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Abstract

Understanding the genetic basis of adaptive evolution, and how
natural selection has shaped patterns of polymorphism and
divergence within and between species are enduring goals of
evolutionary genetics. In this thesis, I used whole genome re-
sequencing data to characterize the genomic signatures of natural
selection along different evolutionary timescales in three Populus
species: Populus tremula, P. tremuloides and P. trichocarpa. First,
our study shows multiple lines of evidence suggesting that natural
selection, due to both positive and purifying selection, has widely
shaped patterns of nucleotide polymorphism at linked neutral sites in
all three species. Differences in effective population sizes and rates of
recombination largely explain the disparate magnitudes and
signatures of linked selection that we observe among species. Second,
we characterize the evolution of genomic divergence patterns between
two recently diverged aspen species: P. tremula and P. tremuloides.
Our findings indicate that the two species diverged ~2.2-3.1 million
years ago, coinciding with the severing of the Bering land bridge and
the onset of dramatic climatic oscillations during the Pleistocene. We
further explore different mechanisms that may explain the
heterogeneity of genomic divergence, and find that variation in linked
selection and recombination likely plays a key role in generating the
heterogeneous genomic landscape of differentiation between the two
aspen species. Third, we link whole-genome polymorphic data with
local environmental variables and phenotypic variation in an adaptive
trait to investigate the genomic basis of local adaptation in P. tremula
along a latitudinal gradient across Sweden. We find that a majority of
single nucleotide polymorphisms (SNPs) (>90%) identified as being
involved in local adaptation are tightly clustered in a single genomic
region on chromosome 10. The signatures of selection at this region
are more consistent with soft rather than hard selective sweeps, where
multiple adaptive haplotypes derived from standing genetic variation
sweep through the populations simultaneously, and where different
haplotypes rise to high frequency in different latitudinal regions. In
summary, this thesis uses phylogenetic comparative approaches to
elucidate how various evolutionary forces have shaped genome-wide
patterns of sequence evolution in Populus.



Sammanfattning

Ett av mélen inom evolutionir genetik ar att forstd den genetiska
basen for olika evolutionidra anpassningar samt hur naturliga
selektion formar genetisk diversitet och divergens inom och mellan
arter. I denna avhandling anvinder jag data frdn hel-
genomsresekvensering for att karakterisera genetisk diversitet och
naturlig selektion i tre olika arter av Populus: P. tremula, P.
tremuloides och P. trichocarpa. Mina studier visar att bade positiv
och negativ naturlig selektion har i stor utstrickning format den
genetiska diversiteteten inte bara pad positio som &r under direkt
selektion utan dven pé kopplade, neutrala positioner i alla tre arter
som studerats. De skillnader jag ser i effekterna av kopplad naturlig
selektion mellan de tre arterna kan till stor del forklaras av skillnader i
effektiv populationsstorlek och rekombination mellan arterna. Jag har
dven anviant samma resekvenseringsdata for att karakterisera
artbildningsprocessen mellan de tvd mest narbesliktade arterna, P.
tremula och P. tremuloides. Mina resultat visar att de tva arterna
divergerade for ca. 2.2-3.1 miljoner &r sedan, en period som vil
sammanfaller med 6ppnandet av Berings sund och den period av
dramatiska klimatsvingningar som karakteriserade denna tid av
Pleistocen. Jag har studerat vilka olika mekanismer som kan forklara
den heterogenitet i genetisk divergens vi ser Gver genomet nir vi
jamfor de tva arterna, och visar att d&ven hir spelar lankad naturlig
selektion och rekombination en viktig roll. Slutligen har jag anvint
helgenomdata for att identifiera genetiska varianter och kopplat
denna genetiska variation till variation i lokala miljovariabler och
variation in adaptiv egenskap, tillvixtavslut, for att pa si sitt
undersoka den genetiska basen for lokal anpassning i P. tremula langs
en latitudinell gradient genom Sverige. Resultaten visar att en
majoritet (> 90%) av de genetiska varianter som jag identifier som
involverade i lokal anpassning dr tétt samlade i en enda genomisk
region pa kromosom 10. De tecken péa naturlig selektion som jag kan
identifierar i denna kromosomregion ligger vil i linje med sk. “mjuka”
“selective sweeps”, snarare dn “hirda” sweeps som uppkommer
genom nya adaptiva mutationer. Sammanfattningsvis sd har ja i
denna avhandling anvint olika jaimférande metoder for att studera
hur evolutionira krafter har format genetisk variation Populus.



Introduction

Understanding the genetic basis of how organisms adapt to
diverse environments is a major goal in ecology and
evolutionary biology (Lewontin 1974; Anderson, et al. 2011).
With the advent of next generation sequencing (NGS)
technologies, it has become feasible to perform genomic studies
on ecologically and economically important organisms, rather
than only on humans and laboratory-based model species
(Stapley, et al. 2010; Neale and Kremer 2011).

The massive amounts of genome-wide data are transforming
the field of population genetics to population genomics, and
simultaneously, are revolutionizing our understanding of how
natural populations and species evolve (Luikart, et al. 2003;
Charlesworth 2010; Weigel and Nordborg 2015). Before the
genomics era, population genetic studies mainly relied on the
analysis of individual candidate genes to search for the evidence
of adaptive evolution (Wright and Gaut 2005). However, this
approach was limited due to a non-random sampling of selected
genes and poor consideration of the effects of demographic
history. With the advent of fully sequenced genomes of large
population samples, the field of population genomics can
provide effective solutions to these key limitations of candidate
gene studies (Akey 2009; Ellegren 2014). In the context of
genome-wide data analyses, it is much more feasible to
elucidate the relative contribution of mutation, genetic drift,
recombination and natural selection to extant amount and
patterns of genetic variation (Sella, et al. 2009; Olson-Manning,
et al. 2012; Cutter and Payseur 2013). Furthermore, genome
scans can facilitate the identification of selection signatures by
minimizing the confounding effects of population demographic
history (Mitchell-Olds and Schmitt 2006).

To understand the genetic basis of adaptive evolution, a
major challenge is to determine the amount and type of
selection during evolutionary history, and to identify loci that
have been subject to selection (Nielsen 2005; Mitchell-Olds and



Schmitt 2006). Patterns of polymorphism within species and
divergence between species carry the footprints of various
evolutionary events, which in turn can be used to study how
selection and other evolutionary forces have shaped genomes of
organisms (Mitchell-Olds, et al. 2007).

In general, natural selection acts in different modes and over
various timescales (Sabeti, et al. 2006). Positive selection
increases the frequency of favored genetic variants, purifying
selection eliminates detrimental genetic variants, and balancing
selection maintains genetic polymorphism (Storz 2005; Sella, et
al. 2009). Distinctive signatures of selection depend on the time
scales over which it occurred. Between-species comparisons are
usually used to identify older selective events, while segregating
polymorphisms within species are informative of recent and/or
ongoing selective events (Oleksyk, et al. 2010). Below, I provide
an overview of the signatures of adaptive evolution at both
macro- and micro-evolutionary levels as well as its impact on
genomes.

Signatures of adaptive evolution at the macro-
evolutionary level

Comparing homologous traits or DNA sequences among related
species is a powerful way to detect adaptive evolution at the
macro-evolutionary level. The neutral theory holds that the vast
majority of DNA substitutions between species are neutral, with
a negligible contribution of positive selection and that evolution
is mainly governed by random genetic drift (Kimura 1968,
1984). Ohta noted that a substantial fraction of mutant
substitutions should be nearly, rather than strictly, neutral
because they might also be caused by random fixation of very
slightly deleterious mutations (Ohta 1973, 1992). Despite
contentious argument over these theories, they have formed the
basis of inference in population genetics over the past four
decades. However, some recent studies in Drosophila (Sella, et
al. 2009), mammals (Halligan, et al. 2010) and a few plant
species (Slotte, et al. 2010; Strasburg, et al. 2011) suggested that



a significant proportion of genome-wide substitutions had been
the product of adaptive evolution, which challenges the basic
expectations of the (nearly) neutral theory. With the
development of genome-wide polymorphism datasets, some
species-based comparative approaches have been taken to
determine the extent to which genomes are shaped by neutral
evolution, selective constraint and adaptive evolution (Cutter
and Payseur 2013; Hough, et al. 2013; Vitti, et al. 2013).

One of the best-known methods using between-species
comparisons is the ratio of non-synonymous and synonymous
nucleotide substitutions in protein coding regions (dn/ds)
(Messier and Stewart 1997; Yang 1998; Yang and Bielawski
2000). Non-synonymous mutations change the amino acid
whereas synonymous mutations alter the codon but not the
amino acid. If both synonymous and non-synonymous
substitutions are assumed to be neutral, the dn/ds ratio is
expected to equal one. If an amino acid change is beneficial, it
will be fixed at a higher rate than a synonymous mutation,
resulting in dx/ds>1. Conversely, when the amino acid change is
deleterious, it is expected to be constantly purged from the
population by purifying selection, causing dy/ds<1. It is
apparent that in most cases dn/ds<1, implying that the vast
majority of amino acid sites are constrained by purifying
selection (Charlesworth, et al. 1993). Only if there is significant
adaptive evolution, is dx expected to be greater than ds (Yang
and Bielawski 2000; Wright, et al. 2002; Bustamante, et al.
2005).

In addition to the dn/ds test, the McDonald-Kreitman (MK)
test and its extensions (McDonald and Kreitman 1991) have
been extensively used to detect evidence for positive selection.
The MK test compares the amount of variation within a species
to the divergence between species at two types of sites, typically,
synonymous and non-synonymous sites within protein-coding
regions (Figure 1). This test, in principle, is applicable for any
two sets of sites for which one is likely to be evolving neutrally
(Andolfatto 2008). If mutations at synonymous and non-
synonymous sites are both neutral, we would expect they
contribute in similar proportion to polymorphism and



divergence. Therefore, the proportion of non-synonymous and
synonymous changes of polymorphism within the species
(pn/ps) is expected to be the same as the divergence between
species (dn/ds) (Figure 1). By contrast, purifying selection
removes deleterious non-synonymous variants faster, and fewer
non-synonymous fixed differences between the two species are
expected. Purifying selection therefore likely causes an elevated
ratio of non-synonymous to synonymous polymorphism
relative to divergence (pn/ps > dn/ds). However, if some of the
non-synonymous mutations are under positive selection, these
adaptive mutations are expected to contribute more to
substitutions than to polymorphisms over a prolonged period,
leading to a general increase in non-synonymous divergence
(dn/ds> pn/ps) (Figure 1).

Neutrality Positive selection
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Figure 1. Evidence for positive selection based on the McDonald-Kreitman
(MK) test. Light grey lines represent a protein-coding region of studied
species and dark grey lines represent the same region in outgroup species.
Circles represent polymorphisms and stars represent substitutions. Red and
blue colours represent non-synonymous and synonymous sites, respectively.
The tables give summaries of numbers of sites in each category.

When combining the patterns of polymorphism and
divergence across multiple genes, it is possible to infer the
fraction of amino acid divergence that is adaptive (commonly



referred to as a), a=1-(p~/ps)/(dn/ds) (Smith and Eyre-Walker
2002). A variety of species have been estimated a using this or
other related methods, with evidence of widespread positive
selection varying among taxa. Estimates in Drosophila suggest
that about 40-50% of the amino acid substitutions are adaptive
(Smith and Eyre-Walker 2002; Welch 2006; Begun, et al.
2007). Similarly, high proportions of adaptive fixations have
also been found in some bacteria and vertebrate species, such as
in Escherichia coli (56%) (Charlesworth and Eyre-Walker
2006), Pseudomonas syringae (56%) (Hughes, et al. 2008) and
Mus musculus castaneus (57%) (Halligan, et al. 2010).
However, little evidence of adaptive evolution is found in
humans and in most plants (Sequencing and Consortium 2005;
Boyko, et al. 2008; Gossmann, et al. 2010). Such contrasting
patterns in the prevalence of adaptive evolution among taxa has
led to the suggestion that differences in the effective population
size and population structure are likely to be the determinants
of rates of adaptive evolution among species (Wright and
Andolfatto 2008).

Overall, tests based on inter-specific genomic comparisons
are indeed very useful to detect old, recurrent selective events
over quite long evolutionary timescales. However, they have
limited power to detect recent and/or ongoing selection within
species as well as to precisely pinpoint loci that are subject to
selection. In this case, intra-specific population genomic data
are needed to detect recent selection and to identify the actual
alleles and/or mutations underlying selection.

Signatures of adaptive evolution at the micro-
evolutionary level

Evidence of more recent selection can be garnered from
analysis of intraspecific polymorphism. As a new advantageous
mutation rises rapidly to fixation, neutral variants closely linked
to it will also increase in frequency as a result of the hitchhiking
effect (Smith and Haigh 1974). Therefore, such “selective
sweep” events leave a highly characteristic molecular signature



involving a local reduction of nucleotide diveristy around the
selected locus (Figure 2). Apart from this, a selective sweep can
also cause a skew in the distribution of allele frequencies
towards rare variants (Tajima 1989). This is because
subsequent to a selective sweep, new mutations would initially
occur at low frequencies before mutation-genetic drift
equilibrium is restored (Figure 2).

One of the most widely used methods is Tajima’s D test,
which compares estimates of 0 (=4N.u) based on the observed
number of segregating sites in a sample (0,) with the mean
pairwise difference between all sequences in the sample (0)
(Tajima 1989). Under the standard neutral model, the expected
value of Tajima’s D is zero. Negative values of Tajima’s D
indicate an excess of rare polymorphism, which could result
from either positive or purifying selection. In comparison, a
positive Tajima’s D is the result of an excess of intermediate
frequency alleles and may therefore indicate balancing
selection. Furthermore, Fay and Wu’s H test extends the
Tajima’s D test and provides more power to detect the excess of
high-frequency derived alleles, which is a hallmark signature of
a selective sweep (Fay and Wu 2000). Compared to the Tajima’s
D test that relies on the folded spectrum, Fay and Wu’s H test
relies on the unfolded spectrum where ancestral and derived
variants are distinguished using an outgroup sequence, which
enables it to be more efficient to detect an ongoing selective
sweep (Przeworski 2002).

Another popular approach for detecting ongoing or
incomplete selective sweeps is the extended haplotype test and
its derivatives (Sabeti, et al. 2006; Voight, et al. 2006). These
tests rely on the principle that the sudden rise of a selected
allele leaves insufficient time for recombination to break down
the linkage disequilibrium (LD) between the associated neutral
sites, further generating an unusually long identical haplotype
(Figure 2). As a result, the presence of a high frequency
haplotype with long-range LD, which would not be expected
under neutral genetic drift, is a strong sign of recent positive
selection (Voight, et al. 2006). Methods aimed at detecting
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Figure 2. Signatures of selective sweeps at the micro-evolutionary level. The
lines indicate individual DNA sequences or haplotypes, and the polymorphic
mutations are depicted as blue bars. (a) The pattern of polymorphism in the
ancestral population before selection occurred. (b,c) Two new advantageous
mutations (indicated by red and green stars) respectively appear on different
haplotypes in the two sub-populations (A and B). (d,e) Beneficial mutations
bring nearby hitchhiker variants to high frequency or even fixation, creating
unusually long haplotypes of low variation in both sub-populations. (f) Recent
selective sweeps usually leave several signatures on patterns of genomic
variation around the selected locus, including a population-wide reduction in
the genetic diversity (®x), a surplus of rare alleles (negative values of Tajima’s
D statistics), a higher level of linkage disequilibrium (LD) or extended
haplotype homozygosity (EHH), and increased allele frequency differences
between populations (higher values of Fsr). Red and green lines represent the
statistical values from sub-population A and B, respectively. Black dashed
lines represent the average values of the corresponding statistical methods
across the genome.



recent and incomplete selective sweeps using LD information
include the extended haplotype homozygosity (EHH) test
(Sabeti, et al. 2002), integrated Haplotype Score (iHS) (Voight,
et al. 2006) and Cross Population Extended Haplotype
Homozogosity (XP-EHH) (Sabeti, et al. 2007). However, such
LD-based approaches will rapidly lose power once the sweep is
complete, because little variation is left to assess patterns of LD
after selected alleles approach fixation.

When spatially separate populations are subject to distinct
ecological and environmental conditions, heterogeneous
selection at different sites may increase the allele frequency
differences between populations (Figure 2). Therefore,
increased levels of population differentiation in specific
genomic regions can be used to identify putative targets of
spatially varying selection (Wright 1949; Holsinger and Weir
2009). The most commonly used statistical test for population
differentiation is Fsr, a fixation index that measures the
partitioning of genetic variance between versus within
populations (Wright 1949; Holsinger and Weir 2009). The
underlying rationale is that the expected pattern of genetic
differentiation between populations is the same at all neutral
loci and is mainly determined by neutral processes such as
genetic drift and demographic history (Luikart, et al. 2003;
Beaumont and Balding 2004). However, loci under selection
and tightly linked neutral loci are expected to exhibit extreme
levels of differentiation compared to the expectation under
neutrality (Luikart, et al. 2003; Beaumont and Balding 2004)
(Figure 2).

Most of the above signatures of recent selection are likely to
be explained by the classical ‘hard’ selective sweep model,
where selection quickly drives a new advantageous mutation to
high frequency and ultimately to fixation and, as a consequence,
all ancestral variation at closely linked sites is purged by the
hitchhiking effect (Smith and Haigh 1974). However, recent
empirical and theoretical studies emphasize that this type of
selective sweep may not be prevalent in nature (Pritchard and
Di Rienzo 2010; Pritchard, et al. 2010; Hernandez, et al. 2011).
Adaptations may more likely originate from standing genetic
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variation following rapid environmental shifts because there is
little time for new beneficial mutations to be introduced
(Hermisson and Pennings 2005; Pennings and Hermisson
2006), resulting in a so-called “soft selective sweep” (Messer
and Petrov 2013; Garud, et al. 2015). Importantly, simulations
have shown that selection on standing genetic variation
typically produces a weaker, less pronounced signature of
selection, and therefore, may be more likely to be missed by
current statistical methods based on hard sweep models
(Prezeworski, et al. 2005; Teshima, et al. 2006). Traditional
selection scans also have relatively low power to detect
polygenic adaptation, which takes place by modest allele
frequency changes across many loci. Accordingly, more efforts
are still needed in future studies to examine the relative
prevalence of hard sweeps, soft sweeps and polygenic
adaptation in natural populations.

The impact of recombination and other
population genetic factors on adaptive evolution

Recombination can impact adaptive evolution in a number of
ways. First, as shown above, processes of both positive selection
favoring beneficial mutations (genetic hitchhiking) and/or
purifying selection against deleterious mutations (background
selection) can cause a reduction in levels of linked neutral
polymorphism (Begun and Aquadro 1992; Begun, et al. 2007).
The impact of linked selection, however, depends on the local
environments of recombination. Selection purges neutral
polymorphic sites from physically larger regions as a result of
the stronger linkage in low recombination regions compared to
high-recombination regions (Begun and Aquadro 1992;
Kulathinal, et al. 2008; Charlesworth and Campos 2014)
(Figure 3). Therefore, a positive correlation between neutral
polymorphism and recombination rate provides an
independent evidence of the prevalence of linked selection
across the genome (Begun and Aquadro 1992). Apart from
influencing levels of polymorphism within species, linked
selection can also increase inter-specific genetic differentiation
as a result of accelerated linkage sorting in regions of low
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recombination (Cruickshank and Hahn 2014). Therefore,
interactions between selection and recombination can also
drive the evolution of heterogeneous genomic differentiation
between recently diverged species (Renaut, et al. 2013; Burri, et
al. 2015).

(a)High recombination

Genetic
diversity

30kb 20kb 10kb 0 10kb 20kb 30kb
Genomic position

(b) Low recombination

Genetic
diversity

30kb 20kb 10kb 0 10kb 20kb 30kb
Genomic position

Figure 3. The impact of natural selection (denoted by red arrow) on linked
neutral diversity (grey line) depends on the local environments of
recombination. Longer footprints of the reduction in the genetic diversity are
observed in regions of low recombination rate (b) than in regions of high
recombination rate (a). The blue dotted line represent the baseline genetic
diversity. Modified from Mejia (2012).

Furthermore, because the efficacy of selection (Nes) is
determined by the product of the local effective population size
(IVe) and the selection coefficient (s) (Kimura 1984), the reduced
N. due to the genetic linkage effects in regions of low
recombination is expected to reduce the efficacy of both positive
and purifying selection. Accordingly, recombination rate can
affect the efficacy of selection at a given site that is linked to

12



other targets of selection through the process known as Hill-
Robertson interference (HBI) (Hill and Robertson 1966). In low
recombination regions, we would therefore expect fewer
beneficial mutations and larger load of deleterious mutations
compared to those in regions of high recombination (Hill and
Robertson 1966; Haddrill, et al. 2007; Campos, et al. 2014).

In addition to recombination, other factors such as species’
effective population sizes and complex demographic histories
can also shape the course of adaptive evolution (Olson-
Manning, et al. 2012; Phifer-Rixey, et al. 2012). For example,
populations with large N. experience more mutations per
generation and thus have potentially more adaptive alleles than
small ones. In addition, larger populations usually experience
weaker effects of random genetic drift. Favorable alleles,
therefore, are less likely to be lost by drift but rather more likely
to eventually become fixed in large populations than in small
populations (Wright and Andolfatto 2008). Moreover, complex
demographic history, such as population expansion and/or
bottlenecks, can also accelerate or inhibit adaptive evolution
(Gossmann, et al. 2010). Expanding populations may contain
large numbers of new mutations, resulting in a greater
prevalence of hard selective sweeps compared to populations at
equilibrium. Population bottlenecks, however, can increase
stochastic variances throughout the genome and may lead to
fixation of slightly deleterious mutations (Olson-Manning, et al.
2012).

Overall, as genome-wide data among multiple related species
are becoming available, phylogenetic comparative approaches
within and between species will thus place us in a stronger
position to understand how various evolutionary forces have
interacted to shape the heterogeneous patterns of nucleotide
polymorphism and divergence across the genome (Hufford, et
al. 2012; Cutter and Payseur 2013).
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Study system

The genus Populus has emerged as one of the model systems for
studying multiple aspects of forest tree biology (Jansson and
Douglas 2007), mainly because of its wide geographic
distribution, important ecological role in a wide variety of
habitats, multiple economic uses in wood and energy products,
and relatively small genome size (Eckenwalder 1996; Tuskan, et
al. 2006). In this thesis, I studied three Populus species that
differ in morphology, geographic distribution, population size,
and phylogenetic relationship (Figure 4).

The phylogenetic relationship of the three species [(P.
tremula-P. tremuloides) P. trichocarpa] is well established by
both chloroplast and nuclear DNA sequences (Hamzeh and
Dayanandan 2004; Wang, et al. 2014) (Figure 4a). P. tremula
and P. tremuloides (collectively, “aspens”) have wide native
ranges across Eurasia and North America, respectively (Figure
4b). They are closely related and belong to the same section of
the genus (section Populus) (Jansson, et al. 2010). Based on
their morphological similarity and close phylogenetic
relationship, they are considered to be sister species, or less
commonly, conspecific subspecies (Eckenwalder 1996). In
addition, the two aspen species can readily cross and artificial
hybrids usually show high heterosis (Tullus, et al. 2012). In
contrast, P. trichocarpa belongs to a different section of the
genus (section Tacamahaca) that is reproductively isolated
from members of the Populus section (Jansson, et al. 2010).
The distribution of P. trichocarpa is restricted to western
regions of North America (Figure 4b), and its distribution range
is considerably smaller than both aspen species (Dickmann and
Kuzovkina 2014). Importantly, P. trichocarpa is the first tree
species having the genome sequenced (Tuskan, et al. 2006). Its
genome sequence and annotation have undergone continual
improvement (http://phytozome.jgi.doe.gov), which provides
an important context for our genome comparisons.
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Figure 4. Study system. (a) The phylogenetic relationship of the three
Populus species studied in this thesis, associated with the species that are
focused in specific paper of this thesis. (b) Geographic distributions of P.
tremula (orange areas), P. tremuloides (blue areas) and P. trichocarpa (green
areas) and their sampling localities (black star symbols).

Research aims

The general aim of my thesis is to understand how natural
selection has influenced the Populus genome over different
timescales. To reach this goal, I used whole genome re-
sequencing data from three related Populus species to
characterize and compare genomic variation and divergence
within and between species. In summary, this thesis consists of
four papers and the specific aims for each paper are as follows:

Paper I: To establish bioinformatics pipeline for analyzing
next-generation sequencing (NGS) data.

Paper II: To compare genome-wide patterns of nucleotide
polymorphism, site frequency spectrum, and population-scaled
recombination rate among three Populus species. To detect and
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compare the genomic signatures of both purifying and positive
selection among these species, and to determine how selection
and linkage have interacted to shape genome evolution in
Populus. Finally, to characterize the dominant features driving
the differences of linked selection among species.

Paper III: To estimate and infer the divergence time and
historical demographic histories of the two aspen species (P.
tremula and P. tremuloides), and to further investigate the
extent to which neutral and selective forces have contributed to
the overall pattern of genomic differentiation between the two
species. Finally, to identify the candidate regions and/or genes
likely have evolved in response to natural selection during the
speciation process.

Paper IV: To obtain an empirical picture of the effects of local
adaptation at the genomic level in Swedish populations of P.
tremula, and finally to advance our understanding of the
genomic architecture of local adaptation.
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Methods

The advent of NGS technologies has revolutionized biological
disciplines in a variety of ways, and it advances sequence-based
genomic research remarkably (Metzker 2010). Almost all NGS-
based studies inevitably rely on the accurate detection of
variants. Among the different types of variants detected from
sequencing data, single nucleotide polymorphisms (SNPs) are
likely to be the most abundant type (Li, et al. 2009; Nielsen, et
al. 2011). In this thesis, I performed a number of computational
analysis steps to translate the raw sequencing data into final
high-quality SNPs and genotype calls for downstream analyses
(Figure 5), which I explored in detail in Paper I.

Sequencing
—_— - Image analysis
- Base calling

¥

Raw sequencing data

Pre-processing (Trimmomatic)
- Quality check > &
- Data cleaning

Cleaned sequencing data

. — L]
Mapping to the reference - -
genome (BWA-MEM) _— > L

Alignment results (BAM/SAM)
Post-processing
- Indel-Realignment(GATK) > \L
- Mark duplicates(Picard)

Improved alignment results (BAM/SAM)

i : GATK GATK
—_—
Variant filtering UnifiedGenotyper HaplotypeCaller ANGSD

\ )
1

Downstream analysis

Figure 5. Analysis workflow for SNP calling and genotype inference in this
thesis.

Leaf samples were collected from 116 individuals of P.
tremula (paper I-IV) and 24 individuals of P. tremuloides
(paper II, III). Genomic DNA was extracted from these leaf



samples, and paired-end sequencing libraries with insert sizes
of 650bp were constructed for all trees. Whole genome re-
sequencing with an expected depth of 20 x was performed on
the Illumina HiSequation 2000 platform at the Science for Life
Laboratory, Stockholm. Thirteen individuals of P. tremula and
two individuals of P. tremuloides failed in the sequencing
procedures and were then removed from subsequent analyses.
In addition, I downloaded short-read Illumina data of 24 P.
trichocarpa individuals from the National Center for
Biotechnology Information (NCBI) Short Read Archive (SRA)
(Table S1 in Paper II), which were selected to have similar read
depth as the samples of the two aspen species.

Checking the quality of the raw sequence data is always the
first step in NGS analysis pipeline (Altmann, et al. 2012). We
used FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/)
to check the per-base sequence quality and found that quality
always dropped toward the end of reads. We thus used the
software Trimmomatic (Lohse, et al. 2012) to cut off bases from
the start and/or end of reads when the quality values were <20.
If the length of the processed reads was reduced to <36 bases
after trimming, reads were completely discarded.

After quality control, all paired-end and orphaned single-end
reads were mapped to the reference genome using the BWA-
MEM algorithm with default parameters implemented in bwa-
0.7.10 (Li 2013). In papers II and III, we mapped all reads to
the P. trichocarpa genome (version 3.0) (Tuskan, et al. 2006)
for comparative studies between species. In paper IV, we
mapped all reads to a de novo assembly of the P. tremula
genome (available at http://popgenie.org) (Sundell, et al. 2015)
for local adaptation study within single species.

Several post-processing steps of alignments were performed
to minimize the number of artifacts caused by misalignment.
Given that sequence reads are often mapped with mismatching
bases in regions with insertions and deletions (indels), we
performed local realignment to solve such alignment problems.
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We first used the RealignerTargetCreator in GATK (DePristo, et
al. 2011) to inspect suspicious-looking intervals that are likely in
need of realignment, and then used IndelRealigner in GATK to
realign reads over those intervals to get a final consensus
alignment. Another commonly encountered issue is PCR
duplicates, which are usually introduced during the sequencing
library preparation. We used the MarkDuplicates in Picard
package (http://broadinstitute.github.io/picard/) to remove
orphan reads or read-pairs with identical external coordinates
and insert lengths, and to retain only the read(s) with the
highest summed base quality for downstream analyses. In
addition, to exclude artifacts caused by paralogous or repetitive
DNA sequences where reads were poorly mapped to the
reference genome, we removed sites with extremely low- (less
than an average of 4x per sample) and extremely high-
(approximately twice as the mean depth) read depths after
investigating the empirical distribution of read coverage.
Because mapping quality score of zero is assigned to reads that
can be mapped to multiple genomic locations with the same
probability (Li, et al. 2009), we removed sites where, on average
there were more than one multiple mapped reads per sample.
Furthermore, because a short-read alignment is generally
unreliable in highly repetitive genomic regions, we filtered out
sites that overlapped with known repeat elements as identified
by RepeatMasker (Tarailo-Graovac and Chen 2009)

Finally, we employed two complementary approaches for
SNP and genotype calling. For those analyses that require
accurate SNP and genotype calls, we performed multi-sample
SNP calling using HaplotypeCaller implemented in GATK
(DePristo, et al. 2011), and single-sample SNP calling using
UnifiedGenotyper implemented in GATK (see Papers II-IV for
details). However, as some recent studies have pointed out that
single- or multiple- sample genotype calling can result in biases
in the estimation of site frequency spectrum (SFS) (Nevado, et
al. 2014), we employed another method implemented in the
software ANGSD (Korneliussen, et al. 2014) to directly estimate
the SFS and all other population genetic statistics derived from
the SFS without calling genotypes. Later, a number of filtering
steps were performed to reduce false positives, e.g. for genotype
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calling analyses we removed SNPs with a distance of less than 5
bp away from any indels, or those with high rates of missing
genotypes; for direct estimations, only reads with a minimal
mapping quality of 30 and bases with a minimal quality score of
20 were used. More details with regard to the filtering can be
found in papers I-IV.
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Results and Discussion

Paper II: Comparative population genomics
among three related Populus species

In paper II, we compared the genome-wide patterns of
nucleotide polymorphism, site frequency spectrum and
population-scaled recombination rate among three Populus
species: P. tremula, P. tremuloides and P. trichocarpa. We
found that both aspen species harbored substantial levels of
nucleotide diversity throughout the genome (0©,=0.0133 in P.
tremula; ©,=0.0144 in P. tremuloides), both of which were
more than two times higher than diversity in P. trichocarpa
(©,=0.0059). In accordance with the more extensive geographic
ranges and larger census population sizes in both aspen species
compared to P. trichocarpa, the higher genetic diversity most
likely reflects their larger N.. In contrast to the patterns of
nucleotide diversity, P. tremuloides showed substantially
greater negative values of Tajima’s D (average Tajima’s D=-
1.169) across the genome than P. tremula (average Tajima’s D=-
0.272) and P. trichocarpa (average Tajima’s D=0.064),
reflecting large excess of low-frequency polymorphisms
segregating in this species. In addition, the three Populus
species exhibit different patterns of population-scaled
recombination rates (p=4N.c, where N. is the effective
population size and c is the recombination rate), where P.
tremuloides has the highest rates of recombination (8.42 kbp™),
followed by P. tremula (3.23 kbp™) and P. trichocarpa (2.19
kbp). However, after accounting for the influence of N. by
dividing the nucleotide diversity (6w = 4Neu, where N. is the
effective population size and u is the mutation rate), we found
that the ratio of recombination to mutation (/6w or c/u) was
smaller in P. tremula (0.22) compared to P. tremuloides (0.39)
and P. trichocarpa (0.38). If we assume that the mutation rates
are unchanged between species, we could infer that P. tremula
has lower recombination rates relative to the other two species,
although such inference still deserves further investigation.
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Using four-fold synonymous sites as neutral reference, we
employed a maximum-likelihood approach implemented in the
program DFE-alpha to quantify the efficacy of both purifying
and positive selection at zero-fold non-synonymous sites
(Keightley and Eyre-Walker 2007; Eyre-Walker and Keightley
2009). We found that a majority of new non-synonymous
mutations were strongly deleterious (Nes > 10) in all three
species, suggesting that amino acid changes were likely to be
under strong purifying selection in Populus. There were lower
proportions of amino acid mutations that behave as effectively
neutral (Nes < 1) in P. tremuloides (~16%), than in P. tremula
(~23%) and P. trichocarpa (~31%). This likely reflects that the
efficacy of purifying selection on weakly deleterious mutations
is highest in P. tremuloides, lowest in P. trichocarpa and
intermediate in P. tremula. This pattern among species is also
highly associated with N, that we have inferred for the three
species. Furthermore, we employed an extension of the
McDonald-Kreitman test (Eyre-Walker and Keightley 2009) to
estimate the proportion (a) and the relative rate (w) of adaptive
substitution at zero-fold non-synonymous sites. We found
prevalent adaptive evolution in all three species. In accordance
with the pattern of purifying selection, the efficacy of positive
selection is also correlated with N., where both a and w are
highest in P. tremuloides (a: ~65%, w: ~0.24), intermediate in
P. tremula (a: ~43%, w: ~0.16) and lowest in P. trichocarpa (a:
~20%, w: ~0.07).

There are multiple lines of evidence suggesting that genome-
wide patterns of variation have been substantially shaped by
widespread natural selection rather than neutral evolutionary
processes in all three Populus species. First, we found
significant positive correlations between levels of neutral
diversity and population-scaled recombination rates in all
species, even after controlling for confounding variables such as
gene density, GC content, mutation rate, and the number of
sites covered by the data. This pattern is only expected to occur
if natural selection (either purifying or positive selection) is
pervasive across the genome, because linked selection is
supposed to leave a stronger imprint on patterns of diversity in
low-recombination regions than in high-recombination regions
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(Begun and Aquadro 1992). The differences in the strength of
the association between recombination and levels of neutral
polymorphism between species likely reflect differences in N.
(Corbett-Detig, et al. 2015), as we observed substantially
stronger signatures of linked selection in the two aspen species
compared to P. trichocarpa. In addition to N, the impact of
linked selection also depends greatly on the local environments
of recombination, and in line with this, we observe the strongest
signatures of linked selection in P. tremula rather than in P.
tremuloides.

Second, we found slightly negative correlations between the
ratio of non-synonymous to synonymous polymorphisms
(Ozerofold/Ofourfoldy and recombination rates in two aspen species.
The pattern is likely to be explained by the reduction of the
efficacy of purifying selection at eliminating weakly deleterious
mutations in regions of low recombination. Given that weakly
deleterious mutations are more likely to accumulate at a higher
rate in regions of low recombination (Hill and Robertson 1966;
Charlesworth, et al. 1993), the reduced efficacy of purifying
selection can explain the observed pattern of low gene density
in these regions as well.

Third, because genes usually represent the most likely
targets of natural selection, regions of higher gene density are
expected to have undergone stronger effects of linked selection
and exhibit lower levels of neutral polymorphism. We did not,
however, observe such correlations in genic regions among
species. The obscured signatures of linked selection associated
with gene density are likely caused by the positive co-variation
between recombination rate and gene density since they have
opposite effects on patterns of variation at linked neutral sites
(Flowers, et al. 2012; Cutter and Payseur 2013). In contrast,
more complex patterns were found in intergenic regions, where
levels of intergenic polymorphism were mainly driven by
recombination rates in regions of lower gene density, but
primarily shaped by gene density in regions with higher density
of genes.
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Finally, a distinctive signature of recurrent selective sweeps
is the reduction of neutral polymorphism in regions
experiencing frequent adaptive substitutions. In accordance
with this prediction, we found significant negative correlations
between levels of synonymous polymorphism (Osurfola) and the
rate of non-synonymous substitution (dzrofold) at the scale of
single genes in all three species. This provides strong evidence
of recurrent selective sweeps occurring in Populus.

Taken together, compared to the predictions of the neutral
theory suggesting that most adaptive mutations contribute
negligibly to fixed differences between species, we find that
~20-65% of non-synonymous substitutions are driven to
fixation by adaptive evolution in three Populus species. Multiple
lines of evidence indicate that natural selection (both purifying
and positive selection) has largely shaped genome-wide
patterns of neutral polymorphism in Populus. Differences in N,
and rates of recombination between species likely explain
different magnitudes of linked selection that we observe
between them.

Paper III: Genomic footprints of speciation
between two aspen species

In paper III, we used whole genome re-sequencing data from
24 P. tremula and 22 P. tremuloides to study how genomes
diverged during the process of speciation, and to characterize
the genomic landscape of differentiation between the two
species. We found clear population genetic structure between
the two species using both a model-based approach and
principal component analysis (PCA). Nevertheless, only 1.1% of
mutations are fixed differences between species, and 16.7% are
shared between species, with the remaining polymorphic sites
being private in either P. tremula (32.0%) or P. tremuloides
(50.2%). These results suggest that the two aspen species may
have diverged too recently to allow complete lineage sorting.
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We therefore further characterized the historical
demographic processes associated with species divergence. We
used fastsimcoalz2 (Excoffier, et al. 2013), a coalescent
simulation-based method, to infer the past demographic
histories of P. tremula and P. tremuloides from two-
dimensional joint SFS. We evaluated eighteen divergence
models based on the global maximum likelihood estimated
from 50 independent runs using the Akaike information
criterion and Akaike’s weight of evidence (Excoffier, et al.
2013). The best-fitting model was a simple isolation-with-
migration model where, after the two species diverged around
2.3 million years ago (Mya), P. tremula experienced a stepwise
population size change whereas exponential growth occurred in
P. tremuloides. Migration rates between species in both
directions were fairly low, which is not unexpected given their
large geographical separation and disjunct distributions (Figure
4b). Our results thus support an allopatric model of speciation
for the two species. Furthermore, we employed the multiple
sequential Markovian coalescent (MSMC) (Schiffels and Durbin
2014) method to investigate changes of N. over time in more
detail. From this analysis, we found that the two aspen species
experienced similar magnitudes of population decline following
initial divergence. Population expansion of P. tremuloides
occurred around 50,000-70,000 years ago and continued up to
the present. In contrast, P. tremula experienced a more
extended population contraction and the initiation of the
population expansion occurred after the Last Glacial Maximum
(LGM), as for many other forest trees in Europe (Hewitt 2000).

In accordance with the expectation of allopatric speciation
where limited gene flow between species allows for the
accumulation of genetic differentiation by stochastic drift
(Coyne and Orr 2004), we detected relatively high levels
genomic differentiation (mean Fsr=0.386) between species. By
incorporating the inferred demographic scenarios into “the”
null model, we investigated the extent to which demographic
and selective events have contributed to the overall patterns of
genomic differentiation between P. tremula and P. tremuloides.
We found that neutral demographic processes could largely
explain the observed patterns of genomic divergence. That said,
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a number of regions exhibit significantly (false discovery rate
(FDR)<o0.01) high and/or low inter-specific genetic
differentiation compared to expectations based on the
demographic coalescent simulations. These “outlier” regions
also show multiple evidence of the action of either positive or
balancing selection in both species.

If natural selection has truly been one of the dominant
evolutionary forces shaping patterns of genomic differentiation
between species, regions of low recombination would be
expected to show increased Fsr values rather than increased dyy
values. This occurs because natural selection removes neutral
variation over longer distances in low recombination regions.
As a consequence, relative measures of divergence (e.g. Fsr) that
rely on intraspecific diversity are expected to be higher in
regions of low recombination, whereas increased absolute
divergence (e.g. dx) is only expected if gene flow between
species is reduced (Noor and Bennett 2009). Compared to the
prediction of heterogeneous gene flow, we observe a significant
negative correlation between recombination rate and Fsr, but
not with dy, in both aspen species. Our results thus highlight
the significant effects of recombination and linked selection in
generating the inter-specific heterogeneous patterns of genomic
differentiation (Nachman and Payseur 2012; Cruickshank and
Hahn 2014). Nonetheless, it should be noted that the coalescent
simulations performed here are obvious simplifications of the
true demographic histories of real populations. Considerable
caution is thus needed in this study when interpreting
candidate regions and/genes as targets of selection (Akey
2009).

Paper IV: The genomic signatures of local
adaptation in P. tremula

In paper IV, we analyzed whole genome polymorphism data of
94 unrelated P. tremula trees sampled from twelve populations
spanning latitudinal gradients across Sweden (Figure 4b). We
identified a total of 4,432,934 SNPs with a minor allele
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frequency (MAF) greater than 5% across all samples after
applying stringent criteria for quality control. Both model-based
ADMIXTURE analysis (Alexander, et al. 2009) and principal
component analysis (PCA) (Patterson, et al. 2006) suggest that
genetic population structure is very weak in Swedish
populations of P. tremula but that it is arranged along a north-
south latitudinal gradient. Such clinal genetic structure
corroborates earlier studies showing that the Swedish aspen
populations are likely the result of a recent admixture between
two distinct postglacial lineages following LGM (De Carvalho, et
al. 2010). Although demographic processes such as recent
admixture are capable of generating genome-wide patterns of
clinal variation, the extremely low genetic differentiation (mean
Fsr=0.0021) among these populations suggests that extensive
gene flow within P. tremula has almost eradicated this signal.

We combined three complementary approaches to dissect
the genotype-environment-phenotype links for identifying
candidate SNPs involved in local adaptation. First, we used
PCAdapt (Duforet-Frebourg, et al. 2015) to scan the genome for
SNPs that are most strongly correlated to the observed
population structure. Second, we used a latent factor mixed-
effect model (LFMM) (Frichot, et al. 2013) to test for
associations between SNPs and environmental variations,
which were represented by the first environmental principal
component following a PCA on the 39 environmental variables.
Third, we used GEMMA (Zhou and Stephens 2012) to perform
genome-wide association study (GWAS) on the timing of bud
set, a highly heritable and adaptive trait (Hall, et al. 2007). The
significant SNPs identified by the three methods largely
overlapped, and we only considered those SNPs identified by at
least two of the three methods to be associated with local
adaptation. After anchoring the scaffolds of P. tremula to the
corresponding chromosomes of the P. trichocarpa genome
(Tuskan, et al. 2006, Lin, et al. in preparation), we found that
98.7% of the 910 SNPs identified by all three methods and
88.4% of the 705 SNPs that were identified by two of the three
methods mapped to a single region (~700kbp) on chromosome
10. In accordance with recent theoretical predictions of
adaptation in the face of migration (Yeaman 2015), our results
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provide empirical evidence suggesting that genomic
architecture of local adaptation evolving under migration-
selection balance is more likely to be enriched for few large-
effect or tightly clustered loci rather than many independent
small-effect loci. This is most likely because large-effect or
tightly clustered loci are more able to overcome the
homogenizing effect of migration and are highly swamping
resistant, whereas small-effect loci are likely to be prone to
swamping and may contribute ephemerally to local adaptation
(Yeaman and Whitlock 2011).

We further performed a number of additional analyses to
investigate the signature of selection at the candidate region on
chromosome 10. First, we compared patterns of allele frequency
among populations between the SNPs associated with local
adaptation and 10,000 SNPs randomly selected across the
genome. Compared to the negligible allele frequency differences
between populations for randomly selected SNPs, we observed
a steep allele frequency cline for candidate SNPs involved in
local adaptation. This provides strong evidence of spatially
varying selection operating directly on or near these variants.
Second, we found significantly reduced genetic diversity in the
candidate region relative to the genome-wide averages across
the twelve local populations and all populations combined,
which is in accordance with the expectation that positive
selection acting on a locus will cause a local reduction in genetic
diversity (Smith and Haigh 1974). In addition, we found more
substantial reductions of genetic diversity and more derived
alleles that were segregating at high frequency in the four
northernmost populations (population 9-12). All these results
suggest that populations of P. tremula at higher latitudes may
have experienced a larger shift in environmental conditions
following the postglacial re-colonization of Scandinavia and
thus exhibit stronger signals of recent adaptation than do
lower-latitude populations (Sedghifar, et al. 2016). Third, we
calculated the standardized integrated haplotype score (iHS)
(Voight, et al. 2006) for the candidate SNPs in this region and
found stronger haplotype homozygosity among trees from high
latitude populations than among those from low latitude
populations. This provides further evidence supporting the
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geographically restricted occurrence of a recent, strong selective
sweep in high latitude populations of P. tremula. Finally, we
performed two newly developed haplotype statistics, H12 and
H2/H1 (Garud, et al. 2015), to examine the relative roles of hard
vs. soft selective sweeps involved in local adaptation at the
candidate region. We found that most windows surrounding the
candidate region exhibited both high values of H12 and H2/H1,
suggesting that multiple frequent haplotypes occur across P.
tremula populations in this candidate region. In particular, we
found that alternate haplotypes rose to high frequency in
different latitude regions. The occurrence of multiple adaptive
haplotypes in this region are therefore more likely to have
arisen from soft selective sweeps involving either multiple
adaptive de novo mutations of independent origin or multiple
alleles derived from standing genetic variation (Garud, et al.
2015).

A number of genes within the candidate region are known to
play key roles in the regulation of growth and dormancy in
forest trees. The SNP (Potran01246:25256) showing the
strongest signal of local adaptation falls within an intronic
region of FLOWERING LOCUS T (FT2, Potran01246g10694),
which is a strong candidate gene controlling short-day induced
growth cessation and bud set in Populus (Bohlenius, et al.
2006; Hsu, et al. 2011). We also found that trees carrying the
derived G-allele for this SNP set bud much earlier than those
carrying the ancestral T-allele, likely indicating the associations
between the seasonal phenology and genotypes surrounding
this SNP.

To conclude, this study links variation from whole genome
re-sequencing data with environmental variables of interest and
a locally adapted phenotype, to obtain an empirical picture of
the effects of local adaptation at the whole-genome level in P.
tremula.
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Conclusions and perspectives

Although the neutral theory of molecular evolution provides a
theoretical basis and foundation for studying evolutionary
genomics (Kimura 1968, 1984), rapidly accumulating large-
scale genomic data are showing that this claim may not hold in
a variety of species (Sella, et al. 2009). Using three Populus
species as a study system, this thesis provides a genome-scale
view of how different evolutionary forces have shaped patterns
of sequence evolution at different timescales. At the same time,
the data generated in this thesis also open up the door to a
plethora of possibilities for future work.

First, regarding the distribution of fitness effects of new
mutations, our results show that the majority of newly arising
amino acid mutations are strongly deleterious and are likely to
be under strong purifying selection in all three species.
However, ~20-65% of amino acid substitutions between species
have likely been driven to fixation by adaptive evolution. Our
results thus argue that positive selection cannot be ignored in
the study of genome evolution in Populus. In support of these
arguments, multiple lines of evidence suggest that neutral
genetic variation has been extensively shaped by both purifying
and positive selection owing to the effects of selection at linked
sites. Given the pervasive effects of linked selection that we
have documented in these species, more attention should be
paid on choosing reliable neutral sites for demographic
inference in future studies. In addition, future studies to
quantify the strength of positive and purifying selection in
noncoding regulatory regions and across gene expression
categories will further advance our understanding of the extent
and nature of selection in Populus genomes (Hough, et al.
2013).

Next, this thesis examined the relative roles of different
evolutionary forces in driving genomic divergence between two
aspen species. Our results support an allopatric model of
speciation, and suggest that neutral evolutionary processes such
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as stochastic genetic drift and demographic history can largely
account for the observed pattern of genomic differentiation
between the two species. Nonetheless, a few regions exhibit
extreme differentiation relative to those expected under
coalescent simulation, suggesting that natural selection is still a
major evolutionary force generating the heterogeneous
landscape of genomic divergence between incipient taxa. Our
findings thus highlight that future work should integrate more
information on the natural histories of speciation before
interpreting the meaning of the observed heterogeneous
patterns of differentiation between species. Moreover, although
accumulating studies have provided evidence for the action of
linked selection in shaping genetic variation within and
between species (Cutter and Payseur 2013; Cruickshank and
Hahn 2014), we remain uncertain about whether linked
selection occurred in the form of positive selection for
advantageous variants or purifying selection against slightly
deleterious mutations. Future studies are required to quantify
the effects and to distinguish the relative contributions of
positive and purifying selection, which will facilitate
demographic inference and will make it possible to build a null
model in scans for targets of adaptation.

Finally, this thesis has characterized the genomic
architecture of recent local adaptation in Swedish populations
of P. tremula in an unprecedented detail. This may have
important implications, not only for tree breeding and genetic
improvement programmes (Neale and Kremer 2011), but also
for predictions of how trees would response to future climate
changes (Savolainen, et al. 2013). We have found that a
majority of candidate SNPs (>90%) involved in local adaptation
tightly cluster at a single genomic region on chromosome 10.
Our results suggest that in the presence of migration, local
adaptation tend to favor genomic architectures of few large-
effect or tightly clustered loci than many loci of small effect.
Nevertheless, the evolution of genomic architecture under
migration-selection balance still needs to be studied in more
detail, especially because detecting loci with small-effect sizes
or with slight frequency changes remains difficult (Rockman
2012). Furthermore, several functional genes are found to be
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likely associated with local adaptation. One of the most
promising gene is FT2, which has been known to play a key role
in the regulation of short-day induced growth cessation in
perennial plants (Hsu, et al. 2011). The majority of SNPs
showing strong signatures of local adaptation are located in
noncoding regions near or within genes, indicating that
regulatory variants have probably played more important roles
in driving local adaptation in P. tremula (Fraser 2013). A
perspective for molecular genetics in future studies is therefore
to identify causal variants and genes associated with the
adaptive trait, and to further understand the cellular and
molecular mechanisms of the traits underlying adaptation.
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