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Abstract

The PEBP gene family is highly conserved and present in all divisions of organisms.
PEBP genes play several important roles in determining flowering time in angiosperms. In
this study, four PEBP genes identified and sequenced from the moss species Physcomitrella
patens. A phylogeny was obtained including PEBP genes from angiosperms, gymnosperms,
a lycophyte and the bryophyte P. patens. This revealed that PEBP genes from P. patens are
monophyletic and most closely related to the MFT clade, suggesting that all PEBP genes
have evolved from a single ancestral MFT-Like gene present in the ancestral species, and
that multiple functions have arisen in vascular plants. Positive selection was detected acting
on several sites on the lineage separating the MFT clade from the functionally important
FT and TFL clades.

1 Introduction

Two of the greatest challenges of genetics research is obtaining concrete evidence for molecular
adaptation (Yang and Bielawski, 2000), and answering questions such as ”Has selection been
acting on these genes, and if so, how?”. The problem can be approached by experimentally
investigating the structure and function of related genes, by sequence analysis, or a combination
of both.

An understanding of the functional components of proteins can lead to the identification of
amino acids that may have a key role. Modification experiments can then be used to to test the
functional importance of specific amino acids (Hanzawa et al., 2005). While methods such as
this can provide concrete evidence of amino acid variation associated with function, they do not
demonstrate that positive selection is acting on the site. They also have an element of trial and
error in selecting sites, and are labour intensive on a large scale. Computational phylogenetic
analysis can be used to detect signs of selection, that can in turn lead to the identification of
sites that could have a key functional role. Detection of positive selection using bioinformatics
can be difficult, due to the assumptions of the models and the nature of the data, but can
be rewarding (Yang and Bielawski, 2000; Yang et al., 2000; Wong et al., 2004; Zhang et al.,
2005a). If functional data is already available then this knowledge can be used to help interpret
bioinformatic results.

When searching for sites under adaptive evolution, one of the most powerful methods is to
compare the proportion of non-synonymous mutations (N), that cause an amino acid change,
with the proportion of synonymous mutations (S), which do not cause an amino acid change
(McDonald and Kreitman, 1991; Yang, 1998; Yang and Bielawski, 2000). This ratio, the dN/dS
ratio, ω, should be 0 < ω < 1, in the case of conservative selection, ω = 1, in the case of
neutrality and ω > 1 in cases of positive selection. For codon sequence data ω can be calculated
for single codons, for groups of codons based on lineages, and for single codons at specific
lineages. Different tests for positive selection using ω rely on different assumptions. Unlike
other tests for selection, tests based on ω ratios allows relative effective detection of signs of
selection that are not based on any assumptions of demographic history (Kosakovsky Pond and
Frost, 2005; Tajima, 1989).

The PEBP/RKIP gene family is distinguished by a phosphatidylethanolamine binding pro-
tein domain (Chardon and Damerval, 2005; Hanzawa et al., 2005). These highly conserved genes
are present in all major phylogenetic divisions and have been shown to play several key roles
in the functioning of both animal and plant systems (Banfield and Brady, 2000). In mammals,
members of the PEBP gene family have many roles, including acting as inhibitors of the MAP
kinase signalling mechanism regulating cell differentiation (Zhu et al., 2005). The plant genus
Antirrhinum has a PEBP-like protein called centroradialis (CEN) which also interfere with ki-
nases and their effectors (Banfield and Brady, 2000). The entire coding sequence of members of
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the PEBP gene family is a conserved domain, making alignment of corresponding genes from
distantly related species relatively simple. Consequentially members of the PEBP gene family
have good potential for evolutionary studies between distantly related species.

In angiosperms, members of the PEBP gene family have been found to play crucial roles in
the control of flowering time (Chardon and Damerval, 2005; Hecht et al., 2005) In Arabidopsis
thaliana the PEBP gene family is made up of 6 closely related genes; FT (FLOWERING LO-
CUS T ), TFL1 (TERMINAL FLOWER1 ), ATC (ARABIDOPSIS CENTRORADIALIS HO-
MOLOGUE ), TSF (TWIN SISTER OF FT ), BFT (BROTHER OF FT AND TFL1 ), and MFT
(MOTHER OF FT AND TFL1 ). Investigation of these proteins has revealed that PEBP genes
in all angiosperms fall into three related clades, FT-Like, MFT-Like and TFL-Like (Chardon
and Damerval, 2005; Hecht et al., 2005).

The roles of the PEBP genes FT and TFL1 are well studied in A. thaliana. FT promotes
flowering, acting as a signal transducer between the leaves and the shoot meristem, and TFL1
delays it by suppressing expression of FT. Functions of AtFT and AtTFL are found to be
conserved in O. sativa, indicating conservation between monocots and dicots (Kojima et al.,
2002; Ishikawa et al., 2005; Zhang et al., 2005b). It has been found that by swapping a specific
amino acid in the ligand binding pocket, the functions of TFL1 and FT can be partially reversed
(Hanzawa et al., 2005). It is not known whether positive selection is acting on this site, however
it is likely that it is due to the importance of both these genes in determining flowering. The
A. thaliana MFT protein has a slight FT effect when over-expressed, however the exact role of
AtMFT is unknown.

Several members of the PEBP gene family have been recently identified in gymnosperms,
however the functions of these genes are still unknown (Gyllenstrand, Pers. comms). No
members of the PEBP gene families have been identified to date in non-vascular or seedless
vascular plants. It is likely that PEBP genes are present, as the domain is older than the division
of eukaryotes. Due to the large differentiation in the reproductive systems of angiosperms,
gymnosperms and lower plants, it is possible that the role of PEBP genes in reproduction will
have changed. Detection of functional divergence within the PEBP genes would be of great
interest in understanding the evolution of higher plants (Gu, 2001).

The goals of this project are threefold. The first is to attempt to identify members of the
PEBP gene family in lower plants. The second is to investigate the phylogenetic relationship
between PEBP genes from the major plant clades. The final goal of the project is to investigate
whether selection has played any role in determining the phylogeny, and if so, how.

2 Materials and Methods

EST, cDNA, and genomic databases were searched to try to identify PEBP gene copies from
Arabidopsis thaliana, Oryza sativa, Picea abies, Selaginella moellendorffii, and Physcomitrella
patens. Primers were obtained for potential PEBP genes identified from genomic sequence for
P. patens to allow confirmation of gene expression and sequence.

Four tissue types were isolated from 3 individual P. patens specimens for mRNA extrac-
tion. Tissues sampled were gametophytic, sporophytic, leafy, and filamentous. The tissue
samples were snap frozen in liquid nitrogen and ground prior to RNA extraction which was per-
formed with a Qiagen RN-Easy Plant Mini kit according to the manufacturers protocol. Reverse
transcription was performed using Invitrogen Superscript III RNase H- Reverse Transcription
enzyme.

An initial PCR was performed on tissue samples to find if all FTL copies identified from the
genomic sequences were present in the cDNA. It was found that all copies were expressed in leafy
tissue, so all following stages were completed on mRNA extracted from the leafy tissue of a single
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Table 1: Primers used to amplify the cDNA of PEBP genes identified in P. patens.

Primer Set Direction Sequence
PpFT1 fwd Outer fwd TCGGTTGGGGGCAATGAATC
PpFT1 fwd2 Inner fwd TGGGGGACTCTATTGGGTAAC
PpFT1 rev Outer rev TGCGTGTGCTGAAGTTGTTGC
PpFT1 rev2 Inner rev GGGCTGCTTGAACAAAACG
PpFT2 fwd Outer fwd AATGAAGCCCTCTGCAACTGC
PpFT2 fwd2 Inner fwd TCAGGCGCCAGAAATTCAACTA
PpFT2 rev Outer rev GATGCAAAATTGCGTGTGCTG
PpFT2 rev2 Inner rev CAGGAAGACCCAATCCATAATGTG
PpFT3 fwd Outer fwd GGGTCATCGGTGATGTGATTGAC
PpFT3 fwd2 Inner fwd TTGCTCCAAGTGTGGACATGG
PpFT3 rev Outer rev TGTGGCTGCAACAGGGAAAC
PpFT3 rev2 Inner rev CGTGCTCCACAGCGAAAGTG
PpFT4 fwd - fwd CGCTTGTGGTAGGGAAGGTGATAG
PpFT4 rev Inner rev TGGGTGGAGTGATGTGAAAAGG
PpFT4 rev2 Outer rev GGCATTTAAGTACGTGGCTGCC

individual. Nested touchdown PCR was used to amplify cDNA a second time for each copy
using a standard PCR program. Initial and nested primers are shown in table 1. The final PCR
product was purified using a gel-cutout procedure using a Qiagen Mini-Elute Gel Extraction
kit. Product was inserted into Blue-Script vectors, and E. coli cells were transformed using a
standard protocol. Bacterial colonies were grown overnight at 37◦C on agar plates with standard
LB solution and ampicillin. For each cDNA sample 8 white colonies were transferred to a new
agar plate and grown for a further 12 hours. PCR and gel electrophoresis were performed on
samples from each of the bacterial colonies to determine if a fragment of the correct size had
been inserted. Internal primers were used for this step.

One colony containing the correct sized fragment was selected for each FTL gene copy. These
were grown overnight in 5ml LB solution with 5µl of Ampicillin. Plasmids were extracted from
the bacterial solution using the Qiagen QIAprep Spin MiniPrep kit, with the standard micro-
centrifuge protocol or a modified protocol by Feliciello and Chinali (1993). DNA concentration
of clonal product was quantified using a NanoDrop spectroscopy machine, and samples were
diluted to 250 ng/µl. For samples with low DNA concentration, PCR was performed prior to
the sequencing reaction. These samples were cleaned using USB ExoSAP-IT. Sequencing was
performed using ET Terminators and separating fragments on a MEGABACE machine, accord-
ing to the manufacturers instructions, with 250ng of template DNA. The sequencing primers
T7 and SP6 were used.

MacVector V.8.0 was used to align cDNA with the genomic DNA, to identify start and
stop codons, and to visualise the gene structure. Sequence confirmation was performed by
nblastn search with genomic sequence, downloading the trace files and performing an alignment
in MacVector. Mega v. 3.1 (Kumar et al., 2004) was used to align codon and protein sequences.

Phylip v 3.65 (Felsenstein, 2005) was used to create the phylogenetic tree. 1000 Bootstrap
replications were performed on amino acid sequences using bootseq. The phylogenetic tree was
built from bootstrapped sequences using protpars and consense and visualised using drawtree,
all of which are modules of phylip v 3.65.
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The software paml v.3.4.1 (Yang, 1997) was used to detect positive selection within the
PEBP gene family. The inputs used were the codon alignment obtained using Mega and the
phylogenetic tree obtained using phylip. Three maximum likelihood approaches for detecting
positive selection were used, branch models, site models and branched site models. The signifi-
cance of the test models can be calculated by a standard likelihood ratio test (LRT) 2(l(model)
- l(Null)) using a χ2 distribution with (n(number of branches varying) - 1) degrees of freedom,.

The branch model detects positive selection acting on lineages. ω is allowed to vary among
branches in the tree. Selection at specific sites cannot be identified using this method. This
method can also be used to define clades to compare ω between clades, and allow the visualisation
of different levels of conservative selection. A model with a single fixed value of ω for all branches
is used as the null model for initial branch model tests. A branch model that allows variation
at all branches allows potentially highly significant lineages to be identified, however due to
the the large number of parameters it is difficult to obtain meaningful results from this model.
To test specific branches, or groups of branches, lineages can be grouped to allow one or two
defined lineages to vary. For ω > 1 on a lineage, the average ω at all sites that differ at the
lineage must be greater than one (Yang and Bielawski, 2000; Yang, 1998). If a lineage is found
to have ω > 1, then significance can be tested using a LRT against a model where the lineage
is fixed neutral, ω = 1.

The site model detects positive selection acting on specific sites across the entire phylogeny
(Yang and Bielawski, 2000). The null model used is a nearly neutral model (M1a), which allows
two classes of sites, those that are conserved 0 < ω < 1, and those that are neutral ω = 1. The
test model (M2) allows an additional class of sites for which ω is estimated. These models are
compared using a LRT as described previously. If the test model results in a significantly better
explanation of the data, then sites with estimated ω are reported together with a significance
value. For a site to be detected as having ω > 1, the average ω across all lineages must be
greater than one for that site. This test is also commonly used assuming a beta distribution
to increase power. The beta distribution can take a variety of shapes depending on the input
parameters, allowing a more flexible test (Yang and Bielawski, 2000; Yang et al., 2000)

The branch-site model is a test for positive selection on individual codons along specific
lineages (Yang and Nielsen, 2002; Zhang et al., 2005a). The LRT compares a model that allows
ω > 1 for codons on defined foreground lineages, with a model that two classes of sites, those
that are conserved 0 < ω < 1, and those that are neutral ω = 1 (Model M1a). The test model
allows four site classes on foreground and background lineages. Positive selection is permitted
on the defined foreground branches, but not on the background branches. This means that a
site that are only selected in parts of the lineage can be detected even if the mean ω < 1 across
the whole tree.

3 Results

Genomic sequence and cDNA was obtained for five A. thaliana PEBP genes from the database
search (Table 2). More than 19 PEBP gene copies are present in O. sativa due to genome
duplication, however cDNA for only one or two genes for each group (FT, TFL and MFT)
were obtained All O. sativa PEBP genes fall within the groups FT, TFL and MFT (Chardon
and Damerval, 2005). cDNA for three Picea abies PEBP genes was obtained from the EST
databases, and full genomic and cDNA sequence was provided for an additional copy by Gyl-
lenstrand (2005). cDNA was not totally complete for PaFTL4, so an almost identical copy from
Picea sitchensis was used instead. Searches of genomic sequence databases found two predicted
PEBP genes for S. moellendorffii and five for P. patens. See Appendix 1 for the section of the
alignment corresponding to the potential ligand binding pocket.
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Table 2: PEBP genes used in this study. Accession numbers for genomic sequence refer only to
a single read along the gene

Gene Clade Sequence Source Accession #
P. patens
PpFTL1 MFT Genomic, cDNA GeneBank, Seq gnl—ti—815547521
PpFTL2 MFT Genomic, cDNA GeneBank, Seq gnl—ti—890317584
PpFTL3 MFT Genomic, cDNA GeneBank, Seq gnl—ti—828187161
PpFTL4 MFT Genomic, cDNA GeneBank, Seq gnl—ti—973575188
S. moellendorffii
SmFTL1 MFT Genomic GeneBank gnl—ti—880086515
SmFTL2 MFT Genomic GeneBank gnl—ti—719846578
Gymnosperms
PaFTL1 MFT Genomic, cDNA Gyllenstrand

(Pers. comms)
PaFTL3 MFT cDNA Gyllenstrand

(Pers. comms)
PsFTL4 FT cDNA Gyllenstrand

(Pers. comms)
PaFTL5 FT cDNA Gyllenstrand

(Pers. comms)
Angiosperms
AtFT FT Genomic, cDNA GeneBank AT1G65480
AtTSF FT Genomic, cDNA GeneBank AT4G20370
AtTFL TFL Genomic, cDNA GeneBank AT5G03840
AtBFT TFL Genomic, cDNA GeneBank AT5G62040
AtMFT MFT Genomic, cDNA GeneBank AT1G18100
OsFTL2 FT Genomic, cDNA GeneBank NM 185584
OsTFL1 TFL Genomic, cDNA GeneBank AJ577366
OsTFL2 TFL Genomic, cDNA GeneBank AF159882
OsMFT MFT Genomic, cDNA GeneBank NM 183536

Reverse transcription and sequencing allowed cDNA to be obtained for all five potential
PEBP genes identified by a genomic scan of P. patens. The forward primers used for PpFTL1
and PpFTL2 did not occur in the initial exon, so Macvector and Genescan were used to predict
the upstream exon, together with comparison with PEBP protein sequences from A. thaliana,
P. abies, and O. sativa. It is suspected that an insertion of indeterminate length is present at
the beginning of the second exon of PpFTL1, however this must be confirmed by re-sequencing.
All sites with insertions or deletions were excluded from further analysis. The cDNA obtained
for PpFTL5 contained a short PEBP-like region, however the remainder of the sequence did not
appear to be protein coding sequence, as it contained micro-satellites and two poly A regions.
Sequencing with these primers was repeated and the same result achieved. Consequentially,
PpFTL5 was not considered a true gene and was thus excluded from further investigation.
The exon structure of PpFTL1, PpFTL2, and PpFTL4 was highly similar, with 5 exons, while
PpFTL3 contained a sixth exon (Figure 1).

PpFTL1, PpFTL2, PpFTL3, and PpFTL4 aligned well with the other PEBP genes from
A. thaliana, P. abies, and O. sativa. Starting at site 117, PpFTL1, PpFTL2, and PpFTL4 all
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Figure 1: Gene structures for AtFT and PaFTL1 showing typical structure of plant PEBP genes, and
structures for PpFTL1, PpFTL2, PpFTL3, PpFTL4.

had an 18 amino acid insertion, and PpFTL3 had a 49 amino acid insertion at the same site.
Bootstrapped phylogenetic trees created using Phylip provide strong evidence that the four P.
patens sequences are monophyletic (Figure 2) compared to all other PEBP genes. They are also
more closely related to the angiosperm MFT gene family than to the angiosperm FT or TFL
gene families. Table 2 shows the representation of the main PEBP gene families in each of the
major plant groups investigated.
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Figure 2: Phylogenetic tree created using 1000 bootstrap replications

The free ratio models fit the distribution of the data significantly better than the single
ratio model significant at a p=0.001 level(Table 3). This indicates that ω does vary between the
branches. Five additional tests were performed. ω was estimated both together and separately
for the three most internal branches. Allowing ω for these branches to vary together explained
the data significantly better than the fixed model (Test 1, Table 3), however the estimated value
of ω was 0.671 indicating relaxed selection rather than positive selection. Test 3 allowed branch
24-25, between the MFT gene group and the node between FT and TFL groups (Appendix 2),
to vary, and resulted in a significant improvement compared to the fixed model. ω obtained for
this branch was 999.000, indicating that there was insufficient synonymous variation to calculate
ω correctly. Comparison of this test with a model with ω = 1 fixed for this branch indicated
that ω is not significantly greater than 1 for this branch. The tests that allowed branches 25-26,
and 26-30 to vary were not significantly better than the fixed ratio model. The final model,
which allowed three ratios, one for each of the plant PEBP gene clades, FT, TFL and MFT,
was not significantly better than the single ratio model, so there was no evidence of significantly
different levels of conservative selection between clades.

Three sites, 119, 125, and 130, were identified that had an ω greater than one, when the
values of ω was allowed to vary among sites (Table 4). None of these were significantly greater
than one. LRT indicated no significant improvement by models of selection compared to neutral
models, so that there was no support for positive selection at specific sites across the entire
phylogeny.
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Table 3: Log Likelihood values for models of variable ω among lineages. Significant χ2 comparisons
are marked *(0.05), **(0.01), ***(0.001). Variable ω values significantly greater than one are marked
#(0.05). See Appendix 2 for branch labeling information.

Test Description l # Ratios Fixed-ω ω

Fixed - -8545.065 - 0.1137 -
Free-Ratio -8495.582*** 36 - -
1 (24-25, 25-26. 225-30) -8539.714039** 2 0.1105 0.6912
2 24-25 -8539.759305** 2 0.1128 999.0000
3 25-26 -8543.431955 2 0.1137 999.0000
4 25-30 -8544.980419 2 0.1136 0.1777
5 MFT, FT, TFL -8542.419224 3 - -

Table 4: Log Likelihood values under models of variation of ω among sites. * Indicates significance by
Bayes Empirical Bayes that ω > 1 for the site.

Model # Classes l ω Positively Selected Sites
M0: one ratio 1 -8545.065259 0.1137 -
M1: neutral 1 -8454.943247 0.2653 -
M2: selection 3 -8454.943247 0.2653 125
M7: beta(neutral) 2 -8291.930393 0.1459 -
M8: beta(selection) 4 -8290.483613 8.0829 119,125,130

Table 5: Log Likelihood values under models of variation of ω among sites on defined branches (Branch-
Site Likelihood Method). Bayes Empirical Bayes probability that ω > 1 for sites is indicated by *(0.05),
**(.0.01),***(0.001).

Test Branch l Positively Selected Sites
M1a - -8454.943247 -
1 25-26 -8454.449392 -
2 25-30 -8444.420292 32*,42*,51**
3 24-25 -8436.454878 40**,72**,100**,111*,116**,172*,174*,196*
4 24-25,25-26,25-30 -8439.035219 40*,61*,72**,73**,100*,116**,172*,200*

The branch site models at the three internal branches of the tree revealed some sites under
positive selection on these branches (Table 5). The branch on which most positive selection
was detected was 24-25 (Appendix 2). It was not possible to obtain results for 25-26, probably
because insufficient codon variation is allocated to this branch. The LRT indicated that positive
selection at the sites identified on branch 25-30 did not explain the data significantly better than
the neutral model, however positive selection on sites at the branch 24-25 did explain the data
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significantly better. This test performed slightly, but not significantly better than the test
allowing ω to vary on sites on all three internal branches.

4 Discussion

4.1 Presence and Structure of PEBP Genes

PEBP genes were successfully identified in the moss species P. patens, and the ground fernS.
moellendorffii. Four copies were found expressed in the leafy tissue of P. patens, and two copies
predicted to be present in S. moellendorffii. The PEBP genes for these lower plants aligned
well with PEBP genes from Angiosperms and Gymnosperms (Appendix 1), although there were
indels that represented major sequence differentiation. The indel site at 117 of the alignment
is present in all P. patens sequences but not any other species. Although the indel at this site
for PpFTL3 is much longer than for the other proteins amino acid similarity suggests that it is
still closer to the other P. patens sequences than to the other higher plants. This suggests that
the P. patens genes are monophyletic, and this is supported strongly by phylogenetic analysis
performed with gaps excluded.

The exon structure of the P. patens PEBP genes was not the same as the usual four exon
structure usually associated with plant PEBP genes, seen in AtFT, PaFTL1, and SmFTL1
(Figure 1). Instead, PpFTL1, PpFTL2, and PpFTL4 had five exons, apparently well conserved
between genes, and PpFTL3 had six exons, with an extra exon that corresponded to most of
the 47 amino acid insertion at the 117th position in the alignment.

The phylogeny resulted in three major clades of PEBP genes being obtained, similarly to
earlier studies of PEBP genes in angiosperms (Hecht et al., 2005; Chardon and Damerval,
2005). The tree provided good support for the division of the angiosperm MFT, FT and TFL
gene groups (Figure 2, 987.2, 947.8 and 1000 respectively). Two gymnosperm PEBP genes,
PaFTL5 and PsFTL4, were positioned in the FT group with relatively low bootstrap support
(724.5). All other PEBP genes from the lower plants and gymnosperms were grouped with
the angiosperm MFT genes with strong bootstrap support (987.2). P. patens PEBP genes
were found to be monophyletic (1000) (Figure 2). From this result it appears that MFT is the
oldest group of PEBP genes, present in both vascular and non-vascular plants, followed by FT,
present in angiosperms and gymnosperms, and TFL being the most recent group, present only
in angiosperms (Table 2). As genome sequencing is almost complete for P. patens, it is unlikely
that PEBP genes more similar to angiosperms FT or TFL are present, so it seems there is good
evidence that MFT is the only group of PEBP genes that are present in non-vascular plants.
Due to incomplete genomic sequencing, it is not possible to know if there are further PEBP
gene copies in S. moellendorffii or P. abies.

This suggests that there may only have been one single PEBP gene present in the plant
ancestral to both P. patens and vascular plants. Gene duplication has since resulted in the
formation of the FT and TFL gene groups that have diverged in function from the MFT group
in angiosperms (Hanzawa et al., 2005; Chardon and Damerval, 2005), and possibly in gym-
nosperms. The low bootstrap support for the positioning of PaFTL5, and PsFTL4 between
the FT and TFL gene groups suggests that these are intermediate, and that full TFL and FT
function had not arisen at the division of angiosperms and gymnosperms. This branch (25-
26) has been found to have no evidence of selection (Table 3 and Table 5). Further analysis
could be performed to investigate whether selection is acting on the branch 26-27, between the
gymnosperm and angiosperm genes in the FT group.
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4.2 Positive Selection on PEBP genes

The branch model maximum likelihood method for detecting positive selection on lineages did
not present any evidence of positive selection acting on any of the lineages. Allowing ω to vary
on the three internal branches or just on branch 24-25 resulted in a model that explained the
data significantly better than the fixed model, however there was no evidence that ω was greater
than 1 (Table 3). This model is very limited in its power to detect positive selection, because
the average of ω for all codons allocated to that lineage must be above one (Yang, 1998; Yang
and Bielawski, 2000). As PEBP genes consist only of conserved domain, this is highly unlikely.
Functional changes between FT and TFL appear to be the result of key amino acid changes
at only a few sites, so that the overall structure of the protein is highly conserved (Hanzawa
et al., 2005). Thus even if positive selection were acting on some sites between FT and TFL, it
is unlikely that this model would have been able to detect selection in this dataset (Yang and
Bielawski, 2000; Zhang et al., 2005a).

The site model maximum likelihood method for detecting positive selection at codons per-
formed equally poorly (Table 4). This is likely because sites must be positively selected along
most lineages to obtain an average ω greater than one. If positive selection on a site only oc-
curs on a specific lineage, or subset of lineages, the site is unlikely to be detected (Yang and
Bielawski, 2000; Zhang et al., 2005a) In this dataset, there are three main groups of genes,
two of which are known to have different functions, and the function of the third is unknown.
Because of this it is likely that positive selection, if present, may be acting on different sites in
different regions of the phylogeny. As a result of this sites are not identified.

The branch-site maximum likelihood method for detecting positive selection detected eight
sites with ω significantly greater than 1 at the divergence of the MFT clade (24-25). This model
had a significantly better fit to the data than the neutral model M1a (Table 5). Significant
positive selection was not detected on the branches at the divergence of either the FT clade
(25-26) or the TFL clade (25-30). Branch 25-26 terminates at the divergence of the gymnosperm
genes PaFTL5 and PsFTL4, which are not known to be fully functional FT genes. At the site
identified by Hanzawa et al. (2005), PaFTL5 has Trypsine, indicating that it may be functionally
similar to the angiosperm FT genes. Further analysis of the branch upstream, 26-27, would be
useful to identify if positive selection has occurred between the division of the angiosperm and
gymnosperm genes in the FT group. A similar effect may be caused by AtBFT on branch 25-30,
which shares features of both the FT and TFL clades, and the function of which is not known.

The branch-site model has the advantage of being able to detect positive selection at specific
sites on a defined lineage, and is consequently the most appropriate model for this dataset
containing genes from distantly related species in three distinct gene families where selection
can be expected to vary considerably throughout the phylogeny (Zhang et al., 2005a). Some
branch-site testing models have been found to have difficulty determining between conserving
selection being relaxed on the selected foreground branches and positive selection, and it is
possible that this has influenced the analysis to some degree (Zhang et al., 2005a). Foreground
ω was reported to be 51.7 compared to a background ω of 0.11025 (Data not shown), so this is
unlikely. However, in order to discount this, a new set of null models for LRT can be created by
running the basic branch-site model with ω = 1 fixed for sites that would otherwise be greater
than one on the foreground branches (Zhang et al., 2005a).

The branch-site model identified several sites in the vicinity of the potential ligand bind-
ing pocket of the PEBP gene families (Appendix 1), including the site identified by Hanzawa
et al. (2005) as causing a partial switch in function between the AtFT and AtTFL (Table 5).
Identifying that this site is under positive selection confirms the functional importance of this
site, and provides support that this method of analysis is effective. The ligand binding pocket
is likely to be a region of particular selective interest, because the selectivity and function of
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ligand binding pockets can be strongly influenced by single amino acid changes at surrounding
sites (Xu et al., 2001).

4.3 Conclusion

This project provides evidence of positive selection occurring between the three clades of the
plant PEBP gene family. This evidence must be confirmed by testing with a more effective null
model, however it is likely to be correct. The evidence is particularly strong for selection having
occurred between the MFT gene family, which appears to be the ancestral clade, and the TFL
and FT clades.

Evidence of positive selection acting in the PEBP gene family was obtained, so that the
conserved PEBP genes continue to provide unique opportunities for the investigation of molec-
ular adaptation. It would be very interesting to complete a functional study of the gymnosperm
genes that fall into the FT clade. Transgenic analysis of all PEBP genes in P. abies, and overex-
pression of P. patens PEBP genes are currently in train. Further information about the function
of the MFT clade in angiosperms would be highly complementary to these studies. Phylogenetic
analysis of PEBP genes would be more informative together with detailed functional knowledge.
More detailed branch site analysis of these PEBP genes is required to understand how selection
has acted on the PEBP genes within species clades and gene groups. A small number of sites
have been identified that are excellent candidates for having key importance in the functions of
the FT and TFL clades. These sites have the potential to be used as targets for modification
experiments to determine the role of these specific amino acids in gene function.
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