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ABSTRACT

Motivation: A large, high-quality database of homologous
sequence alignments with good estimates of their corre-
sponding phylogenetic trees will be a valuable resource to
those studying phylogenetics. It will allow researchers to
compare current and new models of sequence evolution
across a large variety of sequences. The large quantity of
data may provide inspiration for new models and method-
ology to study sequence evolution and may allow general
statements about the relative effect of different molecular
processes on evolution.

Results: The Pandit 7.6 database contains 4341 families
of sequences derived from the seed alignments of the
Pfam database of amino acid alignments of families of
homologous protein domains (Bateman et al., 2002).
Each family in Pandit includes an alignment of amino
acid sequences that matches the corresponding Pfam
family seed alignment, an alignment of DNA sequences
that contain the coding sequence of the Pfam align-
ment when they can be recovered (overall, 82.9% of
sequences taken from Pfam) and the alignment of amino
acid sequences restricted to only those sequences for
which a DNA sequence could be recovered. Each of
the alignments has an estimate of the phylogenetic tree
associated with it. The tree topologies were obtained
using the neighbor joining method based on maximum
likelihood estimates of the evolutionary distances, with
branch lengths then calculated using a standard maximum
likelihood approach.

Availability: The Pandit database is available for browsing
and download via its home page at http://www.ebi.ac.uk/
goldman-srv/pandit/.

Contact: simon@ebi.ac.uk

INTRODUCTION

The amount of sequence data available for computational
analysis has been increasing at a tremendous rate. In turn,

*To whom correspondence should be addressed.

to partition and store this data in an ordered manner the
number of sequence databases and the variety of their
content has also increased. Of particular interest to those
studying molecular evolution are databases of homolo-
gous sequences. These generaly contain multiple sets
of aligned protein sequences whose homology has been
detected using either automated procedures, for example
hidden Markov models trained on a small number of
homologous sequences to detect other related sequences,
or through laboratory investigation. These homologous
sequence databases concentrate on different aspects of
biology; for example Pfam (Bateman et al., 2002) is a
database of homologous protein domains, HOVERGEN
(Duret et al., 1994) contains a selection of homologous
vertebrate proteins and HOMSTRAD (Mizuguchi et al.,
1998; de Bakker et al., 2001) contains structure-based
alignments of homologous protein families used for pro-
tein structure prediction (Williams et al., 2001). Currently
few databases explicitly concentrate on the evolutionary
relationships of the aligned sequences they contain
(though see, for example, PALI, Bagji et al., 2001) and
as a consequence the variety of databases for which
phylogenetic trees are readily available is limited. Where
phylogenies are provided the model s and approaches used
to estimate them are often simplistic and leave room for
improvement. Additionally, the majority of databases
have concentrated on proteins and very few contain the
DNA sequence counterparts of their protein families,
although a notable exception to this is HOBACGEN
(Perriere et al., 2000).

Researchers who develop novel models of DNA and
protein evolution usually present their potential utility by
the application of statistical tests on a small selection of
datasets. Currently the widespread acceptance of models
comes over time after analyses demonstrating their
usefulness are independently performed on awide variety
of datasets. A large, standardised set of DNA and protein
sequence alignments, with their associated phylogenetic
tree estimates, will allow general, objective and statistical
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comparison of current models of sequence evolution. It
will aso allow researchers developing new models of
evolution to rigorously test those models by assessing
their usefulness via measures of their performance on the
different families in database (see Whelan and Goldman,
2001; Goldman and Whelan, 2002). To these ends we
present a new database, Pandit (Protein and Associated
Nucleotide Domains with Inferred Trees), based on the
seed aignments of protein domains contained in the
Pfam-A database (Bateman et al., 2002).

Using the Pfam database has several appealing proper-
ties. It imposes the constraint that the structural domains
contained within it may not overlap, eliminating redun-
dancy in the database. The high quality of the manualy
curated Pfam-A seed alignments makes studies based on
these data comparable to those performed on carefully
aligned protein sequences created by biologists studying
molecular evolution. The broad range of evolutionary
distances in each alignment ensures that the evolutionary
trees estimated from them will not be swamped by
closely related or identical sequences. The large variety of
proteins contained within Pfam, and thus Pandit, allows
a general indication of the comparative performance
of different approaches to phylogenetic inference; for
example, inferential methodologies and models of se-
guence evolution (Goldman and Whelan, 2002; Aloy et
al., 2002; Pandit et al., 2002). Finally, the seed database
contains fewer sequences per alignment than the automat-
icaly generated full alignments in Pfam-A, thus making
phylogenetic analyses more practical.

The Pandit database is divided into three sections, each
containing multiple sets of aligned sequences and an
estimate of the phylogenetic tree describing the evolu-
tionary relationships of those sequences. The families in
the first section (Pandit-aa) contain the protein sequences
from the Pfam-A seed alignments. Those in the second
section (Pandit-dna) contain al the DNA sequences
corresponding to the protein sequences of the first section
that could be recovered using an automated search pro-
cedure. Not al sequences in Pandit-aa have an entry in a
nucleotide database that translates directly to the amino
acid sequence; therefore Pandit-dna contains fewer se-
guences than Pandit-aa. The final section of the database
(Pandit-aa-restricted) contains families of the protein
sequences for which a DNA sequence could be recovered.
This section of Pandit will allow direct comparisons of
phylogenetic tree estimation methods under models of
nucleotide and amino acid evolution. For example, one
could investigate how often models describing nuclectide
and amino acid evolution give different estimates of
sequences’ phylogeny. We believe that thisisthefirst time
such a large and complete database has been produced
explicitly for the study of molecular evolution and the
assessment and development of phylogenetic methods.

MATERIALS AND METHODS
Sequence data contained within Pandit

The alignments contained within Pandit 7.6 are based on
the Pfam-A seed alignments of Pfam version 7.6 (Bateman
et al., 2002). Note that Pandit version numbers are taken
to match the version of the Pfam database they are based
upon. Pandit-aa contains all the families from the Pfam-A
seed alignments that contain fewer than 1000 sequences
and for which two or more DNA sequences could be
recovered (see below). This results in 101 230 sequences
of protein domains divided into 4341 gapped alignments,
each representing an individual protein domain family.

Theindividual seed alignments for Pfam are not usually
atered substantially between Pfam database updates,
making Pandit quite stable to updates of Pfam (minor
updates occur nearly monthly and major updates occur
yearly; see ftp://ftp.sanger.ac.uk/pub/databases/Pfam/
relnotes.txt). This and the non-redundancy of the database
helps ensure that comparisons between results using
present and future releases of Pandit are comparable and
that upkeep of Pandit is straightforward; we intend to
update Pandit in line with major updates to Pfam.

For all sequencesin the Pfam-A seed alignments, cross-
references to the EMBL Nucleotide Sequence Database
(Stoesser et al., 2002) were obtained from the SWISS-
PROT (Bairoch and Apweiler, 2000; release 40.28, of 19
September 2002) and TrEMBL (Bairoch and Apweiler,
2000; release 21.12 of 13 September 2002) databases.
Coding sequences with a clean EMBL cross-reference
status identifier (‘") are retrieved from the SRS server
at the EMBL-EBI (Zdobnov et al., 2002), thus excluding
coding sequences with ambiguous equivalences between
the protein and DNA sequences (ALT_INIT, ALT_TERM,
ALT _FRAME, ALT_SEQ, JOINED or NOT_ANNOTATED_CDS
status identifiers). To recover the DNA aignment reliably
from the Pfam alignment, coding sequences are first
translated and aligned to their corresponding protein
sequences, taking into account frame shifts specified
by the /codon_start qudifier in the feature table of
the EMBL entry. This ensures that our DNA aignment
correctly reflects the Pfam protein alignment without
solely relying on the sequence numbering correspondence
between SWISS-PROT/TrEMBL and EMBL, which
we have found is sometimes incorrect. A minimal se-
guence identity of 98% is enforced between Pfam protein
sequences and translated coding sequences (using the ge-
netic code that maximizes the sequence identity; genetic
codes were downloaded from http://www.ebi.ac.uk/embl/
Documentation/FT _definitions/feature_table.html) to
allow for small numbers of mismatches due to annotation
inconsistencies. In the case of multiple cross-references
to the EMBL database the sequence with the highest
sequence identity between the Pfam protein sequence
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and trandlated coding sequences is chosen, and when
multiple DNA sequences give 100% sequence identity
the first occurrence is chosen. SWISS-PROT/TrEMBL
and EMBL identifiers and accession numbers, protein
sequence identifiers, and statistics describing the fit to the
various genetic codes are all stored.

The final section of the database, Pandit-aa-restricted,
consists of only those protein sequences in Pandit-aa that
have a corresponding DNA sequence in Pandit-dna.

Phylogenetic trees contained within Pandit

Much information about the relative performance of phy-
logenetic models may be obtained from good estimates of
the evolutionary tree (e.g. Yang et al., 1994, 1995; Sulli-
van et al., 1996; Yang et al., 1998; Adachi et al., 2000;
Yang et al., 2000; Whelan and Goldman, 2001). Having
a good estimate of the branch lengths for a tree topology
may also prove useful in phylogenetic analyses, for direct
use or as good starting points in the optimisation proce-
dure for assessing different models (for example see Whe-
lan and Goldman, 2001). Each of the alignments in the
three sections of the Pandit database has two phylogenetic
trees presented with it: one inferred phylogeny including
estimates of all branch lengths, and one detailing only the
topology.

Because of the large number of segquences contained
within some of the families in the database it is not feasi-
ble to use the statistically preferred method of maximum
likelihood (ML; see Whelan et al., 2001) to estimate the
tree topology. Instead, we use an approach similar to
that of Whelan and Goldman (2001) to estimate good
phylogenetic tree topologies. All calculations regarding
the estimation of pairwise distances or the estimation
of branch lengths and model parameters on given tree
topologies (see below) use a ML approach; the methods
for performing these calculations are well documented
elsewhere (Felsenstein, 1981; Swofford et al., 1996).
All pairwise distance calculations are performed using
purpose written software, neighbor joining (NJ) analyses
(Saitou and Nei, 1987) are performed using the PHYLIP
software package (as implemented in the neighbor
program of PHYLIP version 3.5c; Felsenstein, 1993)
and calculations using ML on given tree topologies are
performed using PAML version 3.13 (Yang, 1997).

Calculationsfor amino acid alignments

For each family of Pandit-aa and Pandit-aa-restricted,
al calculations are performed using the WAG+F model,
which has been shown to be a good description of the
evolutionary process (Whelan and Goldman, 2001).
This model contains 189 fixed parameters that were
estimated empirically from a large database and describe
the propensity of different amino acids to replace each
other, and 19 free parameters describing the equilibrium

frequencies of the amino acids. Within each family, pair-
wise distances are estimated with frequency parameters
estimated independently for that family by counting the
amino acids observed in the alignment. A phylogenetic
tree topology for the family is estimated using NJ on this
set of distances. The branch lengths from this topology
estimation are discarded, and branch lengths (in units of
expected amino acid replacements per site) for each tree
are re-estimated using the standard ML approach on the
estimated tree topology (Swofford et al., 1996). We ex-
pect our methods of phylogeny reconstruction to provide
more reliable tree estimates than are currently available
via the Pfam website (see descriptions at http://www.
sanger.ac.uk/Software/Pfam/hel p/alignments.shtml  and
http://www.sanger.ac.uk/Software/analysis/quicktree):
the use of more sophisticated models to estimate ini-
tial distances and the re-estimation of branch lengths
under ML may be expected to provide improvements
over both NIFAS (Storm and Sonnhammer, 2001) and
QuickTree (Howe et al., 2002), and the NJ tree estimation
method used in Pandit-aa is widely considered a more
sophisticated and reliable approach than that employed in
NIFAS.

Calculationsfor nucleotide alignments

For each family of Pandit-dna, all calculations are per-
formed using the HKY model (Hasegawa et al., 1985).
Thismodel contains four free parameters for each family:
K, describing the tendency for transitions (A <> G, C <> T)
to occur at a higher rate than transversions (A,G <> C,T),
and three free parameters describing the equilibrium fre-
guencies of the nucleotides. This model isthought provide
a reasonable description of the process of nucleotide sub-
stitution in DNA (for a discussion of models see Swofford
et al., 1996; Whelan et al., 2001).

The parameter « normally may be estimated directly
from the observed data when using a standard ML
approach on a full tree topology (Swofford et al., 1996).
The estimation of « for the calculation of pairwise
distances is more complex. Idedly, a single « would be
estimated simultaneously with all pairwise distances using
a ML approach but due to the large size of some of the
families in Pandit-dna this approach is not feasible. A
multi-step approach for estimating « for each family is
used instead. Initialy, «; and its variance, var(xi), are
estimated for each pairwise comparison i of sequencesin
afamily using the formulae of Kimura (1983). An average
value for the family is then calculated as the mean of the
pairwise kj weighted by the inverse of their variances:

=2

1/var(;<.

1
Zl/Var(Kj) @)

This estimate is not directly comparable to that of the
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HKY model because it does not take into account the
nucleotide composition of the sequences. The estimate
of the parameter used for the calculation of pairwise
distances needs to be adjusted using the equation

_ g ia+me) (e + 1)
TTATTG + TCT

)

with a, ¢, 7w, 7T representing the equilibrium frequen-
cies of the nucleotides A, C, G and T, respectively, es-
timated for each family by counting the nucleotides ob-
served in the alignment.

Pairwise distances using HKY can then be estimated us-
ing this estimate of « and the equilibrium frequencies es-
timated from the entire family by counting. A phyloge-
netic tree topology for each family is estimated by apply-
ing NJto the resulting set of distances. Branch lengths (in
units of expected nucleotide substitutions per site) are then
re-estimated using a standard ML approach on this tree
topology under the HKY model, with « simultaneously
re-estimated from all the sequence data for each family.
We give a brief comparison of the two methods for esti-
mating values of « in the next section; this indicates that
the pairwise method used prior to pairwise distance calcu-
lation and topology estimation performs reasonably well.

RESULTS AND DISCUSSION
Web accessto database

The Pandit database is available for browsing and
download via its home page at http://www.ebi.ac.uk/
goldman-srv/pandit/. Browsable pages include notes on
Pandit and index pages listing al the families in the
database and alowing browsing by family name or by
Pfam accession number. Each family has a dedicated page
detailing the size of its three (Pandit-aa, -dna and -aa-
restricted) alignments and with links to those alignments,
their associated phylogenetic trees, and the Pfam entry
for that family. These pages aso are linked to and from
their corresponding Pfam families. It is also possible to
visualise phylogenetic trees via the ATV tool (Zmasek
and Eddy, 2001), which we have modified to include
links directly from the tree visuaisation to the EMBL
and SWISS-PROT database entries for the sequences in
the tree. Also available for those who would like a loca
copy of the entire database is a flatfile containing all
the information within Pandit. This makes downloading
of large numbers of estimated phylogenetic trees more
convenient than is possible with Pfam.

Database and associated statistics

We now demonstrate that Pandit contains a wide range
of sequence data useful to those researching molecular
evolution and representative of the type of data sets that
biologists may encounter in their studies. Figure 1a shows

a comparison of the number of sequences and alignment
length for each family in Pandit-aa. The mgjority of fami-
lies contain between two and 50 sequences (mean = 23.3;
min = 2; max = 972; inter-quartile range = 15) and vary
in length between 50 and 500 amino acid residues (mean
= 246.6; min = 5; max = 1780; inter-quartile range =
221). The data contained in Pandit-aa-restricted follows
avery similar pattern: the mean number of sequences re-
duces dlightly to 19.0 (min = 2; max = 929; inter-quartile
range = 13), and the distribution of alignment lengths
remains the same because Pandit contains the same align-
ment information in al its three subsections. Figure 1b
shows the distribution of mean pairwise sequence identity
for the individual families for the three sections of the
database. Pandit-aa and Pandit-aa-restricted show very
similar distributions of divergence, as expected because
one is a restricted subset of the other, and this demon-
strates there has been no obvious bias in the identification
of DNA sequences. The markedly greater mean pairwise
sequence identities of the Pandit-dnafamiliesis caused by
each amino acid residue being represented by a triplet of
DNA nucleotides in a codon. Each observed amino acid
replacement between two protein sequences may be due
to only a single nucleotide replacement. The occurrence
of synonymous substitutions, usually at the third codon
position, does not offset this effect.

The upper graph in Figure 2 gives an indication of theto-
tal amount of phylogenetic information within each align-
ment in Pandit-dna in terms of the total expected number
of nucleotide substitutions. To obtain this the tree length
(sum of al branch lengthsin aphylogeny) is multiplied by
the length of the alignment and is plotted against the num-
ber of sequences for each family. This may be of interest
to those developing new evolutionary models who wish
to ensure that sufficient substitutions have occurred in the
evolutionary history of an alignment to permit robust pa-
rameter estimation. For example, the estimation of empir-
ical models of evolution requires alignments that have suf-
ficient numbers of observed changes (e.g. Dayhoff et al.,
1978; Joneset al., 1992; Whelan and Goldman, 2001). For
those studying and developing models incorporating het-
erogeneity of evolutionary process amongst sites, for ex-
ample codon models describing positive selection (Yang
and Bielawski, 2000; Yang et al., 2000), the lower graph
in Figure 2 plots the number of sequencesin an alignment
against tree length for Pandit-dna. This provides an indi-
cation of the expected amount of phylogenetic information
per sitein an alignment.

Estimates of «

As described above, for each family in the Pandit-dna
database there are two estimates of the parameter « of
the HKY model (Hasegawa et al., 1985), which describes
transition/transversion bias of nucleotide substitutions
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Fig. 1. Pandit database statistics. (a) Sequence length plotted against number of sequencesin afamily for Pandit-aa. The histograms located
on the top and right-hand side of the scatter plot indicate the density of points along the x- and y-axes, respectively. Note that for clarity the
axes do not contain the whole range of the data; 81 points (1.9%) are excluded. (b) Distributions of family mean pairwise sequence identities
for the different sections of the Pandit database. Pandit-aa: mean = 0.38, min = 0.09, max = 1.00, inter-quartile range = 0.16; Pandit-aa-
restricted: mean = 0.38, min = 0.09, max = 1.00, inter-quartile range = 0.17; Pandit-dna: mean = 0.48, min = 0.31, max = 1.00, inter-quartile

range = 0.11.

during evolution. In order to assess the quality of the
estimate made using our pairwise approach it can be
compared to the ML estimate for the whole family, which
can be expected to be a reasonable estimate (Edwards,
1972). Figure 3 shows a strong correlation between the
two estimates, with the pairwise method having some

tendency to overestimate «. This graph and simulation
results (not shown) suggest that the pairwise approach
provides a reasonable method for the estimation of «
in most cases. There are a few outliers where the ML
estimate of « is considerably higher than the pairwise
estimate. These are cases where the sequences are very
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Fig. 2. Summary of phylogenetic information contained within Pandit-dna families. The upper and lower graphs give indications of the total
information and information per site in each family, respectively (see text for details). Histograms indicate the densities of points along the
x- and y-axes. Note that for clarity the axes do not contain the whole range of the data; 62 points (1.4%) are excluded from the upper graph

and 54 points (1.2%) are excluded from the lower graph.

similar and there are very few observed changes from
which to calculate the pairwise estimate. The histograms
in Figure 3 show the distributions of estimates of « over
families in Pandit-dna. We know of no previous studies
describing these distributions over alarge number of DNA
sequence alignments, and they may be of use to applied
researchers who wish to see whether their estimates
of « fal within the usual range and to researchers
devising prior distributions on « for Bayesian analyses
(e.g. Huelsenbeck et al., 2001).

CONCLUSION

We present the Pandit database, version 7.6, which
contains 4341 families of protein domain seguences.
Pandit contains three sub-databases of sequence align-

ments. Pandit-aa, comprising amino acid alignments
taken from Pfam-A seeds; Pandit-dna, comprising the
DNA sequences coding for the Pandit-aa alignments
whenever it is possible to recover them by the automated
procedure described above; and Pandit-aa-restricted,
comprising the amino acid sequences of Pandit-aa for
which a DNA seguence could be recovered for inclusion
in Pandit-dna. For each of the 13020 (4340 x 3) align-
ments, a phylogenetic tree topology is estimated using
the NJ method based on pairwise distances estimated by
maximum likelihood. The branch lengths for each tree are
then estimated using ML. Pandit’s unique combination
of large numbers of protein and nucleotide sequences
with inferred evolutionary trees will be of value to those
studying molecular phylogenetics.
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Fig. 3. Relationship between the ML estimate and pairwise estimate
of « for each family of Pandit-dna. Note that 9 extreme points
(0.2%) have been omitted for clarity. Histograms indicate the
density of points along the x- and y-axes.
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