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Abstract
Dormancy is a state in  the life cycle of perennial plants where vulnerable tissues, such as
seeds, flowers and buds, are protected against harsh environmental conditions. In temperate
regions, such as Sweden,  woody perennials enter a state of dormancy during winter where
their buds are unable to flush. Usually, as is the case in European aspen (Populus tremula),
the subsequent release from dormancy and induction of bud flush requires not only that
warmer temperatures arrive, but also another shorter period of cold temperature to induce
vernalization. Since  aspen has a wide geographical distribution, the optimal timing of bud
flush varies depending on where they grow and if they do not time it just right, plants may
either die,  suffer significant  loss of resources  due to frost damage or find themselves at a
competitive disadvantage.  Several previous studies have found genes that are active during
vernalization in other woody perennials as well as in P. tremula. The aim of this project was
to look for signs of natural selection in a set of candidate genes  thought to be involved in
regulating bud flush in  P. tremula by sequencing them from several individuals  from the
SwAsp collection with different geographical origin,  analyze their sequence polymorphisms
for signs of natural selection and scoring single nucleotide polymorphisms in these genes to
search for possible genotype-phenotype associations.

In this thesis I identify two single nucleotide polymorphisms from genes in P. tremula that
are known to be active during vernalization,  that are correlated with the date of bud flush
and that increase in frequency with latitude. These relationships indicate that these loci may
be involved in providing local adaptation for spring phenology in P. tremula.
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1. Introduction
Dormancy  is  a  state  that  perennial  species  enter  during  periods  of  unfavorable
environmental conditions,  such as extreme cold  (Rohde and Bhalerao, 2007; Welling and
Palva, 2008). It is characterized  by a state where  an individual  has significantly increased
frost tolerance and does not grow (Welling and Palva, 2008).  It is generally less expensive
for perennial species to enter dormancy  under unfavorable conditions than it is to pay the
costs of upkeep. However, since most species have rather large distribution ranges and may
be subjected to a wide range of environmental conditions, the onset and end of dormancy
must abide to the local climate. A large number of studies on the genetic control of dormancy
and the mechanics that trigger  the end of dormancy have been published  (see  Rohde and
Bhalerao (2007) for a review), and it is generally accepted that  dormancy is under genetic
control and that natural selection is leading to local adaptations in genes that regulate these
traits. 

European  aspen,  or  Populus  tremula  L.,  is  a  deciduous tree  that  is  widely  distributed
throughout Europe and Asia. The genus is excellent for genetic studies of trees since they are
fast growing and easy to reproduce by cloning,  they are  also of great interest due to their
economical  importance  (Pellis  et  al.,  2004).  For  example,  poplars are one  of  the  most
important renewable energy sources in the UK and  contributes a large proportion of the
energy produced through dedicated energy crops (Aylott et al., 2008). Populus species also
grow over large geographic ranges and harbor large amounts of phenotypic variation (Pellis
et al.,  2004). Beyond this, black  cottonwood (Populus trichocarpa),  a close relative  to  P.
tremula, was the first tree to have its entire genome sequenced (Tuskan et al., 2006), making
the genus even more attractive to study, as its genes are fairly well known.

1.1 Background

Genetic control of spring phenology  has the effect that  individuals with genotypes  that are
currently suited for a certain environments may not remain equally suited in the future due
to climate  change (Vitasse et  al.,  2011).  This  becomes especially  important  for  perennial
species such as  Populus tremula since they have long lifespans and will  in all  likelihood
experience a fairly large proportion of ongoing climate change during a single or at most a
few generations. Indeed, an adaptive lengthening of the growing season  as a response to
climate change has been observed in a number of species (Way, 2011). For several species the
release of bud dormancy requires a period of chilling  and the length of this period varies
between  different  individual  trees.  The  timing  of  bud  flush relative  to  local  climate
conditions is very important for perennial plants, since if the buds are released too early they
may suffer frost damage which would mean a significant loss of resources or even death. On
the other hand, if the buds are released too late they might find themselves at a competitive
disadvantage to more well-timed individuals  (Pellis et al.,  2004).  Release  from dormancy
shows strong indications of being under genetic control  and undergoing selection (Leida et
al., 2010), however, it has been proven to be a quantitative trait (Frewen et al., 2000) and its
complexity makes it  a difficult  trait to investigate. Among other things, dormancy has long
been theorized to be linked to photoperiod (Ingvarsson et al., 2006). However, a number of
studies on other species have also linked bud flush to genes related to vernalization (Jiménez
et al., 2010; Mathiason et al., 2009; Pacey-Miller et al., 2003). Vernalization is essentially a
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process  where  a  period  of  cold  temperature  either  down-regulates  or  up-regulates  the
expression of certain genes which causes the reactivation of the cells in the buds (Rohde and
Bhalerao, 2007). This process exists in virtually all overwintering species, including winter
annuals such as Arabidopsis thaliana and certain types of wheat (Gendall et al., 2001; Yan et
al., 2003). During dormancy no cell division occurs, vernalization is then the process where
all meristematic cells are reactivated. In general however, the term is most commonly used
to specifically describe the reactivation of the meristematic cells of the flower (in the case of
annuals) or the buds (in the case of woody perennials such as P. tremula).

1.2 The project

The aim of this project is to identify some of the genes that affect  timing of bud flush in
Populus tremula using a candidate gene approach.  The candidate genes selected for this
project are DAM3 (DNA Adenine Methylase 3), VRN1 (Vernalization 1), ABI3 (Abscicic acid
Insensitive 3) and DREB (Dehydration Responsive Element Binding), all known to be active
and upregulated  during bud flush in spring in either  P.  tremula or  other  woody species
(Barros et al., 2012; Jiménez et al.,  2010; Mathiason et al., 2009; Mohamed et al.,  2010;
Pacey-Miller et al., 2003; Pagter and Arora, 2013; Rohde and Bhalerao, 2007; Welling and
Palva, 2008). Two of these genes, DAM3 and VRN1 were sequenced as a part of the project,
while the sequences of the other two genes were already available and kindly provided by Pär
Ingvarsson.  The  sequences  were analyzed  for  signs  of  recent  selection  using  standard
statistical tests of neutrality (Tajima's D and Fay and Wu's H,  Fay and Wu, 2000; Tajima,
1989).  Furthermore,  a  large  collection  of  sequences  encompassing  the  genes  selected
specifically  for  this  project,  that  have  been sequenced  for  all  individuals  in  the  SwAsp
collection  were used to score single nucleotide polymorphisms  that were matched against
data on  spring phenology that has been collected over  nearly 10 years from  two common
gardens  where  all  clones  in  the  collection  are  growing.  Using  this  data,  the  goal  is  to
determine  if  we  observe  any  genotype-phenotype  associations  from  any  of  these  genes,
suggesting that they are involved in controlling natural variation in bud flush in P. tremula.

2. Materials and Methods

2.1 Amplification and purification of fragments

The primers and annealing temperatures for all PCR reactions can be found in Table 1, and
the complete PCR-protocols and reaction mixes can be found in Appendix 1. All gels used for
electrophoresis were 1% 0.5x TBE agarose gels containing 67ppm Ethidium bromide (EtBr).

The PCR reaction volume for the VRN1 fragment was 25µl with 5µl of template DNA. After
PCR,  5µl  from  each  well  was  used  to  examine  the  quality  of  the  fragments  using  gel
electrophoresis. The gels ran for 20 minutes at 100V before being examined under UV light.

2

Table 1: Primers used for isolation of the different fragments, as well as the annealing temperatures used
during PCR (AT).

Fragment Primers Forward Reverse AT

VRN1 VRN1F2
VRN1R3

5'-CAGGATGGGCGAATAGACAT-3' 5'-AATAGCCTTACGCCAACTCG-3' 59 ºC

DAM3 DAM3F3
DAM3R2

5'-GCTGGTAGAGGACAGCACCT-3' 5'-ACCCCAACTTGAGGGATGTA-3' 59 ºC



Reactions containing  the  VRN1 fragments were  then  cleaned  using  and  following  the
instructions in an E.Z.N.A. cycle pure kit and stored in a freezer at -20ºC.

For the DAM3 fragment, a reaction volume of 25µl with 5µl of template DNA was used.  PCR
was never completely specific for the fragment of interest, so fragments were isolated using
gel cleaning from a gel that ran for 1.5 hours at 80V. The gel was then placed on a UV light-
source and the fragment of interest was  excised using a  clean scalpel. The  DNA was then
cleaned using an  E.Z.N.A.  Gel  extraction kit  and  DNA concentration in the product  was
measured using NanoDrop to verify successful extraction. 

After gel extraction of the DAM3 fragment, the fragment was cloned into a strain of E. coli,
following instructions and materials provided with an  Invitrogen TA Cloning® Kit. 3µl of
DNA from each individual was mixed separately with 1µl 10x ligation buffer, 2µl pCR® 2.1
vector, 3µl double distilled water, 1µl T4 DNA ligase (4.0 weiss units) and incubated for 13
hours  in  a  PCR machine  using the ligation  protocol  found in  Appendix  1.  2µl  from the
ligation  reactions  were  added  to  12  tubes  with  25µl  OneShot®  cells,  which  were  then
incubated on ice for 30 minutes.  The vials were then exposed to a heat chock at 42ºC in a
water bath for 30 seconds. After the heat shock, they were quickly transferred to ice to cool
down. 125µl of S.O.C medium (heated to 42ºC) was then added to each vial  and they were
shaken horizontally at 37ºC for 1.5 hours at 225rpm. 50µl from each vial was spread on LB
agar plates containing ampicillin (100µg/ml) and X-gal. The plates were then incubated at
37ºC over night. After incubation, 5 colonies from each plate were selected (only completely
clear colonies were selected) and streaked using toothpicks on new agar plates which were
incubated over night.  After  incubation, the plates  were stored in a refrigerator to inhibit
additional bacterial growth. Samples were taken from each streaked colony to perform PCR
using the M13 standard primer and gel electrophoresis to determine if the transformation
had been successful. 3 streaked colonies per P. tremula individual where transformation was
deemed successful (i.e. the PCR product appeared as a fragment about 1.5kbp long on a gel)
was then selected for sequencing.

2.1.1 Sequencing

After  clean  fragments  had  been  acquired from  all  reactions,  they  were  prepared for
sequencing. 10µl of the purified DNA-fragments from each individual was mixed with 1.5µl
primer and 3.5µl double-distilled water in two separate tubes, one with the forward primer
and another with the reverse primer.  VRN1 was sequenced from the 2nd econ only,  and
extending into the 3'-UTR (Untranslated Region) as I was unable to amplify the first half of
the gene. The VRN1 fragment was sequenced using the same primers used during PCR (see
Table  1).  The  DAM3-fragment,  encompassing  the  complete  gene, was  sequenced  using
standard primers developed for the pCR 2.1 vector. The tubes were labeled with bar-coded
stickers and sent for sequencing at  Eurofins MWG Operon,  Germany.  The samples were
sequenced in both directions so that they would overlap to ensure that the sequence for the
entire  fragment  was  acquired. Contigs  were  created  for  the  sequenced  fragments
(Sequencher® version 4.1 sequence analysis software, Gene Codes Corporation, Ann Arbor,
MI USA http://www.genecodes.com) while  manually  controlling the chromatograms and
correcting the overlapping sequence where necessary.  An overlap of at least 25bp and an
85% match  was  required  for  the  contig  to  be  considered valid.  The  sequences  for  each
fragment were then aligned with the corresponding sequences from Populus trichocarpa (as
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an outgroup) using ClustalW (Larkin et al., 2007).

2.2 SNP Calling

In order to see get a clear view of the variation within and between the different populations
in the SwAsp collection, all of the Single Nucleotide Polymorphisms (SNPs) were extracted
from a database containing the sequenced genomes of all individuals in the collection.  The
protein  coding parts  of  the  genes that  were  sequenced  for  this  thesis  specifically  were
screened for SNPs as well as  approximately 1000bp on either  side of the gene, to include
variation in the 5' and 3' untranslated regions (UTRs), where much inter- and intra-specific
variation  occurs  (Mattick,  2001;  Szostak  and  Gebauer,  2012).  This should  give  a  more
detailed  view  of  adaptation  in  the  species  and  be  more  sensitive  to  recent  adaptations.
During  this  analysis,  insertions  and  deletions  were  ignored  and  only  the  most  common
alternate  bases  were  accounted  for  (less  frequent  polymorphisms  were  too  few  to  be
informative).  Points on the genes where variation only occurred in less than 15 individuals
(of 116) were also ignored, since these were not very informative and  caused unnecessary
noise during the analyzes.

2.3 Data analysis

The sequenced genes  as well as the sequences provided by Pär Ingvarsson were  imported
into DnaSP (Librado and Rozas, 2009), where coding sequences were assigned and the genes
were analyzed for sequence variation and signs of natural selection. The values extracted for
the whole gene as well as for only the synonymous, non-synonymous and noncoding regions
specifically,  were  the  mean  polymorphism  of  the  sequences (Wattersons  θ) and the
nucleotide diversity (п). Due to an issue with DnaSP, Wattersons θ for synonymous and non-
synonymous sites in the ABI3 gene was calculated using a custom application written in Java
following Watterson (1975) instead. Instructions for getting the source code can be found in
Appendix  2.  Beyond  these  calculations, Tajimas  D  and  Fay  and  Wu's  H  (with  the
corresponding sequences from  P. trichocarpa used as an outgroup) was calculated for the
genes as a whole using DnaSP, to determine if the genes are subject to natural selection or
just evolving randomly.

The  result  from  the SNP  calling was analyzed  in  R  (R  Core  Team,  2013) using  linear
regression models. Date of bud flush in 2007 (phenological data shown in Figure 1) for each
clone was plotted against the genotypes at each SNP (0 copies, 1 copy or 2 copies) to see if
the genotype at that point was correlated with the phenotype. For the populations the clones
originated from, the latitudes were plotted against the frequency of the different SNPs in the
populations  or  origins, to  see  if  there  were any  clear  geographical trends for  different
variants  of  the genes.  Then,  a  table was constructed to see if  any SNP varied both with
phenotype and in frequency with latitude,  which would indicate  that  natural  selection is
acting differently on the gene at different latitudes. 

3. Results
The results from the whole gene polymorphism tests provided no evidence that variation in
the candidate genes deviated significantly from what  is  expected for a randomly selected
gene  from the genome of  P. tremula as described by  Ingvarsson (2008). These results are
presented in Table 2.  The positive or otherwise low Tajimas D and Fay and Wu's H do not
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deviate from what  you might expect from random fluctuations in any population  (Fay and
Wu, 2000; Tajima, 1989), and for Populus tremula specifically, these values do not indicate
that  any  recent  or ongoing natural selection is  acting on these genes,  although both the
synonymous and non-synonymous nucleotide diversity (in Table 2) is fairly high, compared
to the genome-wide estimates of diversity in P. tremula as a whole (Ingvarsson, 2008).

3.1 Single nucleotide polymorphisms

Table 3 shows the sequence lengths and the number of SNPs (that occur with a frequency of
15% or higher) that were found in the coding regions of  the four genes investigated in this
thesis.

Figure 2 (a) and (b) are presentations of two SNP discovered in the ABI3 gene that co-vary
and show significant patterns of  variation both in date of  bud flush and in frequency at
different latitudes.  In this gene, at the 1199th base, a  Guanine (G) has been replaced by a
Thymine (T) just outside of the protein coding part, in the 3'-UTR region on the sequenced
strand. This SNP co-varies completely with a SNP at the 1223d base (all individuals that have
one of them also has the other) where a Thymine (T) has been replaced by a Cytosine (C).
These SNPs are positively correlated with date of bud flush  (linear regression, R2=0.052,
p=0.025) and varies in frequency with latitude  (linear regression, R2=0.57, p=0.005).  The
derived alleles are more  common  at  higher  latitudes  and the  data  indicates  that  being
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Table  2: Measurements of DNA polymorphism for  complete and partial sequences
from the sequenced genes. Most values calculated using DnaSP, with the exception of
those marked with an asterisk that were calculated using a self made application due
to a bug in DnaSP.

Complete sequence DAM3 VRN1 ABI3 DREB

Wattersons θ 0.01644 0.01613 0.01456 0.00829

Nucleotide diversity (π) 0.01123 0.01796 0.01325 0.00549

Tajimas D -1.24755 0.47787 -0.36045 -1.27983

Fay and Wu's H 0.3392 -0.3133 2.1364 -1.5870

Partial sequence Synonymous Non-synonymous Noncoding

Gene: DAM3

Wattersons θ 0.04281 0.01278 0.01508

Nucleotide diversity (π) 0.03833 0.01153 0.00866

Gene: VRN1

Wattersons θ 0.01961 0.00819 0.02174

Nucleotide diversity (π) 0.02011 0.00899 0.02525

Gene: ABI3

Wattersons θ 0.01056 * 0.00944 * 0.02602

Nucleotide diversity (π) 0.01629 0.00885 0.02219

Gene: DREB

Wattersons θ 0.02095 0.00285 0.00660

Nucleotide diversity (π) 0.00876 0.00369 0.00417



homozygous for them delays bud flush, while heterozygotes retain the  same phenotype as
homozygotes for the wild-type. During the analysis of these SNPs, I considered one point in
the frequency data to be an outlier as all of the other points appeared to fall into two groups
and this point did not, therefore it was not included it in the regression (shown in Figure 2
(b) as  a  triangle),  however  the  model is  very  close  to  significance  even  with  this  point
included (p=0.053).

In the VRN1 gene, I identified a set of SNPs that showed patterns similar to the SNPs in the
ABI3 gene. These are shown in Figure 2 (c) and (d).  This pair of SNPs (all individuals that
have one of them also has the other) consists of an Adenine (A) that has been replaced by a
Guanine (G) at the 1126th base on the sequenced strand and an Adenine (A) that has been
replaced by a Cytosine (C) at the 1326th base on the sequenced strand. The first SNP is found
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Figure 1: Summary of the phenological data sets for all available years. The lines are linear regression models, 
none of which are significantly different from zero, no direct differences can be observed between population 
means

Table 3: Length of the genes and SNPs found in the coding regions. These are SNPs that occur in more than 15
individuals, so it does not include very low frequency polymorphisms.

Gene Length (bp) SNPs in Coding region

VRN1  833 12

DAM3 1325 17

ABI3 2806 21

DREB 882 10



in the 3'-UTR region  of the gene, the second SNP may be outside the gene. They become
more common farther north (linear regression, R2=0.719, p<0.001), and the SNPs appear to
affect the date of bud flush (linear regression, R2=0.035, p-value=0.042). In this gene I also
considered one point in the frequency data as an outlier,  much for the same reason as I
considered one point for the ABI3 gene an outlier, the other points appear to group up and
this point did not, therefore  it was not included in the model construction  (it is shown  in
Figure 2 (d) as a triangle), however the regression is significant even with this point included
(p=0.033) and it was omitted mainly to make the pattern clearer.
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Figure 2: Figures generated in R describing the linear relationship between the frequency of two
pairs of SNPs  in the ABI3 and VRN1 genes  at different latitudes and  their relationships to the
time of bud flush. The plots for ABI3 (a and b) represent data for a pair of SNPs at the 1199th and
the 1223d base-pair that co-vary. The plots for VRN1 (c and d) represent data for two SNPs at the
1126th and 1326th base-pairs of this gene that also co-vary. The points marked as triangles were
considered outliers and were not included in the model constructions.



4. Discussion and Conclusions
According to Ingvarsson et al. (2006), linkage disequilibrium in poplar is generally very low,
which suggests that the patterns shown for the derived SNPs in VRN1 and ABI3 are indeed
the effect of these derived genes and not genes linked to this loci.  Lee and Mitchell-Olds
(2012) write that “To date, most ecological genetic studies focus on single genes with large
effects”,  then go on to write that more recent studies have found that local adaptation to
heterogeneous  environments  that  is  acquired  through  small  frequency  changes  across
several  loci  is  also  very  important  to  consider. Research  has  shown  that  most  local
adaptations  are  acquired  as  quantitative  traits  governed  by  several  loci  (Le  Corre  and
Kremer, 2012). This synergizes well with the results from this thesis, where I have identified
two loci that appear to infer adaptation to local climate. However,  it is  doubtful that this is
the full  extent of adaptation in  P. tremula.  In their own research,  Lee and Mitchell-Olds
(2012) found indications that environmental adaptation in at least  Arabidopsis thaliana is
indeed a quantitative trait.

The variation found in SNPs from the ABI3 and VRN1 genes suggest that they may be under
natural selection and more specifically that natural selection at these loci may indeed lead to
local adaptation in spring phenology.  Although, for the SNPs in ABI3, the significant effect
was  only  found  in homozygotes  for  the  derived alleles,  and  in  the  data-set  only  two
individuals were homozygous which makes the data set quite small and it is possible that this
is  just  caused  by  chance.  However,  the  clear  relationship  between  SNP  frequency  and
latitude suggests that it does provide an adaptive advantage, especially since the frequency of
the derived allele increases with latitude where we also would expect bud flush to be delayed.
The  homozygotes  for  the  derived SNPs flushed  their  buds  at  later  dates  than  the  other
genotypes, but it is also interesting to note that the two individuals that were homozygous for
the SNP originated from a southern population (Latitude ~58º N) and still flushed their buds
later than the other individuals from the same populations. A similar pattern was observed
for SNPs in the  VRN1 gene, where there was a clear difference in the dates of bud flush
between the homozygote wild-types and the heterozygotes. However the single homozygous
individual  for  the  derived  SNPs in  the  data  set  flushed  its  buds  at  a  fairly  early  date
compared  to  the  heterozygotes.  On  the  other  hand, this  may  also  be  just  a  random
fluctuation in the data. Furthermore, the inverse of the situation of the one for the ABI3 gene
is possible,  as the homozygote for the SNP originated from the southern part of  Sweden
(Latitude 58º N) and it is possible that this individual had other adaptations that caused its
buds to flush earlier. Unlike SNPs in ABI3, I had more data points that varied in the VRN1
gene, which  suggests that it is safer to draw conclusions  about the data for this gene.  The
reason I used bud flush data from 2007 is that the data for this year was the most complete,
both for all clones but also for all replicates of all clones (The data is summarized in Figure
1).  In  order  to  verify  that  these  patterns  persisted  between  years, I  performed some
comparisons  using  data  from  both 2008  and  2011.  Unfortunately this  data  had  several
missing values and did not fit  a normal distribution (the data from 2008 was extremely
skewed  toward  high  values),  log  transformation  of  the  data  did  not  help and  the
relationships  were  not  significant  using  these  data  sets.  However,  even  though the
relationships  were  not  significant,  the  relationships  between  the  different  genotypes,
especially  for  2011,  were  visually  very  similar  to  the  relationships  observed  for  2007,
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suggesting that they are not just random fluctuations in the data.

It is not surprising that I found variation in the non-protein coding 3'-UTR regions of these
two  genes,  as  these  regions  are  involved  in  regulation  of  gene  expression  (Szostak  and
Gebauer, 2012). In fact, there are those who believe that mutations in these regions may be
more important for  the difference between individuals and species and even  for speciation
than their coding counterparts  (Carroll, 2005; Mattick, 2001).  However, this is still a hotly
debated issue (Hoekstra and Coyne, 2007; Mitchell-Olds et al., 2007). The reason the SNP-
calling detected variation in the 3'-UTR region of the VRN1 gene while the calculation of
Tajimas D and Fay and Wu's H for this gene did not, may simply be because the SNP-calling
included more sequences (close to 100), so by random chance the sequenced individuals may
not have contained the variation detected by the SNPs. Carroll  (2005) argues that essentially
all variation, especially among closely related species is not due to mutations in the protein
coding parts of genes, but rather in regulatory elements, such as the 3' and 5' UTR regions.
However, Hoekstra and Coyne (2007) counter this argument by saying that we do not have
any  substatial  evidence  to  support  this.  They argue  that  there  is  a  lack  of  transgenic
experimental evidence and that many proteins between closely related species do in fact have
amino acid  substitions  (the  two species  they  mention  most  are  however  not  plants,  but
rather humans  and  chimpanzees).  It  is  however  likely  that  mutations  in  both  protein
sequence  and  gene  regulatory  elements  are  playing  an  important  role  in  adaptation
(Mitchell-Olds et al., 2007).  For example, Ingvarsson et al. (2006) found genetic variation
and signs of local adaptation in the protein coding sequences of  a gene in  P. tremula that
affected the date of bud set,  at the same time, this thesis has identified genetic variation in
regions involved in the regulation of two genes that appear to affect date of bud flush, but no
signs  of  selection  in  protein  coding  sequences  of  these  genes.  This  indicates  that  local
adaptation in  P. tremula is  achieved both by changes in protein sequences as well  as  in
regulatory  elements,  which  supports  the  idea  that  both  processes  are  important to
adaptation.

The results  from the SNP-calling  analyses indicate that natural selection acting on the  3'-
UTRs of the ABI3 and VRN1 genes is giving rise to local adaptation of spring phenology. The
results  for  both  genes are  in  agreement  with  past  research.  ABI3,  which is a  gene  that
reduces sensitivity to abscisic acid (ABA), a plant hormone that among other things inhibits
growth (Taiz and Zeiger, 2010) has been shown to be up-regulated during end of dormancy
(Frewen et al., 2000; Mohamed et al., 2010; Rohde et al., 2007; Rohde et al., 2002; Ruttink
et  al.,  2007).  Also in agreement  with these results  is  that homologs of VRN1 (full  name
Vernalization 1) exists in many species and has, as is  made evident by its full name, long
been  known  to  be  active  and  play  a  crucial  role  during  vernalization  and release  from
dormancy  (Rohde and Bhalerao, 2007). The frequency of the derived  SNPs in both  VRN1
and ABI3 increases in frequency with latitude, this result is in agreement with Ingvarsson et
al. (2006), who found that the derived SNPs in genes that they investigated always increased
in frequency with latitude. They write that this is most likely due to successive adaptation to
temperate climate, I agree with this hypothesis and would like to develop it by arguing that it
may be an effect of post-ice age colonization from southern populations whose genes evolved
derived traits as they spread further north to cope with the harsher climate. Latitudinal (and
altitudinal) clines in spring and fall phenology has been found in several species of woody
perennials, especially in bud set and the height that individuals reach, some studies have
found latitudinal clines for bud flush in certain species as well (Aitken et al., 2008). It is not
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unlikely that the inability  to find any clear clines in bud flush for the individuals in the
SwAsp collection (see Figure 1) may simply be that the Swedish P. tremula population is still
comparatively young (that is to say, they colonized after the end of the last  glaciation) and
even though at least some of the required genetic variation appears to exist in the gene pool,
the clines may simply not have been established yet.  This  possibility becomes more likely
when you consider that trees in the  Populus genus are notorious for quickly reproducing
clonaly.  There  is,  for  example, a  genet  of  Popolus tremuloides  (another  close  relative)
growing in Utah (North America) that has been nominated as the largest and possibly oldest
living organism, spanning about 43 hectares with around 47 000 stems, all connected by the
same network of roots (Grant et al.,  1992). Another possibility  is  that the environmental
triggers  that lead to an initiation of growth do not vary  significantly with latitude and that
selection  on the genes  that  regulate  the response to  these  environmental  triggers is  not
strong  enough  to  create  any  latitudinal  trends  in  phenotype.  However,  the  different
genotypes create significant differences within populations which appear to persist between
years which still indicates that these genes are involved in the timing of bud flush.
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Appendix 1 – PCR Protocols and reaction components

VRN1
PCR-Protocol:
95 ºC 2 min, [95ºC 30sec, 59ºC 30sec, 72ºC 45sec]x32, 72ºC 10min, 12 ºC ∞

PCR-reaction components (per individual):
12.8µl double-distilled Water
2.6µl 10x PCR-buffer
2.5µl MgCl2

1.0µl dNTP
0.5µl primer VRN1F2
0.5µl primer VRN1R3
0.2µl Taq-polymerase
5.0µl Template DNA

DAM3
PCR-Protocol:
95ºC 2 min, [95ºC 30sec, 59ºC 30sec, 72ºC 1.5min]x33, 72ºC 10min, 12ºC ∞

PCR-reaction components (per individual):
12.8µl double-distilled Water
2.6µl 10x PCR-buffer
2.5µl MgCl2

1.0µl dNTP
0.5µl primer DAM3F3
0.5µl primer DAM3R2
0.2µl Taq-polymerase
5.0µl Template DNA

Ligation reaction
[10ºC 30sec, 30ºC 30sec]x101, 14ºC ∞
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M13 PCR for transformed bacteria:
PCR-Protocol:
[95ºC 30 sec, 52ºC 30sec, 72ºC 1min]x25, 72ºC 10 minutes, 12ºC ∞

PCR-reaction components (per individual):
8.75µl double-distilled Water
1.75µl x10 PCR-buffer
2µl MgCl2

1µl dNTP
1.25µl M13 F
1.25µl M13 R
1 colony of transformed bacteria, scraped off gel and mixed with the other components using
a toothpick. Cells denatured at 100 ºC for 10 minutes, temperature then reduced to 37 before
the following was added:

8.125µl double-distilled Water
0.75µl x10 PCR-buffer
0.125µl Taq-polymerase
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Appendix 2 – Software written for the project

The source-code for the self-written software mentioned in this report can be found on  its
dedicated google-code page:

https://code.google.com/p/basepairs/

The code is released to the public under the GNU General Public License, version 3. In
short: this means that you are free too redistribute it and modify the code, even include it in
your own projects so long as I am given credit and any derivate works use the same license.

The  code  can  be  checked  out  using  Subversion  (you  must  find  a  suitable  version  of
subversion for your operating system), using this terminal command:

svn checkout http://basepairs.googlecode.com/svn/trunk/ basepairs-read-only

Or you may browse the files and view the code in your web browser:

• Go to: 

https://code.google.com/p/basepairs/source/browse/

• Navigate in the tree: 

svn > trunk > trunk > src > basepairs

The  program  was  used  to  calculate  Wattersons  estimator  for  synonymous  and  non-
synonymous sites  in  the coding regions of  the  ABI3 genes. The file  containing the main
function used for this purpose is Watterson.java and the function is named:

public void calcSegregatingCodons(int firstOffset)

However, this function is dependant on other functions located in other files, which can be
found by looking at the function calls within this main function.

The program is written in Java and the source comes in the form of  a NetBeans project
(NetBeans IDE 7.0.1).  The code was written for and run in a 1.7.0 OpenJDK 64-Bit Java
Virtual Machine running on top of Linux kernel version 3.9.5.
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