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What whispers so strange at the hour of midnight,
 From the aspen leaves trembling so wildly?

  Why in the lone wood sings it sad, when the bright
   Full moon beams upon it so mildly?

   - Bernhard S. Ingemann, The Aspen 



“I'm one of those people you hate because of genetics. It is the truth.”

Brad Pitt
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Abstract
Selection acts on phenotypes,  and the patterns of nucleotide variation in loci 

controlling those phenotypes should mirror the patterns of selection imposed on 
populations. The phenotypes of most ecologically important traits are determined 
by the genotypes at many different interacting loci and by the local environments. 
As  a  consequence,  the  phenotypic  variation  in  these  traits  has  a  continuous 
distribution. These distributions often parallel a gradual change in abiotic factors, 
such  as  the  light  regime,  when  a  species  has  a  broad  distribution  range.  The 
heterogeneity of environments over this range result in varying selection pressures 
and,  in  turn,  local  adaptation.  Determining  the  connection  between  the  genetic 
differentiation of populations and the nucleotide variation in loci underlying a trait, 
is  a  key  step  for  understanding  the  genetic  architecture  of  local  adaptation  in 
ecologically important traits.

This thesis examines the timing of bud set, a measure of the autumnal cessation 
of  growth,  in  the  European  aspen,  Populus  tremula.  Trees  were  sampled  from 
subpopulations  over  an  extensive  latitudinal  gradient  covering  most  of  Sweden. 
Results  show  a  clear  genetic  differentiation  between  different  parts  of  Sweden 
pointing  at  local  adaptation  of  bud  set.  In  the  search  for  candidate  genes  that 
underlie  this  local  adaptation,  twenty-five  of  the  genes  in  the  photoperiod  gene 
network were examined for signals of selection. Genes in the photoperiodic network 
show  an  increase  in  the  heterogeneity  of  differentiation  between  sampled 
subpopulations in Sweden. Almost half (12) of the examined genes are under some 
form of selection. Eight of these genes show positive directional selection on protein 
evolution,  of  which  one  gene  codes  for  a  photoreceptor.  This  photoreceptor 
(phytochrome A) mediates changing light conditions to downstream targets in the 
network and was found to have the hallmarks of a selective sweep. Furthermore, 
there  is  a  negative  correlation  between  positive  directional  selection  and 
synonymous diversity indicating that the majority of genes in the photoperiod gene 
network  have  undergone  recurrent  selective  sweeps.  This  phenomenon  likely 
occurred when  P. tremula re-adapted to northern light regimes during successive 
population expansions following periods of glaciations.

Two of the genes under selection have single nucleotide polymorphisms (SNP) 
that associate  with bud set,  two in  the PHYB2 gene and one in the LHY2 gene. 
Furthermore, there is an additional SNP in LHY1 that explains part of the variation 
in timing  of  bud set,  despite  the lack  of  a signal  of  selection at  the LHY1 gene. 
Together these SNPs explain 10-15% of the variation in the timing of bud set, and 
20-30% more if the positive covariances between the SNPs are accounted for. There 
is thus rather extensive evidence that genes in the photoperiod gene network control 
the timing of bud set, and reflect local adaptation in this trait.

Keywords
Local  adaptation,  selection,  genetic  differentiation,  QST,  FST,  association  study, 
frequency spectra,  recurrent hitch-hiking,  selective  sweep, Tree,  Populus,  natural 
selection, quantitative genetics
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Introduction
Evolution is the change in genetic material from one generation to the 
next,  and natural  selection is  one of the forces  that  drive that  change. 
Evolution and selection cannot occur unless there is heritable variation 
within populations. Although the ultimate source of variation is mutation, 
most  are  deleterious  and  quickly  disappear  from  populations.  During 
those  rare  events  when  a beneficial  gene  arises  in  the  population  and 
results in a phenotype with a fitness advantage, selection will drive that 
allele through the population until it reaches fixation. Many life history 
traits have phenotypes with variation that shows a continuous distribution. 
The artificial selection of such traits for agriculture purposes has shifted 
those  distributions  toward  the  extreme  phenotypes  we  see  today,  for 
example, in size and number of seeds in cereals, corn, rice and the milk 
production of dairy cows. Through this time the understanding of how to 
efficiently select for these traits increased and a mathematical framework 
of quantitative genetics was created in the beginning of the 20th century 
describing  the  underlying  genetics  of  traits  and  to  utilize  more  of  the 
information  in  pedigrees  to  correctly  estimate  breeding  values  for 
economically important traits (eg. Fisher 1918, Wright 1921). After the 
mid 20th century, the theory of neutral evolution (Kimura and Ohta 1971) 
and nearly neutral evolution (Ohta 1973) was developed, which became 
null models for testing selection in population genetics. Towards the end 
of the last century the upcoming complete genome sequence of humans 
promised  the  final  answer  to  all  genetic  questions.  After  investing  an 
enormous  amount  of  resources,  we  now  know  that  differences  in 
sequences may shed some light on these question but are often not able to 
account  for  most  of  the  genetic  components  we  know  exist  from 
quantitative  genetics.  Recently  there  has  been  a  steady  increase  in 
methods  that  incorporate  breeding  theory  and  modern  population 
genetics. Pedigrees are inferred from molecular markers and the estimates 
of genetic components can be connected to DNA sequence differences for 
a  better  understanding  of  the  genetic  architecture  of  ecologically 
important  traits.  In  this  thesis  I  attempt  to  describe  the  work  of 
understanding the patterns produced in nucleotide variation from natural 
selection. I focus on bud set in, an ecologically important trait that show 
strong  local  adaptation  over  an  extensive  environmental  gradient  in 
Populus tremula.
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Phenology and Local Adaptation
“The  proof  of  evolution  lies  in  those  adaptations  that  arise  from  
improbable foundations.“ Stephen Jay Gould 

In temperate and boreal  regions,  the year  has several  seasons to which 
organisms  have  adapted,  often  repeatedly  over  large  timescales  as  a 
consequence of advancing and retracting icesheets (Hu et al. 2009). Some 
of these adaptations can be viewed in the timing of different events over 
seasons, where correct timing often influences fitness in terms of viable 
offspring  and  growth.  The  vast  geographic  area  and  environmental 
heterogeneity  covered  by  the  temperate  and  boreal  regions  imposes 
gradual  change  in  selection,  visible  as  differences  in  timing  over  that 
environmental gradient. The study of the timing of yearly events is called 
phenology and examples are the timing of migration of birds, flowering, 
birth and autumnal growth cessation of perennial plants. 

In trees much attention has been paid to the initiation of growth in spring, 
time  of  flowering  and  the  timing  of  growth  cessation  in  the  fall  (eg, 
Frewen  et  al.  2000).  These  events  are  highly  correlated  with  seasonal 
change  in  environmental  conditions  and  represents  a  critical  trade-off 
between  growth  and  dormancy.  If  initiation  of  growth  during  spring 
occurs when the risk of frost is still high, or growth still occurs when fall 
frost  sets  in,  it  can  cause  severe  damage  and  result  in  competitive 
disadvantages for trees experiencing an inappropriate timing. There are 
two  main  environmental  cues  that  announce  the  change  between 
favorable  and  unfavorable  growth  conditions  namely,  temperature  and 
day length. As night temperatures decrease over a longer period it is an 
indication of seasonal change, as is increasing night length. Of these two, 
the latter  is  a  more  stable indicator  with very little  or  no variation in 
timing over successive years, whereas temperature show more between-
year variation. In most cases, a combination of these two cues control the 
phenology of  trees, but  which one is  more important  can  vary greatly 
among traits  and between and within species  (Perry 1971, Chiune and 
Cour 1999, Baliuckas et al. 1999 and Linkosalo et al. 2006). Other factors 
also influence the phenology of trees because they correlate with length of 
growing  season,  for  example,  altitude  (Vitasse  et  al.  2009)  water  and 
nutrient availability (Sigurdsson 2001). Phenology has been studied and 
recorded for a long time, such as the time of flowering of cherry trees in 
Kyoto Japan that has been recorded for over 730 years (Aono and Kazui 
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2008), and has become a tool to infer climate change. There have been 
numerous studies of  phenology in  different  trees  species,  for  example, 
black cottonwood (Howe et al. 1995), European Aspen (Fracheboud et al. 
2009), Field Elm (Ghelardini et al. 2006), Norway spruce (Partanen et al. 
1998), and apple and pear (Heide and Prestrud 2005). These studies have 
tried to unlock the specific effects of the environmental cues, and/or how 
the differences in phenology are related to adaptation to a range of climate 
conditions, such as the widely distributed  Pinus sylvestris  and Populus  
tremula.  There  are  two  ways  in  which  trees  adapt  to  changing 
environmental conditions, via an underlying genetic adaptation or via a 
plastic response. The latter is expressed in response to variation within a 
local environment (Sultan 2000) while the former is often correlated with 
differences between environments. In order to deduce the proportion of 
variation  in  local  adaptation  resulting  from  genetic  differences,  all 
varieties  have to  be  examined in  a  common environment,  or  common 
garden.  The  idea  is  that  when different  individuals  or  populations  are 
experiencing  the  same  environment  the  differences  observed  between 
them, should be genetic (Lynch and Walsh 1998). 

Using traits for estimation of adaptive genetic differentiation
Adaptation can occur on different  scales (Wettberg et al. 2008) and in 
wideranged organisms, adaptations often parallel the gradual changes of 
the environment, so called clines (Endler 1977, de Jong and Bochdanovits 
2003, Kyriacou et al. 2008). Such heterogeneous environments result in 
varying selection regimes on a trait. These traits are often polygenic or 
quantitative  (Kalisz  and Kramer  2008).  This  means that  the expressed 
phenotypic values in a population are continuous because several or many 
segregating  loci  contribute  to  the  trait  and  non-genetic  sources  of 
variation,  such  as  environmental  variation,  blur  genetic  discontinuities. 
Comparing the genetic differentiation of a trait with neutral expectation 
can be used to explore the selective regimes on a trait of interest. Neutral 
genetic  differentiation  follows  from  the  demographic  history  of 
populations and is not affected by the history of natural selection. The 
idea  is  that  neutral  evolution  affects  all  parts  of  the  genome  equally 
whereas  selection only affect  the variation at  the loci  affecting fitness. 
Variation at neutral loci is often discrete, where the segregation of alleles 
can  be  followed,  for  example,  allozymes  (housekeeping  enzymes),  or 
DNA markers, such as AFLPs (Amplified Fragment Polymorphism), SSR 
(Single Sequence Repeats) and SNPs (Single Nucleotide Polymorphism). 
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The order in which the neutral markers are listed above correlates with 
their usage over time, where SNPs have become the current  marker of 
choice  for  studying  species  with  large  quantities  of  sequence  data. 
Allozymes are few and show little variation resulting in low resolution. 
Many AFLP and SSR markers are highly polymorphic but often do not fit 
a  single  mutational  model  which  can  make  interpretation  of  results 
difficult. While SNPs are often only biallelic, they occur frequently over 
the genome, are common in both coding and non coding regions and the 
mutational  model is straightforward.  The neutral  genetic  differentiation 
indicated by these markers is estimated using the between (VB) and within 
(VW)  population  variance  of  allele  frequencies  at  neutral  loci  (Wright 
1951).

 (1)

Consequently this measure is also related to the degree of resemblance 
between  individuals  within  subpopulations.  Comparing  the  neutral 
differentiation  with  the  differentiation  of  a  putatively  adaptive  trait 
explores  possible  selection  regimes.  The  measurement  of  the  genetic 
differentiation of a quantitative trait (QST) in a diploid organism (Wright 
1951, Lande 1992, Spitze 1993, Whitlock 1999) using additive genetic 
variance has become standard in such comparative studies: 

 (2)

where σ2
GB is the between population additive variance component and 

σ2
GW the within population component. The type of selection acting on a 

quantitative trait can be inferred from the relationship between QST and 
FST. When a trait has undergone diversifying selection, QST > FST, but if it 
evolves neutrally QST = FST (Whitlock 1999). If  subjected to stabilizing 
selection, QST < FST. Diversifying or disruptive selection occurs when a 
species encounters different  environments having different  trait  optima. 
Stabilizing or purifying selection occurs when the trait optimum is similar 
despite large separation in space, for example parallel  patterns of wing 
size in Drosphila obscura over a latitudinal gradient in Europe and North 
America  (Gilchrist  et  al.  2001).  Intuitively,  the  type  of  selection  is 
reflected in the loci underlying the trait,  and should thus be detectable 
when comparing sequence variation within and between populations.
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Detecting Selection in Sequences
“Natural  selection is a mechanism for generating an exceedingly high  
degree of improbability.” Ronald Aylmer Fisher

When  a  new  beneficial  mutation  appears  and  survives  stochastic  loss 
when rare, positive selection will increase the frequency over time and the 
allele will eventually reach fixation in a population, a phenomenon known 
as a selective sweep. The time to fixation depends on the fitness benefit of 
the selected allele and on other things, like the rate of migration between 
populations  if  the  beneficial  allele  is  spreading  in  a  subdivided 
population. When a beneficial  mutation occurs,  adjacent  loci,  linked to 
the beneficial mutation, will be carried along to the next generation - a so-
called  hitchhiking  event.  This  decreases  nucleotide  variation  in  and 
around the locus under selection (Figure 1).  When selection is strong, 
recombination during meiosis will not have time to break up the linkage 

between nucleotide sites and the selective sweep leave a distinct footprint 
in  patterns  of  sequence  diversity  surrounding  the  site  of  the  mutation 
(Figure 1). In general terms, genomic areas with very little variation and 
where linkage disequilibrium is elevated are good candidates for having 
experienced strong selection. On the other hand, when selection is acting 
on  variation  that  is  already  present  in  the  population,  e.g.  during 
population  expansion,  changes  in  the  environment  or  other  instances 
where  a  species  encounters  a  “new“  environment,  time  has  allowed 
recombination to break up associations between the beneficial allele with 
adjacent  regions  in  the  genome.  The  allele  is  then  present  in  varying 
backgrounds  and  the  reduction  in  nucleotide  variation  is  not  as 
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pronounced  and  thus  the  footprint  of  selection  is  more  dubious 
(Hermisson  and  Penning  2005).  Identifying  a  selective  sweep  also 
requires examining adjacent sites around the locus of interest and is a later 
step  when a locus shows non-neutral  sequence  variation.  Furthermore, 
selection  acts  on  phenotype  and  as  most  traits  are  quantitative  and 
polygenic, different allelic combinations among loci can result in similar 
phenotypes. 

Exploring  sequence  variation  for  signs  of  selective  events  implies 
comparing  the  observed  variation  with  that  expected  under  neutral 
evolution.  Levels  of  nucleotide  diversity  (θ)  are  dependent  on  the 
effective population size (Ne) and the per generation mutation rate (μ), θ = 
4Neμ. The framework compares the coalescence of observed data with the 
neutral model. The coalescent is the process where ancestral lineages of 
alleles in an finite population “meet”, or coalesce. In other words, we seek 
the most  recent  common ancestor  of an allele.  The neutral  model is  a 
model  where  alleles  in  a  population are  evolving through  the  balance 
between genetic drift and mutations. The population is also unstructured 
with random mating and  a  population size  that  is  constant  over  time. 
While few natural populations are described by these strict assumptions it 
has still  been useful  in detecting evolutionary events.  Recent statistical 
methods have been  able to incorporate  parameters  through simulations 
that better describe the patterns observed in populations that have been 
studied (Hudson 2002).  Single  locus test  are  unbiased  but  sensitive to 
different  changes in allele frequencies.  Each test contrasts two separate 
estimates of the nucleotide diversity theta (θ). The three most commonly 
used  estimates  of  diversity  are  nucleotide  differences  between  pairs 
sampled,  the  number  of  polymorphic  sites  in  sequences  or  the 
homozygosity of derived alleles. If there are no differences between the 
separate  estimates  of  theta  (θ)  despite  the  method  used,  the  loci  are 
considered  to  have  evolved  neutrally,  otherwise  a  variety  of  forces 
haveacted on the loci and further exploration is needed. 

There are several estimators of non-neutral allele frequencies and two of 
the most commonly used are those developed by Tajima (1989) and Fay 
and  Wu  (2000).  Tajimas  D  (Tajima  1989)  compares  the  number  of 
segregating  sites  (S)  (Watterson  1975)  and  the  average  pairwise 
differences (π) (Nei 1987). The number of segregating sites is influenced 
by the number of sequences analyzed and has to be normalized for the 
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comparison.  If  the  two  estimates  are  equal,  the  sequence  or  locus  is 
evolving neutrally in the population. D is negative when θS > θπ and this 
means  that  many  rare  polymorphisms  are  observed,  an  indication  of 
positive selection, or negative selection. When θS < θπ, D is positive it 
indicates  that  many equally  frequent  polymorphisms  are  observed  and 
that the locus is under some form of balancing selection and this should 
also be visible in the genealogy of the locus (Figure 2). Both positive and 
negative D can result  from demographic events as well,  ie. population 
structure and rapid population expansions or severe bottlenecks  result in 
positive and negative D, respectively.

Fay and Wu's  H (Fay and Wu 2000)  uses  an outgroup to identify the 
derived  allele  in  the  sample  and  then  compares  the  average  pairwise 
differences  (π) with  the  homozygosity  of  derived  alleles  (θH) in  the 
sample.  A  large  negative  value  of  H  indicates  that  there  is  an  over-
representation of high-frequency derived alleles in the sample and can be 
interpreted as selection having swept an allele at the locus to fixation or 
close to fixation. Zeng et al. (2006) suggested a compound test of D and 
H utilizing the strength of each test and at the same time reducing the 
influence  of  demography  to  increase  the  overall  power  of  detecting 
patterns of selection. 
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While Tajima's D and Fay and Wu's H are single locus tests, there are also 
commonly  used  multilocus  tests,  such  as  the  HKA  test  (Hudson, 
Kreitman.,  Aguadé.  1987),  and  the  MK test  (McDonald  and Kreitman 
1991).  The  HKA  test  uses  data  from two different  species  comparing 
diversity  within  and  between  species  (often  using  silent  sites)  for  a 
minimum of  two  loci,  assuming  that  the  loci  have  the  same  ratio  of 
polymorphism  to  divergence.  Under  neutral  evolution  (θ  =  4Nμ),  the 
diversity  and  divergence  should  be  correlated.  The  diversity  within  a 
species  is  dependent  on  μ while  the  diversity  between  species 
(divergence)  includes  a  time  component  along  with  μ.  The  ratio  of 
diversity and divergence are then compared between loci and if found to 
be sufficiently different, selection has likely occurred at one or more of 
the loci.

For  protein  coding  regions  an  alternative  to  the  HKA-test  is  the 
McDonald-Kreitman (MK) test. The rationale of the MK-test is that under 
the  neutral  model  the  ratio  of  fixed  differences  between  species  to 
polymorphisms within a species should be constant for different types of 
mutations,  such  as  synonymous  and  non-synonymous  sites.  These 
predictions are based on the assumption proposed by Kimura and Ohta 
(1971) that all mutations at a nucleotide site are neutral and the mutation 
rate should therefore equal fixation rate. An excess of fixations of non-
synonymous mutations can therefore indicate positive selection while an 
excess  of  polymorphic  non-synonymous  mutations  can  indicate  either 
balancing  selection  or  purifying  selection  against  slightly  deleterious 
mutations.

There are also several  refined variants of these tests where simulations 
provide a distribution of loci under neutrality, facilitating estimation of a 
confidence  interval  for  each statistic.  Use of several  different  tests are 
often a valuable approach to exploring the selective events on the locus of 
interest  but  may not  be helpful  interpreting  the reason  for  selection if 
function of the gene is unknown.
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Genotype-Phenotype Association
“Facts are stupid until brought into connection with some general law.” 
Louis Agassiz

While we can find traces of selection in sequences and differentiation in 
traits, the connection between them is often hypothetical. To establish a 
link between molecular data and variation in traits observed in nature is 
an  important  step  to  develop  a  better  understanding  of  the  genetic 
architecture of complex genetic traits and how adaptive forces shape the 
underlying genetic variation. In the search for associations, three things 
must be done: 

1) Produce  nucleotide  variation  data,  single  nucleotide 
polymorphism (SNP), a task that is becoming cheaper and more 
efficient as new technologies continuously develop.

2) Establish how much of the phenotypic variation that is actually 
genetically  controlled,  and control  for  epistatic  and  epigenetic 
effects  as  much  as  possible,  meaning  replication  of  common 
garden designs in space and over time. 

3) Calculate the relatedness among individuals (K-matrix, Ritland 
1996)  and/or  the  structure  of  the  populations  (Q-matrix, 
Pritchard  et  al.  2000,  Price  et  al.  2006)  using  some  type  of 
genetic  markers,  preferably  “neutral”,  that  cover  the  entire 
genome evenly in proportion to recombination rates.

The phenotypic information is then combined from all sites in a linear 
mixed model, where all data is included to give each individual a genetic 
(breeding) value for each trait using the best linear unbiased predictors 
(BLUP). This value is then incorporated in a model associating the SNPs 
with  the  trait  value  controlling  for  the  relatedness  among  tested 
individuals (eg. Yu et al. 2006). For a review on association studies in 
plants see Hall et al. (2010).

Study System

Ecology of Populus tremula
European  Aspen (Populus tremula) has a  wide geographic  range  from 
Southern Europe/Northern Africa to north of the polar circle and east to 
the  Kamchatka  peninsula  in  Russia.  This  wide  range  covers  a 
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heterogeneity  of  environments  with  a  divers  set  of  environmental 
gradients  e.g.  latitude,  altitude,  precipitation,  pollution,  and  nutrients. 
Aspen is a keystone species in its habitat range where several species of 
lichens,  birds  and  insects  rely  on  the  presence  of  aspen  trees.  Some 
species  are  even  exclusive  to  aspen.  Aspen  is  dioecious  and  thus 
obligately outcrossing; pollen and seeds are wind dispersed and can travel 
over  long  distances  (Paper  II).  P.  tremula commonly  propagate 
vegetatively where shallow roots from a tree can develop shoots that grow 
into  individual  trees.  This  clonal  propagation  is  especially  prominent 
when the tree is badly damaged and large clonal stands are common. It 
has long been thought that sexual reproduction of  P. tremula,  at least in 
Scandinavia, has  been  limited  due  to  a  rapid  decline  of  seed  viability 
(Latva-Karjanmaa et al. 2003) and their need of large disturbances, such 
as forest fires (Romme et al. 2005). However, examination of clone stands 
in  Finland  suggests  that  this  is  not  the  case  (Suvanto  and  Latva-
Karjanmaa 2005). European aspen in Sweden flowers on bare branches 
and seeds are dispersed in early summer. Bud burst is regulated by the 
temperature  sum in the  spring.  The  timing  of  bud set  is  regulated  by 
photoreceptor perception of increasing night length during the fall (Paper 
I)  although low temperatures  speed up senescence  (Fracheboude et  al. 
2009). 

The Photoperiod gene network
Photoreceptors are light sensitive pigments and they form the initial part 
of the photoperiodic pathway. A network of genes, likely important in the 
timing of flowering, circadian rhythm, and initiation of winter dormancy 
in perennial trees (Wareing 1956, Mouradov et al. 2002, Horvath  et al. 
2003, Howe et al. 2003). 

Regulation of daily rhythms by circadian oscillators occurs in a diverse 
set  of  higher  taxa  of  both  plants  (McClung  2006)  and  animals 
(Vansteensel et al. 2008). The circadian system is central to the flowering 
system of plants of which the photoperiodic network is a part (Flowers et 
al. 2009). The circadian system core is an oscillator which uses feedback 
regulations between output and input signals. The oscillator is entrained 
by light and dark cycles and is 24 hours long. The photoperiodic system 
in  Populus is  very similar  to that  of  Arabidopsis  thaliana from which 
most of the knowledge about the network is derived. The knowledge of 
the complexity and number of functions of each part of the flowering 
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Figure 3: Diagram showing putative relationships among genes included in this 
study.  Arrows indicate  genes  inducing  transcription  of  the  target  gene while 
lines ending in a vertical line indicate that the target gene is repressed by the 
upstream  gene.  Double-headed  arrows  indicate  interacting  proteins  where 
detailed  knowledge  of  the  interaction  is  lacking.  The  CDF1  gene  was  not 
included in this study.  There are probably  three interconnecting loops of  the 
core in the circadian clock but how the LHY homologues in  Populus  relate to 
LHY and CCA1 in Arabidopsis is still unclear.



network is steadily increasing (Imaizumi 2009). In  Populus, the network 
(Figure 3)  input  consists  of  at  least  three  red  light  receptors 
(phytochromes)  and eight  blue light  receptors  (four  cryptochromes and 
four light sensing proteins that also have a mediating effect, FKF1 and 2 
along  with  ZTL1  and  2).  The  light  input  is  mediated  by  signaling 
pathways to the circadian clock, which consists of three connected loops 
(Locke et al. 2006 and Zeilinger et al. 2006), and in turn mediates signals 
further  downstream  to  the  CONSTANS  gene  (CO).  CO  is  a  key 
component in the induction of flowering of Arabidopsis and one homolog 
in  Populus  (PtCOL2;  CONSTANS  LIKE) is  similarly  implied  in 
senescence and flowering of poplars and aspens (Böhlenius  et al.  2006). 
Briefly  and  simplified  (there  are  several  recent  reviews  in  the  area: 
Harmer  2009,  Imaizumi  2009  and  Lagercrantz  2009),  the  CO mRNA 
transcription  occurs  during  late  afternoon/evening  and  the  timing  is 
regulated by the circadian clock. The mRNA is degraded during shortday 
periods by CYCLING DOF FACTOR1 (CDF1) as light cannot activate 
FLAVIN-BINDING,  KELCH  REPEAT,  F-BOX  (FKF1)  that  forms  a 
complex with GIGANTEA (GI) to repress CDF1. Thus during long days, 
CDF1 is repressed and CO mRNA is not degraded and the translated CO 
protein  is  further  stabilized  by  light  activated  PHYA  and  CRY.  CO 
protein in turn forms a complex with haem activator proteins (HAP) and 
induces  transcription  of  FLOWERING  LOCUS  T  (FT);  and  the  FT 
protein is then transported to the shoot apical meristem where it initiates 
flowering.

Why this Study system?
Studying  these  trees  and  the  nucleotide  variation  in  the  photperiodic 
pathway over a latitudinal gradient from southern to the northern Sweden 
will  likely yield  clear  differences  in adaptation over  this cline (Endler 
1977).  The  growing  period  is  very  much  shorter  in  northern  Sweden 
compared  to  the south and the  period  per  year  where  the temperature 
average is +5°C or above is around 80 days longer in the south compared 
to the north (the Swedish Meteorological and Hydrological Institute). The 
light regime also correlates well with latitude where summer nights are 
shorter further north. Many studies on ecotypes (pioneered by Turesson 
1922) and extensive provenance tests on forest trees have shown strong 
adaptation  over  such  clines  (e.g.  Rhefeldt  1992,  Howe  et  al.  2003, 
Hannerz and Westin 2005, and Hawkins and Stoehr 2009). Furthermore, 
Populus  tremula is  a  closely  related  species  to  Black  cottonwood, 
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Populus trichocarpa, the first tree that has been “completely” sequenced 
(Tuskan et al. 2006). This enables a comparison of P. tremula sequences 
to  a  database,  the  design  of  primers  for  specific  genomic  regions  of 
interest  and  also  provides  a  source  of  information  about  genes  from 
physiological and microarray studies (Bhalerao et al. 2003). 

Aims

The  goal  of  this  thesis  was  to  explore  selection  in  an  ecologically 
important species to better understand the forces that shape the observable 
patterns in nucleotide variation and how this can be used to dissect the 
genetic architecture of bud phenology traits.

Specific Aims
I. Establish  the  amount  of  variation  in  phenology  and  the 

differentiation  in  phenology  among  source  populations.  Also 
identify important environmental cues to phenology.

II. Quantify the population structure of  P. tremula  and determine 
the levels of genetic differentiation in phenological traits relative 
to  those  found  in  neutral  markers.  Also  examine  how 
differentiation in markers relates  to their position to candidate 
genomic regions of selection.

III. Establish  a  link  between  likely QTLs  for  bud  phenology and 
differentiation in bud phenology traits.

IV. Further explore the association between polymorphism and bud 
phenology around the phytochrome B2 locus.

V. Search for increased rates of gene evolution in the photoperiodic 
pathway to establish more causal loci explaining variation in bud 
phenology.

VI. Compare  differentiation  between  loci  in  the  photoperiodic 
pathway and their association to growth cessation. 

VII. Determine what type of selective event explains the pattern of 
nucleotide variation found at PHYA from the studies of genes in 
the photoperiodic pathway (V, VI).
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Methods
In  order to study the phenology of trees and examine traits for genetic 
differentiation, the expression of all traits must be measured in the same 
environment.  It  is  also  important  to  replicate  each  trial  in  a  different 
environment  in  order  to  detect  and  quantify  the  magnitude  of  any 
genotype  by  environment  interactions.  Controlled  environmental 
conditions can also resolve confounding effects of environmental cues to 
phenological events. The tools used to examine the differences need to 
catch  as  much  of  the  genetic  variation  as  possible  to  facilitate  the 
connection between genotype and phenotype. 

Plant Material 

The collection of plant material is described in 
detail  in  Paper  I  and  propagation  follows the 
protocol of Yu  et al.  2001. In brief, collection 
was carried out during spring of 2003 from 12 
different localities in Sweden. Each locality is 
represented  by  10  trees  (Figure 4  and 
supplementary table 1 Paper I) separated by at 
least 2 km, with the exception of the Luleå area 
where 6 trees were collected, resulting in a total 
of  116  genets.  Aspen  trees  have  clonal 
propagation  and  this  property  was  utilized  to 
produce  clones  from each  tree  by digging  up 
shallow buried roots and cutting these into 30 
cm pieces. These were then allowed to develop 
suckers  in  a  greenhouse  setting  in  Ekebo  at 
Skogforsk. These suckers were in turn cut into 
smaller  pieces  and  planted  in  pots.  After 
approximately one month, shoots and roots had 
developed and plants were subsequently placed 
outdoors.  After  growth  cessation  plants  were 
stored in a freezer and 4 genets of each tree, if available, were planted at 
each  of  two  common  gardens  in  the  early  summer  of  2004  at  the 
Skogforsk facilities in Ekebo (55.9°N, Svalöv, Skåne) and Sävar (63.4°N, 
Umeå,  Västerbotten).  Remaining  genets  were  used  in  greenhouse 
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Figure  4:  The 12 localities 
where  plant  material  was 
collected.  Grey  arrows 
point  to  the  two  common 
gardens.



experiments during 2005 and 2006 and finally planted in an additional 
common garden in Sävar in 2007.

Tree trait measurements

Initial measurement of phenology, growth and branching was carried out 
during the summer  and fall  of  2004 but  due to differences  in time of 
establishment  between  clones,  only data  collected  in  subsequent  years 
were  used in data analyses.  All timing was measured as the number of 
days since December 31st with the resolution of two days. Bud flush (BF) 
was  considered  to  have  occurred  when  the  first  leaf  of  a  plant  had 
completely  unfolded  and bud set  (BS)  when all  apices  had  developed 
terminal  buds (Frewen et  al.  2000).  The length  of  the growing  season 
(LGS)  was  in  turn  the  number  of  days  between  BF  and  BS.  Leaf 
abscission was also measured and considered to have occurred when 90% 
of the leaves were lost. This timing was incorporated into the leaf area 
duration trait (LAD) as the number of days between bud flush and leaf 
abscission. 

Growth  was  measured  as  relative  increase  in  height  and  diameter  by 
comparing the measures prior to BF and after BS relative to individual 
plants',  LGS.  Diameter  was  measured  with  a  caliper  at  25  cm above 
ground due to the presence of a plastic guard and the distance between the 
highest viable bud and the ground was used as tree height. Branching was 
also measured since branching pattern varied considerably between plants 
(Paper I).  A number of additional studies have been carried out on the 
trees in these common gardens, such as parasite clines (Albrectsen et al. 
2009) and clines in chlorophyll degradation (Fracheboud et al. 2009) but 
are not discussed in any detail in this thesis.

Genetic Markers

To  establish  the  amount  of  neutral  genetic  variation  in  Swedish 
populations  of  Populus  tremula and  their  relatedness,  neutral  DNA 
markers  were  amplified  and  analyzed  (Paper  II  for  more  detailed 
information). Both putatively neutral  markers and additional potentially 
non-neutral  markers  were  used  to  establish  whether  there  would  be  a 
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detectable difference in differentiation.  One hundred and thirteen SSR-
primer  pairs  from  the  publicly  available  SSR  primer  list  for  P. 
trichocarpa  (Tuskan  et  al.  2006) at 
http://www.ornl.gov/sci/ipgc/ssr_resource.htm were used in an attempt to 
cross  amplify  these  loci  in  P.  tremula.  Seventy-one  of  these  were 
successfully amplified.  We also examined previously designed  primers 
for  P. tremula (PTR markers,  Dayanandan  et  al.  1998;  Rahman et  al. 
2000;  modifications  from Suvanto  and Latva-Karjanmaa  2005) and an 
initial screening of eight individuals using gel electrophoresis resulted in 
18 loci that produced high quality PCR-fragments and appeared variable. 
Additionally,  primers were designed using the  P. trichocarpa sequence 
(Tuskan et  al.  2006) and the program Tandem Repeat  Finder  (Benson 
1999), where we searched for SSRs around and within twelve candidate 
genes  for  phenology  (see  Figure 3).  Six  of  these  primers  resulted  in 
quality  amplification  with  variable  product  length.  These  SSRs  were 
located  near  PHYTOCHROME  B2  (PHYB2),  two  near  the 
FLOWERING LOCUS C (FLC), poplar CENTRORADIALIS LIKE-1 a 
homologue  to  Arabidopsis TFL1,  PHYTOCHROME  AND 
FLOWERING TIME1 (PFT1),  FY-2 and we re-used information from 
sequence  data  from CONSTANS LIKE  2B (COL2B,  St.  Onge  2006) 
giving a total of 25 SSR markers. Furthermore, during the work described 
in Papers III - VII, there has been a continuous build up of SNPs through 
sequencing efforts, and those that occurred at a frequency above 15% in 
our  sequenced  samples  were  scored  in  the  entire  SwAsp  collection. 
Additional  scoring  of  some  aforementioned  SNPs  was  also  done  in 
samples from central  Europe and trees in the Umeå area (the UmeAsp 
collection, Fracheboud et al. 2009). Now that the SNP allele frequencies 
have been scored in a large sample set, they have become very useful in 
comparing  variation  between  randomly  selected  genes  and  candidate 
genes  and  statistically  testing  for  associations  between  SNPs  and 
phenotypes.

Statistical analyses

The analyses used to examine these data are derived from the fields of 
human  genetics  and  animal  breeding.  Human  genetics  deals  with 
enormous  amounts  of  population  nucleotide  variation  from  extensive 
genotyping, and the constant refinement of methods to handle that type of 
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data is very useful for exploring selective events in patterns of nucleotide 
diversity. Animal breeding uses theory from quantitative genetics where 
kinship matrices and partitioning of genetic variance components are used 
to calculate breeding values and to estimate genetic gains in growth and 
other  economically  important  properties  of  livestock,  food  plants  and 
more  recently,  trees.  The  analytical  tools  that  these  two  fields  have 
produced have become key components in correctly associating molecular 
with phenotypic variation.

For the estimation of breeding values and QST analyses  for a particular 
trait,  the  additive  genetic  variance  component  is  extracted  from  the 
common garden  field  trials  using linear  mixed models  to  estimate  the 
random effects:

For QST value (3)

where zijkl is the phenotype of the lth genotype in the kth block from the 
jth clone from the ith population. In equation (3), μ denotes the grand 
mean and εijkl is the residual error term. The population (i) and clone (ij) 
effects provide estimates of B

2 and W
2 , respectively, and were 

treated as random effects and used to estimate QST according to equation 
(2).

For breeding value estimates (4)

where zijkl is the phenotype of the lth genotype in the kth blockfrom the jth 
clone from the ith site and year. In equation (4) the clone (βj) and residual 
term (εijkl)  were  modeled as  random effects,  whereas  site/year  (bi)  and 
block (γk) were treated as fixed effects.  The breeding value (z) is thus a 
function of the grand mean (μ), clone effect, the common garden design, 
the different  sites and years,  and the error term. These are fitted to the 
linear  model  using  restricted  maximum  likelihood  (IV,  VI).  The 
procedure  for  estimating  breeding  values  or  genetic  predictors  for  the 
traits in this way is called BLUP (best linear  unbiased predictors) and is 
well established in breeding theory (Lynch and Walsh 1998). 
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Results and Discussion
The  main  goal  for  this  thesis,  attempting  to  elucidate  the  genetic 
architectures of complex traits of ecological relevance may sound overly 
ambitious,  and  it  has  raised  many  more  questions  than  it  may  have 
answered. Although we only scratch the surface of the main objective we 
extend  the  knowledge  gained  from  model  organisms  to  a  long  lived 
perennial  tree.  Furthermore,  the  studied  populations  of  P.  tremula 
sometimes show signals that do not always agree with results from studies 
on other organisms (Paper V and VI).

Factors that Influence Traits

Previous  studies  on  the  more  economically  important  tree  species  in 
Sweden have shown a very strong correlation of phenology with latitude 
(eg.  Hannerz  and  Westin  2005).  Sweden  is  a  rather  narrow  country 
influenced by maritime climate on both sides and particularly the by Gulf 
stream in the west. Trees were sampled in an east-west pairwise manner 
at every other latitudinal degree throughout Sweden (see Figure 4). This 
did not, however, entail sampling of trees in the mountain region of north-
western Sweden. The highest altitude from which a tree was sampled was 
500m above sea level and this was in the Arjeplog area, the northern most 
population  (Paper  I  supplementary  Table  1).  Phenology  traits  were 
analyzed using a PCA, a multivariate analysis that show how much of the 
variation  in  phenotypes  is  explained  by  abiotic  factors.  Cessation  of 
growth,  or  any  trait  that  describes  the  number  of  days  of  growth  per 
season,  follows  PC1,  of  which  latitude  explains  73  and  66  % of  the 
variation in the Sävar and Ekebo sites respectively ( Figure 4 in Paper I). 
The length of the growing season, the number of days where the average 
temperature is above 5°C, explains 71 and 66% of the variation of PC1 
for Sävar and Ekebo sites, respectively.  Length of growing season and 
latitude have a high correlation (r=-0.98). We find some variation in the 
timing  of  bud  flush  but  it  does  not  differ  among  the  Swedish 
subpopulations. There is however, is a 20-day delay in bud flush in trees 
growing in Sävar compared to Ekebo (Paper I). We cannot find any factor 
that explains the bud flush variation we find within subpopulations. Many 
other species of trees flush later in the spring if they originate from higher 
altitudes (Vitasse et al. 2009) but the altitude gradients in other studies 
covered  larger  differences  over  much smaller  geographic  areas  than is 
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present in our samples (Vitasse et al. 2009, Paper I supplementary Table 
1). Furthermore, ranking the trees by their timing of bud set in each site 
and in  a greenhouse experiment produce a highly significant correlation 
(Paper  I  supplementary  Table  5).  There  appears  to  be  no  interaction 
between genotype and environment, at least not in bud set.

Genetic differentiation of traits

Paper I shows that all phenology traits have moderate heritabilities but 
because this is calculated from the clone variance component, which is 
confounded by maternal and dominance effects (Lynch and Walsh 1998), 
the value is inflated, and therefore likely over-estimating heritability of all 
traits. In Paper II, the differentiation in bud phenology traits is compared 
to  the  neutral  genetic  differentiation  of  subpopulations.  The  neutral 
differentiation  is  calculated  as  the  ratio  of  the  variances  in  allele 
frequencies of neutral markers among subpopulations to the total variance 
at these loci in the entire population. This value of neutral differentiation 
is  termed  the  Wright's  fixation  index  of  subpopulations  to  the  total 
population or FST. Differentiation at neutral markers is low, only about 1% 
(FST ~  0.01).  In  other  words,  gene  flow  between  subpopulations  is 
extensive and genetic differentiation in traits will not be confounded by 
correlated  neutral  genetic  differentiation.  There  is  a  marked 
differentiation between populations in bud phenology traits where origin 
explains more than 60% of the variation found in these traits.  This is, 
however, not true for the timing of budflush where the variation between 
subpopulations is smaller than within each subpopulation resulting in a 
value of QST indistinguishable from zero (Paper II).  Calculations of QST 

(equation  2)  are  confounded  in  the  same  way  as  calculations  of 
heritability  because  clonal  variance  was  used  to  estimate  the  additive 
genetic  variance  of  the  traits  and  results  in  an  underestimation  of 
differentiation at bud phenology traits. The observed phenotypic data for 
bud flush (Paper I and II) show no differences among subpopulations and 
we deem it unlikely that differentiation of bud flush QST would differ from 
FST even if the additive genetic variance was not confounded.
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Gene flow and the search for candidate segregating variation

Gene  flow or  migration  describes  the  transfer  of  genetic  material  via 
fertilised  organisms  or  gametes  between  subpopulations.  Extensive 
sequencing  and  scoring  of  SSR  and  SNP  markers  show  an  almost 
completely  random  mating  of  aspen  trees  in  Sweden,  where 
subpopulations,  on  average,  share  99%  of  the  genetic  variation  as 
indicated by an FST-value of around 0.01 (Paper II, III,  IV, VI). We do, 
however,  find a  weak significant  effect  of isolation by distance in the 
populations  when  using  the  latitudinal  differences  as  a  measure  of 
distance between subpopulations (Paper  II).  On the other  hand, though 
surprising at first, underlying nucleotide variation of candidate genes from 
the photoperiod pathway  (Paper II,  III,  IV, V and VI) show patterns of 
differentiation  similar  to  those of  the  neutral  markers.  There  has  been 
considerable  theoretical  discussion  of  the  properties  of  underlying 
segregating variation of causal  loci within quantitative traits and it  has 
been suggested that the differentiation of QTLs is better described by FST 

(Latta 1998, LeCorre and Kramer 2003). The reasons for this are firstly, 
that  the  trait  is  controlled  by  many  loci  and  secondly,  that  spatially 
variable selection in a population with high gene flow creates co-variance 
between alleles at different loci (Latta 1998, LeCorre and Kramer 2003, 
Latta  2004).  This  scenario  results  in minor differences  in  single  allele 
frequencies  between  populations  that  taken  together  can  cause  large 
differences in phenotypes (Latta 1998). This can pose a problem in the 
search for causative nucleotide variation with FST-based outlier methods 
(Beaumont and Balding 2004, Foll and Gagliotti 2008), especially where 
extensive  gene  flow  occurs  (LeCorre  and  Kremer  2003)  even  if  the 
variation is clinal (Paper II, IV, V, and VI). New light has recently been 
shed  on  these  detection  methods  (FST-based),  however, where 
hierarchically structured populations can cause a large number of false 
positives  if  not  accounted  for  (Excoffier  et  al.  2009).  Nothing  so  far 
indicates that  P. tremula  has a complex structure (Paper II,  and see De 
Carvalho et al. 2010), but  may need to be kept in mind since different 
gene  regions  could  have  different  genealogies  (Wakeley  and  Aliacar 
2001).  However,  although  differentiation  may  not  be  significant for 
individual loci, FST values can also be compared between candidate and 
neutral genes on a larger scale, and the heterogeneity of FST-values should 
theoretically be greater  in genes  under selection (LeCorre  and Kremer 
2003, Whitlock 2008). This is something we do observe in  P. tremula 

26



(Paper  V) suggesting that  some of  the candidate  genes  in photoperiod 
pathway  are  under  selection  (Lewontin  and  Krakauer  1973).  Another 
method to search for quantitative trait nuclei (QTNs) is to search for the 
co-variance that should occur between causative alleles in subpopulations 
for traits under diversifying selection (Latta 1998, LeCorre and Kramer 
2003). Significant  covariance (linkage disequilibrium) observed between 
sites  could  indicate  causative  alleles  co-segregating  among 
subpopulations (Latta 2004, Storz and Kelly 2008, Paper VI), particularly 
in  a  species  such  as  the  outcrossing  P.  tremula where  gene  flow  is 
extensive  and  within  population  LD  occurs  over  very  short  genomic 
distances  (Ingvarsson  2005,  2008,  Paper  IV.  We  find  greater  than 
expected covariance in a number of locus pairs. Among the top five locus 
pairs, all contain at least one SNP associated with bud set. Additionally, 
we  examined  which  SNPs  have  allele  frequencies  that  correlate  with 
latitude  and  found  that  all  significantly  associated  with  bud  set  (see 
below) vary clinally, although the opposite is not true (Paper IV).

Genes under selection

After sequencing 25 of the genes in the photoperiod pathway we find that 
synonymous polymorphism in photoperiod genes  is  substantially lower 
than in other genes in previous studies on P. tremula (Ingvarsson 2008). 
However, on average non-synonymous diversity is similar to that found in 
previous studies (Ingvarsson 2005,  2008, Paper IV) resulting in a non-
synonymous  to  synonymous  ratio  more  than  twice  the  genome-wide 
average  in  P.  tremula (Paper  VI),  πA/πS=0.291  and  πA/πS=0.129, 
respectively.  Possible  explanations  for  this are that  selection maintains 
non-synonymous polymorphisms in photoperiod genes through spatially 
varying selection, eg., over a latitudinal cline, or that some other form of 
balancing selection or relaxed purifying selection acts to maintain slightly 
deleterious mutations in these genes. 

The genes with the lowest levels of synonymous polymorphism are found 
in the central and peripheral  parts of the circadian clock. They do not, 
however, show lower divergence from P. trichocarpa than control genes 
suggesting that mutation rates are similar. Furthermore, we calculated the 
scaled selection parameter γ=2Ns from the MK tables at the different loci 
(McDonald and Kreitman 1991) using the mkprf program (Bustamante et 
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al. 2002). We used a hierarchical model separating photoperiod genes into 
four  different  classes  based  on  their  position  and  function  in  the 
photoperiod network.  Eight  genes  from the  photoperiod  network  show 
significant positive selection, and all but one (PHYA) are found in central 
or peripheral positions in the circadian clock (APRR5, GIA, GIB, ELF3A, 
ELF3B,  LHY2,  see  Paper  VI).  Positive  selection  on  non-synonymous 
mutations  is  readily  explained  as  beneficial  mutations  undergoing 
directional selection. Negative selection, on the other hand, could have 
resulted  from several  different  scenarios.  Two  genes  show significant 
negative selection of which PHYB2 is known to be under diversifying 
selection (Paper III and IV), explaining the pattern of at least that gene. 
The other gene that shows γ < 0 is CRY2-1 which has a  πA/πS  > 1. The 
Poisson  random  field  model  implemented  in  mkprf  does  not  handle 
balancing selection (Sawyer and Hartl 1992), so the γ < 0 could also be 
explained by slightly deleterious mutations segregating in the population 
at CRY2-1. There is no excess of rare alleles (Tajima's D = -0.121) or 
derived alleles (Fay and Wu's H = 0.569) at the CRY2-1 locus,  which 
could  have  indicated  diversifying  selection  or  directional  selection 
(Braverman et al. 1995; Simonsen et al. 1995; Fay and Wu 2000). The 
story of what type of evolutionary forces affect CRY2-1 is inconclusive, 
and  needs  to  be  examined  further.  In  addition,  two more  genes  show 
deviations in the frequency spectrum through a significant increase of the 
number  of  derived  alleles  COL2B and  ZTLB  and  rare  alleles  (ZTLB 
only), again this needs to be further investigated. 

The only light receptor that showed directional selection is PHYA. This 
gene  had  the lowest  level  of  nucleotide diversity  over  all  sites  (θAll = 
4.7ּ10-4)  of  all  examined  photoperiod  genes,  with a  tenfold  difference 
compared  to  control  genes  (4.2ּ10-3,  Ingvarsson  2008)  and  other 
photoperiod genes (Paper V). PHYA is a photoreceptor that is activated by 
light in the red/far-red end of the spectrum and when active during long 
days, stabilizes the CONSTANS protein, a key regulator of flowering and 
senescence in Arabidopsis (Flowers et al. 2009) and Populus (Böhlenius 
et al. 2006).  Low diversity and directional selection is an indication of a 
selective sweep. To examine this further, we sequenced the introns within 
the PHYA gene and the genes  around the PHYA locus which cover  a 
region of just under 30kb on linkage group (chromosome) 13 (Paper VII). 
This  region  shows  a  reduced  diversity  centered  on  PHYA  and  even 
introns  show  a  marked  reduction  in  diversity  of  PHYA  compared  to 
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surrounding  genes.  There  is  also  an  increased  association  among 
mutations in this area (Paper VII) consistent with the classic theory of a 
selective sweep (Figure 1). The frequency spectrum shows an increase of 
rare alleles and a great increase of derived alleles as well indicating that 
new mutations are accumulating and some have almost reached fixation 
in the population (Paper VII). Not only does PHYA show clear signs of a 
recent  selective  sweep,  there  is  also  a  strong  indication  for  recurrent 
selective sweeps throughout the photperiod gene network. The reduction 
of synonymous mutations along with average levels of non-synonymous 
mutations  and  increased  rates  of  protein  evolution  in  seven  of  the 
circadian  clock associated genes  indicate  a  rather  widespread  effect  of 
recurrent  selective  sweep,  a  phenomenon  seen  in  other  genes  of  P. 
tremula (Ingvarsson 2009) and other species (Andolfatto 2007, Sella et al. 
2009).  The  recurrent  selection  on  proteins  reduces  the  synonymous 
diversity  around these  loci  by the hitchhiking effect.  The  reduction in 
diversity  in  the  photoperiod  genes  is  substantial  compared  to  control 
genes  (21-62%,  Paper  V)  and  the  genome  wide  estimate  (43-75%, 
Ingvarsson  2009).  This  reduction  in  synonymous  diversity  and  the 
negative correlation between synonymous diversity and positive selection 
are strong evidence that the patterns seen in photoperiod genes are a result 
of recurrent selective sweeps. I can only hypothesize that this is an effect 
of repeated selection on standing genetic variation during habitat tracking 
through multiple ice-ages along with the extensive gene flow spreading 
the beneficial alleles through the population.

Association of QTNs with Phenotypes 

We calculated the genetic value of bud set for each tree in all years and 
sites  using  BLUP.  This  value  was  used  as  a  response  variable  in  an 
association model (Yu et al. 2006) that corrects for varying degrees of 
relatedness among trees arising both from population structure (Pritchard 
et  al.  2000,  Price  et  al.  2006)  and  the  spurious  kinship  among  trees 
(Ritland 1996). There are four SNPs that are significantly associated with 
timing of bud set after correcting for multiple testing. Two of these are in 
phytochrome 2B. The first is in exon number one of the gene, resulting in 
a conservative amino acid replacement from a threonine to an asparagine 
at the 608th site (T608N) and explains over 6% of the variation in bud set. 
This site is in the border between two structural domains in phytochrome 
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2B which could change the conformational stability between Pr and Pfr 
forms of the protein (Quail 2002, Chen et al. 2004) possibly conditioning 
adaptation  to  different  light  spectra  as  this  also  changes  with  latitude 
(Clapham et al. 1998). The other polymorphism in PHYB2 is located on 
the  last  exon  of  the  gene  and  causes  conservative  replacement  at  the 
1078th amino  acid  site  from  a  leucine  to  proline.  This  polymorphism 
explains around 8% of the variation in the timing of bud set but what this 
allele could cause is unclear as it occurs in a poorly characterized part of 
the protein although it could be involved in the mediation of downstream 
signaling (Quail 2002, Chen et al. 2004). The central circadian clock gene 
LHY1  also  has  a  SNP  that  significantly  associates  with  bud  set  and 
explains about 6% of the variation. This polymorphism is a synonymous 
substitution,  and although this  does  not  change the protein structure it 
could change the stability of the mRNA (Chamary and Hurst 2005). There 
is  also  the  possibility  that  subsequent  replacement  mutations  on  this 
polymorphic  codon  could  result  in  two  different  amino  acids,  thus 
creating two separate evolutionary pathways to be explored in this protein 
(Cambray and Mazel 2008). The final  SNP we found to be associated 
with bud set explains more than 11% of the variation.  In contrast to the 
other three, the derived allele at the LHY2 S681N site is more common in 
the  south  and  decreases  with  latitude.  This  mutation  results  in  the 
replacement of a serine amino acid with an asparagine and is located in 
the end of  the LHY2 peptide.  In  Arabidopsis, where these genes  have 
been characterized, the three interconnecting loops in the core circadian 
cycle are made up of CCA1, LHY and TOC1 feedback loops. Populus has 
no homologue to  CCA1 which implies  that  one  of  the LHY genes  in 
Populus may perform that task, although which LHY gene is still unclear. 
The fact that LHY2 shows much higher expression levels than LHY1 in 
Populus (Takata et al. 2009), indicate that they have diversified and have 
distinct functions. 

So far  we have found four SNPs that  are associated with bud set  and 
together explain around 30% of the variation in bud set. These estimates 
are most likely severely overestimating the true effects of the mutations. 
There are several reasons for this; the  common garden set up where ten 
trees represent each sampled subpopulation resulted in a focus on the trait 
that showed the strongest genetic differentiation between subpopulations, 
namely bud set. The limited number of individuals actually scored leaves 
a larger amount of noise in the variance component estimates, and a more 
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reasonable number of individuals to increase resolution would be > 400 
(Long and Langley 1999). This would facilitate association of genotype-
phenotype  with  loci  explaining  <  5%  of  the  segregating  variance. 
Additional problems occur when a limited number of individuals are used 
for  association  studies.  Using  simulations,  Beavis  (1998)  showed  that 
when  100  individuals  are  used  to  estimate  the  amount  of  phenotypic 
variance a single QTL explained, the effect is greatly overestimated and 
this is especially prominent if the QTL has a small effect,  below 10% 
(Göring et al. 2001, Allison et al. 2002, Xu 2003). The reason for this is 
ascertainment bias, meaning we can only analyze what we observe, which 
underestimates  the  number  of  QTLs  responsible  for  the  phenotypic 
variance, which in turn, overestimates the effects of individual QTLs. To 
correct for this bias, we used the method of Allison et al. (2002) which 
equates the observed sampled data with the population data and estimates 
the parameters, given the underlying genetic model, using a method-of-
moment-approach.  Correcting  for  this  bias  shows  that  the  four  SNPs 
together account for 10-15% rather than 30% of the variation in bud set. 
However, including the covariance effect of alleles increases that estimate 
by about 20-30% indicating that a large part of the phenotypic variance in 
bud  set  is  actually  explained  by  the  covariance  of  alleles  among 
populations (Paper  V).  A  note of  interest  is  that  there  is  physiological 
evidence that the two genes with alleles showing the largest covariance 
interact  directly  in  the  photoperiod  pathway.  PIF3  (phytochrome 
interacting factor 3) is positively regulating PHYB mediated signals by 
binding to elements in LHY promoter which is then induced by PHYB 
(Martinez-Garcia et al. 2000), although there are still several uncertainties 
of their exact connections (Kim et al. 2003,)

Concluding remarks

The latitude differences  result  in  adaptation of  Populus  tremula  to  the 
growing season in Sweden along this environmental cline as shown by the 
strong differentiation of the timing of bud set between the populations. 
The  causal  loci  are  likely  found  among  the  genes  in  the  photoperiod 
network but they do not show a uniform signal of selection. There are a 
diversity  of  evolutionary  forces  working  on  the  photoperiod  gene 
network, from strong directional  selection to diversifying selection and 
some that need to be examined further to establish what specific selection 
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pressures  are invoked on these genes.  The greater  heterogeneity of FST 

values and the negative correlation between the increase of rapid protein 
evolution and decrease of synonymous mutations show that these genes 
are under selection and particularly, under recurrent selective sweep.  P. 
tremula has most  likely been through several  ice ages  and tracked the 
habitat through the periods of large ice sheets and warmer climate. The 
selection on standing genetic  variation is ongoing in the northern parts 
because  the  recent  expansion  began  only  100  to  500  generations  ago 
when the last ice disappeared. What we are seeing may well be a fine 
tuning of the circadian clock to the different light regimes facilitated by 
extensive gene flow, as evidenced by the short linkage  equilibrium, low 
neutral genetic differentiation, the clinally varying associated alleles, the 
large influence of their co-variance on the phenotype expression and the 
signals  of  recurrent  and  recent  selective  sweeps  of  the  genes  in  the 
photoperiod gene network
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