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Population-based mapping approaches are
attractive for tracing the genetic background to
phenotypic traits in wild species, given that it is
often difficult to gather extensive and well-
defined pedigrees needed for quantitative trait
locus analysis. However, the feasibility of associ-
ation or hitch-hiking mapping is dependent on
the degree of linkage disequilibrium (LD) in the
population, on which there is yet limited infor-
mation for wild species. Here we use single
nucleotide polymorphism (SNP) markers from
23 genes in a recently established linkage map of
the Z chromosome of the collared flycatcher, to
study the extent of LD in a natural bird popu-
lation. In most but not all cases we find SNPs
within the same intron (less than 500 bp) to be in
perfect LD. However, LD then decays to back-
ground level at a distance 1 cM or 400–500 kb.
Although LD seems more extensive than in
other species, if the observed pattern is repre-
sentative for other regions of the genome and
turns out to be a general feature of natural bird
populations, dense marker maps might be
needed for genome scans aimed at identifying
association between marker and trait loci.
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1. INTRODUCTION
Genomic research on humans and model organisms
has increasingly come to consider using association

(linkage disequilibrium, LD) or selective sweep
(hitch-hiking) mapping as population-based alterna-
tives to traditional, pedigree-based linkage mapping
for the identification of genes or chromosomal regions
underlying phenotypic traits (Kruglyak 1999). These
approaches may very well find their application in
future studies also of natural populations, in which
there is considerable current interest in mapping and

the subsequent study of the genetics of traits under
selection in the wild (Feder & Mitchell-Olds 2003;
Slate 2005). Given recent advances in large-scale
identification and genotyping of single nucleotide
polymorphisms (SNPs), association mapping in
natural populations is about to become a realistic
means for many organisms.

Critical to the feasibility of association mapping is
the overall level of LD across the genome. When LD
extends over large genomic regions, there is a higher
chance of finding association between a gene affecting
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a particular phenotype and a linked marker at a given
distance. On the other hand, long-range LD means
that the physical distance between a gene and an
associated marker can be significant, making gene
identification less straightforward. Conversely, limited
LD requires a much denser marker map for finding
associations, however, when found, gene identifi-
cation might be less tedious. Long-range LD can also
be observed in cases where strong epistatic selection
maintains associations among sites. To be able to
make such inference, background levels of LD need
to be known.

The potential for LD mapping in natural popu-
lations is thus dependent on how genetic diversity
across the genome is structured in populations, about
which there is so far almost no knowledge for the
great majority of wild species. Benefiting from a
recently established gene-based, high-density linkage
map of the Z chromosome of the collared flycatcher
(Ficedula albicollis; Backström et al. in press), we have
now investigated the levels of LD in a natural bird
population. The collared flycatcher is a highly philo-
patric, long-distance migrant with its main distri-
bution in central and eastern Europe. It also occurs
on the Baltic Sea islands Gotland and Öland with an
estimated number of 5000 breeding pairs, where
birds for this study were sampled. The species has
been intensively studied in evolutionary research,
including analyses of life history evolution, mate
choice, sexual selection and speciation (e.g. Qvarn-
ström et al. 2006). Our analysis now reveals that, on
average, significant LD on the Z chromosome reaches
up to 1 cM or 400–500 kb in this population.
2. MATERIAL AND METHODS
Eighty-two female collared flycatchers from the Baltic Sea island
Öland (nZ70) and Gotland (nZ12) sampled in 2001–2004 were
analysed. These islands are located at a distance of 50 km from
each other, with no significant evidence of population differen-
tiation in our data (FstZ0.014; 95% confidence interval of
K0.009–0.042). The sample included many mother–daughter
pairs; since female birds inherit the single Z chromosome from
their fathers, mother–daughter pairs present two unrelated
Z chromosomes unless there is assortative mating on basis of
Z chromosome genotypes or a strong role of Z-linked female
preference genes for Z-linked male characteristics.

Intronic sequence data for male birds was obtained by PCR
amplification using exonic primers designed from chicken genome
sequence, followed by direct sequencing in both forward and
reverse directions. Tentatively common SNPs identified by sequen-
cing were subsequently genotyped in 82 female birds. Details of
markers and protocols for sequencing and large-scale genotyping
are given in Backström et al. (in press). For the purpose of this
study, we used the observed gene order and recombination
fractions as described in Backström et al. (in press) as genetic
distance estimates between adjacent SNPs for addressing how LD
decays with distance.

Estimates of LD measured as D 0 and r2 were calculated in
Haploview (Barrett et al. 2005); the use of female birds means that
the Z chromosome phase is directly given. LD is preferably
estimated using high-frequency polymorphisms (Reich et al. 2001)
so we restricted the analysis to SNPs showing in the end a minor
allele frequency (MAF) of at least 10%.
3. RESULTS
From re-sequencing of Z-linked introns in 8 male
(16 chromosomes) collared flycatchers, we identified
34 high-frequency SNPs from 23 different genes
spread over most of the Z chromosome. The mean
distance between adjacent markers with detectable
recombination was 2.9 cM (median 1.5 cM). After
q 2006 The Royal Society
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Figure 1. Plot of pair wise measures of D 0 (open squares)
and r2 (solid dots) versus genetic distance along the collared
flycatcher Z chromosome.
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Figure 2. Fraction of D 0 values exceeding 0.5 for the
interval 0–20 cM.
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Figure 3. D 0 values for intergenic pairs of SNP markers
located within a physical distance of 0–1000 kb in the
chicken genome.
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genotyping these SNPs in 82 female birds, significant

levels of LD were found within most introns (mean,

D 0Gs.d.Z0.98G0.043; mean, r2Z0.37G0.28),

although there is evidence for recombination in two

out of 12 pairwise comparisons from applying the

four-gamete rule. LD then decays with increasing

genetic distance (figure 1). For marker combinations

with detectable recombination, the correlations

between genetic distance and D 0 (r2Z0.0005) and r2

(r2Z0.030) are very weak, indicating that a back-

ground level of LD is quickly reached.

The ‘half-length’ of LD, defined either as the

distance at which mean D 0 drops below 0.5 or the

distance at which the fraction of D 0 values being less

than 0.5 drops below 0.5, is a measure of how far

significant LD reaches (Reich et al. 2001). A plot of

the fraction of D 0 values less than 0.5 in relation to

genetic distance indicates that this half-length is less

than 1 cM in our collared flycatcher sample (figure 2).

If we assume an average recombination rate of

2 cM MbK1 on the Z chromosome (Backström et al.
in press), this indicates that significant LD extends no

further than 500 kb.

To address this in some further detail, we plot D 0

in relation to the physical distance of adjacent

markers in the interval 0–1000 kb, as given by the

distance in orthologous sequence of the chicken

genome (figure 3). Clearly, this can only be seen a

crude approximation given that we do not know to

what extent intergenic distances are conserved
Biol. Lett. (2006)
between collared flycatcher and chicken in these
orthologous regions (intron size is indeed correlated:
r2Z0.52, p!0.01). However, the linkage map
indicates that these regions are at least not involved in
any large-scale rearrangements. Assuming that
chicken and collared flycatcher physical distances are
correlated, or at least not biased in any particular
direction, this indicates that, on average, D 0 drops
below 0.5 at roughly 400 kb.
4. DISCUSSION
Levels of LD in the genomes of natural populations of
birds are largely unknown, with the notable exception
of the detailed analysis by Edwards & Dillon (2004)
concerning a 40 kb region of the MHC class II locus
in red-winged blackbirds (Agelaius phoeniceus). They
found high LD only across a few hundred base pairs
but the generality of this observation is unclear given
the characteristics of MHC loci, which are under the
influence of balancing selection (Meyer & Thomson
2001), epistatic interactions and recombination hot
spots (e.g. Kauppi et al. 2003). Moreover, the obser-
vation of significant LD extending over several centi-
morgans in commercial populations of domestic
chicken may have limited relevance for the situation in
natural bird populations (Heifetz et al. 2005). Other
studies have indicated that LD decays rapidly, typically
within 1 kb, in natural populations of e.g. maize
(Remington et al. 2001), Plasmodium falciparium
(Conway et al. 1999), and even of wild barley despite a
high rate of self-fertilization in this species (Morrell
et al. 2005). In the selfing plant Arabidopsis thaliana,
LD extends up to 50–100 kb (Nordborg et al. 2005),
and similarly long ranges are seen among humans
(Reich et al. 2001). In Drosophila melanogaster LD
generally reaches over very short distances (Andolfatto
& Przeworski 2000), although there is significant
variation in extent of LD among populations (Haddrill
et al. 2005). Compared to these observations, levels of
LD on the collared flycatcher Z chromosome seem
high.

In theory, the expected degree of LD between
alleles is given by the age of mutations and the rate of
recombination between loci (Stumpf & McVean
2003). The key parameter is the population recombi-
nation rate (r), i.e. the product of the rate of

http://rsbl.royalsocietypublishing.org/
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recombination per generation (r) and the effective
population size (Ne; rZ4Ner). Moreover, since Ne will
be dependent on e.g. population history, population
subdivision and selection, a number of evolutionary
forces are involved. Based on studies of the domestic
chicken, it has been suggested that birds have high-
recombination rates, a situation that would act against
the build-up of extensive LD. The chicken genome
project (ICGSC 2004) estimated the rate to be
5.4 cM MbK1 for the Z chromosome. However, high-
recombination rates may not be true for birds in
general. The length of the map of the collared
flycatcher Z chromosome is only about 50% of
the length of the syntenic region of chicken Z
(Backström et al. in press). Moreover, preliminary
observations from a partial microsatellite-based link-
age map of another passerine bird, the great reed
warbler (Acrocephalus arundinaceus), suggest a rate
only 17–32% of that in chicken (Hansson et al. 2005).
Still, the rate of recombination in birds seems suf-
ficiently high to, in principal, hinder the build-up of
extensive LD.

The observed high levels of LD in collared
flycatchers suggest low Ne, for instance owing to a
population history involving bottlenecks associated
with the re-colonization of isolated Baltic Sea island.
Historical records indicate that collared flycatchers
were not present on Gotland until in the mid 19th
century (Alatalo et al. 1990), although this is based
on reports from occasional expeditions only.
However, if correct, re-colonization may have implied
founder effects that still leave an imprint on the
current patterns of LD in the population. This
possibility should be further investigated by analysis
of autosomal loci, and by comparisons with continen-
tal populations. However, the failure to detect signi-
ficant departure from a neutral model in Tajima’s
D-tests (data not shown) is not easily compatible with
a model of a bottleneck followed by recent population
expansion.

Borge et al. (2005) found levels of genetic diversity
at nine Z-linked loci in a sample of nine south
European collard flycatchers to be lower than
expected based on the observed polymorphism level
at autosomal loci and assuming a neutral model.
They argued that the Z chromosome might be low in
genetic diversity because recurrent selective sweeps,
caused e.g. by sexual selection, would reduce levels of
polymorphism at linked loci. Indeed, the Z chromo-
some is likely to be particularly sensitive to sexual
selection in systems of female heterogamety (e.g.
Reeve & Pfennig 2003). Our finding of LD generally
not extending over more than 500 kb on the collared
flycatcher Z chromosome would suggest that, if
selective sweeps have had a strong role in shaping the
overall levels of Z chromosome diversity, strong
positive selection must have occurred quite frequently
across a large number of loci on the Z chromosome.
This might be seen as an unlikely scenario.

Firmly establishing the magnitude of recombina-
tion rate variation among birds, and within avian
genomes, will be an important aspect of future studies
aimed at addressing LD in natural populations.
However, if the pattern observed in this study holds
Biol. Lett. (2006)
true for most of the genome, it is indicated that
association mapping will become a challenging task
given the high density of markers needed to scan the

genome. If mean LD extends ca 500 kb, roughly
1000–2000 evenly spaced markers would be required
for covering most genomic regions in an association
scan. While indeed a large number by present
standard for most wild species, it should not be seen as
unrealistic given current technological developments.
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