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A web-based tool, the Interspecies Transcription Factor Function Finder (IT3F), has been developed to dis-
play both evolutionary gene relationships and expression data for plant transcription factors, focussing
primarily on the R2R3MYB gene subfamily for proof of concept. The graphical display of information
allows users to make direct comparisons between structurally related genes and to identify those genes
that are potentially orthologous, thereby assisting with their understanding of gene function.

A key feature of the website is the provision of an interrogative phylogenetic tree that allows submis-
sion of new sequences corresponding to a transcription factor family or subfamily and maps their relative
positions to the products of other genes on an ‘existing’ tree containing proteins encoded by Arabidopsis
and rice genes, along with key proteins encoded by genes from other species that have been characterised
functionally. In addition, a feature to select clusters of related sequences has been developed so that more
detailed phylogenetic analysis can be performed to highlight potential orthologous and paralogous genes
within related clusters. Arabidopsis genes that reside on duplicated regions of the genome are indicated
on the tree, providing further information for interpreting gene function.

An additional feature of the website allows a selected number of key Arabidopsis and rice microarray
experiments to be visualised alongside the tree as a tabulated heat map of expression intensity values.
Through this display, it is possible to observe relative expression levels across a whole gene family and
the extent to which the expression of closely related genes within subgroups has altered since their

ancestral divergence.

The website is available at http://jicbio.bbsrc.ac.uk/IT3F/.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Transcription factors (TFs) are an important class of proteins in-
volved in regulating the production of mRNA transcripts from
genes by binding to DNA cis-acting elements in the promoters that
they target. TFs can be part of the basal transcription machinery or
regulatory in nature, whereby they control specific groups of genes
in particular cell types, time periods or environmental conditions.
The website described here concerns families of the regulatory
type of TF in higher plants, in particular those families whose gene
members have been shown to be involved in the regulation of
plant secondary metabolism.

There is considerable interest in understanding the different
functions that TFs perform in plants due to their potential contri-
bution to plant improvement; many TFs have been shown to turn
on whole metabolic pathways or pathway branches by activating
or repressing the transcription of sets of genes coordinately (for
example, Grotewold et al., 1994) and over-expression of a TF can
produce large changes in metabolism, overcoming the problem of

* Corresponding author. Tel.: +44 1603 450805; fax: +44 1603 450021.
E-mail address: Paul.Bailey@bbsrc.ac.uk (P.C. Bailey).

0031-9422/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.phytochem.2008.08.003

flux control that has been encountered when the amount of only
one enzyme of a pathway is increased by transgenesis (for exam-
ple, Niggeweg et al., 2004; Luo et al., 2007).

It has been recognised for over 20 years that TFs from within
and between species can be grouped into families based on shared
characteristic amino acid signatures in their DNA binding domains
(Liu et al., 1999). Following the complete sequencing of the Arabid-
opsis thaliana genome (Arabidopsis Genome Initiative, 2000), it is
apparent that many of these TF families consist of a large number
of proteins, termed ‘superfamilies’, some of which are specific to
plants (Riechmann et al., 2000). The existence of large families of
TFs in plants shows that the individual genes encoding proteins
within each family have emerged, then evolved, from a common
ancestor. There is now strong evidence that multiple gene duplica-
tion events over millions of years — the major affect being through
whole genome duplications (see Section 2.3) - have played an
important evolutionary role in shaping the functional diversity
within each family (for example, Martin and Paz-Ares, 1997; Shiu
et al., 2005).

A useful way to visualise the structural and functional diversity
between the protein members of each TF family within a single
species is to draw a phylogenetic tree using a protein alignment
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based on the shared DNA binding domain alone. Given the large
size of many TF families, a distance matrix method is most appro-
priate for this task because the calculations are fast even for large
data sets; this type of method has also been shown to give results
of sufficient quality in simulation studies (for example, Kuhner and
Felsenstein, 1994). The resulting tree topologies for TF families
show very clearly that many proteins in the family are encoded
by structurally related genes that fall into discrete clades. Detailed
studies of closely related genes from different species provide
strong support for the conclusion that genes within a clade encode
proteins which share similar biochemical functions. For example,
AmMYB308 and AmMYB330 (Tamagnone et al., 1998) and AtMYB4
(Jin et al., 2000) belong to the same clade (subgroup 4) of the
R2R3MYB family. All these proteins repress production of hydroxy-
cinnamic acid derivatives. In some cases the biological function of
proteins within a clade may diverge, depending on the cellular
context in which the TFs are active (for example, Lee and Schiefel-
bein, 2001), a phenomenon explained by the ‘cocktail party model’
(Sieweke and Graf, 1998). Nevertheless, if proteins with a known
biochemical function are added to the tree data set their presence
often helps to place other related but as yet unstudied genes into
context, indicating their likely function. Furthermore, the addition
of a full complement of proteins in a family from another species
can identify potential orthologues and inparalogues (homologues
that have arisen via duplication after species divergence - Remm
et al., 2001).

Studies on the analysis of whole TF families from Arabidopsis
have focussed on gene structure, phylogenetic analysis, gene
expression, gene redundancy and functional diversity (for exam-
ple, the AP2/ERF family (Riechmann and Meyerowitz, 1998), the
R2R3 MYB family (Stracke et al., 2001) and the bHLH family (Heim
et al., 2003)). More recent studies have compared Arabidopsis and
rice TF families (for example, bHLH (Li et al., 2006), MYB (Yanhui
et al., 2006) and AP2/ERF (Nakano et al., 2006)). Unfortunately,
there is no easy way to integrate new data with the existing knowl-
edge available in these earlier reviews and there are few bioinfor-
matics tools that provide an integrated view of the different data
types. With other plant genome sequencing projects completed
or in draft form for Populus balsamifera ssp. trichocarpa (black cot-
tonwood [poplar], Tuskan et al., 2006), Vitis vinifera (grape, Jaillon
et al.,, 2007), Amborella trichopoda (Soltis et al., 2008), Carica papaya
(papaya, Ming et al., 2008), Physcomitrella patens (moss, Rensing
et al., 2008) and with others on the way, there will be an increasing
need to map genes from these new data sets to existing informa-
tion requiring easy-to-use tools that facilitate comparisons be-
tween different species.

With the need for simple and rapid analysis of new data sets, we
have developed a comparative analysis website tool to aid the
functional characterisation of newly discovered gene family mem-
bers. In particular, we wanted to create a website with the follow-
ing features: (1) an interrogative tree; users would be able to
submit protein ‘query’ sequence(s) from any species and instantly

Table 1
Websites that provide gene and phylogeny data for plant TFs

have them mapped onto a phylogenetic tree comprising all mem-
bers of the corresponding TF family from Arabidopsis and rice. (2)
A web page display that uses evolutionary relationships as an intu-
itive way to guide the display of other data types, for example,
gene expression profiles; these data types for closely related mem-
bers of a TF family, possibly orthologues, could then be compared
directly to reveal similarities or differences between them.

Since the inception of the work described in this paper, a pleth-
ora of new websites has emerged that provide a list of gene mem-
bers for all TF families (AGRIS, PlantTFDB that includes DATF and
DRTF, RARTF and PInTFDB), with some websites also providing
information on phylogenetic relationships (PlanTAPDB and DAT-
FAP) while the GreenPhyl website presents this information on
the entire proteome (Table 1). However, to date these websites lack
the features proposed above for our website. Our focus has been on
developing tools for the R2R3 MYB family of plant specific TFs, but
other TF families are included within the website to demonstrate
that it can be used to analyse any TF family and other protein clas-
ses that possess discrete protein domains.

2. The creation of an interrogative gene tree

A Perl-CGI program (IT3F.pl) was written to chain together dis-
tinct methods into an analytical pipeline, in order to; add query se-
quence(s) to an existing and potentially large alignment of other
gene family members comprising only the DNA binding domain
(see Section 1), deal with file format issues, pass data into distance
matrix programs and, finally, process a Newick format tree file out-
put to generate a graphical depiction of the tree (Fig. 1). For the
pipeline to work effectively, three critical components were devel-
oped, one to guarantee that the query sequences were aligned per-
fectly to the existing sequence alignment, one to ensure rapid
completion of the distance matrix method and one component to
display the tree.

2.1. Aligning the query sequence to an existing large alignment

The first critical component recognises and extracts the DNA
binding domain from the query sequence and aligns it perfectly
against a large ‘existing’ alignment of proteins encoded by gene
family members that is based on alignment of the DNA binding do-
main only. A perfect alignment is one in which all amino acids of
the query DNA binding domain align to their homologous counter-
parts in the existing alignment. The new alignment is passed to
modified PHYLIP programs (Version 3.66). This software (Felsen-
stein, 2004) is used because it is one of the most widely cited pack-
ages in publications, is freely available and permission is granted
for the source code to be modified, provided the copyright notice
is not removed.

In early versions of the website, the alignment procedure used
CLUSTALW, but a more robust alignment was subsequently found
to be obtained with the HMMALIGN program from the HMMER

Website Acronym Reference Website address
Arabidopsis gene regulatory information server AGRIS Davuluri et al. (2003) http://arabidopsis.med.ohio-state.edu/AtTFDB/
Plant transcription factor databases: PlantTFDB Guo et al. (2008) http://planttfdb.cbi.pku.edu.cn/

Database of Arabidopsis transcription factors DATF Guo et al. (2005) http://datf.cbi.pku.edu.cn/

Database of rice transcription factors DRTF Gao et al. (2006) http://drtf.cbi.pku.edu.cn/
RIKEN Arabidopsis transcription factor database RARTF lida et al. (2005) http://rarge.gsc.riken.jp/rartf/
Plant transcription factor database PInTFDB Riano-Pachon et al. (2007)  http://plntfdb.bio.uni-potsdam.de/v2.0/
Plant transcription associated protein database PlanTAPDB Richardt et al. (2007) http://www.cosmoss.org/bm/plantapdb
GreenPhyl Conte et al. (2008) http://greenphyl.cirad.fr/cgi-bin/greenphyl.cgi
Database of Arabidopsis transcription factors with alignments and DATFAP Fredslund (2008) http://cgi-www.daimi.au.dk/cgi-chili/datfap/

primers

frontdoor.py
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Start:
query sequence(s)
submitted via the
web form

2419

guide sequence - extracted from an existing alignment

and used to guide the re-alignment

unaligned sequences (example sequences only):

guide sequence
queryl
query?2

CLUSTALW or

re-aligned guide sequence ERLVAYIKAHGEG-CWRSLPKAAG
NILMDYVLNHGTG-QWNRIVRKTGUEIHFILKRCGKSCRLRWMNYLSPNVNKGNF - T 4—
----LORCGKSCRLRWANYLRPDIKRGPF-S

queryl

query2

BUT:

original guide sequence:

QKLLAYIEEHGHG-SWRSLPLKAG

ERLVAYIKAHGEG-CWRSLPKAAGLLRCGKSCRLRWINYLRPDLKRGNF-T

ERLVAYIKAHGEG-CWRSLPKAAGLLRCGKSCRLRWINYLRPDLKRGNF-T
NILMDYVLNHGTGQWNRIVRKTGBUSIAIN.KRCGKSCRLRWMNYLSPNVNKGNFT
QKLLAYIEEHGHGSWRSLPLKAGLQRCGKSCRLRWANYLRPDIKRGPFS

HMMALIGN

----LLRCGKSCRLRWINYLRPDLKRGNF-T ; . )
by having insertions,

query sequences may
generate gaps in the

alignment
IT3F.pl ensures that the query sequence(s)
can be realigned to the existing alignment
original guide sequence: ERLVAYIKAHGEG-CWRSLPKAAGLLRCGKSCRLRWINYLRPDLKRGNF-T
NOW:
re-aligned guide sequence ERLVAYIKAHGEG-CWRSLPKAAGLLRCGKSCRLRWINYLRPDLKRGNF-T
query 1 NILMDYVLNHGTG-QWNRIVRKTGLKRCGKSCRLRWMNYLSPNVNKGNF-T
query 2 QKLLAYIEEHGHG-SWRSLPLKAGLQRCGKSCRLRWANYLRPDIKRGPF-S
guide sequence removed existing alignment
merge
existing alignment plus query(s)
modified version of accelerated step
PROTDIST
gene 1 0.00 0.00 0.00 0.00 0.00
gene 2 0.00 0.00 0.00 0.00 0.00
distance values calculated only for query(s) vs all gene 3 0.00 0.00 0.00 0.00 0.00
other alignment sequences: — » queryl 0.15 0.10 0.20 0.00 0.43
\query2 0.34 0.40 0.10 0.43 0.00
existing distance matrix:
gene 1 0.00 0.20 0.40
merge gene 2 0.20 0.00 0.35
gene 3 0.40 0.35 0.00
new distance matrix table:
gene 1 0.00 0.20 0.40 0.15 0.34
gene 2 0.20 0.00 0.35 0.10 0.40
gene 3 0.40 0.35 0.00 0.20 0.10
queryl 0.15 0.10 0.20 0.00 0.43
query2 0.34 0.40 0.10 0.43 0.00

tree construction and drawing programs: NEIGHBOR (neighbor-joining algorithm)
RETREE (mid-point roots the tree)
DRAWGRAM (produces the graphics file)

postscript file of tree converted to a
.png file via the Perl GD.pl module

web page

Fig. 1. Overview of the interrogative gene tree pipeline controlled by the IT3F.pl Perl-CGI program. The key steps developed in this work are contained in boxes. Use of
HMMALIGN over CLUSTALW was considered to be the best alignment strategy for query sequences.

suite (Eddy, 1998) which can align query sequences to an HMM
profile whilst guided by a corresponding alignment. However, an
outstanding issue remains with the HMM-based procedure. Nor-
mally, if a query sequence is identical to one of the sequences in
the existing alignment, the user would expect to observe these se-
quences appearing together in the tree next to a vertical line with
no terminal branches. Sometimes this does not occur and the query
sequence diverges from its matching sequence, being separated by

a small branch. This artefact may be confusing to users who might
infer that the two sequences represent different genes. The cause
of this divergence is due to an alignment ‘wobble’, a difference be-
tween the alignment of the sequence in the pre-existing alignment
and that of its identical query sequence, aligned slightly differently
by the HMMALIGN program, particularly adjacent to gaps in the
alignment. The alignment pipeline will be improved in the near fu-
ture to overcome this minor problem.
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2.2. Speeding up the distance matrix step

The second critical component accelerates the distance matrix
method for large data sets so that a tree is returned to the web
page within a few seconds. The rate-limiting step for a distance
matrix method is the first step which is the calculation of the dis-
tance estimate for all sequence pairs in an alignment, with each
pairwise comparison being calculated independently of all others
in the data set. Therefore those comparisons for the existing Ara-
bidopsis and rice sequences can be pre-calculated leaving only
the pairwise comparisons involving the query sequence against
all other sequences to be calculated dynamically while the user
waits (Fig. 1). This shortcut saves a considerable amount of time
(several minutes for large datasets). The only caveat to this time-
saving approach is that it requires the query sequence to align to
the existing alignment perfectly which the previous step described
in Section 2.1 ensures.

To implement this idea, it was necessary only to modify the C
source code of the PHYLIP PROTDIST program in one line of the
makedists () function which controls an iterative loop to calcu-
late the distance estimates for each sequence or species, i, against
all others in turn:

for (i=1; i <spp; i++) {...

This line states that for each species starting from species 1
(i =1) at the top of the alignment, distance estimates will be cal-
culated and the loop will end when all species (i =spp) in the
alignment have been processed. In the modified PROTDIST version,
the loop counter was set to the number corresponding to the first
query sequence located at the bottom of the alignment, using a
variable called noNewSpp:

for (i =noNewSpp; i <spp; i++) {...

The modified PROTDIST program was set to use the JTT model of
protein evolution (Jones et al., 1992) but not to account for the var-
iation in amino acid substitution rate between sites in the align-
ment using the gamma distribution.

To our knowledge this is the first report of manipulating dis-
tance matrices in this way to speed up a sequence-to-phylogeny
pipeline for a web page significantly, although Zmasek and Eddy
(2002) employed precalculation of pairwise distances to provide
increased time efficiency in their Resampled Inference of Orthologs
(RIO) procedure.

2.3. The tree display

For the tree display, the IT3F.pl program calls three other PHY-
LIP programs: NEIGHBOR to estimate a neighbor-joining tree (Sai-
tou and Nei, 1987), RETREE to root the tree by the midpoint rooting
method, and DRAWGRAM to convert the resulting Newick format
tree file to postscript format. In the third critical component of
the pipeline, the latter file is converted to a .png file using the Perl
GD.pl wrapper module to the GD Graphics Library, assisted by
IT3F.pl. The resulting .png file is displayed in the web page with
query sequences highlighted in red, necessary for easy identifica-
tion in large trees (Fig. 2). Users can also see the locus ID numbers
for each gene alongside the tree. The alignment that gives rise to
the tree is displayed at the bottom of the web page (not shown
in Fig. 2).

Genes that are thought to have undergone duplication through
large-scale genome duplication events, as inferred for Arabidopsis
by Blanc et al. (2003), are indicated by dots to the right of the gene
names in the tree. These genes in particular are likely to have clo-
sely related functions. Such information in the tree will help users
to identify whether functional gene redundancy is likely and will
indicate, for example in a reverse genetics experiment, whether a

double gene knockout mutant is likely to be necessary to produce
a phenotype for duplicated genes.

To our knowledge this is the first website that provides an inter-
rogative tree in which multiple query sequences can be placed into
established protein datasets. Although the GOST tool (Conte et al.,
2008) at the GreenPhyl website is similar, identifying orthologous
sequences to user query sequences, the query sequences are not
placed on a returning tree.

3. Analysis of MYB and other TF sequence data sets

In addition to the MYB family, sequence data were prepared for
the following plant TF families: B3 (VP1/ABI3-like), AP2 (AP2/ERF),
bHLH, bZIP, HSF, TCP and WRKY (of these the B3, AP2, TCP and
WRKY families are specific to plants). These data sets were ob-
tained for Arabidopsis from DATF plus any additional genes pres-
ent in PInTFDB (Table 1). For rice, DRTF data sets were used in
preference to PInTFDB data sets because version 1.0 of the latter
database contained no locus IDs which were critical to the success
of the pipeline. At present, only the first version of each gene
model is included in the trees (e.g., At1g01010.1, not the alterna-
tive splice forms, At1g01010.2 or At1g01010.3, if present). These
latter gene models are likely to be identical across the region
encoding the DNA binding domain so a large number of them
would clutter the tree. The number of genes encoding proteins
present in each tree is indicated in the pulldown menu of TF fam-
ilies on the home page and should contain most members of each
family.

To obtain as accurate a phylogeny as possible, it is desirable to
maximise the sequence length (i.e., the number of amino acid res-
idues) over which the phylogeny can be inferred. It was possible to
use longer sequences in situations where TF superfamilies con-
tained subfamilies. The MYB superfamily has six subfamilies
(R1R2R3, R2R3, SHAQKY, GARP, CAPRICE-like, telomere binding
protein-like) and each has inherited a particular number of MYB
motifs; the AP2/ERF family has two subfamilies, one inheriting
two AP2 DNA binding motifs, the other inheriting just one motif.
Clearly, if a subfamily contains two motifs, whereas another sub-
family contains one, the conserved alignment of the DNA binding
domain will be approximately twice as long and therefore contain
twice as much evolutionary information. In these cases, subfamily
trees have been provided rather than a supertree for the entire TF
family. The separation of these subfamilies into different trees pro-
vides further natural boundaries for defining functional categories
and augments the work by Riano-Pachon et al. (2007) to classify
groups of TF-related genes into functional categories based on their
shared evolutionary past.

Proteins encoded by thirty-nine genes from other species for
which functions are known were included in the R2ZR3MYB data
sets. Including these proteins helps to provide a clearer tree topol-
ogy for inferring the putative functions of uncharacterised, but clo-
sely related proteins. Although these proteins must be added to the
data sets ‘by hand’, users of the website can also use known
proteins as ‘queries’. They can keep a list of favourite proteins from
the literature or new proteins emerging from sequencing projects
and periodically interrogate the tree at a click of a button to refine
their knowledge of protein relationships.

The main purpose of the large trees representing whole TF fam-
ilies is to define subgroups of related sequences. The distance ma-
trix method targeted against the DNA binding domain achieves
this successfully; subgroups are separated clearly from other sub-
groups by relatively long branches indicating an old divergence
event. However, the relationships between the subgroups in the
tree are often poorly defined with the nodes towards the root of
the tree having low bootstrap support values (below 70% - data
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Fig. 2. A screen view of the main phylogenetic tree and expression display showing the Arabidopsis R2R3 MYB family with a single query sequence added (name in red).
Genes residing on duplicated regions of the genome are indicated: red or dark red for recent or old duplication events, respectively. Genes present along the genome in
tandem are indicated by blue dots. Subgroups can be selected in a web form via the purple boxes to obtain a tree for each subgroup (for example, see Fig. 3b). Expression
values are displayed as a tabulated heat map (blue - low expression, through green then yellow to orange - higher expression). These values are the normalised raw signal
intensity values so that the full dynamic range of expression strength can be visualised for genes within and between species. Performing a ‘mouseover’ on the table cells
shows the numerical expression value for each data point. Gaps (‘black holes’) in the expression data appear for several genes. They occur when the sequence and expression
data sets contain conflicting locus identifiers for the same gene or when expression data are unavailable.

not shown). This lack of definition in the tree is probably due to 4. The gene expression display

erosion of the phylogenetic ‘signal’ in the DNA binding domain

during evolution coupled with the relatively small number of ami- Alongside the returning tree containing the query sequences is
no acid columns available for the analysis. a table showing the pattern of gene expression across a range of
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tissues and environmental conditions for genes present in the
existing phylogenetic data set. The numerical expression values
are displayed as a heat map enabling expression patterns for clo-
sely related genes to be visualised side by side in a phylogenetic
setting (Fig. 2). Expression profiles for the TFs were extracted from
the expression datasets (described below) and the IT3F.pl program
was extended to include them alongside the tree in the web
display.

Arabidopsis Affymetrix microarray experiments were taken
from three experimental series: the AtGenExpress global stress
expression data set (Kilian et al., 2007), the AtGenExpress ‘Expres-
sion Atlas of Arabidopsis Development’ data set (Schmid et al.,
2005), and an embryo development data set (Spencer et al.,
2007). The AtGenExpress experiment contains 47 individual exper-
iments comprising 1387 individual arrays. To display these data
effectively in a limited amount of space on the web page, a subset
of the data was examined: cold, drought and salt stress data sets,
27 tissue types from the Expression Atlas and seven embryo data
sets. The raw Affymetrix .cel files were normalised using RMAEx-
press (http://rmaexpress.bmbolstad.com/). Per gene, an average
value is presented for each redundant set of samples; in the stress
experiments an average value is presented to represent all control
samples except the Oh control sample which is displayed
separately.

Affymetrix experiments for rice that were equivalent to those
available for Arabidopsis were analysed to demonstrate that the
expression patterns of closely related genes from different species
could also be compared side by side with their phylogenetic pro-
files. There are only a few Affymetrix experiments available for rice
to date, but recently Jain et al. (2007) performed a survey of F-box
proteins in rice which included Affymetrix data sets. Of the tissues
they investigated, eight of these were considered to be comparable
to the samples analysed for Arabidopsis. Three experiments inves-
tigating the response of 7 d old seedlings to cold, drought or salt
stress after 3 h were also considered to be comparable to the 3 h
Arabidopsis whole shoot or root stress samples. The raw Affyme-
trix .cel files were normalised as for the Arabidopsis data.

From the data sets presented in the web page, one might expect
to be able to visualise the processes of neo- and subfunctionalisa-
tion in which duplicated genes diverge with respect to sequence
and expression following a genome duplication event (reviewed
by Briggs et al. (2006)). For the R2ZR3MYB family, it appears that
many recently duplicated genes do have significantly different
expression patterns across the range of tissues presented. Arabid-
opsis and rice expression patterns for closely related genes, per-
haps orthologous genes, can be extremely different. This
observation may mean that apparently similar dicot and monocot
tissues, for example young or mature leaves, cannot be assumed to
be physiologically equivalent. An alternative explanation is that
mRNA expression patterns for these genes is not a good indicator
of function, having migrated away from those patterns present in
the common ancestor of Arabidopsis and rice without affecting
the biochemical roles that the genes perform in the plant. The pre-
diction might be that comparing more closely related species, i.e.,
those within the dicot or monocot lineages - for example, Arabid-
opsis and a legume species — would reveal more similar expression
patterns; Frickey et al. (2008) have reported that their AffyTrees
tool finds similar expression patterns for closely related Medicago
and Arabidopsis genes. Nevertheless, conservation in gene expres-
sion patterns can still be observed between Arabidopsis and rice
genes and between genes that are known to interact with each
other in the transcriptional initiation complex. For example, simi-
lar expression profiles are apparent for two clearly orthologous se-
quences, AtMYB5 and Os01g50110 in developing seed tissue; co-
expression of AtMYB5 and AtbHLHO042 (TT8), two genes known
to interact (Zimmermann et al., 2004), can also be seen in the cor-

responding trees; stress-induced gene expression of AtMYB15 is
mirrored in two closely related rice genes, 0s04g43680 (OsMYB4)
and 0s02g41510. (Refer to the R2ZR3MYB and bHLH data sets con-
taining Arabidopsis and rice sequences.) The identification of TF
genes whose expression patterns have been conserved over large
evolutionary distances may be the more significant attribute of
the IT3F website, since expression patterns are likely to be most
closely related to function for such genes.

5. Creating a subgroup tree

An alignment of protein sequences belonging to a TF family sub-
group can reveal further zones of sequence similarity in addition to
the DNA binding domain. Re-estimation of the phylogenetic tree
based on an extended alignment to include these additional zones,
should render a more fine-grained tree topology enabling potential
orthologous genes or functional clusters to be pinpointed with
greater accuracy.

A second Perl-CGI program was written to select a subgroup of
sequences specified by the user from the whole TF family tree and
then perform phylogenetic analysis on this subset of sequences.
The subgroup boundary is established using pre-defined subgroup
identifiers which typify each group. These identifiers are shown in-
side purple boxes (the Inner Tree Form) on the web page and are
also highlighted in purple in the tree (Fig. 2). Subgroups can be
identified easily from the whole TF family tree or are known from
existing studies (for example, for the R2R3 MYB family, refer to the
25 subfamilies described by Stracke et al. (2001)). When an identi-
fier is selected from the Inner Tree Form on the web page, the Perl-
CGI program analyses the contents of a Newick tree file between
the parentheses (green) and continues outwards from the selected
subgroup identifier, in this example AtMYB16, until a bracket pair
(red) contains another subgroup identifier (for example AtMYB51)
(Fig. 3a). The genes contained within the previous bracket pair then
represent the subgroup and the corresponding names are used to
make the inner tree. The second subgroup identifier found, in this
case AtMYB51, is used as an outgroup to stabilize the base of the
tree.

Programs to align the subgroup sequences (CLUSTALW) and
perform the phylogeny (PROTDIST, NEIGHBOR, and DRAWGRAM)
are then called by the Perl-CGI program and the resulting neigh-
bour-joining tree is returned to the webpage (Fig. 3b).

Below the tree in the web page is an alignment that shows how
sequences in the subgroup are related across their full length. Con-
served columns of the alignment are indicated using a colour
scheme that picks out shared amino acid motifs existing outside
the DNA binding domain as well as other more extensive zones
of sequence similarity such as protein domains (Fig. 3c). These
highlighted columns were all present in a common ancestor, so
each one contains homologous amino acids. All these columns
are used together to derive the subgroup phylogenetic tree. The
number of evolutionarily constrained columns within the DNA
binding domain of closely related proteins is often extremely high.
Therefore, the additional columns in bold, blue and red that lie out-
side the DNA binding domain are likely to be important for provid-
ing an improved estimate of the tree.

6. Future developments

The subgroup tool is still under development. The tree that is
displayed currently is a neighbor-joining tree but it would be inter-
esting to test more sophisticated but time-consuming phylogenetic
methods such as maximum likelihood, at least for small subgroups
of proteins (about 10 members). This should be possible as com-
puter speeds increase, together with the adoption of maximum
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motif

Fig. 3. (a) An inner tree traversal to identify members of a subgroup in a protein family tree, in this example, subgroup 9 of the R2ZR3MYB family. The tree shown is in Newick
tree format (without branch lengths), annotated with the steps of the traversal described in the main text. Pairs of green parentheses (numbered) contain subgroup 9
members and a pair of red parentheses contains neighbouring subgroup members, including a second subgroup identifier (the outgroup). Subgroup identifiers are drawn in
purple. (b) A screen view showing three major clades from the full R2ZR3MYB tree (left) and the equivalent tree after the sequence data for subgroup 9 have been processed by
the second Perl-CGI program (right). Arabidopsis, rice and legume genes are drawn in black, yellow and green, respectively. Query sequences are drawn in red. (c) The N-
terminal region of the full alignment for subgroup 9 proteins which has highlighted a conserved motif that is common to all members of this subgroup known to date. The
columns highlighted in bold, blue and red contain 100%, greater than 50% and less than 50% amino acid identity, respectively. The outgroup sequence is drawn in purple.

likelihood methods for parallelisation (for example, fastDNAmI
(Olsen et al., 1994), see http://rac.uits.iu.edu/hpc/fastDNAmI/in-
dex.shtml). However, due to the relatively small amount of data
available, i.e., the small number of amino acid residues available
for TF phylogeny, maximum likelihood methods may not prove
to be significantly more accurate than a neighbor-joining tree.
Tests are underway to compare the two strategies. While this com-

parison is ongoing, it should be possible to modify the tool to per-
form bootstrap analysis for the current neighbor-joining trees and
to display the results on the tree.

Addition of further TF family data sets will be important to
make the website relevant to a wider audience. Updating existing
data sets will also be important but will require the development
of automated tools. In particular, the locus IDs unique to each gene
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need to be updated because they are essential for retrieving infor-
mation from each data resource. At the moment, not all locus IDs
are identical in each data set (sequence, gene expression and the
evidence for recent gene duplication events - see Fig. 2).

The aim of this work in the future will be to focus on TF sub-
groups that regulate secondary metabolism in plants. They are
likely to be from the MYB, AP2, WRKY and bHLH families. Catego-
rising functionally similar regulators into discrete phylogenetic
subgroups and being able to observe other experimental data,
should assist with understanding their associations with corre-
sponding downstream target gene(s) encoding the enzyme(s) of
specific secondary metabolic pathways for any plant species. One
way that associations between regulator and target genes can be
inferred is through the identification of co-regulated genes (for
example, from Arabidopsis gene expression studies (Manfield
et al., 2006)). The methods developed in this work could be
adapted for the analysis of the target genes which are common
in secondary metabolism (for example, the cytochrome P450, glu-
cosyl transferase and BAHD acyl transferase families). We propose
that it would then be possible for users to interrogate phylogenetic
trees for both regulator and target genes and for the web page to
display the evidence for any associations between them in the area
of the subgroups of interest.
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