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Association studies are becoming the experimental

approach of choice to dissect complex traits in many

organisms from humans to model plant systems. The

candidate gene based-association approach has several

important advantages for complex trait dissection in

many coniferous forest tree species, including random

mating and unstructured populations, adequate levels

of nucleotide diversity, rapid decay of linkage disequili-

brium, and precise evaluation of phenotype from clonal

or progeny testing. Allele discovery using association

approaches should lead to more-efficient methods of

marker-assisted breeding and a deeper understanding

of genetic adaptation in forest trees.

The genetic dissection of complex traits to their individual
gene components is a topic of great interest in biomedical [1]
and agricultural science [2]. Solving the easier problem of
identifying the genes coding for Mendelian traits has been
highly successful [3]. Geneticists have now turned their
attention to the more difficult problem of identifying the
individual genes causing common and complex diseases in
humans and the many agronomically important traits in
crops and livestock. Model systems, such as mouse and
Arabidopsis thaliana, are often used to overcome the
experimental limitations in humans or crop plants, respec-
tively. There is also a need to dissect complex traits in forest
trees, althoughthese long-livedspeciesareusually regarded
as difficult experimental organisms. In this review, we
briefly describe some of the issues that need to be addressed
to study complex traits successfully and propose that
conifers are an excellent experimental system, where the
nearly undomesticated random mating populations offer
good opportunities for gaining general insights into the
genetics of complex traits through association studies.

Approaches and pitfalls of mapping complex traits

Eric Lander and Nicholas Schork [4] have outlined the
major experimental approaches used in complex trait
dissection. In studies of livestock, crop plants and trees,
the experimental cross approach [quantitative trait locus
(QTL) mapping] is usually applied. QTL mapping in crops
[2] and forest trees [5] has contributed greatly to our
understanding of complex trait architecture, for example,

number, position and the size of the effect of QTLs. This
knowledge of QTLs can be efficiently applied to marker-
assisted breeding (MAB) in inbred crops, but in out-
crossing forest trees, the situations in which MAB
application can be used are more limited [6]. Beyond
MAB, there is a need to have a functional understanding of
QTLs. This requires positional cloning of the QTL and
complementation tests. This is feasible in organisms with
small genomes, mutants with well-defined effects and
efficient transformation systems. Furthermore, a complete
genome sequence greatly facilitates positional cloning of
QTLs. Arabidopsis has all these attributes and enables
efficient QTL identification [7]. QTLs have also been
identified in tomatoes andmaize [8,9]. Species of the forest
tree genus Populus also possess many of these attributes
but, as yet, QTLs have not been positionally cloned in these
species. By contrast, it is not possible to clone QTLs
positionally in conifers. Genome sizes are large [10], there
are few well-defined mutants and high-efficiency trans-
formation is still lacking.

Complex trait dissection in humans has largely been
achieved by examining the role of specific candidate genes,
chosen on the basis of their physiological function, with
allele sharing or association approaches. The candidate
gene approach was pioneered in Drosophila [11]. The
primary criticism of candidate-gene-based approaches in
humans is the failure to reproduce results [12,13]. Less
than half of the reported significant associations are
repeatable in later analyses [14]. Part of the inability to
reproduce results is because of the small sample sizes.
Studies in admixed human populations can also result in
false positive associations, where linkage disequilibrium is
the result of substructure, not a true association [12].
Contrasting results among studies might also be because
of locus heterogeneity (i.e. that different loci govern
variation in different populations). Another limitation of
the candidate-gene approach is that regulatory regions
are under-represented. The highly touted solution to the
candidate-gene limitation in humans is whole-genome
scans using dense genetic maps based on single nucleotide
polymorphisms (SNPs) [15]. This approach assumes that
the genome has haplotype blocks, within which, all SNPs
are highly associated. In such a case, associations with
phenotype can be detected with a more-limited number
of SNPs. This raises issues about the extent and the
distribution of linkage disequilibrium in genomes and the

Corresponding author: David B. Neale (dbneale@ucdavis.edu).

Available online 11 June 2004

Opinion TRENDS in Plant Science Vol.9 No.7 July 2004

www.sciencedirect.com 1360-1385/$ - see front matter. Published by Elsevier Ltd. doi:10.1016/j.tplants.2004.05.006

http://www.sciencedirect.com
Dave
Highlight

Dave
Highlight



number of SNPs that will be required [16–18]. The whole-
genome scan association-mapping approach has also been
proposed for crops [19,20] and livestock [21] to overcome
the problem of low resolution of QTL location in traditional
linkage studies.

From an evolutionary point of view, the nature of the
genes being mapped can differ between species, with
respect to the expected size of effects, the age of the
alleles, the frequency spectrum of alleles at the locus, and
the pattern of linkage disequilibrium around the genes
[22,23]. Until now, human geneticists havemostly mapped
rare disease genes. The deleterious alleles have large
phenotypic effects, they might be young, and for this
reason they will have extended linkage disequilibrium
around the mutation [24]. In common diseases, the under-
lying loci might have smaller effects, and the alleles might
be older [22,23]. Plant breeders are interested in genes
that have been under strong selection during domesti-
cation, such as flowering time loci (dwarf8) [25] or loci
affecting shoot architecture (teosinte branched 1) in maize
[26]. These also tend to have large effects. Alleles that have
been positively selected recently will have experienced a
rapid increase in frequency. This is also likely to result in
extended linkage disequilibrium around the causative
SNP, as found in maize [27]. By contrast, traits that are of
interest in forest trees have not been under intensive
artificial positive selection or strong negative purifying
selection. For instance, variation in wood quality seems to
be based on many loci with small effects [28]. It is likely
that the alleles are older and thus also have less dis-
equilibrium around them. The adaptive traits responsible
for local climatic adaptation, such as frost hardiness or
timing of growth could have been under stronger differ-
ential selection, but QTL studies point to many loci with
small individual effects in conifers [29,30], even if QTLs for
larger effects have been found in other natural plant
populations [31]. Thus, studies in forest trees should
inform us about the genetics of standing variation under
natural selection. The expected patterns of allele fre-
quencies, patterns of disequilibrium and size of effects
influence the design of association studies [32,33].

Association genetics is well suited to conifers

The fundamental difference between an association map-
ping study and a traditional QTL mapping study is the
nature of the mapping population [12]. The traditional
QTL mapping approach generates linkage disequilibrium
between genetic markers and QTLs through crossing of
different genotypes and creation of a segregating popu-
lation (e.g. F2 and backcross). The number of crossover
events is limited and the map resolution of QTLs is
determined by the size of the progeny array. In an
association mapping study, individuals are selected from
(preferably) non-structured populations, where recombi-
nation over many generations has broken up the linkage
disequilibrium that initially existed between a marker
allele and a novel QTL allele. Thus, the QTLs can be
mapped at a much finer resolution. QTLs studied are also
limited to the variation between the parents in the map-
ping cross, whereas association studies examine variation

in the whole population. In conifers, the lack of suitable
pedigrees also limits QTL studies.

Conifer genomes are extremely large (.1.0 £ 1010 bp)
and it will be many years before genome sequences are
determined. Thus, whole genome scan association map-
ping is not possible. The candidate-gene-based approach
is feasible and might even be more desirable given the
characteristics of conifer genome variation.

Themost important issues in designing and implement-
ing an association mapping study are: (i) population
structure in the natural populations, or structure gene-
rated during domestication and breeding, (ii) pattern of
nucleotide diversity, (iii) linkage disequilibrium and haplo-
type structure and (iv) evaluation of the phenotype. We
briefly discuss each of these issues with special reference
to the life history characteristics and reproductive biology
of conifers that make many species in this group of plants
highly amenable to association mapping.

Population structure and domestication history

Conifers have a mixed mating system (selfing and out-
crossing) but most offspring result from outcrossing [34].
Gene flow through pollen is highly efficient. Collectively,
these life history traits all lead to large effective population
sizes in many commercially important conifer species,
for instance Pinus taeda, Pinus sylvestris, Pseudotsuga
menziesii, and Picea abies. This is reflected in that only a
small proportion of variation (often less than 5%) is found
between populations [35] and at the nucleotide level in, for
example, Pinus taeda and Pinus sylvestris [36,37]. There
are some economically important conifers that have more
differentiated populations, such as Pinus radiata [38] and
Pinus pinaster [39] (,10–15% of variation is found
between populations). In these cases, the population struc-
ture is mostly accounted for by low divergence of isolated
natural populations, not unknown patterns of admixture.
Thus, the background average level of population struc-
ture at neutral loci is likely to be low in many conifers, for
example,Pinus taeda [40] and Pinus sylvestris [37]. Small-
scale initial studies also suggest that nuclear loci do not
show strong patterns caused by the post-glacial expansion
of the species, but are close to demographic equilibrium
[36]. Sampling of some conifer populationsmight be close to
the ideal of large, random-mating equilibrium populations.

The domestication and breeding of conifers is still in its
infancy [41]. The first attempts at genetic selection and
breeding of conifers did not begin until the mid-20th
century, centuries later than the domestication of most
agricultural crops. Conifers have generally not suffered
diversity losses because of domestication bottlenecks. In
some parts of the world, such as far northern Europe, Asia
and North America, humans have had almost no impact
on conifer populations [42]. Many conifer forests are the
result of natural regeneration; artificially regenerated
forests are the result of only one or two generations of
breeding. Thus, many conifer populations retain the allelic
diversity that has resulted from the forces of natural
selection over a long period of evolutionary time.

This low level or lack of population structure is rare in
other species. In case-control studies of humans, or in
studies of crop plants [25], the data can come from different

Opinion TRENDS in Plant Science Vol.9 No.7 July 2004326

www.sciencedirect.com

http://www.sciencedirect.com
Dave
Highlight

Dave
Highlight

Dave
Highlight

Dave
Highlight

Dave
Highlight

Dave
Highlight

Dave
Highlight

Dave
Highlight

Dave
Highlight



subpopulations. For example, late- and early-flowering
maize plants can differ at marker loci because of past
domestication history [25]. Such substructure creates
linkage disequilibrium between loci differing in allelic
frequency between the subpopulations, and thus spurious
associations. These problems can be avoided by inferring
the population structure and/or by conducting the associ-
ation analysis in unstructured populations [43]. These
issues have a lesser role in conifers because, in many
conifers, this structure is nearly absent, or at least known,
because the natural populations have large effective sizes
and there are nearly no effects of domestication history.

The lack of structure has several implications for
association mapping. For traits where there is little geo-
graphic differentiation, such as wood quality, it should be
possible to sample over wide areas for trait and SNP
variation with little concern for substructure effects.
However, forest geneticists are also interested in adaptive
variation in phenotypic traits that are highly differen-
tiated across populations, such as phenological traits
related to local adaptation or frost tolerance [29,44].
Most loci in the genome are not likely to show differen-
tiation, but it is likely that there will be higher differ-
entiation between populations in the genomic areas
governing the clines. Thus, a population genetic survey
of the nature of nucleotide variation could already provide
evidence for the role of the candidate gene [45]. Theoretical
studies show that the exact patterns will depend on the
details of the genetic architecture of the quantitative traits
[46–48] and the modes of selection [49]. To confirm the
associations between candidate locus genotype and pheno-
type, associations should be found also within the popu-
lations along a cline because there might be several
genetically independent phenotypic clines.

Estimation of nucleotide diversity

Association mapping, whether it be whole-genome scan
or candidate gene, requires abundant SNPs in the study
population. For this reason, researchers have often
conducted preliminary studies to assess nucleotide diver-
sity in genomes. Recent surveys for a few conifer species
illustrate the patterns among species and among genes
(Table 1). Estimates of synonymous coding region nucleo-
tide diversity (measured by the population mutation
parameter u) in a few crop species range from a high of
u ¼ 0.0173 in maize [50] to a low of 0.0011 in soybean [51].
Interestingly, in spite of expectations based on allozyme
data and life history characteristics, estimates of nucleo-
tide diversity from P. taeda and P. sylvestris are not among

the highest (Table 1), [35]. Nevertheless, conifers appear
to have ample nucleotide diversity to perform association
studies, perhaps on average at least five times as much
as humans do.

Efficient determination of haplotype and rapid decay of

linkage disequilibrium

The extent of linkage disequilibrium is crucially important
to association studies because it determines the physical
distance over which marker by trait associations will exist
and thus the marker density that is required. Estimates of
haplotype frequencies and linkage disequilibrium can be
obtained easily in selfing organisms, where double hetero-
zygotes with unknown phase are rare [20]. In outcross-
ing species, haplotype determination usually depends on
either isolating both alleles of an individual using various
methods, such as progeny testing, generating lines homo-
zygous for certain chromosomes, cloning, or allelic-specific
PCR. Alternatively, bioinformatics methods can be used
[52]. In conifers, the haploid storage tissue of the seeds
(megagametophyte) has the same genotype as the egg cell.
This makes haplotype determination by direct sequencing
and estimating linkage disequilibrium straightforward. It
also allows the paternal and maternal haplotype com-
ponents of the zygote to be determined. Further, the
haploid nature aids in distinguishing between members
of gene families because two different sequences must
originate from different loci.

Estimates of disequilibrium in the human genome vary
across genomic areas and populations [53–56], but might
extend over 50 kb. In plants, there are fewer studies of
linkage disequilibrium in populations and again estimates
vary considerably among species. In the annual selfing
species Arabidopsis, a genome-wide estimate of the extent
of linkage disequilibrium is ,250 kb, when sampled over
the global distribution area of the species [57]. In local
population samples, linkage disequilibrium might even
extend over whole chromosomes [57]. This finding agrees
with earlier data on linkage disequilibrium in selfing
plants, where even loosely linked or unlinked markers
showed evidence of linkage disequilibrium within popu-
lations [58]. In the selfing crop species soybean, there is
little decline in linkage disequilibrium over a distance of
,50 kb or more [51]. In other plant species, estimates of
linkage disequilibrium are restricted to within individual
candidate genes. In outcrossers, linkage disequilibrium
decays much more rapidly than in selfers, as expected.
David Remington et al. [59] found that linkage disequili-
brium varies among genes in maize but on average decays

Table 1. Estimates of nucleotide diversity (u or p when indicated) in a few conifer species

Species Number of genes (type) u (average) u (silent) u (non-synonymous) Ref

Pinus taeda 19 (wood) 0.00407 0.00658 0.00108 http://dendrome.ucdavis.edu/adept

Pinus taeda 28 (disease) 0.00489 0.00588 0.00183 http://dendrome.ucdavis.edu/adept

Pinus taeda 16 (drought) 0.00460 0.00700 0.00187 http://dendrome.ucdavis.edu/adept

Pinus sylvestris 1 (pal1) –a 0.00490 0.00030 [36]

Pinus sylvestris 2 (phytochrome) – 0.00300 0.00050 [37]

Pseudotsuga menziesii 12 (cold related) 0.00853 0.01256 0.00463 http://dendrome.ucdavis.edu/dfgp

Cryptomeria japonica 7 (various) – 0.00380p – [70]

a–, not reported in original papers.
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within ,1500 bp. Maud Tenaillon et al. [50] found
that linkage disequilibrium decayed even more rapidly
(,100–200 bp) in a more-diverse set of maize germplasm.
These findings emphasize how the decay of linkage
disequilibrium depends on sampling, an important aspect
in designing experiments.

Estimates of linkage disequilibriumvary among several
genes in P. taeda, but on average, linkage disequilibrium,
measured by the correlation coefficient between nucleotide
sites (r2), decays to less than 0.20 within ,1500 bp
(Figure 1). In P. sylvestris, in the few genes studied to
date, there is little linkage disequilibrium. Sites a few
hundred bp apart in the pal1 gene were completely
uncorrelated [36]. Population genetics theory predicts
that the larger the population recombination rate (4Nec,
the product of effective population size and recombination
rate per bp), the less linkage disequilibrium should be
expected. The low linkage disequilibrium findings dis-
cussed above can be accounted for by the large effective
population sizes of conifers. Outcrossing plants with
smaller disjunct populations, such as an outcrossing
relative of A. thaliana, Arabidopsis lyrata, might have a
more-limited number of haplotypes and probably more-
extensive linkage disequilibrium within populations [60].

Several aspects of linkage disequilibrium are relevant
for association mapping. First, the range of linkage
disequilibrium within the genome limits the possibilities
of genome-wide testing and the accuracy of fine mapping.
Extended linkage disequilibrium, as found in human
population isolates such as the Finns, or in selfing plants,
enables marker associations to be detected even with
relatively sparse maps [24,57]. When more-accurate map-
ping is required, a population with less linkage disequili-
brium, such as the African population, can be used, where
less linkage disequilibrium might exist than in European-
derived human populations [53] (but see [23]). In humans,
the existence of a few haplotype blocks over large stretches
of the genome might make whole-genome scans more
practical [61]. Similar considerations might be applicable
to some crop plants, such as soybeans with limited haplo-
typic diversity and high linkage disequilibrium [51].

For conifers, the situation is different. The available
data suggest that linkage disequilibrium declines within
the length of an average-sized gene (Figure 1). Genome-
wide association studies will not be possible because of
the enormous SNP marker density required. Thus, only a
candidate-gene approach is possible.

The possibilities for rational choice of candidate genes
are improving as more public EST databases become
available for conifers [62]. However, the EST databases
might not include genes expressed at very low levels. This
problem should be partly alleviated as the functional roles
of genes in Arabidopsis and other plants are elucidated.
Examining the role of a candidate gene might require
considering the effects of different members of a gene
family [63] to be certain that the functionally important
variable gene family member is included in the study. In
addition, the EST-based candidate-gene approach concen-
trates on the coding regions. Recent studies suggest that
phenotypic effects in human diseases are likely to be
caused by variants in transcribed sequences ,60% of the
time [3]. However, there is also increasing evidence that
promoter sequence variation underlies QTLs [64–66]. In
Drosophila, a study of well-defined candidate loci detected
many SNPs responsible for variation in antibacterial
immunity in both coding and 50 regions [67]. However, an
extensive survey of all non-synonymous SNPs at a strong
candidate locus Delta did not find the predicted associ-
ations between the locus and bristle number variation,
presumably because all relevant regulatory sequences
were not included [68]. Once candidate genes are ade-
quately chosen, conifers might represent a rare opportunity
to map the causative nucleotide because there is so little
linkage disequilibrium even between closely spaced SNPs.

Precise evaluation of phenotypes

One of the greatest experimental challenges in association
mapping in humans is evaluating the phenotype. Precise
evaluation of the phenotype is difficult in most animal
systems because of problems inminimizing environmental
variation. In inbred crop plants, inbred lines and recombi-
nant inbred lines enable replicated genetic tests to be
established. In maize, for example, Jeffry Thornsberry
et al. [25] used a population of 92 inbred lines to test for
associations between theDwarf8 gene and flowering time.
They were able to establish replicated genetic tests in
multiple years, seasons and field sites to test for associ-
ations. In forest trees, genetic values of individual trees
can be estimated by progeny testing [41] or clonal testing
[69]. In Pinus taeda, Pinus radiata and Pseudotsuga
menziesii, members of an association population can easily
be cloned by methods such as somatic embryogenesis and
rooted cuttings. When clones are produced, multiple
phenotypes can be evaluated, measured over time and
space. Destructive sampling of some individuals of the
clone is possible without losing the clone for future pheno-
typic evaluations. Clonal tests can be established at
multiple sites to test for G £ E (genotype £ environment)
interactions and can also be measured over many years to
address developmental questions. Clonal testing or pro-
geny testing enables precise and thorough evaluation of

Figure 1. Average rate of decay of linkage disequilibrium, measured by the

correlation coefficient between nucleotide sites (r2), in Pinus taeda based on

19 candidate genes. Decays to less than 0.20 within ,1500 bp.
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phenotypes, which is not always possible in animal
systems or even in all crop plants.

Perspective

Conifers are difficult genetic organisms in many respects
because of long generation times, large genomes, lack of
well-defined mutants and inefficiencies in transformation.
However, their relatively undomesticated condition and
large unstructured natural populations provide an ideal
situation for association genetics. Linkage disequilibrium
is expected to be limited in such populations, making a
candidate-gene-based approach optimal and certainly more
feasible and cost-effective than a genome-scan approach.
In large conifer populations, alleles determining common
phenotypes should be in detectable frequencies. Efficient
phenotypic evaluation will permit the detection of the
expected alleles of small effects. Conifers, unlike humans
and domesticated crops and animals, provide a near-ideal
population type to understand the functional significance
of allelic diversity on the broad distribution of phenotypes
found in nature. Conifers might even be a useful system
for identifying quantitative trait nucleotides. Association
mapping studies in conifers should greatly enhance our
understanding of the architecture of complex traits in
plants and possibly even humans. Along the way, useful
tools should be developed for tree breeders that can facili-
tate the development of better wood and paper products
but also decrease the need for harvesting and exploitation
of natural forests.
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