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Abstract
The Scandinavian wolf population represents one of the genetically most well characterized examples
of a severely bottlenecked natural population (with only two founders), and of how the addition of
new genetic material (one immigrant) can at least temporarily provide a “genetic rescue”. However,
inbreeding depression has been observed in this population and in the absence of additional
immigrants, its long-term viability is questioned. To study the effects of inbreeding and selection on
genomic diversity, we performed a genomic scan with approximately 250 microsatellite markers
distributed across all autosomes and the X chromosome. We found linkage disequilibrium (LD) that
extended up to distances of 50 Mb, exceeding that of most outbreeding species studied thus far. LD
was particularly pronounced on the X chromosome. Overall levels of observed genomic
heterozygosity did not deviate significantly from simulations based on known population history,
giving no support for a general selection for heterozygotes. However, we found evidence supporting
balancing selection at a number of loci and also evidence suggesting directional selection at other
loci. For markers on chromosome 23, the signal of selection was particularly strong indicating that
purifying selection against deleterious alleles may have occurred even in this very small population.
These data suggest that population genomics allows the exploration of the effects of neutral and non-
neutral evolution on a finer scale than what has previously been possible.
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Introduction
When a large number of genetic markers spread across the genome are available, the study of
population processes such as the role of selection and random drift in shaping genotypic
evolution turns from population genetics to population genomics. There is increasing
enthusiasm about the possibility of performing genome wide investigations in natural
populations as a means to study, for example, selective sweeps and the genetic background to
adaptive population divergence (Luikart et al. 2003; Schlötterer 2003; Beaumont & Balding
2004; Storz 2005). With a well characterized genome at hand, genomic scale studies are not
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only attractive due to the sheer number of markers used but also because the loci under
investigation can be chosen to be more or less evenly distributed across the genome. As a
consequence, the possibility to detect signals of selection from rates and patterns of
polymorphism is enhanced. At present, most genome-wide approaches are limited to model
organisms that have been subject to genome sequencing. However, with the advent of new
sequencing technology, large-scale sequence information from non-traditional model
organism systems is likely to accumulate rapidly in the near future (Ellegren & Sheldon
2008).

One area in which we foresee that population genomic approaches will become important is
in conservation genetics and the associated study of inbreeding depression in small populations
(Kohn et al. 2006). The Scandinavian wolf (Canis lupus) is an example of a highly bottlenecked
population that has been the focus of extensive studies in conservation genetics (Ellegren et
al. 1996; Ellegren 1999; Sundqvist et al. 2001; Flagstad et al. 2003; Vilà et al. 2003a, 2003b;
Seddon & Ellegren 2004; Liberg et al. 2005; Seddon et al. 2005, 2006; Bensch et al. 2006).
The current population originates from only three founders, and not surprisingly, the offspring
of some pairs have inbreeding coefficients as high as 0.3-0.4 (Liberg et al. 2005). This
inbreeding has been shown to be negatively correlated with reproductive success, with reduced
litter sizes from more related parents, suggesting that the population is in genetic peril in the
absence of additional genetic input from new immigrants (Liberg et al. 2005).

The wolf is the wild ancestor of domestic dogs (Canis familiaris) (Vilà et al. 1997). The dog
genome has recently been sequenced (Kirkness et al. 2003; Lindblad-Toh et al. 2005) and there
is a rich source of polymorphic markers with known location in the genome developed for
dogs, including both single nucleotide polymorphisms (Sutter et al. 2004, Lindblad-Toh et
al. 2005) and microsatellites (Parker et al. 2004; Sargan et al. 2007). Based on these resources,
we report here on a genomic scan of the Scandinavian wolf population using approximately
250 microsatellites evenly distributed across all autosomes and the X chromosome. We show
how the genetic make-up of the population has been shaped by inbreeding, but also by selective
forces acting on the genome.

Material and methods
Population history

The wolf went extinct as a breeding population in Scandinavia during the second part of the
1960s (Wabakken et al. 2001), though the occasional immigrant strayed into northern Sweden
during the 1970s. However, in the early 1980s, an immigrant wolf pair established a territory
and started to reproduce in central Sweden. Analyses of autosomal, mitochondrial and Y
chromosome markers from individuals born before 1991 show that the population was founded
by a single pair in the early 1980s, most likely originating from the neighboring Finnish-
Russian population (Sundqvist et al. 2001; Vilà et al. 2003a). As both founders died after a
few years, continued reproduction between offspring in this pack of wolves resulted in severe
inbreeding (Sundqvist et al. 2001, Vilà et al. 2003a). In 1991, a second pack was established
and the detection of a new Y chromosome haplotype among individuals born in 1991 and later
revealed that a third founder, a male immigrant, had contributed to the gene pool (Sundqvist
et al. 2001, Vilà et al. 2003a). Since then, the population has increased in size, currently
harboring at least 18 breeding packs and at least 150 individuals (http://skandulv.nina.no/).
Although some additional immigration events have been detected after 1991 (Seddon et al.
2006), close monitoring of mitochondrial and Y-linked markers have shown that these have
not entered the breeding population.
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Samples
Tissue or blood samples were collected from road kills, legally shot animals, animals found
dead or from animals being radio-tagged during 1984-2005 (Table 1) as described in our
previous work (e.g. Vilá et al. 2003; Seddon et al. 2005). Genomic DNA was isolated using a
standard phenol chloroform protocol, also as described previously. In total, 112 native
Scandinavian wolves were analyzed, including one of the three founders, the female. For an
analysis of population subdivision, a sample of 24 Russian wolves (from the Tvier and
Smoliensk regions) was also genotyped.

Markers and genotyping
Two hundred and fifty eight microsatellite markers were taken from Microsatellite Multiplex
Set II and III described by Clark et al. (2004) and Sargan et al. (2007), respectively. They are
a combination of di- and tetranucleotide repeats that have been mapped to the canine genome
by radiation hybrid and/or linkage mapping methods, with 31 markers coming directly from
the genome sequence (Breen et al. 2004; Breen et al. 2001; Sargan et al. 2007). These marker
sets have been selected to represent markers evenly distributed across the canine genome; a
full list of the markers is provided in the Supplementary Information. The standard PCR profile
included (after denaturing 5 min at 95 °C) 10 cycles of 95°C for 30 s, 60°C reducing by 1
degree per cycle to 50°C for 30 s and 72 °C for 30 s. The touchdown cycles were followed by
30 cycles of 95°C for 30 s, 50°C for 30 s and 72°C for 30 s. Genotyping of reaction products
was performed by capillary electrophoresis using an Applied Biosystems 3730 instrument and
the GENEMAPPER v3.7 software.

All loci were checked to make sure that they conformed to the inferred history of the
Scandinavian wolf population, i.e. that a maximum of six (four at X-linked loci) alleles
occurred in the population. Specifically, we checked that the original two wolves contributed
a maximum of four (for X-linked loci three) alleles and that the third founder contributed a
maximum of two (for X-linked loci one) alleles. For loci not conforming to the inferred history
of the population, rare alleles (occurring in just one or two individuals) were grouped with the
main alleles closest in size. We consider the most likely cause of such rare alleles to either be
genotyping error or mutation.

Estimates of linkage disequilibrium
We estimated pair-wise D′ and χ2′ as measures of linkage disequilibrium (LD). Simulation
studies have shown that χ2′ is the preferred measure of LD for multi-allelic markers, at least
for the purpose of QTL mapping (Zhao et al. 2005). However, for the purpose of this paper
the two measures yield similar conclusions and only the more commonly used D′ is presented
to facilitate comparisons with other studies.

Haplotypic phase was not known in our dataset and in the absence of detailed pedigree
information for the individuals genotyped we could not infer phase. Instead we relied on
population haplotype frequency data to infer phase. Haplotype frequencies were first calculated
for all genotypes except the double heterozygotes. For the latter we then assigned phase using
the haplotype frequencies observed in non-double heterozygotes. Subsequently, the total
haplotype frequencies for known and assigned haplotypes were used for estimating LD. The
assignment of haplotypic phase to double heterozygotes and the estimation of LD were repeated
1,000 times and we used the average LD values from this iteration. We noticed that using
haplotype frequency data from too few wolves skewed the estimates of LD. Therefore, only
loci for which the genotypes of more than 25 wolves were available were included in the LD
analyses. Even so, estimating haplotype frequencies in this manner will include a risk of not
detecting very rare haplotypes.
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Simulations
Simulations were based on the known population history of the Scandinavian wolf population
(Wabakken et al. 2001; Liberg et al. 2005). For each pack present up until 2002 information
on from which pack the alpha female and male descended (the social system of wolves typically
involves packs with a single reproducing male and female plus juvenile and sub adult
individuals) has been published (Liberg et al. 2005). It is also known in which year the pack
was established and when it last bred (Wabakken et al. 2001; Liberg et al. 2005). The exact
pedigrees of the wolves genotyped in this study was not known to us. However, information
on birth year was available, and using the information published in Wabakken et al. (2001)
and Liberg et al. (2005) we could deduce which packs it could have been born in (i.e. which
packs were breeding in its birth year). Knowing this we could, using the published data of the
ancestries of alpha males and females, further deduce the possible ancestries of each wolf in
our dataset and use these for our simulation comparisons

For simulations we first created the three founder individuals with a given number of alleles.
For comparisons of overall heterozygosity or LD we wanted to match the number of alleles in
our simulations to that observed in our dataset. To do this we identified the number of “founder
alleles” of each locus as the number of alleles observed before 1991 (founder alleles from the
first two founders) and new alleles observed after 1991 (founder alleles from the third founder).
The number of alleles given to the simulated founders were then drawn randomly from the
distribution of “founder alleles” we had obtained across all loci in our dataset. The alleles used
were randomly assigned to the founder individuals and to the individual's chromosomes. Next
we created alpha individuals using the known information about the pedigree, and assigning
each individual one chromosome from each of its parents. When simulating loci on the X
chromosome male wolves were assigned a Y-chromosome containing no alleles.

For simulation of LD we allowed recombination between two loci on the same chromosome
with a frequency ranging from 0 to 50 % (free recombination). Finally we obtained a sample
population by creating pups randomly picking an alpha pair among the ones present in a given
birth year as parents. Again recombination was allowed when simulating LD. During
simulations of LD on the X chromosomes, however, no recombination was allowed in male
wolves.

For heterozygosity comparisons we created pups either by randomly choosing a parental alpha
pair or by weighting the probability of an alpha pair being chosen as parents by the negative
effect introduced by the inbreeding coefficient of the alpha pair given in Liberg et al. (2005).
We matched the size of the simulated sample population to that of our data set by, in each year,
simulating the same number of pups as individuals with that birth year in our data set. Each
simulation was replicated 10,000 times and averages, standard deviations and confidence
intervals were obtained from these replicates. As only data at the population history up until
2002 was available all simulation-based comparisons were done without data for wolves born
after this year.

To evaluate the quality of our simulation setup we calculated the average inbreeding coefficient
of the simulated sample. This was compared to the inbreeding reported for the same sample
by Bensch et al. (2006) allowing us to identify systematic deviations of our simulations from
the previously established history of the population. The code for simulations is available upon
request.

Tests for selection
As the effects of selection and drift on heterozygosity and population subdivision will have
developed gradually over the history of the population, only wolves from 1999 or later were
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used when testing for selection and population subdivision, and only simulation results for
these years were used for comparisons. For each locus we compared the observed
heterozygosity with that expected for a locus with the same number of founder alleles using
the simulation setup described above. We compared the observed heterozygosity at each locus
with the confidence interval obtained from the heterozygosity distribution of the 10,000
simulation replications of a locus with the corresponding number of founder alleles. This was
repeated with and without Bonferroni correction. As we cannot be sure of the true number of
alleles contributed by the two founder males, since they were not sampled, the number of
founder alleles may have been underestimated. Our estimates will be conservative for loci with
a deficit of heterozygosity, but not so for loci with an excess of heterozygosity. For the latter
analysis we therefore repeated the comparisons assuming that founder alleles had been
undetected.

We further tested for selection using the Ewens-Watterson neutrality test as our lack of
resolution in the Scandinavian wolf pedigree introduces a level of uncertainty to our
simulations. The Ewens-Watterson F-test can reveal deviations from a neutral equilibrium
model, with excesses or deficits of genetic diversity, given the number of alleles present at a
locus. We performed the Ewens-Watterson neutrality test according to Watterson (1977). F is
the expected homozygosity under the allele frequencies in the sample (or the sum of all squared
allele frequencies). This is compared with the probability given the sample size and the number
of alleles.

We also applied the lnRV (Schlötterer, 2002) and lnRH (Schlötterer and Dieringer, 2005)
neutrality tests to our data. These tests require the use of a second population and we used data
from Russian wolves where this was available. Both the lnRV and lnRH tests should be robust
to changes in population size. However, Schlötterer (2002) note that with a recent and strong
bottleneck in combination with a low Θ (= 4Neμ), the tests may result in an excess of loci with
low variability.

Population subdivision between the Russian and Scandinavian populations was estimated with
Wright's FST. We also simulated FST using the simulation setup described above. This time
we assigned the simulated founders the actual founder alleles identified at a given locus in the
dataset to allow for comparison with the Russian population. This allowed us to obtain a
confidence interval for expected FST values under the known population history.

Results
Linkage disequilibrium

The inbred nature of the Scandinavian wolf population suggests that linkage disequilibrium
may be extensive. We genotyped 237 evenly distributed microsatellites, representing all
autosomes and the X chromosome, in 112 individuals from this population to assess the overall
genomic levels of LD. The average distance between autosomal markers was 7.98 Mb and
11.15 Mb between X-linked markers. For pairs of markers located on different autosomes
(23,988 pairs of loci), mean D′ is 0.219 (S.D. ± 0.130) which thus forms the background level
of LD in this population (Figure 1). Within autosomes (735 pairs of loci), LD is extensive. It
decreases with physical distance but does not reach background level until, on average, about
50 Mb (Figure 2). The level of observed LD is remarkable for a natural population of an
outbreeding species.

LD was not uniform on all chromosomes (Table 2). The clearest outlier was the X chromosome
with a mean D′ of 0.730 (± 0.200) (Figure 2). From simulations we expected loci on the X
chromosome to have about 20 % more LD than the autosomes, but LD on the X chromosome
was in many cases twice or more that of autosomal loci separated by the same distance. Six
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autosomes (CFA1, CFA8, CFA14, CFA23, CFA30, CFA33) showed a mean of more than one
standard deviation higher LD than the mean for all pairs of markers separated by corresponding
distance.

Overall genomic levels of diversity
Average heterozygosity across all markers decreased only slightly over the time-span studied
(1983-2005), from 64% to 55%. The arrival of the third immigrant around 1990 provided a
“genetic rescue” by contributing new alleles and temporarily preventing further inbreeding.
When genotype data for wolves with or without the third founder in their ancestry were
analyzed separately, the decrease in heterozygosity over time is more marked for wolves not
descending from the third founder (Figure 3). There is an approximate drop in heterozygosity
from 64% to 45% during the 1980s, before the arrival of the third immigrant. After this, mean
heterozygosity decreases from about 60% to 55%.

We simulated the evolution of heterozygosity based on known population history and
compared this with the observed data. There was no clear difference between the simulated
and observed values for cohorts, for example, in the form of a heterozygosity excess. If
anything, expected heterozygosity tended to be higher than what was observed, with 10 birth
years having a higher simulated than observed heterozygosity while only two years showed
the opposite pattern (another three years had similar heterozygosity) (Figure 4). As inbreeding
has been shown to have a detrimental effect on fitness in this population (Liberg et al. 2005),
all packs may not have contributed equally to reproduction. We therefore repeated the
simulations allowing the probability of an alpha pair to contribute to the simulation to be
weighted by their relatedness. This had limited effect on the simulated heterozygosity, though
three birth years showed an increased simulated heterozygosity (data not shown).

To evaluate the quality of the simulations we simulated inbreeding coefficients in a sample of
wolves corresponding to that in our dataset and then compared this with known inbreeding
coefficients reported by Bensch et al. (2006) (Figure 5). The two approaches produced similar
estimates. A notable exception was the 1993 - 1994 cohort where our simulated inbreeding
coefficient markedly exceeded that of the true inbreeding coefficient of sampled wolves. The
sampled wolves in this cohort all contained alleles inherited from the third founder and have
thus not been sampled randomly, as in the simulations, which probably explains the
discrepancy. For two other birth cohorts simulated inbreeding is also significantly higher than
the true inbreeding coefficient of the data. There is thus some indication that our simulation
set-up tends to overestimate the amount of inbreeding in the population.

Signs of selection
Deviations from Hardy-Weinberg equilibrium could indicate selection. For example, purifying
selection resulting from inbreeding depression or balancing selection for heterozygosity could
occur. By comparing the observed heterozygosity of individual loci with the level expected
from simulations we identified 17 loci showing a significant heterozygosity excess, four of
which were significant also after Bonferroni correction (Table 3). These four were located on
separate chromosomes (CFA1, CFA2, CFA11 and CFA20). One potential explanation for a
heterozygote excess could be that we had been unable to accurately determine the number of
alleles contributed by the two unsampled founder males. Assuming that the two founder males
contributed two alleles in cases where we just interpreted one, only two loci remained with a
significant heterozygote excess (Table 3). No locus had significantly low F values in the Ewens-
Watterson homozygosity test after Bonferroni correction, giving little overall support for the
action of balancing selection. However, it is possible that this test is not robust to the inclusion
of many related individuals.
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By contrast, 45 loci showed a significant deficit of heterozygosity, 15 of which remained
significant after Bonferroni correction (Table 4). On chromosome 18, three loci (two of which
were immediately adjacent) had lower than expected heterozygosity, and on both chromosomes
1 and 23 two (not neighboring) loci were deficient in heterozygosity. The clearest signal
appears to be on chromosome 23 where, before Bonferroni correction, all but two of the seven
analyzed loci showed a lack of heterozygosity. Interestingly, chromosome 23 contained the
only locus (REN02P03) significant for directional selection with the Ewens-Watterson test
(Table 4).

A large proportion of the markers (192) were also genotyped in a sample of Russian wolves.
Wolves have a continuous distribution throughout northern Eurasia, from Finland and
eastwards and although there might be some population substructure within this range, we use
the data from Russian wolves as reflecting the source population of Scandinavian wolves (cf.
Vila et al. 2003a). Average FST between Scandinavian and Russian wolves across all loci was
0.105 (S.D. ± 0.082), indicating moderate genetic differentiation. The average FST for loci on
the X chromosome was higher (0.185, S.D. ± 0.086) though not statistically so. The range of
FST-estimates was wide, from 0.001 to 0.496 (Figure 6). When comparing the observed FST
values to those expected under simulations thirty-eight loci had significantly lower FST values,
twenty-one of which were significant also after Bonferroni correction (Table 3).

Of the 10 autosomal loci with the highest FST values, nine, including three adjacent loci on
CFA23 also showed a heterozygosity deficit, indicating selection. However, from simulation
of FST-values none of these was significantly higher than expected (Table 4). Another ten loci
had significantly higher FST-estimates than expected, five of which remained significant after
Bonferroni correction. All these were also lacking in heterozygosity (Table 4).

With genotype data from another population we could also use the lnRH and lnRV tests for
detection of selection. Five loci showing a lack of heterozygosity tested significant for
directional selection with the lnRH test, six with the lnRV test and three with both lnRH and
lnRV (one each on the chromosomes CFA12, CFA23 and CFA33) (Table 4). However, after
Bonferroni correction none of the lnRH tests were significant and only two loci with the lnRV
test, one of which was located on CFA23.

From all these analyses we conclude that there is some evidence of balancing selection at loci
distributed across the genome, but also of directional selection against deleterious alleles
exposed during inbreeding in this wolf population. The signal of directional selection seemed
strongest on chromosome 23.

Discussion
The history of the Scandinavian wolf population is characterized by a very narrow founding
bottleneck followed by two and a half decades of strong inbreeding. Inbreeding depression has
been documented in the Scandinavian wolf in the form of decreasing litter size with increasing
inbreeding coefficient (Liberg et al. 2005). Moreover, congenital malformations have been
found to be more common in this population than in outbred wolf populations in Finland and
in Sweden prior to extinction (Räikkönen et al. 2006).

Inbreeding is expected to lead to increased levels of LD between loci. When the duration of a
bottleneck is of the same order of magnitude as the bottleneck population size, its effect on
patterns of genetic variability, including LD, becomes significant (Nordborg & Tavaré 2002).
Depending on the haplotypic phase between selected alleles at different loci, this can reduce
the efficacy of selection and lead to difficulties in purging of deleterious alleles. Furthermore,
in a small population the effects of selection will be counteracted by genetic drift, augmenting
the difficulty of purging deleterious alleles. The Scandinavian wolf population may thus face

Hagenblad et al. Page 7

Mol Ecol. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the problem of reduced fitness from the exposure of deleterious alleles and difficulties in
purging these from the gene pool. Our data confirm and extend the observations of Bensch et
al. (2006) by revealing extraordinary levels of intra-chromosomal LD, far exceeding that of
most outbreeding species studied to date including partially selfing species (e.g. Long et al.
1998; Nordborg et al. 2002; Ingvarsson, 2005; Pardo et al. 2006; Cutter et al. 2006). This
means that in some cases LD may extend over whole chromosomes, as many canine autosomes
are less than 50 Mb in size. For comparison, LD across dog breeds drops to background levels
by 200 kb while within breed LD are close to background levels at 13 Mb (Lindblad-Toh et
al. 2005). LD was particularly extensive on the X chromosome, which is not unexpected given
that it only recombines in females. Similar observations have been made in humans (Altshuler
et al. 2005) and cattle (Sandor et al. 2006).

Loss of heterozygosity can occur at a slower than expected rate in inbred populations if there
is selection for heterozygotes. Bensch et al. (2006) have recently studied the relationship
between inbreeding coefficient and multi-locus heterozygosity in the Scandinavian wolf
population. Using a set of about 30 microsatellite markers, they found that heterozygous wolves
were overrepresented among those animals that were recruited to the breeding population. They
also observed an overall heterozygosity excess in the population, which could be explained by
selection for heterozygotes at recruitment. This is promising for an inbred and endangered
population, as it would provide a means to decelerate an on-going loss of heterozygosity. A
similar observation and conclusion have been made for a highly bottlenecked island population
of mouflon (Kaeuffer et al. 2007).

However, our study fails to replicate the heterozygosity excess for the Scandinavian wolf
population reported by Bensch et al. (2006). Generally, the mean genomic level of
heterozygosity was very similar to simulated values of what would be expected given the degree
of inbreeding in the population. There are several possible explanations for this discrepancy.
The present analysis is based on nearly 10 times as many microsatellite markers as the previous
study, so the inability to reject an expected model despite greater power may suggest that the
previous result was a statistical artifact. On the other hand, Bensch et al. (2006) used a different
approach in that they compared observed individual heterozygosities with inbreeding
coefficients rather than simulated heterozygosity, something we are unable to do in the absence
of access to detailed pedigree information. Also, Bensch et al. (2006) found the excess of
heterozygotes when looking specifically at the breeding population while our study does not
distinguish between individuals that did or did not contribute to subsequent generation. For
future studies it will be important to combine pedigree data with dense genome scans to better
understand if selection acts to maintain heterozygosity in this population.

The cause of inbreeding depression is generally attributed to the unmasking of recessive or
partly recessive deleterious alleles (Charlesworth & Charlesworth 1999; Dudash & Carr,
1998). The loss of heterozygote advantage is usually thought of as less important although
there are some studies going in the opposite direction (Kärkkäinen et al. 1999; Ferreira & Amos
2006). From a conservation point of view, a population suffering inbreeding depression from
recessive deleterious alleles will recover in fitness once the deleterious alleles have been
purged, while inbreeding depression from loss of heterozygote advantage cannot be restored
by purging. In our dataset, many more loci show a deficit of heterozygosity compared to the
number showing an excess of heterozygosity. While the markers themselves can be expected
to be selectively neutral it is not unreasonable to assume that they reflect events at linked loci,
given the amount of LD observed. Taken together this tentatively suggests that recessive
deleterious alleles have been an important cause to inbreeding depression in the Scandinavian
wolf population.
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Linkage disequilibrium is thought to be the cause of heterozygosity - fitness correlations
observed in supposedly neutral markers in some species (e.g. Da Silva et al. 2006; Hansson &
Westerberg 2002; Slate et al. 2000). With the high levels of LD found in this study and given
the high marker density (on average one marker every 8.52 Mb), the effects of selection on
genes affecting fitness should be detectable at adjacent microsatellite markers. The markers
showing less than expected heterozygosity may thus represent candidate regions for selection.
This is particularly so for those regions where there is both a heterozygosity deficit and
substantial population subdivision, as indicated by high FST values (cf. Table 4 and Figure 6),
or for regions indicating directional selection in multiple tests.

Some regions show particularly strong signals of directional selection. On CFA12, the locus
REN213F01 was detected by three different approaches. On CFA23, two adjacent loci both
indicated directional selection in two different tests and a third locus on this chromosome had
a heterozygosity deficit. The locus REN186B12 on CFA33 had both a heterozygosity deficit
and a significantly high FST value, and two adjacent loci on CFA18 (and a third locus on this
chromosome) are deficient in heterozygosity.

Of particular interest is chromosome 23 where all but two of the loci showed a depletion of
heterozygosity (before correcting for multiple tests). In addition, chromosomal LD was high
and several loci tested significant with both Ewens-Watterson and lnRV tests. FST values on
this chromosome were among the highest observed. Interestingly, this chromosome region also
harbors the one locus where homozygosity had the strongest effect on the likelihood for
reproduction in the study of Bensch et al. (2006). We could find no obvious candidate gene
from the genome sequence of CFA23 that would suggest an inbreeding defect such as those
previously observed in the Scandinavian wolf population (including chryptorchidism and
spinal deformities of fusion defects to the vertebrae; Räikkönen et al. 2006). Fine-scale
mapping of one or more selected loci on this chromosome may help to identify candidate genes,
though the extensive LD observed may obscure genotype – phenotype associations.

A general concern of population genomic approaches for detection of selection is that
bottlenecks may mimic the effects of selection and thus produce false positive. This situation
could very well apply in this case considering the recent strong population growth in the
Scandinavian wolf population. However, the fact that several adjacent loci show signatures of
selection is a good hint these are genuine. Another concern in this case is the simulation
approach given that we lack detailed pedigree data, something that might reflect the
discrepancy between simulated and observed inbreeding coefficients.

Although there are recent examples of the application of single nucleotide polymorphism
(SNP) (Seddon et al. 2005) and insertion-deletion markers (Väli et al. 2008) in wolf population
genetic studies, most studies thus far have utilized microsatellite markers. With the increased
genetic knowledge of the canine genome following in the wake of the canine genome project,
the application of dense SNP chips to studies of wolf population genomics would be
illuminating. The greater density of markers would allow much finer understanding of the
genomic substructure of canid chromosomes in the Scandinavian wolf population and permit
more sophisticated analysis of subregions of interest.
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Figure 1.
Distribution of D′ for pairs of unlinked loci on different chromosomes. Approximately 1 %
(231) of the pairs of loci has a D′ value of 1. However, when LD for these pairs is estimated
by χ2′, they have a distribution similar to that of χ2′ for all pair-wise loci, indicating that these
high D′ values are artifacts.
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Figure 2.
The relationship between LD (D′) and physical distance (Mb) between loci residing on the
same chromosome. Mean D′ is given in 1 Mb intervals for autosomes (filled circles) and the
X chromosome (open circles).
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Figure 3.
Observed microsatellite heterozygosity for cohorts within the Scandinavian wolf population.
Filled circles are animals descending from the initial two founders while open circles are
animals with some ancestry also from a third immigrant that first reproduced in 1991. Separate
regression lines for the two data sets are given.
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Figure 4.
Observed and simulated average heterozygosity for cohorts within the Scandinavian wolf
population. Open circles are average heterozygosities per birth year for wolves in the data set.
Filled circles are simulated average heterozygosity.
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Figure 5.
Inbreeding coefficients from Bensch et al. (2006) shown in open circles vs. our simulations
shown in filled circles. Error bars show +/- one standard error for simulated values.
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Figure 6.
FST for all markers estimated in the comparison of Scandinavian and Russian wolves. Markers
from different chromosomes are given in alternating colors. * denotes loci with FST values
outside of 95 % confidence intervals from simulated FST values.
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Table 1
Estimated birth year of sampled wolves.

Birth year Number of wolves studied

1978 1

1983 3

1987 3

1988 1

1989 3

1990 1

1991 4

1992 2

1994 2

1995 2

1996 5

1997 5

1998 9

1999 12

2000 19

2001 6

2002 7

2003 7

2004 18

2005 1
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Table 3
Loci more heterozygous than expected from simulation data and loci with significantly lower
FST than expected. * p<0.05; ** p<0.01; *** p<0.001. Significance levels are after Bonferroni correction.

Locus Chromosome Position Heterozygosity excess low FST

FH2309 CFA01 85.77 ***a,c not tested

C02.342 CFA02 21.05 ***b,c not tested

REN195B08 CFA04 60.34 **

FH5126 CFA04 65.25 *

FH2097 CFA04 71.9 *

FH3702 CFA05 32.91 **

REN204K13 CFA08 15.83 *

REN287G01 CFA09 63.03 *

FH4031 CFA11 18.2 **b not tested

FH5153 CFA13 65.38 *

FH5161 CFA17 21.25 *

REN52K18 CFA18 18.68 *

REN213G21 CFA19 45.8 *

REN124F16 CFA20 21.93 ***c **

FH5166 CFA20 50.52 *

REN114M19 CFA20 56.66 *

FH3287 CFA24 44.5 **

DGN10 CFA26 26.05 *

FH4001 CFA27 9.86 *

REN146G17 CFA28 33.55 *

CPH2 CFA32 9.65 *

REN243O23 CFA34 26.76 *

FH3865 CFA36 23.29 **

FH2998 CFA36 28.08 *

a
Also significant with an additional allele contributed by first founder male

b
No extra allele could have been contributed by first founder male as he had already contributed with two alleles in the dataset.

c
Also significant with an additional allele contributed by second founder male
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