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Natural variation in Populus tremula flowering time gene PtCO2B

Abstract
Trees dominate terrestrial ecosystems and produce most of the terrestrial biomass, additionally the
increasing worldwide demand for timber, pulp and paper and biofuels means trees are of high
economical important, consequently the study of trees is important for both ecological and
industrial purposes.  Dormancy, bud flush and bud set are important traits both ecologically and
for breeding purposes, and forest trees display extensive natural variation in these traits for
adaptation to the wide range of climates which they inhabit.  The candidate genes PtCO2B and
PtCO2A are used in an association mapping approach to investigate the natural variation of these
traits.  The CONSTANS gene is widely known to be involved in photoperiod responsive pathway
of flowering in Arabidopsis, and has recently been shown to be involved in flowering and
dormancy in Populus.  Here the two Populus homologues of CONSTANS are sequenced within a
natural population of Populus tremula collected along a latitudinal gradient.  The results show that
these genes have less nucleotide diversity than other genes studied in the same population, most of
the diversity is found in the single intron and that they have an excess of low frequency mutants.
These results suggest that the coding region of these genes is conserved and does not tolerate many
mutants.  Regression analysis showed that none of the polymorphisms found in PtCO2B were
associated with any of the phenotypic traits scores within this population.  Future phenotyping
within this population may find association with other interesting traits involved in the photoperiod
pathway.

1. Introduction

1.1 Populus as a model for forest trees

Trees dominate most terrestrial ecosystems and produce most of the terrestrial
biomass, additionally the increasing worldwide demand for timber, pulp and paper and
biofuels means trees are of high economic important, making the study of trees is
important for both ecological and industrial purposes.  Trees are distinguished by their
woody supportive structure and long life spans characterized by cycles of dormancy and
growth, two important traits which can not be studied in annual herbaceous plants such as
Arabidopsis.  Bud set and on set of dormancy are traits which represent critical ecological
and evolutionary trade offs between survival and growth (Howe et al., 2003; Horvath et
al., 2003; Ingvarsson et al., 2006).  Dissecting these traits at the molecular level will
enable us to understand how trees adapt and survive, and how they can be bred more
efficiently for diverse environmental and economic goals (Brunner et al. 2004).

With its small and fully sequenced genome, extensive EST resource,
transformability and abundant gentetic and adaptive variation throughout is wide
geographic distribution, Populus has become the model organism for forest biology
(Brunner et al., 2004; Sterky et al, 2004; Wullschleger et al., 2002).  A recent study by
Ingvarsson and colleges (2005) has shown that P.tremula is highly polymorphic and that
linkage-disequilibrium declines rapidly.  Together with most of the genetic diversity
found within populations, these genetic characteristics make Populus populations ideal
for association mapping of genetic and phenotypic traits (Brunner et al., 2004).  A
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collection of 116 Populus tremula trees along a latitudinal gradient in Sweden has been
establish for these types of studies and is the subject this study.

1.2 Association mapping

The creation of a mapping population for QTL mapping of quantative traits such
as flowering time and bud set in Populus is costly and time consuming due to the long
generation time (Brunner et al., 2004; Neale and Savolainen 2004), leaving association
mapping as a good alternative.  Association mapping searches for associations between
phenotypic traits and genetic marks in natural populations rather than in segregating
mapping populations (Neale and Savolainen, 2004).   Populus is a dioecious, wind
pollinated tree giving its populations high rates of out-crossing, this results in most of the
genetic diversity being found within populations (Ingvarsson, 2005).  This type of
population structure, high genetic polymorphism and limited population differentiation,
facilitates association mapping using candidate genes (Brunner et al., 2004).  Linkage
disequilibrium in Populus normally declines in only a few hundred base pairs (Ingvarsson
et al., 2005), so markers must be very tightly linked to a QTL for an association to be
detected (Howe et al., 2003). The use of candidate genes, assuming that the candidate
genes represent actually QTLs, rather then random markers makes this approach
independent of linkage disequilibrium among loci.

Response to longer critical day lengths in the northern tree populations leads to
earlier bud set and dormancy to avoid frost damage (J.E. Olsen, 1997).  When trees are
moved from their latitude of origin they retain their phenotype showing that these highly
adaptive traits are under strong genetic control (Frewen et al., 2000; Howe et al. 2003)
and often form latitudinal clines despite high levels of gene flow (Howe et al., 2003;
Ingvarsson et al., 2006).  This association mapping approach has previously been
successful in Populus; Ingvarsson et al. (2006) identified four SNPs within phyB2 which
displayed significant clinal variation and association to these traits.

1.3 CONSTANS as candidate genes

 In Arabidopsis flowering is mediated through four major genetic pathways: the
photoperiod and vernalization pathways which response to environmental cues and the
autonomous and gibberellin pathways which act independently of external signals (Parcy,
2005).  Here we are interested in the photoperiod pathway and its adaptation to different
photoperiods along a latitudinal cline.  CONSTANS (CO) plays an essential role in the
photoperiod pathway leading to flowering in Arabidopsis (Blazquez, 2005; Valverde et
al., 2004; Yanovsky and Kay, 2003) and the Populus CO homolog PtCO2B was the
candidate gene of choice for this study.  CO, along with FLOWERING LOCUS T, are
necessary for the daylength regulation of flowering in Aradidopsis (Parcy 2005; Yoo et
al., 2005) and have recently been shown to be involved in both flowering and seasonal
growth cessation in Populus (Böhlenius et al., 2006).  CO encodes a nuclear protein
which promotes flowering by activating FT which subsequently activates the floral
meristem identity genes.  The expression of CO is regulated by the photoperiod through
the circadian clock, giving it a diurnal expression pattern where mRNA accumulates late
in the day under long-day conditions (Valverde et al., 2004).  Additionally the CO protein
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is proposed to be post-transcriptionally regulated by light, which allows the CO protein to
activate FT transcription only when its peak abundance occurs in the light, under long-
day conditions (Ausin et al., 2005; Suarez-Lopez et al., 2001; Valverde et al., 2004;
Yanovsky and Kay, 2003).  To further demonstrate the importance and adaptability of
these genes in photoperiod response, the rice homologs of CO and FT, Hd1 and Hd3a
repectively, are both involved flowering in the short-day flowering rice (Hayama et al.,
2003; Simpson, 2003; Yano et al., 2000)

2 Materials and Methods

2.1 Plant material (taken from
Ingvarsson et al., 2006)

In 2003 a common
garden was established
consisting of trees collected
from 12 sites sampled along a
latitudinal cline
(55.9_N–66.0_N) in Sweden
(fig. 1). From each site, 10
unique tree genotypes were
collected (with the exception of
one site from which only 6
genotypes were collected), for a
total of 116 trees.  Since aspen
has clonal growth, sampled trees
were separated by at least 2 km.
Trees were also marked in the
field to allow future verification
and additional collection of
materials.  Root stocks were dug
up from each tree and brought to
the Forestry Research Institute
of Sweden’s (Skogforsk) 

       research station Ekebo in Skåne,
Figure 1.  Map showing location of the 12 populations                      in southern Sweden.  The root
SwAsp collection (taken from Ingvarsson et al., 2006)                  stocks were placed in peat moss

      and allowed to sprout new
shoots.  Leaf material was collected from all trees, flash frozen in liquid nitrogen, and
stored at -80oC until DNA extraction.  At least 10–15 shoots per genotype were planted
individually in pots and overwintered in a cold greenhouse.  We refer collectively to
these tree genotypes as the Swedish Aspen (SwAsp) collection.
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2.2 Sequencing

The same DNA extractions that have been used in Ingvarsson et al, 2006, were
used here; total DNA was extracted from dried or frozen leaf tissue from all individuals
in the SwAsp collection, using the DNeasy plant mini prep kit (QIAGEN, Valencia, CA).
Primers for amplification and sequencing of P. tremula PtCO2B and PtCO2A were
designed based on the Populus trichcarpa homolog (gene model:
estExt_Genewise1_v1.C_LG_IV4235) (http://genome.jgipsf.org/cgibin/runAlignment?db
=Poptr1) accessed in September 2005 (see appendix A for primer sequences).  For
PtCO2B a combination of one of two forward primers with one reverse primer was used
to amplify the full PtCO2B gene.   PtCO2A was amplified in two pieces using a
combination of four primers. A standard PCR program was used: 95 0C for 2 mins, 35
cycles of 950C for 30s, 58-640C for 30s, 720C for 2 mins, and 720C for 5 mins,
temperatures depending on the primer pairs. PCR products were verified for correct
length on an agrose gel and then cleaned using a Qiagen PCR cleanup kit or similar.  For
PtCO2B, a total of ten sequencing primers were used, including the primers used for
amplification.  For PtCO2A twelve sequencing primers were used, including the four
primers used for amplification.  These primers were designed to sequences the amplicons
in both forward and reverse direction.   A Beckman Coulter capillary CEQ 2000XL
sequencer at the UPSC sequencing facility was used for all sequencing.

The resulting chromatograms were assembled into contigs and manually corrected
and searched for heterozygous sites using the computer program Seqencer v 4.0.
Consensus sequences were export as FASTA files for further analysis.

2.3 Tailed PCR for microsatellite scoring

The same DNA extracts that were used for sequencing were also used for
microsatellite scoring.   Primers for PCR were designed using PtCOB homolog in
Populus trichocarpa (gene model: estExt_Genewise1_v1.C_LG_IV4235)
(http://genome.jgipsf.org/cgibin/runAlignment?db =Poptr1) accessed in September 2005.
Primers were design to flank the poly-E microsatellite region, and a tagged forward
primer was used to incorporate a florescent label into the amplicons.   The method
employs PCR amplification with three primers: the forward primer with a M13 universal
tail (5’dye-TAAAACGACGGCCAGTACTGAAGACCGGTTCACGAC-5’), a normal
reverse primer (5’-CCACCAAACAAGAAGCCATT-3’) and a fluorescently labeled
(D4) M13 universal primer.  In the first round of amplicication the tailed primer and
reverse primer amplify the template DNA.  This new DNA becomes the template for the
second round, which will produce amplicons with M13 tail incorporated in to them.  By
the third round the labeled M13 primer then takes over the tailed forward primer and
produces the desired labeled fragments (see appendix A for flowchart).  The following
quantities of these primers were used per 12 ul PCR reaction: 1.5 pmoles M13 labeled
primer, 1.5 pmoles reverse primer, and 0.25 pmoles tagged forward primer, with 1.5 uM
template DNA.  Thermal cycling conditions as follows: 95oC for 30 seconds, 50oC for 45
seconds, and 72oC for 30 seconds, 40 cycles.

Fragment length was then measures using the Beckman Coulter capillary CEQ
8000XL sequencer at the UPSC sequencing facility.  Samples were prepared by mixing
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1.5 ul PCR product with 38 ul sample loading buffer containing D1 fluorescently label
ladder and covering with one drop of oil.  The resulting chromatographs were visualized
and analyzed using CEQ 8000 system fragment analysis software.  Five fragment lengths
were identified.  The number of repeats represented by these fragment lengths was
deconvoluted using sequence data of homozygous individuals.

2.4 Population genetic data analysis

The computer program DnaSP was used to identify SNPs, estimate nucleotide
diversity and to statistically test neutrality (http://www.ub.es/dnasp/).  Of 108 individuals
sequenced for PtCO2B, 105 were used in this analysis, and 14 individuals were used for
PtCO2A.  The number of variable sites was calculated as S, the total genetic diversity
across the two genes was calculated as Pi.  Tajima’s D test was used to test for selective
neutrality of mutations.  A sliding window scan was used to check the distribution of
nucleotide diversity along PtCO2B, using a window of 100 sites moving along the
sequence in 25 bp increaments.

The statistical program R 2.0.1 (R development core team 2004) was used to test
for clinal variation in 44 SNPs and the poly-E microsatellite.  Each SNP was regressed on
days to bud set, length of growing season, leaf area duration and days until leaf
abscission; this phonological data was previously collected from the SwAsp collection
and is discussed in Ingvarsson et al., (2006).  The poly-E microsatellite was regressed on
days until bud set and laditude of origin.

3. Results and Discussion

Natural aspen populations are ideal study subjects when searching for the
molecular basis of population variation in important adaptive traits, such days until bud
set and dormancy.  Previously, an association mapping approach using a candidate gene
has been sucessful in finding associations between SNPs and traits which show latitudinal
clines within the SwAsp collection (Ingvarsson, 2006).  One of the strongest clines was
found in this study was in days until bud set, where latitude explained 90% of the
variation among site populations.  Here we have attempted to find similar clines within
the flowering time gene CONSTANS.

 CONSTANS was first identified in Arabidopsis.  Populus has two homologs of
this gene, called PtCO2A and PtCO2B.  PtCO2B was fully sequences in a total of 108
individuals of the SwAsp collection.  Four individuals were not available (17, 77, 81 and
91) two individuals could not be amplified with the primers used in this study (58, 80)
and two individuals (70, 65) could be amplified but sequencing was incomplete.  A
combination of two forward primers was needed to get amplification of PtCO2B from
genomic DNA of all 108 individuals.  Sequencing primers were designed to give both the
forward and reverse strand sequences (fig. 2).  Sequencing was successful with the
exception two short regions which precede indels in individuals which were heterozygous
for these polymorphisms.  Because genomic DNA was used in this study, individuals
which are heterozygous for indels produce a frame shifted chromatogram which was
unreadable after the indel, resulting in only single sequence coverage.  This problem was
corrected for the first of these regions, the region which preceded the Poly-E
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microsatellite, by amplifying and sequencing this region with two different forward
primers.  The second region effected occured in the intron preceding the first of two
indels, and was not corrected.  However the single sequences which covers this region is
of high qualify.

   Figure 2.  Schematic of PtCO2A and PtCO2B and the primers used to amplify and sequence
them.  PtCO2A was amplified in two piece with primer pairs 341/350 (piece one) and 342/347
(piece 2), primers 341, 342, 350, 351, and 352 were used to sequence piece 1 and the remaining
primers were used to sequence piece 2.  PtCO2B was amplified in one piece with primer pair
353/358.  Primer sequences can be found in Appendix A

In addition to PtCO2B, the first exon of PtCO2A was sequenced successfully in
14 individuals (10,12, 14, 15, 44, 46, 47, 92, 93, 94, 106, 108, 111).  It was not possible
to amplify this gene in one piece from all individuals, therefore it was amplified in two
pieces for sequencing (fig. 2).  Sequencing from the first of these pieces was of good
quality and covered the first exon.  Sequencing from the second pieces was of variable
quality and good quality chromatograms were difficult to align.  Possible causes of this
problem could be that the second half of both PtCO2A and PtCO2B were amplified
during PCR or there could be some large insert or several smaller mutations which
interfere with the primers. The PtCO2A data presented here is used for comparison with
PtCO2B, which is the homolog used in Böhlenius et al.’s transgenic studies and is
thought to be the active gene of the two homologs (Böhlenius, personal communications).
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3.1 Nucleotide diversity

The complete sequence of
PtCO2B and sequence of the first
exon of PtCO2A were searched for
polymorphic sites.  The DnaSP
program can only analysis sites for
which all individuals have data,
therefore, three of the 108 PtCO2B
sequences, numbers 1, 38, 68, were
excluded because they lacked
approximately the first 50 bps of
sequence, which is an important
region because it contains the first of
two B-boxes (see section 3.2).  Two
indels and one microsatellite were
identified in the sequence alignment.
The two indels were located in the
single central intron, and caused
frame shifts in the sequencing
chromatograms of individuals heterozygous for these sites.  Because of this problem the
130 bp region between the two indels was difficult to sequence, therefore the indels and
the intervening region were removed from the data set.  The microsatellite was scored
and analyzed separately.  In total 1427 sites of PtCO2B were analyzed and 56 single
nucleotide polymorphisms were found. The first exon of PtCO2A contained no indels or
microsatellites, so no data was removed from the 14 sequences obtained here; 848 sites
were analyzed and 14 SNPs were identified.

Estimates of nucleotide diversity at PtCO2B and PtCO2A (Pi = 0.00494 and Pi =
0.00317, respectively) are somewhat lower in comparison to sequence diversity estimates
at phyB2 (Ingvarsson et al., 2006) and half the average reported for the 5 genes studied in
Ingvarsson, 2005 (table 1).  Our estimates are somewhat conservative because of the
removal the 130 bp region between the two indels of PtCO2B and because only the first
exon is of PtCO2A analyzed; the intron of the CO gene contains the most variation (see
section 3.2).  Still the nucleotide diversity is marginally lower, indicating that the gene is
well conserved, which may reflect the important role this gene plays in flowering and
dormancy

Tajima’s D is negative for both genes, a result of a high number of low-frequency
polymorphisms.  This suggests purifying selection where mutations appear and are
selectively removed from the population because they have some deleterious effect.
Again this may reflect the importance of this gene, showing that it can not tolerate
mutations and therefore remains conserved. However, Ingvarsson (2005) also found
Tajima’s D to be consistently negative among the genes in his study and did not come
this conclusion.  Consistently negative Tajima’s D throughout a genome can also
characterize a recently expanded population where mutations have not yet had enough
time to reach high frequencies.  Further investigation is needed to absolutely determine
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the cause of excess low frequency mutations seen in PtCO and other Populus tremula
genes.

3.2 Sliding window analysis and conserved regions

The sliding window scan shows that most of the nucleotide diversity in PtCO2B
is found in the single intron, while there are two regions of very low diversity, one in
each exon (fig 3.).  These two low diversity coding regions correspond to the two regions
of predicted function; two zinc fingers located in N-terminal region and the nuclear
localization signal located in the C-terminal region.  The third region which appears to be
highly conserved in figure 2 (nucleotide position 400-500) is not truly conserved because
it contains the microsatellite, which as been set to one allele for all individuals for the
purposes performing these analysis. This pattern of nucleotide diversity across CO has
been previously observed.  Lagercrantz and Axelsson (2000) found in a wide study of CO
genes the same pattern using a similar sliding window scan.  Further outlining the
importance of these regions to gene function, Robson et al., (2001) found that all late
flowering Arabidopsis mutants studied up to that time had a mutation in either one of
these two predicted functional domains.
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Figure 4.  Arabidopsis thaliana CO and CO-like protein sequences (AtCO, AtCOL1-4) of the two
Zinc-finger b-boxes and the nuclear localization signal (CCT region) (taken from Robson et
al.2001) aligned with our Populus sequences (PtCO2B and PtCO2A).  Only four mutations to
these regions were found, and are see here as an additional residue below the sequence.
Consensus sequences shown below both the B-boxes and the CCT region in bold type.

The two zinc-fingers found in CO most closely resemble B-box type zinc-fingers,
which are predicted to mediate protein-protein interaction rather than DNA-binding
(Griffiths et al., 2003; Robson et al., 2001).  These two boxes are highly conserved within
the CO gene family in all dicotyledonous species in which they have so far been studied,
retaining the consensus sequence CX2CX8CX7CX2CX4HX8H (Lagercrantz and Axelsson,
2000; Robson et al., 2001).  The two Populus tremula homologs sequenced here also
retain this consensus sequence.  In PtCO2B, one coding mutation in box 1 and two in box
2 were found (fig. 4).  These mutations do not effect the consensus sequences and do not
correspond to the any of the previously studied co late flowering Arabidopsis mutations.

The conserved C-terminal region is found throughout the CO-CO-like gene
family and also in the circadian clock gene TOC, and has consequently been named the
CCT domain.  This domain is also highly conserved in all dicotyledonous species in
which CO has been studied.  In PtCO2B this region is also highly conserved; one
mutation was found, and this mutation is found in within the Arabidopsis CO gene
family, suggesting that it is not a residue which requires conservation for the function of
the protein.
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The conservation of these two functional regions in PtCO2B, together with the
transformation studies of Böhlenius and colleges (2006), suggest that this gene is the
functional CONSTANS gene in Populus.  The incomplete sequences of PtCO2A, and
lack of transgenic studies with this homolog make it is more difficult to comment on its
whether or not it may be functional.  Although the B-boxes are highly conserved there
were difficulties in sequencing the C-terminal region.  These problems may be due to
mutations in this region.

3.3 Clinal variation in polymorphic sites in PtCO2B

In total, 56 SNPs were found in the 105 PtCO2B sequences analyzed.
Frequencies of these SNPs were regressed on phenotypic data, collected from the each
tree in the SwAsp collection, which showed clinal variation.  These phenotypic data
included days until budset, days until leaf abscission, leaf area duration, bud flush, and
length of growing season in the site were the tree was originally collected.  A search
through the results of these regressions showed that no SNPs with reasonably high
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frequencies (above 0.10) showed any significant association with any of the clinal traits
(fig. 5).  Therefore none of the SNPs found in PtCO2B showed clinal variation.
Phenotyping of the SwAsp collection will continue in the coming years, therefore this
data set will be used again and we may still find some interesting associations with other
traits.

3.4 Poly-E Microsatellite

The poly-E microsatellite was originally identified during sequencing of the
PtCO2B gene.  Because genomic DNA was used for sequences, individuals which were
heterozygous at the poly-E microsatellite produced frame-shifted chromatograms after
this region making it impossible to identify the number of repeats present.  Measuring the
length of a PCR fragments containing this region is the method of choice for scoring this
microsatellite.  Although it was possible to see differences in lengths of these fragments
on agarose gels, it was not possible to determine if the difference was 3, 6, 9 bps etc. with
certainty.  The tailed primer method allowed for high precision and high through-put
measurements of these fragments.  Using a 96 well plate format it was possible to score
the entire SwAsp collection in one weeks worth of work (excluding time for trial
experiment).

________________________________________________________________________
TABLE 2.

Fragment lengths dectected, number of repeats they represent and their frequencies
within the SwAsp collection.

Fragment length 156 159 162 168 171
Number of glutamic acids

in protein sequence
5 6 7 9 10

Number of alleles in entire
Population

92 27 3 80 14

Frequence in entire
population

0.426 0.125 0.014 0.370 0.065

________________________________________________________________________

A total of 108 individuals were successfully scored for the poly-E microsatellite,
giving 216 alleles.  Five unique fragment lengths were detected: 156, 159, 162, 168, and
171, which corresponded to 5, 6, 7, 9 and 10 glutamic acid repeats in the protein
sequences respectively.  Repeats of 5 and 9 where very common while the others very
rare and a repeat of 8 was not observed at all (table 2).  Alleles 156 and 168 make up
42.6% and 37% of all alleles scored in the SwAsp collection.  While it is clear that the
alleles are not randomly represented, there is no obvious explanation for the high
frequency of the shortest and second longest number of repeats while repeat lengths in
between these are rare or absent.  Because this is a natural population and PtCO2B is
involved in an important adaptive trait is it probable that repeat lengths of 5 and 9 have
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some evolutionary advantage.
Further investigation is needed
to determine the significance of
the two high frequency alleles.

The site population
frequencies of the two high
frequency alleles (156 and 168)
were regressed on latitude of
origin of the site populations
(fig. 6).  The three low
frequency alleles were excluded
from regression because their
frequencies were to low to give
reliable regressions. This
regression shows that neither
allele 156 or 168 is associated to
the site population’s latitude of
origin and does not form a
latitudinal cline (R2 for allele
156, 0.002, R2 for allele 168,
0.03)

Ingvarsson et al. (2006)
characterized the bud set and
growth cessation within the
SwAsp collection and found
that, despite the modest data,
there was significant variation
among populations in the critical
photoperiod that induced bud set
and growth cessation. Days to
bud set (expressed as days since
the experimental plants were
placed under spring conditions
in the greenhouse) ranged from
101.5 days in the southernmost population to only 53.6 days in the northernmost
population, a difference of almost 48 days. The population variation in bud set was
clearly organized in a latitudinal cline and a linear regression of population mean critical
photoperiod on latitude of origin was highly significant.  A linear regression of alleles
from the present study on the days to bud set data resulted in slopes near to 0 (with the
exception of allele 162 for which the regression is unreliable because it was only found
three times in the population).   This shows that there was no association between alleles
and bud set and growth cessation (table 2).
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______________________________________________________________________________________

TABLE 3.
Results of regression of allele frequency on budset

Allele slope t-value p-value
156 0.072 0.066 0.948
159 0.398 0.236 0.814
162 1.988 0.439 0.661
168 -0.2 -0.167 0.868
171 -0.775 -0.349 0.728

    Figure 7. Portion of PtCO2b containing the poly-E microsatellite.  Bolded and marked region
denotes the PEST motif predicted by PEST-FIND.

The region in which the microsatellite lies is a potential PEST motif, which makes
it of interest for future research.  As defined by Rechsteiner and Rogers (1996), PESTs
are peptide motifs that target proteins for proteolytic degradation and which are enriched
in proline (P), glutamic acid (E), serine (S), and threonine (T) residues and are
uninterrupted by positively charged residues.  Proteolysis is a widespread regulatory
mechanism and rapid turnover is a property of many proteins including a host of
transcription factors and important cell-cycle regulators, such as cyclins (Rochsteiner,
1991).  PEST-FIND is a program designed to identify possible PEST motif in peptide
sequences, producing scores between -50 and + 50
(http://srs.nchc.org.tw/EMBOSS/runs/fileRM9QFO/index.html).  The PtCO2B motif
containing the poly-E microsatellite scores between +8.86 and +15.77, depending on the
number of repeats (Fig 7.).  According to Rechsteiner and Rogers PEST-FIND scores
greater the +5 are of real interest.  Further research on this region of PtCO2B is needed to
explore its possible role in the proteins regulation via protolytic degradation.
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4. Concluding remarks

The pattern of nucleotide diversity found in PtCO2B was in strong agreement
with previous studies of this gene in other plants.  The exon, and in particular the two
regions of known function, were highly conserved while most of the diversity was found
in the intro.  The overall diversity of the gene was found to be somewhat lower then
diversity found in other genes studied in this collection of trees, showing that the CO
gene is more conserved and does not tolerate many mutations particularly in two
functional regions.  One parameter that remained consistent in the genes studied in the
SwAsp collection with the addition of the Ptco2B and PtCO2A data was Tajima’s D.
This parameter is consistently negative, indicating an excess of low frequency mutations.
Consistently negative Tajima’s D within a population can be a the result of a recent
expansion, where new mutations have not yet had the time to reach high frequencies.
Further investigation into the cause of this pattern would give more conclusive picture of
the populations history.

Although a large number of polymorphisms were found within the present
dataset, none of them were found to be associated with latitude or phenotypes which have
been score and found to be associated with latitude.  It may be more likely to find
important genetic variation within the promoter region of CO because it is the diurnal
expression of the gene that is thought to be important in the function of the protein.
Furthermore, the phenotyping of the SwAsp collection is not complete, there are many
more parameters to investigate within this collection and this dataset can be used again in
the future to search for associations to other interesting phenotypic variation.
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All primers were designed based on the Populus Trichocarpa sequence using the primer
design program primer3 (http://frodo.wi.mit.edu/cgi-
bin/primer3/primer3_www.cgi)
Primers used for PCR amplification are underlined.

PtCO2A Primers

Forward Primers
Primer
#

Length M.T %gc Any 3’ Sequence

341 19 59.98 52.63 8 3 ATGCCACGTGTCACATCCT
342 21 59.92 52.38 5 3 GTGTACTGCCTGTGATGCAGA
343 20 59.67 50 3 1 TGTGCCGATTCAGTATGGAG
344 20 59.5 55 5 3 AACTAGCCGAACCAGTCTGC
345 21 60.02 47.62 6 3 TTAGTTCCCGACAACTTGGTG
346 20 59.97 55 8 0 AGGCCTATGCAGAGACCAGA

Reverse Primers
Primer # Length M.T %gc Any 3’ Sequence
347 20 60.19 45 6 3 ATGGGACAATGCCATATGCT
348 20 59.7 50 3 3 CTCGCTCATTGCTGATTCTG
349 20 60.65 50 3 1 CCCCTTCGGATTTTTACCAG
350 20 60.05 55 4 2 TGACTGAACCGTCGTAGCTG
351 20 59.98 50 6 2 CCTCTTGCGTCATGAACTGA
352 19 60.09 52.63 5 2 AATCAGCCCGGCAGTAAAC
Replacement
for 348

20 GTCCCTCTTGGAGCACTTTG

PtCO2B Primers

Forward Primers
Primer # Length M.T %gc Any 3` sequence
353 19 60.13 63.16 2 0 GAGTAGTGGTGGCGGAGGT
354 20 60.3 60 2 2 GAGGAGGAGGAGGATGAAGC
355 20 59.49 50 8 2 CTTGCAGCTACAATGGTTCG
356 21 59.44 42.86 7 2 TGCTATATGCCAAGAGCATGA
357 20 59.55 50 7 1 TTCTCCAGCACTGCTATCCA
327, alternative to
353

ATGTTGAAGCAAGAGAGTAGT

Reverse Primers
Primer # Length M.T %gc Any 3’ Sequence
358 20 59.63 50 5 0 GGGACAATGCCATATCCTGT
359 21 60.23 42.86 4 2 CAGGAAAGCAGATGTTTGGAA
360 22 59.61 36.36 5 2 AACAATTTCAGAAGCACCATGA
361 20 60.29 50 3 2 AACTCTTTGGCGGAACACAG
362 20 59.76 60 5 1 GTCACAGGCAGTGCAGAGAG
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Appendix B  Alignment of CO genes from Arabidopsis thaliana, Populus trichocarpa
with Populus tremula individual #10 of the SwAsp collection.

CLUSTALW - Nucleic Alignment, 1761 bp

 Name: P.trichocarpa_C  Len:  1722  Check:  0000  Weight:  1.00
 Name: PTCO2B_#10       Len:  1675  Check:  0000  Weight:  1.00
 Name: AtCO             Len:  1516  Check:  0000  Weight:  1.00

Consensus marked by €

P.trichocarpa_C  ATGTTGAAGC AAGAGAGTAG TGGTGGCGGA GGTGGTGA-- -CAACAGGGC
     PTCO2B_#10  ATGTTGAAGC AAGAGAGTAG TGGTAGCGGA GGTGGTGA-- -CAACAGGGC
           AtCO  ATGTTGAAAC AAGAGAGTAA CGACATAGGT AGTGGAGAGA ACAACAGGGC
                 €€€€€€€€ € €€€€€€€€€         €€   €€€€ €€    €€€€€€€€€
P.trichocarpa_C  TCGTGTATGT GACACGTGTC GTGCAGCACC TTGCACTGTG TACTGCAGGG
     PTCO2B_#10  TCGCCTATGT GACACGTGTC GTGCAGCAGC TTGCACCGTG TACTGCCGGG
           AtCO  ACGACCCTGT GACACATGCC GGTCAAACGC CTGCACCGTG TATTGCCATG
                  €     €€€ €€€€€ €€ € €  €€    €  €€€€€ €€€ €€ €€€   €
P.trichocarpa_C  CTGACTCGGC ATACTTGTGT GCCGGGTGTG ATGCCCGTGT GCACGCAGCC
     PTCO2B_#10  CTGACTCGGC ATATTTGTGT GCCGGGTGTG ATGCCCGTGT GCACGCAGCC
           AtCO  CAGATTCTGC CTACTTGTGC ATGAGCTGTG ATGCTCAAGT TCACTCTGCC
                 € €€ €€ €€  €€ €€€€€      € €€€€ €€€€ €  €€  €€€   €€€
P.trichocarpa_C  AATCGTGTGG CATCACGCCA TGAGCGCGTA TCGGTGTGCG AGGCGTGTGA
     PTCO2B_#10  AATCGTGTGG CATCGCGCCA TGAGCGCGTG TGGGTGTGCG AGGCGTGTGA
           AtCO  AATCGCGTTG CTTCCCGCCA TAAACGTGTC CGGGTCTGCG AGTCATGTGA
                 €€€€€ €€ € € €€ €€€€€ €   €€ €€    €€€ €€€€ €€ € €€€€€
P.trichocarpa_C  GCGTGCTCCG GCTGCCTTGT TATGCAAGGC GGATGCGGCG TCTCTCTGCA
     PTCO2B_#10  GCGTGCTCCG GCTGCCTTGT TATGCAAGGC AGATGCGGCG TCTCTCTGCA
           AtCO  GCGTGCTCCG GCTGCTTTTT TGTGTGAGGC AGATGATGCC TCTCTATGCA
                 €€€€€€€€€€ €€€€€ €€ € € €€  €€€€  €€€€  €€  €€€€€ €€€€
P.trichocarpa_C  CTGCCTGTGA CGCAGATATC CATTCTGCAA ACCCACTAGC ACGCCGCCAC
     PTCO2B_#10  CTGCCTGTGA TGCAGATATC CATTCTGCAA ACCCACTAGC ACGCCGCCAC
           AtCO  CAGCCTGTGA TTCAGAGGTT CATTCTGCAA ACCCACTTGC TAGACGCCAT
                 € €€€€€€€€   €€€€  €  €€€€€€€€€€ €€€€€€€ €€     €€€€€
P.trichocarpa_C  CAGCGTGTTC CAATTCTGCC CATTTCCGGT TGCCTTCACG GTTCC-CCAG
     PTCO2B_#10  CAGCGTGTCC CAATTCTGCC CATTTCCGGT TGCCTTCACG GTTCC-CAAG
           AtCO  CAGCGAGTTC CAATTCTACC AATTTCTGGA AACTCTTTCA GCTCCATGAC
                 €€€€€ €€ € €€€€€€€ €€  €€€€€ €€    €  €     € €€€   €
P.trichocarpa_C  TAGGGCCTGC AGCCG----G TGAGACTGAA GACCGGTTCA CGACACAAG-
     PTCO2B_#10  TAGGGCCTGC AGCCG----G TGAGACTGAA GACCGGTTCA CGACACAAG-
           AtCO  CACTACTCAC CACCAAAGCG AGAAAACAAT GACCGATCCA GAGAAGAGAC
                  €   €   €   €€     €  €€ €   €  €€€€€ € €€     € €
P.trichocarpa_C  ---------- --AGGGAGAA GAGACAATAA GTGAGGAGGA GGAGGATGAA
     PTCO2B_#10  ---------- --AGGGAGAA GAGACAATAA GTGAGGAGGA GGAGGATGAA
           AtCO  TGGTGGTGGA TCAAGAGGAA GGTGAAGAAG GTGATAAGGA TGCCAAGGAG
                              €    €€€ €    €  €  €€€€  €€€€  €   € €€
P.trichocarpa_C  GCTGCTTCAT GGTTGTTACT AAATCCTGTG AAGAACAGCA AGAACCAGAA
     PTCO2B_#10  GCTGCTTCAT GGTTGTTACT AAATCCTGTG AAGAACAGCA AGAACCAGAA
           AtCO  GTTGCTTCGT GGCTGTTCCC TAATTCAGAC AAAAATAACA ATAACCAAAA
                 € €€€€€€ € €€ €€€€ €   €€€ € €   €€ €€ € €€ € €€€€€ €€
P.trichocarpa_C  TAATAATGGC TTCTTGTTTG GTGGGGAGGT TGATGAGTAT TTGGATCTTG
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     PTCO2B_#10  TAAAAATGGC TTCTTGTTTG GTGGGGAGGT TGATGAGTAT TTGGATCTTG
           AtCO  CAA---TGGG TTATTGTTTA GTG------- --ATGAGTAT CTAAACCTTG
                  €€   €€€  €€ €€€€€€  €€€          €€€€€€€€  €  € €€€€
P.trichocarpa_C  TGGAGTACAA CTCATGTACT GAAAATCAAT GCTCTGATCA GTACAATCAG
     PTCO2B_#10  TGGAGTACAA CTCATGTACT GAAAATCAAT GCTCTGATCA GTACAATCAG
           AtCO  TGGATTACAA CTCGAGTATG GACTACAAAT TCACAGGTGA ATACAGTCAA
                 €€€€ €€€€€ €€€  €€€   €   €  €€€  € € € € €  €€€€ €€€
P.trichocarpa_C  CAACA----- -CTACTGTGT TCCGCCAAAG AGTTATGGGG GTGACCGTGC
     PTCO2B_#10  CAACA----- -CCACTGTGT TCCGCCAAAG AGTTATGGCG GTGACCGTGT
           AtCO  CACCAACAAA ACTGCAGCGT ACCACAGACG AGCTACGGGG GAGATAGAGT
                 €€ €€       €  € € €€  €€ €  € € €€ €€ €€ € € €€  € €
P.trichocarpa_C  TGTGCCAATT CAGTATGGAG AAGGAAAGGA TCATCAACAG CAACGGCAGT
     PTCO2B_#10  TGTGCCAATT CAGTATGGAG AAGGAAAGGA TCATCAACAG CAACGGCAGT
           AtCO  TGTTCCGCTT AAACTTGAAG AATCAAGGGG CCACCAGTGC CATAACCAA-
                 €€€ €€  €€      €€ €€ €€  €€ €€   €€ €€     €€     €
P.trichocarpa_C  ATCACAATTT TCAGTTGGGA TTGGAGTATG AGCCCTCAAA AGCTGCTTGC
     PTCO2B_#10  ATCACAATTT TCAGTTGGGA TTGGAGTATG AGCCCTCAAA AGCTGCTTAC
           AtCO  --CAGAATTT TCAGTTCAAT ATCAAATATG GCTCCTCAGG GACTCACTAC
                   €€ €€€€€ €€€€€€      €  € €€€€    €€€€€     €€   € €
P.trichocarpa_C  AGCTACAATG GTTCGATCAG TCAAAGTGTA AGCTTTTCTT TGCTGCTTAT
     PTCO2B_#10  AGCTACAATG GTTCGATCAG TCAAAGTGTA AGCTTTTCTT TGCTGCTTAT
           AtCO  AACGACAATG GTTCCATTAA CCATAACGTA AGGCTTTTGT A--TATTTGT
                 € € €€€€€€ €€€€ €€ €   €€ €  €€€ €€  €€€  €    €  €€ €
P.trichocarpa_C  GACACTCGGC AGGATTTAAT TAAGTCTTGA TACTTAACTT ATCACAGGAT
     PTCO2B_#10  AACACTCGGC AAGATTTACT TAAGTCTTGA TACTTAACTT ATCACAGGAT
           AtCO  TACCCC---- ----TTCAAT TTAGCATCTT CCCATAACGC AGCAGGGTGA
                  €€ €          €€ € € € €€  €      € €€€€   € €€  €
P.trichocarpa_C  CATCTCTAGA AGAGGTTTGA GCTCTAGTAA GTACTTGTTA ACATCCTTGG
     PTCO2B_#10  CATCTCTAGA AGAGGTTTGA GCTCTAGTAA GTACTTGTTA ACATCCTTGG
           AtCO  ATTCTTTCAT CATACACACA AATCCACTGA TCCACTGCCA ACAG--TTGA
                   €€€ €             €   €€ € € €      €€  € €€€   €€€
P.trichocarpa_C  AGAATGTCTT TAGTCCACAA CCTGTTTCAA CT-AAGTGTT TCCTCAAAAT
     PTCO2B_#10  AGAATGTCTT TAGTCCACAA CCTGTTTCAA CT-AAGTGTT TCCTCAAAAT
           AtCO  ------TCTA TAGCACATAG AA-ATTTCAC CAGAAGTCTA TAATAAAAAC
                       €€€  €€€  €€ €      €€€€€  €  €€€€ €  €  € €€€€
P.trichocarpa_C  TTCAT---CT CATTTTTACA ATTACCAGCT TTGTAGATAT GTTAAATTAC
     PTCO2B_#10  TTCAT---CT CAGTTTTACA ATTACCAGCT TTGTAGATCT GTTAAATTAC
           AtCO  AATATATGCT TCCTTTTGCA TCGACT--CT CTTTAGTCCT CTTA--CCAG
                    €€   €€    €€€€ €€    €€   €€  € €€€   €  €€€    €
P.trichocarpa_C  ATAAATTCGA ACTCTCAAAC ATCATCATTC CTTTTAAGTT GATCAGCATG
     PTCO2B_#10  ATAAATTCGA ACTCTCAAAC ATGATCATTC CTTTTAAGTT GATCAGCATG
           AtCO  GGGGATTGAG A-------AT GTCTTTGTTT CT-----GTC ATTAGGCATA
                     €€€    €       €   €  €  €€  €€     €€    €  €€€€
P.trichocarpa_C  ATTTTCAATT AATTAATTGA TCATGGTGCT TCTGAAATTG TTTCTGTCTT
     PTCO2B_#10  ATTTCCAATT AATTAATTGA TCATGGTGCT TCTGAAATTG TTTGTGTCTT
           AtCO  CATTTCATCC ATGGAAACTG GTGTTGTGC- --CGGAGTCA ACAGCATGTG
                   €€ €€    €   €€        € €€€€     € € €         € €
P.trichocarpa_C  TGCTGATAAT TAGGTTACTA AACTAGCTGA ACCAGTTTAA TTACCTAGTT
     PTCO2B_#10  TTCTGATAAT TAGGATACTA AAC------- --CAGTTTAA TTACCTAGTT
           AtCO  TCACAACAGC TTCACACCCA AGA------- --ACGCCCAA AGGGACAGTA
                 €          €      € € €                  €€       €€€
P.trichocarpa_C  GTA-AACTAG CTAATCTGCT ATATGCCAAG AGCATGAAAG TATCATAATC
     PTCO2B_#10  GTA-AACTAG CTAATCTGCT ATATGCCAAG AGCATGAAAG TATCATAATC
           AtCO  GAGCAACAAC CTGACC--CT GCAAGCCA-G ATGATAACAG TAACACAACT
                 €   €€€ €  €€ € €  €€   € €€€€ € €  €€ € €€ €€ €€ €€

P.trichocarpa_C  TACCACTCAC ACTGCTTGTA CAAGGGTA-- AAATTTTATA GGCAACACAA
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     PTCO2B_#10  TACCACTCAC ACTGCTTGTA CAAGGGTA-- AAATTTTATA GGTAACACAA
           AtCO  CAGTCCAATG GACAGAGAAG CCAGGGTCCT GAGATACAGA GAGAAGAGGA
                  €   €                € €€€€€     €  €  € € €  €€ €  €
P.trichocarpa_C  AAATATATAT GTTACCAGAT AGTAACAAGG CAATTAGTTC CTGAAAACCT
     PTCO2B_#10  AAATATATAT GTTAC-AGAT AGTAACAAGG CAATTAGTTC CTGAAAACCT
           AtCO  AGACAAGGAA ATTTG-AGAA GACAATAAGG TA--TGCTTC GAGGAAGGCA
                 € € €   €   €€   €€€     €€ €€€€  €  €  €€€   € €€  €
P.trichocarpa_C  TG----TGAA ATTGTCTTCT TGTTCCAAAC ATCTGCTTTC CTGTATTCAT
     PTCO2B_#10  AGCTAGTGAA ATTATATTCT GGTTCCAAAC ATCTGCTTTC CTGTATTCAT
           AtCO  TA-TGCAGAG ATAAGACCGC GGGTC--AAT GGCCGGTT-- -CGCAAAGAG
                         €  €€          € €€  €€    € € €€     € €   €
P.trichocarpa_C  TTAATTAGGT ATCCATGTCA TCCATGGATG TTGGAGTGGT GCCAGAAT-C
     PTCO2B_#10  TTAATTAGGT ATCCATGTCA TCCATGGATG TTGGAGTGGT GCCAGAAT-C
           AtCO  AGAAATCGAA GCCGAGGA-- -GCAAGGGT- TCAACACGAT GCTAATGTAC
                   €€ € €     € € €      €€ €€ €  €      € € €€ €   € €
P.trichocarpa_C  AACAATGAGC GAGATCTCAA TCTCGCAACA TAGACCTCCA AAAGGGACAA
     PTCO2B_#10  AACAATGAGC GAGATCTCAA TCTCGCAACA TAGAACTCCA AAAGGGACAC
           AtCO  AACACAGGAT ATGGGATTGT TCCTTCATTC TGATACTCCT GTGGCAAAAA
                 €€€€  €      €   €    €€   €€    €    €€€€     €  € €
P.trichocarpa_C  TGGAACTTTT CTCCAGCACT GCTATCCAGA TGCCATCTCA ACTTAGTCCA
     PTCO2B_#10  TCGAACTTTT CTCCAGCACT GCTATCCAGA TGCCACCTCA ACTTAGTCCA
           AtCO  GAAAAACTAG ATTGCAAGCT GTAAATTACT TTTAGTTTGA GATTATGTTA
                    €€  €    €      €€ €  €       €      € €   €€€    €
P.trichocarpa_C  ATGGATAGGG AGGCAAGAGT CCTGAGATAC AGAGAGAAAA AGAAGACGAG
     PTCO2B_#10  ATGGATAGGG AGGCAAGAGT CCTGAGATAC AGAGAGAAAA AGAAGACAAG
           AtCO  GGTTTGGTGA AATTCTTAGC TTCAAGAAGT ATTACTACTG TTGTG-CAAA
                         €  €      €€      €€€    €     €          € €
P.trichocarpa_C  GAAGTTTGAG AAGACAATCA GGTATGCCTC AAGGAAGGCC TATGCAGAGA
     PTCO2B_#10  GAAGTTTGAG AAGACAATCA GGTATGCCTC AAGGAAGGCC TATGCAGAGA
           AtCO  TGGGTTTGTA GTTTTGGCTA ATTAAAACTA TAGTATTCTT CTTTC-----
                    €€€€€            €   €€   €€    € €        € €
P.trichocarpa_C  CCAGACCCCG GATAAAAGGC CGATTTGCAA AGAGAAAAGA TGTAGAAGTC
     PTCO2B_#10  CCAGACCCCG GATAAAAGGC CGATTTGCAA AGAGAAAAGA TGCAGAAGTC
           AtCO  ---------- ---------- ---------- ---------- ----------

P.trichocarpa_C  GAAGATGACC AAATGTTCTC CTCCACACTA ATGGCAGAAA CAGGATATGG
     PTCO2B_#10  GAAGATGACC AAATGTTCTC CTCCACGCTA ATGGCGGAAA CAGGATATGG
           AtCO  ---------- ---------- ---------- ---------- ----------

P.trichocarpa_C  CATTGTCCCA TCATTCTGAA TCCAGAGAGA AGGAAGAAGA AGAACAAAAA
     PTCO2B_#10  CATTGTCCCA TCATTCTGAA ---------- ---------- ----------
           AtCO  ---------- ---------- ---------- ---------- ----------

P.trichocarpa_C  TCTCCGTAGA T
     PTCO2B_#10  ---------- -
           AtCO  ---------- -


