potential
value of advanced backcrosses for genetic mapping in
naturally occurring hybrid zones in plants (e.g. Rieseberg
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Fig. 4 Admixture mapping. (A) Schematic illustration of the
nonrandom ancestry of chromosomal regions in a hybrid
population originating from two genetically distinct populations/
species (marked as black and white segments). Nonrandom
genomic composition of a particular chromosomal region (indicated
between two vertical lines) is suggestive of natural selection,
rather than genetic drift affecting the genomic composition of the
region. (B) Deviation from random introgression along the PWG
linkage group in a natural hybrid zone between two sunflower
species (Helianthus annuus and Helianthus petiolaris). Gray and
hatched bars correspond to significant and nonsignificant deviations
from random genome introgression, respectively, measured at 11
species-specific markers. The introgression pattern was highly
consistent in three separate hybrid zones (modified from
Rieseberg et al. 1999).

et al. 2000; Rieseberg & Buerkle 2002) but the approach can
be successfully applied in many other organisms of mixed
genetic origin (Rogers et al. 2001; Darvasi & Shifman 2005;
McKeigue 2005).

Compared to QTL analysis in advanced inbred lines,
admixture mapping in natural populations poses several
practical and theoretical challenges (reviewed in Rieseberg
& Buerkle 2002; McKeigue 2005). First, the admixture level
among individuals varies in natural populations, which
can generate false associations if not taken into account.
Second, the ancestral populations that contributed to the
admixed population may not be available or known.
Third, there may be no fixed differences in allele frequen-
cies which prohibits the development of fully diagnostic
markers for separating ancestral populations. However,
recently developed statistical tools (Hoggart et al. 2004;
Montana & Pritchard 2004) have provided a means to over-
come such shortcomings and demonstrated that admix-
ture mapping can be efficient and cost-effective way to
identify genetic regions responsible for variation in com-
plex phenotypic traits (Zhu et al. 2005). Importantly, map-
based analysis of highly recombinant natural hybrids
allows an evaluation of the fitness of parental chromosome
segments even without direct information about the
underlying phenotype. For example, linkage analysis of
hybrid zones in two sunflower species (Helianthus petiolaris,
Helianthus annuus) revealed large numbers of chromosomal
segments that appeared to be under the same direction of
selection in three hybrid populations indicating that natural
selection, rather than genetic drift, has been the primary
evolutionary force affecting the genomic composition of
the ancient hybrid populations (Fig. 4B; Rieseberg ef al. 1999).
Nevertheless, admixture mapping together with phenotypic
information can provide further information about the
underlying traits and the evolutionary mechanisms that
contribute to isolation. For, example, in sunflowers, associ-
ation between pollen sterility and negatively selected
genomic regions provided a reasonable explanation why
these segments have been disadvantageous in hybrids
(Rieseberg et al. 1999). In addition, in a follow-up study
(Rieseberg et al. 2003) compared the genetic composition of
ancient hybrids with artificially made backcrosses and
demonstrated that the same chromosomal combinations
are required to generate similar phenotypes in both
synthetic and ancient hybrids. The authors suggest that the
results corroborate the importance of the role that hybrid-
ization can play in adaptive evolution and suggest that
hybridization offers a means for rapid adaptive evolutionary
transitions.

Association analysis

Association studies (also referred as linkage disequilibrium
mapping) test if a certain genotype (or haplotype) is
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associated more frequently with a phenotypic trait than
expected by chance alone by utilizing the non-random
occurrence of alleles at linked loci, known as linkage
disequilibrium (LD). The extent of LD depends on many
biological and demographic factors, including recombination
rate, population history, selection and mating system
characteristics. As a result, the extent of linkage dis-
equilibrium varies widely across species, populations and
genomic regions (Jorde 2000). For example, LD extends
over hundreds of kilobases in predominantly selfing species
like Arabidopsis and rice (Nordborg et al. 2002; Garris ef al.
2003) whereas linkage disequilibrium in outcrossing species
can rapidly decay to distances of less than 1 kb (Langley
et al. 2000; Remington et al. 2001). In addition, both the rate
and pattern of LD can differ considerably between genetically
closely related species (Remington et al. 2001; Hamblin
et al. 2004; Ptak et al. 2005). Linkage disequilibrium has
crucial implications to association mapping as it affects
both the power and directness of the approach. Extended
LD enables to screen for associations with the limited
number of markers, but the precise location of the QTL
cannot be inferred. On the contrary, reduced linkage
disequilibrium allows accurate fine-scale mapping but the
number of markers required for the whole-genome scan
can be extremely large. In humans, one million random
single nucleotide polymorphisms (SNPs) has been suggested
to provide reasonable whole—genome coverage for associ-
ation studies (Hirschhorn & Daly 2005). As a result,
association studies that screen comprehensively the entire
genome are generally not feasible for non-model organisms
in the near future. As an alternative to the whole-genome
screens, several recent reviews have advocated the utility
of regional or candidate—gene association approach where
only a small part of the entire genome is covered using
random or gene-targeted markers (Cardon & Bell 2001;
Tabor et al. 2002; Simko 2004). Such a candidate-region/
gene association approach has been recognized as a pro-
mising means of finding functionally important polymor-
phisms in naturally occurring long-lived species with the
large genome size (such as in conifers) where traditional
linkage mapping using experimental crossing is impossible
or prohibitively time-consuming (Neale & Savolainen 2004).

Two general classes of association tests can be distin-
guished: population based case-control studies and
pedigree-based analyses. Case-control design compares the
marker frequencies among individuals that differ in the
phenotypic trait of interest within a single panmictic popu-
lation, while pedigree-based analyses estimate whether
heterozygous parents transmit a particular allele more or
less frequently to the progeny with certain phenotype than
expected. Both types of tests have been extensively devel-
oped in medical genetics (Hirschhorn & Daly 2005) but
occasionally, LD mapping has also been applied to other
organisms (e.g. Hernandez-Sanchez et al. 2003; Streelman
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et al. 2003). The biggest advance of case-control design
is its relative simplicity to obtain individuals that differ
in particular trait. At the same time, case-control tests can
have several potential confounding effects related to poorly
matched control group and population stratification
(Cardon & Bell 2001; Hirschhorn & Daly 2005). Recently
developed statistical methods that account for the popula-
tion stratification have enabled construction of valid case-
control tests even in the presence of population structure
(Pritchard ef al. 2000; Pritchard & Donnelly 2001). Pedigree—
based association studies (such as the transmission-
disequilibrium test, TDT) are not affected by population
stratification but are susceptible to false-positive results
from genotyping errors and missing data (Mitchell ef al.
2003; Hirschhorn & Daly 2005) and require family based
samples that can be difficult to obtain in non-model organ-
isms (but see Moen et al. 2004).

To date, most LD mapping studies conducted in non-
model organisms have tested the association between a
particular phenotype and small number of previously
identified candidate genes. The diverse range of organisms
in which associations between major histocompatibility
complex (MHC) genes and immune response have been
identified (reviewed in Bernatchez & Landry 2003; Garrigan
& Hedrick 2003) are a classic example of utilizing such
an approach. In addition, there is increasing evidence that
some genes can control similar phenotypic traits even in
distantly related species (Fitzpatrick et al. 2005) which will
aide the identification of candidate genes study in non-model
organisms. For example, mutations in the Melanocortin-1
receptor gene (MCIR) were first implicated in controlling
coat colour variation in a range of model organisms includ-
ing mice (Robbins etal. 1993), humans (Valverde ef al.
1995), chickens (Takeuchi et al. 1996) and pigs (Kijas et al.
1998). Subsequent studies have identified strong associ-
ations between mutations in the same gene and colour
phenotypes in a range of free-living species including several
bird species (Theron et al. 2001; Mundy et al. 2004), pocket
mice (Nachman et al. 2003) and lizards (Rosenblum et al.
2004). However, studies of the same gene also provide a
reminder that such a candidate gene approach will not
always prove successful in identifying ecologically impor-
tant mutations. For example, MacDougall-Shackleton ef al.
(2003) did not identify any mutations in MCIR which
corresponded to variation in the plumage patterns of old
world leaf warblers. Such studies provide examples how
different genetic solutions can be obtained for the same
evolutionary problem, and highlight the importance of the
reporting of negative results.

Commonly, associations are tested separately for every
single polymorphism within the gene even when there is
extensive linkage disequilibrium between markers. How-
ever, it has been recognized that utilization of haplotypes,
rather than single locus polymorphisms, can provide a
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more powerful strategy to test for phenotypic associations
(e.g. Akey et al. 2001; Zaykin et al. 2002; Zhao et al. 2003;
Simko 2004; but see also Cuppen 2005 for more critical
view). Recently, a simple method was introduced that
partitions the haplotype tree into two or more clades and
estimates the phenotypic association related to the specific
substitution(s) in the haplotype tree (Templeton et al. 2005).
Such analyses provide a promising evolutionary frame-
work enabling interpretation of the associations of multiple
linked loci and are expected to be especially useful in
candidate gene association studies of non-model organ-
isms in the future.

Limitations

Identification of the causative polymorphisms underlying
phenotypic traits is an extremely challenging task in
organisms which lack extensive sequence information and
genomic resources. Moreover, even in well-studied species
the discovery of functional genetic variation that affects
complex (multigenic) traits can be often more time con-
suming and complex than expected (Flint & Mott 2001;
Mackay 2001; Caicedo ef al. 2004). To illustrate the difficulties
related to gene discovery starting from QTL mapping,
Nadeau & Frankel (2000) described the procedure as a
‘long and bumpy road’. We argue that such a view may
actually under-estimate the challenge of identifying genetic
variation of functional importance in many non-model
organisms, as the ‘roads’ are yet to be constructed for many
species. In addition, formal evidence, or burden of proof,
that a certain genetic variant affects particular trait can be
very difficult to obtain and has been demonstrated rather
limited number of cases (Glazier et al. 2002; Abiola et al.
2003). For example, even when perfect association between
a polymorphic site and phenotypic trait is found, other
tightly linked polymorphisms can be responsible for the
variation of the trait. As a result, most of the evidence on
the functional role of a particular polymorphism in non-
model species can be considered as inconclusive as the
possibility that other closely linked variants affect the
phenotypic trait of interest have been formally rejected in
limited number of cases (but see also Schulte et al. 2000;
Stolz et al. 2003; Colosimo etal. 2005). Therefore, it is
unrealistic for studies of functional variation in non-model
organisms to reach the same levels of confirmation achieved
in research on model organisms. Nevertheless, this does
not make such research efforts futile (see below).
Determination of the generality of a particular finding is
another critical factor often neglected as analysis of func-
tional genetic variation is frequently performed within just
a single family or population. For example, Symonds et al.
(2005) analysed four crosses derived from different natural
populations in Arabidopsis thaliana and identified nine QTL
with significant effects on trichome density. However,

only two of the nine QTL mapped to the same linkage posi-
tions in all four populations, while seven QTL were popu-
lation specific. Similarly, Nachman ef al. (2003) reported
that while MC1R mutations were associated with coat colour
polymorphism in one pocket mouse population, while
no similar association was observed in three additional
populations situated 700 km away. Therefore, it is important
to recognize that utilizing multiple, independent samples
(individuals, families, populations or species) is expected
to provide better understanding of the functional genetic
variation than any single sample approach alone.

Future directions: the promise of integrative
approaches

Despite the fact that in many cases it will not be possible for
studies of functional variation in non-model organisms to
reach the same levels of confirmation achieved in research
on model organisms, valuable information can still be
gained by taking smaller ‘steps’. Clearly, combining more
than one of the research approaches described above
(Table 1) will increase the reliability of the findings (e.g.
Rieseberg et al. 2003; Rogers & Bernatchez 2005). Several
recent studies, together with the examples described earlier,
illustrate this point by successfully combining several
complementary approaches at multiple levels of biological
complexity (Liu et al. 2001). For example, using quantitative
trait locus mapping, Wayne & McIntyre (2002) initially
identified 5286 genes that fell within the QTL region
responsible for the variation of ovariole number in Drosophila
melanogaster. Deficiency (deletion) mapping reduced the
number of positional candidate genes to 548 and expression
analysis identified 34 of these to be differentially expressed.
These 34 loci are strong candidates to be associated with
the trait but in order to identify particular functional
polymorphisms causing the observed phenotypic variation,
additional approaches such as allele-specific expression
profiling, eQTL mapping, association analysis or trans-
formation are needed. At present, we are not aware of
any single study that have utilized linkage mapping to
simultaneously identify genomic regions responsible for
the variation in gene transcription, protein expression and
phenotypic trait. Nevertheless, it has been increasingly
recognized that a ‘systems biology approacly’, i.e. integration
of genotypic, transcriptomic, proteomic and phenotypic
information provides a promising means of searching for
causative polymorphisms underlying complex trait of
interest (Schadt et al. 2003b).

In conclusion, combination of independent research
approaches at various functional (i.e. DNA, mRNA, protein)
and biological (i.e. individual, population, species) levels
can provide a better understanding of the role of molecular
variation in genetic, ecological and evolutionary processes
in a wide range of species. It is likely that much of the

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 3623-3642
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future progress in functional genetic analyses will rely on
progress in model species, as has been the case in the past,
but, as evidenced by the examples outlined in this review,
with prudent application of methodologies and appropriate
sampling designs, much headway will continue to be
made in an increasingly diverse range of organisms.
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