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The availability of whole genome sequences from multiple metazoan phyla is making
it possible to determine their phylogeny. We have found that a sea urchin and human
define a clade that excludes a tunicate, contradicting both classical and recent molecular
studies that place the tunicate and vertebrate in the Chordate phylum. Intriguingly, by
means of a novel four taxa analysis, we have partitioned the 2000 proteins responsible
for this assignment into two groups. One group, containing about 40% of the proteins,
supports the classical assemblage of the tunicate with vertebrates, while the remaining
group places the tunicate outside of the chordate assemblage. The existence of these two
phylogenetic groups is robustly maintained in five, six and nine taxa analyses. These
results suggest that major horizontal gene transfer events occurred during the emergence
of one of the metazoan phyla. The simplest explanation is that the modern tunicate (as
represented by Ciona intestinalis) began as a hybrid between a primitive vertebrate and
some other organism, perhaps from an extinct and unidentified protostome phylum, at
a time close to but after the diversification of the chordates and echinoderms and before
the lineages leading to Drosophila melanogaster and Caenorhabditis elegans diverged.

Keywords: Horizontal Gene Transfer; Four-Taxa Analysis; Tunicate; Chordate; Proto-
stome; Deuterostome.

1. Introduction

Biologists have long been puzzled by the suddenness with which the metazoan phyla
appeared in the fossil record during the early Cambrian period. Besides the sudden
emergence of the metazoa, the widespread occurrence of parallel evolution among
them was also considered puzzling. When one of us first started thinking about
the evolutionary implications of horizontal gene transfer, it seemed quite natural
to suggest that gene transfer between phyla could explain the phenomena of both
the speed and observed parallelisms (homoplasy) of the Cambrian radiation.1

Initially it appeared that resolving the relationships among the metazoan phyla
might not be possible since most emerged in the fossil record over a seemingly
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brief time period. If so, this would make it difficult, if not impossible, to assess the
likelihood that horizontal gene transfer played a role during the metazoan radiation.
However, recent genomics studies2, 3 indicate that there are sufficient numbers of
phylogenetic informative characters to reconstruct metazoan histories, though the
signal is relatively weak and requires the information from many hundreds of genes.
The current work began after the genomes representing multiple metazoan phyla
became available, thereby making it possible to discern alternative evolutionary
histories for different sets of genes. We encountered an unexpected result with
regard to the tunicate, Ciona intestinalis. This organism, known as the sea squirt,
has a completely unique metazoan body plan in its adult phase, but has a larval
phase that quite clearly identifies it as a chordate. Given that embryonic and larval
characters have, at least for the Chordates, been used in classification, the tunicates
have been classified with them. The current results pose new questions about the
chordate-tunicate affinity.

We will argue that conflicting phylogenies concerning the placement of the tuni-
cates are a result of extensive horizontal gene transfer (HGT).

Most reports of HGT are based on finding a phylogeny of a single gene that
conflicts with the known species phylogeny. There has been some work on finding
techniques that evaluate reticulations from multiple genetic loci for which there is no
known a priori taxa phylogeny.4, 5 However, these techniques have been tested pri-
marily on reticulate events that have occurred in the recent past, such as plant intro-
gressions, recombinant viruses, hybridizations and recombination patterns within
interbreeding populations. There has been little application of these techniques in
unraveling reticulation patterns found deep in phylogeny such as the emergence of
metazoan phyla. This paper presents a series of steps for examining such a problem.

2. Results

Our initial observation showing that the tunicates may not be closely related to
other members of the phylum Chordata is shown in Fig. 1. This tree is based on
protein distances averaged from about 2000 genes. Parsimony trees supported the
same assemblages. We can see that the sea urchin (Strongylocentrotus purpuratus)
and human belong to a clade that excludes the tunicate (Ciona intestinalis), fruit
fly (Drosophila melanogaster) and the round worm (Caenorhabditis elegans). One
point that is clear from this figure is that the internal branches that separate the
vertebrate, sea urchin and tunicate are short compared to the terminal branches
leading to the extant taxa. If the tree shown in Fig. 1 were based on one or a few
genes, such an unexpected result could be attributed to the multiple replacements
occurring in different terminal lineages, artifactually creating phylogenetic infor-
mation. But with the very large number of genes and consequent large number of
shared or phylogenetically informative characters, this unexpected result can be
meaningfully analyzed.



June 11, 2010 14:13 WSPC/S0218-3390 129-JBS S0218339010003408

Whole Genome Comparisons Reveals a Possible Chimeric Origin 263

C. elegans

Fruit fly

Tunicate 

Human 

Sea urchin

0.63

0.38

0.35 

0.24 
0.28 0.02

0.05 

Fig. 1. Phylogeny of metazoan assemblages. The tree is based on the weighted average of protein
distances for each gene (see methods) from the set of 1998 genes that these taxa had in common.
Units are in average number of estimated changes per amino acid position.

2.1. Four taxa analysis

To assess the significance of contrasting phylogenetic trees, we reduced the problem
to four taxa as was done in earlier work assessing contrasting phylogenies.6 Four
taxa analysis has the virtue of reducing the number of trees that need be compared.
With four taxa there are only three competing unrooted trees and a single internal
branch. The significance of the differences in lengths of these three trees can be
tested using a simple chi-square test.

For purposes of this explanation we will use simple parsimony to define the dif-
ferent terms. Though the principle applies as well to weighted parsimony, maximum
likelihood and protein distances though there are some small quantitative differ-
ences with large data sets. Figure 2 presents the topologies of the three unrooted

Tunicate Drosophila

Human Sea urchin Tunicate

Drosophila

Human

Sea urchin TunicateDrosophila

Human Sea urchin

Tree 1 Tree 2 Tree 3

Fig. 2. Three possible unrooted four-taxa topologies. For the four taxa, human (hu), the
tunicate (tu), the purple sea urchin (ur) and Drosophila (dr), the three possible topologies
are written, according to convention as: tree 1=(hu, tu),(ur, dr), tree 2=(hu, ur),(ci, dr) and tree
3=(hu, dr),(ci, ur).
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four-taxa trees. In simple parsimony, the best tree is the tree that has the most phy-
logenetically informative characters (defined as PIC) in its support. Let us assume
that tree 1 represents the evolutionary history of the four taxa. If so, then tree 1
will be supported by single changes that occur on the internal branch (these include
what are called synapomorphies, but because the tree is unrooted this is not a useful
terminology). Tree 1 can also be supported by two or more changes that occur on
the distal branches. These multiple changes that produce a PIC are called homo-
plastic changes (homoplasy in general is defined as convergent and parallel evolution
and by reversion to an ancestral state, in four-taxa analysis of unrooted trees these
are not distinctions that can be deduced from the data). The only character states
that are phylogenetically informative are those where two of the taxa share one
character and the other two share a different character. PICs that support tree 1
(there number = N1) will be those where human and the tunicate share a character
and the sea urchin and Drosophila another. If tree 1 is the correct tree, N1 will be
the sum of changes on the central branch and the homoplastic changes. There will
also be PICs where the other two pairs of taxa share characters; these character
states can only arise by means of homoplastic changes on the distal branches if tree
1 is the correct tree. If the distal branches are relatively equal in length, and the
occurrence of homoplastic changes is randomly distributed, then we would expect
to see the number of PICs where human and tunicate share a character (defined as
N2) and those where human and Drosophila share a character (defined as N3) to
be equal. Thus we would expect

N1 > N2 = N3. (2.1)

A priori we can consider N1 as support for tree 1, N2 as support for tree 2 and
N3 as support for tree 3. In traditional parsimony analysis the empirical finding
of say N1 > N2 and N3 is taken as evidence that tree 1 reflects the evolutionary
history of the four taxa.

Table 1a shows the number of PICs that support each of the three trees. As can
be seen, tree 2 containing the human-sea urchin clade wins over tree 1, as in Fig. 1.
There are nearly 45,000 PIC states, but as is apparent from the numbers, many
of these must arise through homoplastic replacements. For a rough estimation,
if we assume that tree 3 is false, then that implies the nearly 13,000 characters
supporting it are due to homoplastic replacements. There are likely comparable
numbers supporting the other two trees as well. Thus we can attribute 39,000 PICs
due to homoplastic replacements, leaving 6000 shared character states that support
the true phylogeny.

2.2. Curious distribution of phylogenetic informative characters

There is additional information in Table 1a that sheds light on the evolution
of the tunicates. The tunicate and human share more characters than would be
expected by the inequality shown in Eq. (2.1) or the chance processes of homoplastic
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Table 1. The number of phylogenetic informative characters (PIC) in support of each of the
three trees in the four taxa analysis. Average is the number of PICs supporting each tree per
gene while Observed is the total number of PICs. Expectations is based on a model where the
tree supported by the largest value of N is the true tree (i) and the two false trees (j and k) will
have equal numbers of homoplastic replacements thus will be distributed Ni > Nj = Nk where
the expected Ni and Nk equals the average of the observed values. The number of phylogenetic
informative characters (N) that support tree i is Ni = (P − 2Ti + Tj + Tk)/3, where P is the
total number of PICs and T is the length of the parsimony tree in units of unweighted amino acid
differences. In a four taxa tree, the only PICs are those in which two taxa share one amino acid
and the other two share another. (a) Tree 1 is (hu, tu)(ur, dr), tree 2 is (hu, ur)(tu, dr) and tree
3 is (hu, dr)(tu, ur). Based on 2537 proteins. (b) Tree 1 is (hu, xe)(tu, ur), tree 2 is (hu, tu)(xe,
ur) and tree 3 is (hu, ur)(xe, tu). Based on 2469 proteins. (c) Tree 1 is (hu, ur)(dr, ce), Tree 2 is
(hu, dr)(ur, ce) and tree 3 is (hu, ce)(ur, dr). Based on 1957 proteins.

Four texa analysis of:

N1 N2 N3

(a) Human, tunicate, sea urchin, Drosophila.

Average 5.8 6.2 4.9
Observed 14,840 15,827 12,678
Expected 13,759 15,827 13,759

Chi-square 170, P < 10–36

(b) Human, xenopus, tunicate, sea urchin.

Average 15.9 2.4 2.3
Observed 40,868 6,188 5,977
Expected 40,868 6,082 6,082

Chi-square 3.6, P = .2

(c) Human, sea urchin, Drosophila, C. elegans.

Average 8.3 4.7 4.5
Observed 16,111 9,286 8,809
Expected 16,111 9,047 9,047

Chi-square 12.6, P = 0.002

replacements if tree 1 were indeed a false tree. The distribution of characters is
consistent with a reticulate event and in the Gauthier and Lapointe5 HBS test
would identify human, sea urchin and the sea squirt as a possible triad of a
potential parent1, parent2, hybrid. This is also consistent with two recent stud-
ies using large number of protein sequences2, 3 that support a tunicate/chordate
clade that excludes the sea urchin. To appreciate the support for the tunicate-
chordate assemblage in the data in Tables 1a, some controls of the four taxa tests
were performed on organisms for which there is no conflict between the classical
and molecular phylogenies Tables 1b and 1c. In Table 1b we compare the two ver-
tebrates, human and frog (Xenopus laevis), with the sea urchin and drosophila. As
expected, tree 1 is very strongly supported over trees 2 and 3. Also, the num-
ber of phylogenetically informative characters that support the two alternative
trees are comparable, as would be expected if homoplastic replacements are ran-
domly distributed among the four distal branches. Table 1c shows a similar control
analysis of the two deuterostomes, human and sea urchin, against the two pro-
tostomes, Drosophila and the C. elegans. Again, the classically defined clades are
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strongly supported, and we can also see that the number of PICs supporting the
two alternative trees is comparable if not equal. The expectations for the chi-square
test in Table 1 is based on a model that for the true tree i, the distribution will be
Ni > Nk = Nj .

Now returning to Table 1a, we can see the possible significance of the distribution
of the PICs. Though tree 2 has the most support, the number of PICs supporting
tree 1 is significantly larger than those supporting tree 3. As shown, the probability
that N2 > N1 = N3 represents the distribution is less than 10−36. The simplest
explanation for this is that some genes support tree 1 while others, a slight majority,
support tree 2.

2.3. Long-branch attraction?

There is a potential artifact known as long-branch attractions7 that needs to be
addressed, especially in the current example with relatively long terminal branches
and short internal ones. In the present case, the branch leading to the tunicate
is slightly longer than the one leading to the sea urchin. Hence Drosophila’s even
longer branch could have attracted the tunicate. This artifact is easy to understand
when we realize that the probability of a homoplastic replacement increases with
the total number of replacements in the two branches. To control for long-branch
attraction, we used C. elegans instead of Drosophila as the fourth taxa; C. elegans
has even a longer branch than does Drosophila (see Fig. 1). If Drosophila were
attracting the tunicate artifactually, then we would expect C. elegans to do so even
more. Table 2 shows the observed number of PICs. As in Table 1, tree 2 wins. There
is some evidence for long-branch attraction; the high chi square value in Table 2
indicates that there is a significant redistribution of homoplastic characters. This is
due mostly to the expected value of N3 being somewhat larger than the observed
value, which is what one would expect if the long-branch to C. elegans attracts the
longer tunicate branch. However, the expected number of homoplastic replacements
lost to tree 3 seems to move more to tree 1 than to tree 2. Long-branch attraction
is insufficient to explain why human and sea urchin are more closely related to each
other than they are to the tunicate, as is seen in Fig. 1, Table 1a and Table 2.

Table 2. As in Table 1a except that genes from C. elegans were used instead of D. melanogaster.
The expectations are calculated with the assumption that the relative distribution of PICs seen
in Table 1a is the same when C. elegans replaces Drosophila. Total of 2002 proteins.

Human, tunicate, sea urchin, C. elegans

obs exp
N1 10956 10,579
N2 12,966 12,839
N3 8831 9367

Chi-square = 45, P < 10−10
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2.4. Two classes of genes

One mechanism that could account for the unusual distribution of PICs shown in
Table 1a is that one group of genes support one phylogeny and another group of
genes support a different one. If this is the case then it should be possible to partition
the genes into one of the two groups. The procedure that follows is designed to test
this hypothesis.

If the set of genes is a mix representing two different phylogenies, then we would
expect the set of genes that support tree 1 should show a N1 > N2 = N3 distribu-
tion, while those that support tree 2 should show a N2 > N1 = N3 distribution.
Anticipating that many of the individual genes will have too few PICs to distinguish
between the competing trees we submitted each to bootstrap sampling.5 Each of
the aligned sequence sets represented by the 2208 genes were re-sampled 200 times.
This consisted of determining the tree parameters derived from over 440,000 aligned
sets. For each the number of phylogenetic informative characters supporting each
of the three trees was recorded. At bootstrap values of greater than 70% we found
prominent groups that supported tree 1 and those that supported tree 2. We can
see the number of genes supporting tree 1 in Table 3a was significant at 518 and
the number supporting tree 2 was somewhat larger at 632, which is consistent with
our earlier results. More importantly, each of the two groups closely displayed a
Ni > Nj = Nk distribution. In Table 3a, where N1 is the largest of the three, we
see that the values of N2 and N3 are comparable if not equal (P = 0.002). A sim-
ilar result is shown in Table 3b where N2 is larger than N1 and N3 and the latter
two values are comparable if not equal (P = 0.03). In both cases, deviation from
equality favors either N2 or N1 by just a few hundred PICs, and this deviation is
in the direction predicted by a long-branch attraction.

We are interpreting these results as supporting a model that the original set
of genes was a mixture of at least two classes of genes, each having a different

Table 3. (a) Set of 518 genes with bootstrap values > 70% supporting tree 1. Average length =
312. Expectations are computed assuming an N1 > N2 = N3 distribution. (b) Set of 632 genes
with bootstrap values > 70% supporting tree 2. Average length = 338. Expectations are based on
an N2 > N1 = N3 distribution.

N1 N2 N3

(a)

Average 8.49 4.81 4.34
Total observed 4372 2478 2235
Expected 4372 2356 2356

Chi-square = 12.6, P = 0.002

(b)

Average 4.81 9.05 4.49
Total observed 3037 5713 2832
Expected 2934 5713 2934

Chi-square = 7, P = 0.03
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phylogeny. The null hypothesis is that there is only a single class of genes, say those
that support tree 1, but that the variances of N1, N2 and N3 is very high. Thus, by
this scenario, the bootstrap sampling selects incorrect trees by chance. If this was
true we would expect two things that are not in the data, first, tree 2 supporting
genes should show a distribution N2 > N1 > N3. This is clearly not observed.
Second, we would expect that for the tree 1 supporting genes the N1, N2, N3 dis-
tribution would more robustly support its tree than would the tree 2 supporting
genes. Again this is not observed in the numbers. Indeed the original set of 2208
genes statistically behave as if they are a mixture of genes with at least two different
evolutionary histories.

2.5. The taxon sampling puzzle

Other studies of metazoan phylogeny using sequences from multiple proteins have
encountered a problem that is described as the ‘poor’ taxon sampling problem. That
is, reconstructing clades using a given number of taxa often yields a different result
when larger or lesser numbers of taxa are considered. This has been encountered
even when large numbers of genes were analyzed.2 Perhaps it could be argued
that the current result is due to poor taxon sampling. If so, then we might expect
that relationships reported above would change if larger numbers of taxa were
included. To test this we constructed nine taxa trees for the group of proteins from
Table 3a (those that support tree 1) and from Table 3b (those that support tree
2). To the four taxa shown in Table 3, we sequentially added proteins from other
completed genomes. In addition to the sequences for Xenopus and C. elegans, we
added Trichoplax adherens (a very primitive multi-cellular animal that is classified
not as a metazoan but a placozoan), Nematostella vectensis (a Cnidarian, one of the
most primitive metazoa) and Branchistoma floridae (amphioxus, another primitive
chordate). Figure 3a shows the tree resulting from the set of proteins that originally
supported tree 1. As can be seen, the relative relationship of human and Ciona with
respect to the sea urchin and Drosophila is the same as in Table 3a. Figure 3b shows
the tree resulting from the set of proteins that originally supported tree 2. Again, the
relative relationship of human and sea urchin with respect to Ciona and Drosophila
is the same as seen in Table 3b. In addition to examining nine taxa shown in
Fig. 3, we also looked at five, six, seven and eight taxa trees for both tree 1- and
tree 2-supporting genes (data not shown). In each case, the relative relationship of
human, sea urchin, Ciona and Drosophila remains the same, as would be predicted
by either tree 1 or tree 2. Thus we can conclude that the two sets of relationships
documented in Table 3 are not dependent on the number of taxa examined.

The nine taxa trees shown in Fig. 3 were constructed using the Fitch-Margoliash
distance method, but the same relative results were obtained using either parsimony
or neighbor joining methods. All bootstrap values are 100% except for the 80% value
shown in Fig. 3a and the 62% value shown in Fig. 3b. In Fig. 3a an alternative clade
consisting of Sea Urchin, Drosophila and C. elegans is supported at 20% and in
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Fig. 3. Proteins that supported tree 1 (Table 3a) and those that supported tree 2 (Table 3b)
were used to construct the phylogenies for the same nine taxa in panels (a) and (b) respectively.
(a) The 518 proteins from Table 3a were used as queries to probe the nine taxa database. This
identified 369 proteins in common to all nine taxa. After multisequence alignment, editing and
concatenation, this resulted in a single sequence of 97,737 amino acids. (b) The 632 proteins
identified from Table 3b were used as queries to probe the same nine taxa and this identified 436
common proteins. This resulted in a concatenated sequence of 122,992 amino acids. All of the
clades have 100% bootstrap support (50 replicates) except the two cases indicated by the arrows.
Trees are based on distances as described in methods. Space bar is in JTT adjusted distances in
units of amino acid replacements per site.

Fig. 3b a clade consisting of sea urchin and amphioxus is supported at 48%. These
two alternative nine taxa topologies, identified by the bootstrap procedure, when
evaluated by the maximum likelihood method resulted in log likelihood scores that
were not significantly different from each other. It appears that even with the highly
concatenated sequence files consisting of over 100,000 amino acids, the internal node
involving the sea urchin is not resolved.

However, it should be stressed that the two basic topologies represented by
Figs. 3a and 3b (including the ambiguity involving placement of the sea urchin)
are highly significantly different using maximum likelihood. Table 4 presents these
differences. In this table the log likelihood scores for both of the tree topologies
were measured against sequences from the tree 1 and tree 2 input sequence sets.
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Table 4. Tree 1 characters and tree 2 characters were defined by the results from Tables 3a and 3b
respectively. The tree topologies from Figs. 3a and 3b were used as user defined trees and the log
likelihood scores were computed using the maximum likelihood phylogenetics program in Phylip.

Differences in log likelihood scores
Nine taxa tree topology from:

Fig. 3a Fig. 3b

Tree 1 characters 0 5500
Tree 2 characters 4300 0

The values shown are the difference between the best score and the highest. The
chances, with log likelihood scores in the multiple thousands, for the two trees being
the same are quite low (at least P < 0.0001 and probably lower than 10−6) These
P values are based on the Shimodaira-Hasegawa test(see methods).

3. Discussion

The simplest explanation for our results is that one of the metazoan genomes con-
sists of at least two sets of genes with different and conflicting histories. That is, one
of the four taxa descended from a chimera. In the four taxa analysis the incongruity
of the two trees shown in Table 3 is unambiguous, though identification of the taxa
that may be derived from the hybrid ancestor is not easily determined. Figure 3
with nine taxa has more information. If we remove Ciona from the two trees, we
can see that the topology of the two eight taxa trees is the same (though it should
be noted that internal branches close to the sea urchin/Amphioxus separation has
low bootstrap support). Therefore the simplest explanation for these results is that
the ancestor that gave rise to Ciona was a hybrid between an early protostome (i.e.
related to an ancestor in the Drosophila-C.elegans clade) and a vertebrate ancestor
(excluding Amphioxus). The reconstructed network from the two nine taxa trees
in Fig. 3 is shown in Fig. 4.

trichoplax

cnidaria
C. elegans

drosophila

sea urchin

amphioxus
ciona

human

xenopus

Fig. 4. Combined nine taxa trees into a single network. The two tree topologies in Fig. 3 are
incongruent but the eight taxa trees excluding Ciona are the same. Shown is the nine taxa network
based on the minimum number of reticulations.
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The tunicate has traditionally been classified with the chordates because its
larval form resembles the tadpole larvae of the chordates. However, the tunicate
has an adult form that is completely unique among metazoan phyla. We are not the
first to be intrigued with tunicate taxonomy. The tunicate anomaly has perplexed
students of biology for more than a century and led Don Williamson8 to suggest
that the tunicate had hybrid origins with those genes controlling larval development
coming from a chordate ancestor, and those genes controlling adult development
coming from some other phylum.

3.1. The sampling paradox

Recent studies have examined large numbers of genes from many different phyla
and have reached conclusions quite different from ours.2, 3 We believe that these
differences are explicable and that, in fact, these other works have encountered a
problem that is quite possibly consistent with our interpretation. This is the ‘poor
taxon sampling’ or the ‘taxon sampling artifact’ problem mentioned above.2, 3, 9–12

This seems to be a problem even when large numbers of genes are being analyzed. In
some cases it is suggested that the number of taxa is too few and that the addition
of more would lead to reliable phylogenies, while in other cases it looks like removal
of taxa are needed to obtain more robust trees. To call this a ‘sampling artifact’
implies that there is an explanation based on knowable causes. However, though
this problem has been encountered repeatedly for over 40 years12 and recognized for
the past 15 as being troublesome for resolving the metazoan phyla,9 an adequate
description of an underlying evolutionary mechanism has not been given, nor has
any statistical problem been adequately described.

We would like to point out that the underappreciated evolutionary mechanism
of horizontal gene transfer can provide insight into this taxon sampling problem.
In practical terms, to say that a particular clade or branch is unstable means that
during the bootstrap sampling of character states, some samples will support one
tree while different samples will support another. That is, this is confirmation that
there is homoplasy in the underlying character set. Homoplastic replacement is
not the only mechanism that can cause homoplasy — horizontal gene transfer can
as well. The sampling instability phenomena can be understood in this context.
Consider a set of organisms that fall into two clades and further consider that
all of the genes being sampled within any given genome shared the same history.
We would expect the resulting organisms to map into their respective clades. Now
what happens when a genome is included that is derived from a hybrid with parents
from each of the two clades? There are two things that we would expect. First, the
hybrid would have weak bootstrap support for either clade. But also, depending on
the relationship of the two ancestors (that made up the hybrid) to other members
of the two clades, addition of the hybrid to the data set could weaken already
established relationships. Something like this could be influencing the data in the
paper by Dunn et al.2 where they found that by removing 12 organisms from their
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data set that had weak bootstrap support for any clade, a number of the remaining
organisms mapped into clades with strengthened bootstrap values. We suggest that
those organisms causing tree instability are also evolved from hybrids and further,
we suggest that one of their ancestors is related to those organisms whose bootstrap
value to a clade is strengthened by removal of the hybrid.

We argue that it is differences in gene sampling and not taxon sampling that
account for the differences in our results compared to the results of others. As an
example from the current study, when we looked at a set of 60 ribosomal proteins,
we found they supported the human-tunicate clade to the exclusion of the sea-
urchin and Drosophila (data not shown). That is, for those taxa that have a major
hybridization event in their past, one sampling of its genome may support one
phylogeny while a different sampling may support another.

4. Methods

The nearly 30,000 protein sequences from the human genome sequence were used
as query sequences in Blast13 searches against a database consisting of the protein
sequences obtained from the genome projects for the following metazoans: human,14

Xenopus laevis,15 the tunicate Ciona intestinalis,16 the sea urchin, Strongylocen-
trotus purpuratus,17 the fruit fly, Drosophila melanogaster18 and the round worm
Caenorhabditis elegans.19 In another blast search the protein complement from the
genomes of the amphioxus Branchistoma floridae,20 Trichoplax adherens21 and the
Cnidarian Nematostella vectensis22 were included. A Blast expectation score cutoff
of less than 10−13 was used in all cases. This produced 30,000 blast output files.
These were screened such that each contained at least one homologue for the tuni-
cate, the sea urchin, and Drosophila. Large gene families were excluded by removing
those files that had more than ten proteins from either the human, Drosophila or
C. elegans. These various filters reduced the number of usable blast output files
to about 3500. In the four taxa analysis, one sequence from each of the four taxa
was recorded. For those proteins that had multiple listings for the same taxa, the
protein with the smallest expectation value was used. The procedure outlined here
does not guarantee that the data sets do not contain paralogues. In results not
shown we repeated the analysis shown in Fig. 1 and Table 1 but excluded the blast
output files that had more than either five or 20 entries for the same taxa. Other
than changing the number of protein sets, changing gene family limit did not effect
the pattern of the results, i.e. the topology of the tree in Fig. 1 or the N2 > N1 > N3

distribution of PICs in Table 1. In addition we identified a group of about 30 protein
sets (on the basis of being statistical outliers in the N1, N2, N3 distribution) that
clearly contained paralogs. Removing these protein sets did not affect the pattern
of the results. These results indicate that the paralogs are distributed in a uniform
manner among the taxa and are not biasing outcome.

Sequences from each blast output file were recovered, and multisequence align-
ments were performed using Clustal.23 The aligned sequences were then edited
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with the sequence editor Gblocks24 to remove those regions that were within indels
or that were hyper-variable. These sequences were then submitted to phyloge-
netic analysis using Phylip.25 Three types of trees were obtained for each set of
sequences — a parsimony tree using either the Pars subroutine or a distance tree
using Protdist and the Fitch-Margoliash option. Protein distances were calculated
for each aligned set and averaged over all sets or in some cases by concatenating the
sequences and directly measuring distance. The Jones, Thornton, Taylor distance
matrix26 was used to determine distances. It was shown that distances up to 2.5
changes per residue were linear with time of divergence (data not shown), and those
with distances in excess of 2.5 were removed from further consideration. The phy-
logenetic maximum likelihood program proml was used to calculate log likelihood
scores that uses the Shimodaira-Hasegawa test.27 Programs within Phylip were also
used to perform the bootstrap procedure. TreeView28 was used for tree visualiza-
tion. All computations were performed on a standard pc with a Linux OS and data
was processed using UNIX script files, Perl scripts and standard spread/sheets. Two
procedures were used to transform the incongruent phylogenetic trees into a single
network — these were triplet analysis29 and a tree reduction approach30 (described
in the text). Reticulation was solved manually given that the program outputs29, 30

are difficult to translate into evolutionary events.
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