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Abstract

The effect of demographic history on patterns of polymorphism at a locus can seriously
impede the detection of selection. Sliding window analysis of Tajima’s D was performed on
sequence data available for Picea abies. The distribution of Tajima’s D was compared to
coalescent simulations of different demographic scenarios. A growth model including some
population differentiation was found to explain much of the deviation of the data from the
distribution expected under the standard neutral theory. The effect of demographic models
on tests of significance was examined using three functional candidate genes for budset in
P. abies. It was found that incorporating the model into significance testing resulted in
a considerable shift of significance cut-off values, demonstrating that this is an important
factor when using coalescent analysis that has been often overlooked.

1 Introduction

It is often very difficult to distinguish between the effects of selection and the impacts of demo-
graphic history and linkage disequilibrium on sequence data (Kreitman, 2000). Most research
in this field has been done on humans, or the model organisms Drosophila melanogaster and
Arabidopsis thaliana. Organisms such as these have all or most of their genome sequenced, allow
genome-wide or multilocus association studies (Akey et al., 2004; Tenaillon et al., 2004; Haddrill
et al., 2005; Nordborg et al., 2005; Wright et al., 2005). Recent techniques have investigated
the demographic history of these organisms by comparing distributions of the test statistics
from multilocus analysis to those obtained from simulations of different demographic models
(Nordborg et al., 2005; Haddrill et al., 2005; Akey et al., 2004). Patterns of polymorphism
under selection should differ from the overall dataset, as unlike demographic history, selection
is locus specific (Akey et al., 2004; Kreitman, 2000). For most non-model organisms, there
is insufficient sequence data for association studies to be undertaken utilising a genome wide
dataset. Consequentially, association studies must be performed on candidate genes. Candidate
genes can be identified by QTL mapping, expression studies, or as functional candidates selected
using information from model species. Analysis is therefore reversed; a candidate gene is first
identified, then analysis must determine whether the patterns of polymorphism within the gene
differ sufficiently from the neutral pattern to confirm that selection is acting on the gene. It
can, however, be difficult to conclude that the observed pattern is the consequence of selection
if a multilocus dataset is not available to provide information about the demographic history.

The Coalescent Theory is a fundamental basis of much population genetics analysis, provid-
ing a testable null hypothesis - that observed patterns of polymorphism are the consequence of
neutral mutations and genetic drift in a constant, undifferentiated population size. For a set of
alleles selected from a population, a genealogy can be constructed back to a hypothetical most
recent common ancestor (Figure 1). Coalescent theory assumes the infinite allele model, and
that most mutations that arise in a population are selectively neutral. If this is true, mutation
frequencies will be the result of random genetic drift, rather than selection, and there will be a
constant rate of mutation accumulation over time (θ = 4Neµ where µ is the mutation rate per
gamete per time unit). The coalescent can be described in terms of timing to segregation of
alleles. Mutations that occurred higher up on the coalescent tree will be present in more alleles,
and those that occur most recently will be present only as singletons.

A neutral Wright-Fisher model, with constant population size, random mating, discrete
generations and no selection, will produce a standard coalescent tree. Deviations from the
standard form can be the consequence of demographic history, in which case coalescents of
many loci should all deviate similarly, or selection, in which case the coalescent for a single
locus should differ from that of other loci (Nordborg, 2001). While coalescent theory continues
to hold under basic demographic models, the fundamental function of the model under selection
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is poorly understood (Hudson and Kaplan, 1988; Kaplan et al., 1988; Thornton, 2005; Nordborg,
2001). Coalescent analysis has traditionally assumed that the basic principles of the coalescent
continue to hold under selection, so that the standard neutral model can be used as a null
hypothesis to test for selection.

Figure 1: Several allelic coalescent trees. Points at the bottom of each tree represent the alleles found
in the population

Coalescent theory allows testing of the standard-neutral hypothesis as a null hypothesis
to explain the sequence data. Tajima’s D is one of the most commonly used tests of the
standard neutral model. Tajima’s D is used to test the neutral mutation hypothesis based on
polymorphism information from a set of sequences. The advantage of Tajima’s D over many
tests of the standard neutral model, such as the HKA test and Fay and Wu, is that it does not
require an outgroup (Hudson et al., 1987; Tajima, 1989; Fay and Wu, 2000).

Tajima’s D is a measure of the difference in estimates of nucleotide diversity (θ) based on
the number of segregating sites in the sequence (S, θ̂ = S/a1, a1 =

∑n−1
i=1 1/i), and the average

number of pairwise nucleotide differences between two random sequences (π, θ ≈ π). θ̂ will
be equally effected by mutations of any frequency, as it is based on the number of segregating
sites. π is a frequency based estimate, and hence will be little influenced by low frequency
mutations. Under a Wright-Fisher standard-neutral model, these estimates of θ should be
approximately equal (Tajima, 1989; Fu and Li, 1993). Tajima’s D assesses the difference between
π and θ̂ statistically, allowing the significance of the deviation from the expected pattern to be
tested(Tajima, 1989). However, Tajima’s has limited statistical power, so there is a relatively
high probability that true selection can be undetected. This is true for all coalescent analyses
due to the highly variable nature of the coalescent (Nordborg, 2001; Fu and Li, 1993).

Traditionally, the null hypothesis for testing for selection has been the standard neutral
model (Tajima, 1989; Nordborg, 2001), however demographic effects will result in species or
population specific shifts in the expected distributions of test statistics. Statistical cut-offs
based on the standard neutral model may result in the null hypothesis being falsely rejected
or accepted. There is a need for the development of coalescent based testing for selection that
incorporates specific demographic models (Akey et al., 2004; Tenaillon et al., 2004; Nordborg
et al., 2005). It can be difficult to distinguish between the effect of demographics and selection,
particularly when only a small sample of loci are available for analysis, as is the case for most
non-model organisms.

Tajima’s D statistic usually provides a single statistic for the entire locus examined. Selection
does not however act consistently across entire genes, but rather on specific regions within the
gene. This effect will be of great importance in species with low linkage disequilibrium, and can
result in truly selected genes not being identified (Ardell et al., 2003). There is no minimum
length of sequence that can be used for analysis, as long as there is a sufficient amount of
polymorphism. This allows sliding window analysis of large gene fragments to be performed,
which can identify regions of interest within a gene (Ardell et al., 2003; Soejima et al., 2005).
Recalculation of significance cut-off values to take into account multiple testing effects can be
performed using simulation software (Ardell, 2004). If selection is not acting uniformly over the
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whole gene, it is possible to treat windows as individual loci, allowing the retrieval of multiple
test statistics for each loci. Sliding window analysis can be used to obtain a distribution of
Tajima’s D values from a small sample of loci that can then be treated in a similar way as has
been done for multilocus analysis in model organisms (Nordborg et al., 2005). Simulations can
then be used to fit demographic models to the data, taking into account the effect of multiple
testing.

Norway spruce, Picea abies, is an economically and ecologically important gymnosperm in
Europe. It is distributed widely throughout Europe and Russia, but is usually restricted to
higher altitudes and latitudes (Figure 2). Like other conifers, the genetic variability of P. abies
is high, however, some population differentiation is evident (Lagercrantz and Ryman, 1990;
Achere et al., 2005). The current distribution is considered to be the result of recent population
expansion, following the restriction of the distribution to several refugia during the last glacial
period, ending c. 10 000 years ago. Previous studies using pollen and genetic analysis has
indicated that the European populations are descended from three glacial refugia; in the Alps,
the Carpathian Mountains, and near Moscow in Russia (Lagercrantz and Ryman, 1990; Achere
et al., 2005). Populations are usually treated as two groups: the Baltico-Nordic domain, which
descends from the Russian refuge, and the central European domain, descended from the Alpine
and Carpathian refugia (Vendramin et al., 2000). Individuals from the Carpathian Mountains
(Romania) have recently been shown to be highly differentiated from other populations (Heuertz
et al., 2005), casting some doubt on this grouping. The timing of the original division between
these groups is unknown, but is likely to predate the last glacial period. Estimation of demo-
graphic history from sequence data is confused by recent genetic movement. Severe distribution
restriction during the last glacial period probably resulted in a bottleneck event for the central
European domain, however it is thought that the Russian refuge may have been large enough
to avoid a bottleneck.

Figure 2: The distribution of P. abies throughout Europe. Sampling locations are Nth Sweden, Sth

Sweden, Russia, from the Nordo-Baltic domain, and Switzerland, Germany, Italy, and Romania, from
the central European domain. Red dots indicate sampling locations.
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Ecological conditions vary greatly across the range of P. abies, particularly seasonal day
lengths and temperatures. It has been shown that a latitudinal phenotypic cline in timing of
budset is heritable (Kärkkäinen et al., Unp). An understanding of the genetic control of budset
would have significant economic and conservation applications, so it is of particular interest for
research.

The only practical approach to selecting candidate genes for the control of budset in P. abies
is to try to identify conserved copies of genes that have been found to have a related role in
other plants.

The genetic control of flowering time in A. thaliana has been investigated extensively, and is
fairly well understood. It has been shown that like budset in P. abies (Kärkkäinen et al., Unp),
there is a genetically controlled latitudinal cline in flowering time in A. thaliana (Stinchcombe
et al., 2004). Flowering time is sensitive to day-length, a response that is controlled by the
circadian clock. The circadian central oscillator is composed of a negative feedback loop between
TOC1 and LHY/CCA1, and the flowering time output pathway is principally controlled by the
genes CO and FT which work downstream of the central oscillator (Figure 3), (Hayama and
Coupland, 2003). The FT gene is the primary target of CO, which responds directly to the
control of the circadian oscillator (Kardailsky et al., 1999; Hayama and Coupland, 2003; Wigge
et al., 2005). Recent research has indicated that FT mRNA plays crucial signaling role, moving
from the leaf to the shoot apex where it induces flowering (Huang et al., 2005).

Figure 3: The flowering time control system in A. thaliana, showing the role of TOC1 in the circadian
feedback loop, which controls the expression of CO, which in turn controls the expression of FT, which
acts as a signaling mechanism (Hayama and Coupland, 2003; Huang et al., 2005)
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Conservation of function within angiosperms, and evidence of cycling of CO RNA in the
moss species Physcomitrella patens makes these genes very interesting functional candidates
for association studies in P. abies (Zobell et al., 2005; Shimizu et al., 2004; Murakami et al.,
2003; Ramos et al., 2005; Hecht et al., 2005; Shin et al., 2004; Kojima et al., 2002; Hedman,
2005) . Patterns of genetic variation at such loci that differ from that expected by the demo-
graphic history, and correspond to latitudinal cline in budset, would support the hypothesis
that some related function controlling variation in budset is conserved between gymnosperms
and angiosperms P. abies.

1.1 Aims

The primary goal of this project is to examine the influence of demographic history on patterns
of polymorphism. Coalescent simulation techniques were used to model the effect of simple
demographic scenarios on the distribution of Tajima’s D. How demographic deviations from the
standard Wright-Fisher model bias significance tests of Tajima’s D will be further examined
through sliding window analysis of three functional candidate genes for budset in P. abies. This
project will also contribute a significant amount of sequence data to a non-model organism of
major economic and ecological importance.

2 Materials and Methods

2.1 PCR, Cloning, and Sequencing

DNA was extracted from megagametophytes for 44 individuals from 7 populations of P. abies.
A proofreading enzyme (Phusion; Finnzymes) was used to amplify templates for blunt-end
cloning. Cloning of the product was performed according to standard lab procedures. A primer
walking approach was applied to sequencing. Sequence was initially obtained using vector
specific primers (M13F and M13R, Table 1), and new primers were designed on previously
obtained sequence. Five sets of new primers were required. Sequencing was performed using ET
Terminators and separating fragments on a MEGABACE machine, according to manufacturers
instructions.

Table 1: Sequencing primers used for sequencing of FT

Primer Direction Sequence
M13F * CACGACGTTGTAAAACGAC
M13R * GGAAACAGCTATGACCATG
FT L seq L TCCCTGAAATTCAACATCCAT
FT U seq U GACACCCTGTAATGGAGATAA
FTu2.seq U ATTCATTCACTCACCACTTCA
FT2ub U ATTTGCATTGGTTGGTGACTGATA
FT195a L GTCCAATAGTTTATCACCATA
FT195b L ATAAATCTATCTAAACCTGGA
FTu127 seq U AAGAAAAMGGGGTGCTAAGA
FTu127b U TGTTTTTGCCTGTCATATTCA
FTR128 L AATGTGAACCGAAGTATGTTT
FTr128b L TAAAAACCAGGTGCGAACATT
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2.2 Sequence Analysis

Base calling and alignment were performed using Phred and Phrap (Ewing and Green, 1998;
Ewing et al., 1998). Sequence editing was performed using Consed (Gordon et al., 1998).
Polymorphisms with a quality of <20 were edited to fit the consensus. Edited sequences were
manually aligned using BioEdit and BioX (Hall, 2005; Lagercrantz, 2005).

DnaSP v. 4.0 (Rozas et al., 2003) was used to perform basic population genetics analysis
on FT and two previously sequenced candidate genes, CO and TOC (Heuertz et al., 2005).
Estimates were obtained for θ, π, Tajima’s D, Fst and Fu and Li’s D, and recombination rates
for these genes were estimated using ldhat v. 2.0 (McVean et al., 2002). Sliding window analysis
of Tajima’s D was performed using a window size of 400, and a step size of 50 for FT, CO and
TOC and for 21 other previously sequenced genes (Heuertz et al., 2005) from P. abies.

2.3 MS Simulations

2.3.1 Part 1: Determining models of demographic history

Coalescent (Hudson, 2002) simulations were performed using MS for 17913 bp representing the
entire dataset under a range of conditions. SCANMS (Ardell, 2004) was then used to perform a
sliding window analysis of Tajima’s D values along the simulated sequence, using a window size
of 400 and a step size of 50, using the command scanms -a 17913 400 50. The option -a was
used in order to output values from all windows simulated. 100 repetitions were used, as more
than 350 data points were produced per simulation due to the sliding window analysis. The
distribution density of Tajima’s D from each simulation was plotted against the distribution
density of the combined sliding windows analyses of all sequenced candidate and control loci
from P. abies using R statistical package. Models selected for further investigation are marked
with an asterix (*).

Neutral Model

ms 44 100 -t 63*

Population Growth

G is measured in terms of the exponential population growth parameter, α, where:

Ne(t) = Ne(0)exp−αt (1)

α values of 10*, 30 and 90 were simulated using the following command.

ms 44 100 -t 63 -G α

Recombination

Recombination is entered as values of ρ = 4Ner, where r is the probability of crossover per
generation between the ends of the locus. For these models, r should be as high as possible,
as no linkage will occur between the ends of the combined sequences, however the simulation
software was unable to cope with extreme values of r. ρ values of 40, 90, and 900* were simulated.

ms 44 100 -t 63 -r ρ 17913
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Population division

The timing of the population split is entered in units of 4Ne generations. Ne and the timing of
the hypothesised split are unknown. Simulations were conditioned on both θ and the average
Fst between northern and southern populations for all loci (Fst = 0.11). Three simulations
were run for different times assuming Ne is constant. t values of 0.01, 0.03* and 0.05 were used
(Given Ne = 33000 these represent split times of approximately 33 000, 100 000, and 160 000
years ago respectively).

ms 44 100 -t 63 -I 2 22 22 -ej t 2 1

Bottleneck

The last major bottleneck is expected to have ended c. 10 000 years (400 generations) ago
(Lagercrantz and Ryman, 1990; Heuertz et al., 2005) Values of t = 4Neg were made based on
the Ne : t ratios conditioned on Fst and θ estimated for the simulation for population division.
Bottleneck severity models were x = 0.05, t = 0.003, x = 0.1*, t = 0.003* and x = 0.1,
t = 0.001.

ms 44 100 -t 63 -eN t x

Combined Models

The previously described models were combined in order to examine how different parameters
effect each other. A low level of growth appeared to explain a considerable proportion of the
deviation from the neutral model, and was included in all models.

growth α = 10, recombination ρ = 900

growth α = 10, Population split, 2 equal groups, 0.03 4Ne generations ago

growth α = 10, Bottleneck, severity = 0.1, 0.003 4Ne generations ago

ms 44 100 -t 63 -r 900 17913 -G 10

ms 44 100 -t 63 -G 10 -I 2 22 22 -ej 0.03 2 1*

ms 44 100 -t 63 -G 10 -eN 0.003 0.1

2.3.2 Part 2: Effect of demographic history on significance limits

Models were selected from these simulations (*) and then modified to represent the individual
candidate genes, CO, TOC and FT, based on sequence length, θ estimated using DnaSP v. 4.0,
and recombination rates estimated using ldhat v. 2.0 (McVean et al., 2002). Simulations were
performed using basic scanms analysis of data generated in MS to produce only the maximum
and minimum values of Tajima’s D for each repetition. 10000 replicates of each model were
performed. The 5% lower quantile was calculated for minimum values and the 5% upper quantile
was calculated for maximum values using R statistical package.
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CO models

Sliding window analysis was performed on the output using the command scanms 3494 400
50

Neutral: ms 46 10000 -t 18.9

Growth: ms 46 10000 -t 18.9 -r 29 3494 -G 10

Growth and Population Split: ms 46 10000 -t 18.9 -r 29 3494 -G 10-I 2 23 23 -ej 0.03 2 1

2.3.3 TOC models

* Sliding window analysis was performed on the output using the command scanms 1942 400
50

Neutral: ms 45 10000 -t 9.8

Growth: ms 45 10000 -t 9.8 -r 5.01 1942 -G 10

Growth and Population Split: ms 45 10000 -t 9.8 -r 5.01 1942 -G 10 -I 2 23 22 -ej 0.03 2 1

2.3.4 FT models

* Sliding window analysis was performed on the output using the command scanms 3840 400
50

Neutral: ms 17 10000 -t 21.13

Growth: ms 17 10000 -t 21.13 -r 18 3840 -G 10

Growth and Population Split: ms 17 10000 -t 21.13 -r 18 3840 -G 10 -I 2 8 9 -ej 0.03 2 1

3 Results

3.1 Sequence Data

Sequencing was completed for the entire 3840 bp of the FT gene, however sequencing problems
were encountered within the intron for some individuals. 3475 bp of sequence from 17 individuals
was used for analysis, except for Fst where 2493 bp of sequence from 22 individuals was used.

Values of θ per bp ranged from 0.00071-0.00973 for the total dataset of 23 genes (Heuertz
et al., 2005), and from 0.00450-0.00545 for the three candidate genes FT, CO and TOC (Ta-
ble 2). π per bp ranged from 0.00024-0.01276 for the total dataset, and 0.00303-0.00509 for the
candidate genes (Table 2). Tajima’s D values were not significant at the 0.05 level for all genes,
ranging from -1.76 - 1.12. FT, TOC and CO all had slightly negative values of Tajima’s D,
ranging from -0.28 for FT, to -1.57 for CO (Table 2).
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Table 2: Test statistics for candidate genes for control of budset in P. abies. Fst is calculated for two
populations with Russia, Nth Sweden, and Sth Sweden in Population 1, and Germany, Switzerland, Italy,
and Romania in Population 2. D is Tajima’s D. @ Fst for the FT gene is calculated using 2493 bp and
22 sequences.

Gene Individuals Length Seg. Sites θ/Site π/Site D Fst ρ

FT 17 3475 64 0.00545 0.00509 -0.28 0.12@ 18
CO 46 3494 76 0.00541 0.00303 -1.57 0.03 29
TOC 45 1942 33 0.00450 0.00397 -0.40 0.01 5

Fst was only measured for candidate genes, and values were not significant. It was very low
for CO and TOC, indicating very low population differentiation between northern and southern
populations, but indicated some population differentiation for the FT gene (Table 2). However
the incomplete dataset for FT resulted in the exclusion of several populations from Fst analysis,
and the sample size was quite small, so it is likely that this is an artifact of small sampling error.

Values of ρ used for simulations of individual genes were obtained using LDhat. Likelihood
analysis indicated that ρ for TOC (Table 2) was a very good estimate, and values for FT and
CO were unlikely to be lower than the estimate, but could be slightly higher.

The distribution of Tajima’s D obtained by completing sliding window analysis of all se-
quenced genes was shifted considerably to the left, and had a narrower distribution compared
to the normal distributions (Figure 4 and Figure 5). A low level of growth resulted in a shift to
the left and narrowing of the distribution, providing a good fit to the data. Simulation results
became unstable at higher levels of growth, however no further shifting of the distribution was
observed. Recombination was found to have little effect on the distribution of D, either for a
neutral model, or for a model combining growth and recombination (Figure 4 and Figure 5).
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Figure 4: Density plots of Tajima’s D with models of Recombination, Growth, Population Split and
Population Bottleneck
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Population split resulted in a shift of the distribution to the left of the standard-neutral
model, but the shape of the curve was retained. A Growth/Population split model conformed
well to the observed distribution of Tajima’s D. Including population split to the growth model
resulted in a slight shift of the distribution to the left of the pure growth model conforming to
the data slightly better(Figure 4 and Figure 5). The bottleneck model showed a peak in values
to the left of the standard-neutral model, but a fairly broad distribution to the right, which
did not conform to the data. This shape was maintained even for a combined bottleneck and
growth scenario (Figure 4 and Figure 5).
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Figure 5: Density plots of Tajima’s D produced by three combined models of Recombination/Growth,
Spit/Growth, and Bottleneck/Growth

The gene specific 95% significance boundaries of Tajima’s D calculated using simulations of
the standard-neutral model, a growth model, and a population split/growth model are presented
in Table refdstats. The 95% confidence interval for the true distribution of Tajima’s D for the
dataset was -1,885765 0,7347, and the median value was -0.87.

Table 3: 95% confidence intervals for CO, TOC and FT calculated for models of Neutrality, Growth,
and Population Split with Growth

Models CO TOC FT
- cutoff + cutoff - cutoff + cut off - cutoff + cutoff

Neutral -1.658630 1.948094 -1.696034 1.85869 -1.718743 1.872546
Growth -1.815282 1.045238 -1.782030 1.057305 -1.705734 1.430196
Split/Growth -1.968665 0.6035095 -1.843079 0.6781329 -1.939084 1.238043

Calculation of significance cut-off values for sliding window analysis as described by Ardell
(2004) resulted in considerable expansion in the expected positive range, and a slight expansion
in the expected negative range (Figure 6). Using this method, one region of CO was considered
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to significantly deviate from the standard-neutral model, compared to two regions of CO and
one region of FT considered significant using standard beta distribution significance boundaries
(Tajima, 1989).

Figure 6: Sliding window analysis of Tajima’s D for CO, FT and TOC. Horizontal lines represent
significance cut off values for Tajima’s D based on a variety of scenarios. Tajima’s is the significance
cut-off presented by Tajima (Tajima, 1989). Gene structure is potted under each figure (Black:Exon,
Line:Intron, Grey:UTR).
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4 Discussion

The genes investigated for P. abies displayed a moderate level of nucleotide diversity and high
recombination rate, consistent with previous results for P. abies and other conifers (Heuertz
et al., 2005; Brown et al., 2004). A moderate level of population structure has been observed in
P. abies (Heuertz et al., 2005), however values were very low for the genes CO and TOC. Fst

for FT was close to the average obtained by Heuertz et al. (2005), but was non-significant.
Figures 4 and 5 show that the distribution of Tajima’s D obtained from the sliding window

analysis of all sequenced loci of P. abies, differs considerably from that predicted by the standard
neutral model. It is possible to explain most of this variation from the standard-neutral model,
by a constant low level of growth, and even better by a constant low level of growth, and
population split.

Multiple issues must be addressed prior to concluding that a history of population growth,
and possibly geographical division explains the deviation of the multilocus distribution of
Tajima’s D for P. abies. Two main questions must be considered; Is it valid to utilise sliding
window analysis to obtain a distribution of Tajima’s D? Does fitting a model to the distribution
of a test statistic provide valid information about the demographic history of a population?

Multiple testing of sites will occur when using sliding window analysis to obtain a distribution
of a test statistic. Analysis of the resulting distribution must therefore take into account multiple
testing error (Ardell et al., 2003). Multiple simulations of a sliding window analysis for an
equivalent amount of sequence to the dataset were used to produce the expected distributions
of Tajima’s D under each model, ensuring that models were directly comparable to the true
distribution of Tajima’s D obtained using sliding window analysis.

The dataset was made up of several long candidate genes (c. 2 - 3 kb), and around 20 shorter
control loci (c. 0.5 - 1 kb). Due to the sliding window approach, a large proportion of values
are calculated from the candidate genes. Selection does not act uniformly across a sequence,
instead it acts on regions of particular importance such as conserved domains and 1st and 2nd
codon positions within the exon. If linkage disequilibrium decays rapidly, then selection acting
on a single region will not strongly effect other regions of the gene. In species where linkage
disequilibrium is observed to be very low, sliding window analysis can be used to produce an
accurate distribution of Tajima’s D values.

In P. abies, each of the candidate genes has non-significant overall Tajima’s D values (Ta-
ble 3), despite several conserved domains being present within the exon of CO and TOC, and
the entire exon sequence in FT (Griffiths et al., 2003; Chardon and Damerval, 2005). This
suggests that if selection is acting on regions within the gene, it is not effecting nucleotide
diversity for the whole sequence. When the distribution of Tajima’s D was plotted excluding
values from the candidate genes the distribution was only slightly shifted(data not shown), and
median value of -0.87 remained the same. Inclusion of the candidate genes resulted in a slight
increase in the spread of the distribution, due to the inclusion of more extreme values. This
indicates that selection may be acting on some regions of this gene as expected. Small shifts
in the distribution can be the consequence of selection acting on regions of the genes analysed,
however major shifts in the overall distribution will be the consequence of demographic history,
as would be the case for a multilocus distribution plotted using overall Tajima’s D values (Akey
et al., 2004).

The problems associated with this dataset will be essentially the same as are associated with
true multilocus distributions - primarily that some included sites will be effected by selection as
well as by demographic history (Akey et al., 2004), but these should not have any greater effect
on the distribution for sliding window analysis as for a multi-locus analysis unless linkage dise-
quilibrium is high. The assumption that selection has only local effects on intragenic nucleotide
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diversity is an interesting topic for further investigation.
According to the analysis of Tajima’s D in P. abies, population growth has contributed to

the present observed nucleotide diversity. It would be interesting to complete a similar analysis
of other test statistics such as Fay and Wu’s H*, or Fu and Li’s D*. Diffierent statistics pick up
different information from sequence data allowing different aspects of the demographic history
to be identified (Fay and Wu, 2000; Fu and Li, 1993; Kreitman, 2000; Nordborg et al., 2005).
Some attempts to fit models to multiple test statistics have been successful, however often
models become too complicated (Akey et al., 2004; Haddrill et al., 2005). Preliminary results
trying to fit a model to the mean values of both Fay and Wu’s H* (Fay and Wu, 2000) and
Tajima’s D for the control dataset have found that a bottleneck model seems to be the only
demographic model capable of fitting the observed pattern of both negative H* and a negative
Tajima’s D (data not shown). Fitting models to mean values of two statistics results in a
large proportion of the information for single statistics being lost. Different results for different
statistics, or multiple statistic analysis are unlikely to be exclusive.

Low population growth, explains a considerable portion of the deviation of the distribution
of Tajima’s D from that expected by the Wright-Fisher standard-neutral model. Models of
bottleneck scenarios did not match the data, indicating that although range restriction may
have occurred, it did not result in a bottleneck event. This does not exclude the possibility of
a population bottleneck in the history, as the true history is likely to be complicated. Tajima’s
D also provides some evidence for a small degree of population division, modeled as an equal
split occurring about 100 000 years ago, with an overall effective population size of c. 30 000,
which may reflect the division between the Balto-Nordic domain and the European domain.
That population division has been highly significant in determining patterns of nucleotide di-
versity cannot be concluded as the shift in the distribution is not sufficiently significant to be
distinguished from selection.

The second part of this study investigates intralocus values of Tajima’s D for the candidate
genes using sliding window analysis and significance according to simulations. The significance
cut-off values provided by Tajima (1989), or values calculated in a similar way cannot be used
to assess sliding window data. A sliding window analysis produces multiple data points, and 5
in 100 of these would be expected to be falsely considered to be ”significant” for a 5% two-tail
significance test. The method used to calculate the significance cut-off values for models under
the sliding window analysis was very rigorous (Ardell, 2004). SCANMS was used to obtain the
maximum and minimum values of Tajima’s D for 10000 simulations of the genes CO, TOC, and
FT. The upper significance cut-off was calculated as the 95% quantile of the maximum values,
and the lower significance cut-off was calculated as the 5% quantile of the minimum values.
Consequentially, a value was considered significant if larger or smaller than 95% of maximum
or minimum values (Ardell, 2004) obtained by simulation. These cut-offs are not comparable
with basic distribution significance cut-offs such as that on which Tajima’s D is based. The
disadvantage of this is that it is impossible to distinguish between the effect of multiple testing
and the increased rigour of the significance tests.

Sliding window analysis of CO and FT showed that there is variation of Tajima’s D values
across these genes, but analysis of TOC showed very low levels of variation, with values tending
to be around the expected median value of -0.87 as predicted by a growth model(Figure 6).
Conserved domains are known to exist in both CO and TOC1, and the entire FT gene is
a conserved domain (Griffiths et al., 2003; Chardon and Damerval, 2005). Significance values
modified for multiple testing indicated that only one region of CO was significantly more negative
than expected by the standard-neutral model.

The sliding window plot of FT was not very informative, as no sites were significant according
to the values modified for multiple testing. However, several regions tended to have low values
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of Tajima’s D, at positions 3, 35 and 60, and one region had an unusually high value, in the
vicinity of window 15. Due to sequencing problems, the dataset for FT was not as complete as
for the other genes, and it would be of great interest to further examine FT with a full dataset.

Sliding window analysis of TOC provided no indication of selection. Almost all of the TOC
sequence analysed is exon sequence, so if the gene is functional, then one would expect strong
selection against new mutations. If insufficient data was present, then values would not have
been calculated for these regions, so it is possible that the mutations observed are third position
mutations, and are consequently neutral. A conserved CCT domain known to be present in
this region of TOC is believed to lie around window 17 of the sliding window analysis, where
no signs of selection are observed (Griffiths et al., 2003).

The site in CO is also significantly negative for a simple growth model, but not for a combined
split growth model. Because the pure growth model is the most robust demographic model
found, and uncertainty about the impact of population division on patterns of polymorphism,
this region can be concluded to be of interest. It is located in the large central intron of CO,
indicating that may be a regulatory region at this site. This is a site of interest for further
investigation. Sites corresponding to conserved domains were not identified. In CO, conserved
domains are likely to be positioned in vicinity of window locations 10 and 50 (Figure 6).

5 Conclusion

This study reveals exciting possibilities for combining the use of simulation models and sliding
window analysis of data to investigate demographic history in non-model species. The use of
sliding window analysis to obtain a distribution of statistics is limited to species with very low
linkage disequilibrium. Analysis of different statistics can be informative about different aspects
of demographic history. Demographically induced shifts in the distribution of test statistics can
have a major influence on values considered significant when trying to detect traces of selection.
Analysis of Tajima’s D provides strong evidence that population growth has been a major part
of the demographic history of P. abies. Calculation of significance values to include growth
results in considerable shift in the significance cut-off levels for Tajima’s D.
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