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We examined the phylogenetic informa-
tion content of the Swiss-Prot database of
120,000 sequences for nearly 7500 taxa and
a “taxonomically enriched” subset of GenBank,
which consisted of 185,000 amino acid se-
quences for more than 16,000 green plant
taxa (I). Clusters of putative homologs were
identified via N x N BLAST searches (2).
Clustering procedures involve trade-offs
among the reliability of homology assess-
ment, the taxonomic breadth, and the accu-
racy of tree inference. The trade-offs are
controlled by the stringency of homology
searches and can be adjusted to maximize
the phylogenetic utility of resulting clusters,
on the basis of the depth and breadth of the
phylogenetic question to be addressed (3, 4).
Clusters containing at least four taxa are
termed “minimal phylogenetic clusters,” be-
cause unrooted trees with fewer than four
taxa contain no information about relations.
Although minimal phylogenetic clusters were
a small fraction of all clusters found [6.5%
and 2.3% for Swiss-Prot and GenBank, re-
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spectively (Table 1)], they retained about one-
third of the original sequences and a substan-
tial fraction (74% and 95%) of the taxonomic
diversity originally contained in the sample.

We screened minimal phylogenetic clus-
ters for the presence of paralogs with a
phylogenetic test of orthology (5). A species
tree cannot be easily deduced from a cluster
containing both orthologs and paralogs, al-
though methods for this have been proposed
(6-8). Screening reduced the candidate mini-
mal clusters to smaller sets of orthologous
“single-copy” clusters retaining only 24%
and 21% of the original sequences, but still
covering 59% and 89% of the original taxa
in Swiss-Prot and GenBank, respectively
(Table 1). These sequences are very sparsely
distributed among taxa as measured by their
“densities” (Table 1) (9).

Further assessment of the phylogenetic
utility of these data requires consideration of
how the data should be parsed for phyloge-
netic analyses. One approach is to build gene
trees from individual clusters and to as-
semble these trees using supertree methods
(3, 10). Supertree methods require at least
partial taxonomic overlap between trees. A
set of trees (each inferred from a cluster)
with enough taxonomic overlap to allow
supertree construction is a “grove” (/). The
minimum number of groves in a database is
a lower bound on the number of supertrees
required to encompass all its sequence data.
The single-copy green plant proteins form at
least 15 groves (Table 1). The largest of
these groves minimally includes trees from
814 clusters and contains more than 14,000
taxa—~87% of all the green plant taxa in the
GenBank database. Swiss-Prot has at least
eight times as many groves, which reflects its
greater taxonomic breadth but higher frag-
mentation (Table 1). Both data sets also
contain a small number of “orphans,” clusters
with no taxonomic overlap with other clusters.
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A second and more widely used strat-
egy is to concatenate clusters into multi-
gene (protein) data matrices. Increasing the
sequence data per taxon should improve ac-
curacy (11, 12), a theoretical result support-
ed by several recent phylogenomic studies
(I13-15). However, as with supertree con-
struction, the taxonomic structure of the set
of clusters limits the size of data matrices
that can be assembled from them. To explore
these limits, we used an exact algorithm
derived in the context of a well-known graph
problem on “bicliques” (5, /6) to enumerate
all possible concatenated matrices that are
both maximal (not contained in larger matri-
ces) and complete (no missing sequences).
The largest complete multiprotein Swiss-Prot
and GenBank matrices have either many taxa
and few proteins or the reverse; none has
large numbers of proteins and taxa simulta-
neously (Fig. 1), and these matrices retain
only a small fraction of the original taxo-
nomic diversity in the databases (Table 1).
The numbers of taxa and genes in a matrix
can be greatly increased by allowing missing
sequences, or “holes,” in the matrix (17, 18).
Such “supermatrices” are also affected by
the grove structure of the database, because
the missing entries induce patterns of partial
overlap among taxa.

Statistics on clusters, groves, and bicliques
offer a glimpse of the potential phylogenetic
information content of the sequence data-
bases. To explore the feasibility of realizing
this potential, we assembled supermatrices
spanning a small (but broad) taxonomic sam-
ple from each database. We identified the
largest grove and constructed a super-
matrix from complete matrices having at
least 10 clusters and four taxa (/). The green
plant matrix retained representatives across
the group, but Swiss-Prot was culled to
metazoans (plus fungal outgroups) to avoid
conflicting gene histories of nuclear, mito-
chondrial, and chloroplast genomes. The
resulting two supermatrices had compa-
rable numbers of taxa and shared no se-
quences. The Swiss-Prot supermatrix had
70 taxa x 1131 genes (6623 sequences and
469,497 characters), an average of 95 genes
per taxon. The green plant supermatrix con-
tained 69 taxa x 254 genes (2777 sequences
and 96,698 characters), an average of 40 genes
per taxon. These are among the largest super-
matrices yet analyzed for phylogenetic infer-
ence, as well as the sparsest, with 92% and
84% missing entries, respectively (Fig. 2).
Yet, although sparse, they are 46 and 75 times
as dense, respectively, as the single-copy
minimal sequence collections from which
they were derived (Table 1).

Trees from these matrices (/) broadly
agree with conventional views on phyloge-
netic relations, and many nodes, particularly
in the Swiss-Prot tree, are well supported by
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bootstrap values (figs. S1 and S2). However,
some of the “backbone” of the green plant
tree is weakly supported, and some uncon-
ventional and likely incorrect relations are
depicted in both topologies. Many of these
unconventional relations have been seen in
previous molecular studies (/9-22), includ-
ing even the nonmonophyly of monocots
(23). To characterize the sources of these
signals, we compared (Fig. 3) every clade in
each individual protein tree against the final
trees (figs. S1 and S2). Compared with the
green plant supermatrix, fewer of the proteins
in the Swiss-Prot data conflict with the re-
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lations in the final tree. The level of conflict
in green plants is remarkably high: More
individual protein trees conflict with any
given final clade than support it. Nonetheless,
many nodes on this tree are still well
supported by bootstrap values. Surprisingly
little relation was seen between the number
of proteins supporting a node and its boot-
strap score. For example, placement of the
lepidopteran Spodoptera frugiperda within
the Diptera receives 96% bootstrap support,
but only one protein cluster of the 1131
sampled contains sequence for both Spodop-
tera and other dipterans (none contain

A 100 B 250. & Fig. 1. Size distribution of
1x472 b | 1x6492 the maximal complete su-
20 s00) [2X975 permatrices (maximal
© 80 bicliques) for two data
b sets. Each point represents
570 1504 the biclique with the larg-
5 600 R est number of taxa for a
2 100 particular number of clus-
3501 ters. (A) Swiss-Prot. (B)
= 504y Green plants from GenBank.
2 . . Bicliques on the tails are
< 30 0 O . . not shown, but their sizes
S g 0 100 200 300 400 500 600 are indicated in the inset
201 boxes.
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Table 1. Summary statistics on the phylogenetic information content of proteins from Swiss-Prot and
GenBank (green plant only) databases. “Minimal phylogenetic clusters” contain at least four taxa.
“Nontrivial” bicliques contain at least two genes and four taxa. Density = (number of cells in the taxon x
cluster matrix containing > 1 sequence)/(number of taxa x number of clusters) (7). See text for other

definitions.

Database statistics

GenBank
release 137 (green plant)

Swiss-Prot
release 40.29

Summary statistics
Number of sequences in release
Total number of sequences clustered
Total number of taxa
Total number of clusters
Minimal phylogenetic clusters
Number of clusters
Sequence coverage
Taxon coverage
Single-copy clusters
Number of clusters
Sequence coverage
Taxon coverage
Density
Groves
Minimum number of groves
Number of orphan clusters
Minimum number of clusters in largest grove
Minimum number of sequences in largest grove
Minimum number of taxa in largest grove
Bicliques
Number of nontrivial maximal bicliques
Sequence coverage
Taxon coverage
Number of clusters in biclique set
Largest biclique (in terms of taxa)
Largest biclique (in terms of clusters)

121,218 185,418
121,218 185,089

7449 16,348
64,712 59,144

4214 (6.5%)
41,812 (34%)
5538 (74%)

1365 (2.3%)
65,113 (35%)
15,599 (95%)

3592 (5.6%)
28,742 (24%)
4404 (59%)

853 (1.4%)
39,443 (21%)
14,502 (89%)

0.0018 0.0021
123 15
67 7

3183 814

25,272 (21%)
2695 (36%)

38,700 (49%)
14,169 (87%)

43,576
23,855 (20%)
1449 (19%)
3187 (4.9%)

2 x 76

352 x 4

5587
15,092 (8.2%)
4230 (26%)
645 (1.1%)
2 x 975
70 x 4
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sequence from Spodoptera and both Anoph-
eles species) and can therefore shed light on
the final topology. Other relations, such as
the placement of Spathiphyllum outside of the
main clade of monocots, are not supported by
a single protein and must therefore be an
emergent property of weak signals buried
within several proteins.

These supermatrices differ from other
recent phylogenomic analyses of diverse
taxa (/3—15, 18) in two important respects.
First, the taxa and proteins in our super-
matrices were determined largely by the
structure of the databases rather than by
decisions of the investigators. Second, they
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contain more taxa (two or more times as
many), but one-fourth or fewer proteins per
taxon, with a substantially lower overall
density. In two studies with <15 taxa, boot-
strap support was uniformly very high across
the tree (/4, 15) and could be obtained even
with a subset of sequences (/4). In two other
studies (13, 18) with larger taxon sets (30 to
36 taxa), many clades were strongly sup-
ported but some were not—an expected
consequence of increased taxon sampling
(24). Our results support the general conclu-
sion of these other studies that combining
many genes can provide strong support for
nodes in a large and complex tree, with the
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Fig. 2. Visualization of the distribution of sequences among taxa for the supermatrices. (A) Swiss-
Prot metazoan supermatrix. (B) GenBank green plant supermatrix. Columns correspond to clusters
(proteins); rows to taxa, ordered so that density increases to upper right. Black indicates a

sequence is present in that cluster for that taxon.
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Difference between the number of nonconflicting and conflicting quartet-informative genes

Fig. 3. Protein-by-protein distribution of support for clades in supermatrix trees (figs. S1 and S2). A
protein tree is “quartet informative” for a given branch (bipartition) of the supermatrix tree if its
data set had sequence for at least one taxon in each of the four groups attached to this branch. It
is considered “nonconflicting” if it has at least one most-parsimonious (MP) tree displaying the
bipartition (pruned to the taxon set for the protein) or if all of its MP trees display a polytomy in
place of the branch. Otherwise, the protein is classified as “conflicting.” Plots are smoothed
histograms (density estimates) of the number of quartet-informative proteins that are
nonconflicting minus the number that conflict. Values to the right of the origin are therefore
branches in which the majority of proteins do not conflict. Density estimation was done with R
statistical software (27), using a rectangular kernel and bandwidth of 3 for both trees.

added twist that genes need not be sampled
evenly across taxa and a surprising amount
of missing data is tolerable (/8, 25). Never-
theless, even our threshold of 10 proteins per
taxon was not enough to prevent recovering
some unconventional results, as our surpris-
ing findings regarding monocots document.
Such results, if they stem from genomewide
long branch—attraction artifacts (26), will
also occur in phylogenomic studies unless
problematic taxa are deliberately or acci-
dentally excluded and will only be overcome
by additional taxon sampling or intensive
analytical efforts. Therefore, we conclude that
exploitation of existing databases, taking
into account the inherent sample biases of
the data, provides a cost-effective comple-
ment to intensive genomewide sequencing
efforts, especially if we wish to include large
numbers of taxa or remote corners of the
tree of life.
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