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Going nuclear: gene family evolution
and vertebrate phylogeny reconciled
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Gene duplications have been common throughout vertebrate evolution, introducing paralogy and so com-
plicating phylogenetic inference from nuclear genes. Reconciled trees are one method capable of dealing
with paralogy, using the relationship between a gene phylogeny and the phylogeny of the organisms con-
taining those genes to identify gene duplication events. This allows us to infer phylogenies from gene
families containing both orthologous and paralogous copies. Vertebrate phylogeny is well understood from
morphological and palacontological data, but studies using mitochondrial sequence data have failed to
reproduce this classical view. Reconciled tree analysis of a database of 118 vertebrate gene families sup-

ports a largely classical vertebrate phylogeny.
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1. INTRODUCTION

The central assumption of molecular systematics is that a
phylogeny estimated from a set of gene sequences tells us
something about the phylogeny of the organisms from
which the genes have been isolated. In fact, systematists
generally assume that the gene phylogeny (or gene tree)
is isomorphic with the organism phylogeny (or species
tree), so that a correct estimate of the species tree can be
obtained by simply relabelling the leaves of the tree with
the appropriate species names. In this case, differences
between phylogenies from different loci—or differences
between a gene tree and the commonly accepted species
tree—are due to either the method by which gene phy-
logenies have been constructed or sampling error in the
estimate of gene phylogeny. In the latter case, more
sequence data should produce the correct species tree.
However, gene trees are not species trees and a number
of evolutionary processes can introduce differences
between a correctly estimated gene phylogeny and the cor-
rect species phylogeny (Doyle 1992; Maddison 1997).
These processes are horizontal transfer, duplication and
loss and deep coalescence (Doyle 1992; Slowinski & Page
1999). Because these events introduce differences
between the gene tree and species tree, we can use
incongruence between these two trees to infer the past
occurrence of the events (Page & Charleston 1997a). This
is the motivation behind reconciled trees. Reconciled trees
are a general method for analysing historical relationships
where one entity tracks another, with the fidelity of this
‘tracking’ dependent on how often events such as dupli-
cation, horizontal transfer and lineage sorting occur
(Page & Charleston 1998). These events will introduce
differences between the trees that describe the hierarchy
of the two entities, as in figure 1, where a duplication in
the gene tree and three gene losses explain the difference
between the gene and species trees. Where all these differ-
ent events are allowed, it can be very difficult correctly to
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reconstruct potential evolutionary scenarios (Charleston
1998), but if we restrict the analysis to consider only
duplications and losses, then finding the most parsimoni-
ous reconstruction of events is relatively trivial and can be
computed in linear time (Zhang 1997).

As we consider all of the gene trees to be independent
estimates of the underlying species phylogeny, the most
parsimonious species tree is that which implies the mini-
mum number of gene duplication (or duplication and
loss) events over the set of gene families, and we can use
simple and standard heuristic methods to find an optimal
species tree topology (Page & Charleston 19975). Using
the number of gene duplications as an optimality criterion
to choose between competing phylogenetic hypotheses in
this way has become known as ‘gene tree parsimony’
(Slowinski & Page 1999). Gene tree parsimony thus treats
gene trees as characters of species, in contrast to conven-
tional phylogenetic methods using molecular sequences as
characters of organisms, conflating organismal and gene
phylogenies.

The evolution of the vertebrates represents an ideal case
for testing the utility of reconciled tree methods (Page
2000). Vertebrate classification has been of interest since
antiquity, and a great deal of morphological data from
both extant and fossil taxa have produced a well-sup-
ported outline of vertebrate phylogeny (figure 2). Ver-
tebrate workers have a keen sense of where the vertebrate
tree is fairly robust and where relationships are much less
clear, and all of these areas have attracted a great deal of
debate. There is thus an opportunity for new techniques
both to prove themselves, by successfully reconstructing
those parts of the tree that are more or less beyond doubt,
and to make a real contribution to resolving areas of con-
tention.

Given the great deal of support for much of the current
pattern of vertebrate relationships, it is surprising how
poorly molecular methods have fared in reconstructing the
broad outline of vertebrate evolution. This is particularly
worrying in the case of mitochondrial genome sequences,
which are relatively large markers that have been thought
of as ideal for phylogenetic work and are certainly very
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Figure 1. Gene duplication and loss can introduce
incongruence between gene phylogenies and species
phylogenies. (@) With three genes (A—C) sampled from three
different species (1-3), the difference in topology between
the gene and species trees can be explained by one gene
duplication and three losses. The same approach also applies
where multiple genes are known from each species: (b)
shows a gene tree requiring one duplication and one loss.
Reconciled trees can be seen as representing the simplest
embedding of a gene phylogeny inside a given species
phylogeny.

commonly used. Figure 3 shows two recently published
phylogenies based on mitochondrial genome sequences,
showing the unusual relationships between major groups
of basal vertebrates typical of analyses based on these data.

Some of the errors in mitochondrial phylogenies have
been due to incorrect rooting of the gnathostome part of
the tree (Takezaki & Gojobori 1999), but other unusual
placements occur. These errors occur despite mitochon-
drial loci having increasingly good taxon sampling.
Explaining these erroneous results has become a major
concern in the literature, particularly because several stud-
ies show high bootstrap support for unusual relationships
(Zardoya & Meyer 1996; Naylor & Brown 1997), which
some have taken at face value as providing strong evidence
for these relationships. Other studies have sought to
explain the unorthodox relationships as artefacts due to a
low signal-to-noise ratio (Zardoya & Meyer 20015) and
wide differences in substitution rates between lineages
(Takezaki & Gojobori 1999), between classes of amino
acids (Naylor & Brown 1997) and between sites
(Takezaki & Gojobori 1999). Most authors agree that
phylogenetic results from recent analyses of whole mito-
chondrial genomes need to be confirmed with data from
nuclear genes (Curole & Kocher 1999; Takezaki &
Gojobori 1999; Zardoya & Meyer 20015).

We have used gene tree parsimony to reconstruct ver-
tebrate phylogeny based on a database of 118 vertebrate
gene families. These analyses demonstrate the utility of
reconciled trees in inferring phylogenies from gene family
data, supporting most of the conventional vertebrate phy-
logeny and adding to the evidence for some more contro-
versial relationships, such as a monophyletic cyclostome
clade of lampreys and hagfish.
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Figure 2. A traditional view of vertebrate phylogeny, based
on morphological and palaeontological data. Based on
Bishop & Friday (1988). The names of all genera included
in the gene tree analysis (see figure 4) are listed.

2. MATERIAL AND METHODS

The data used in this study are available from http://
darwin.zoology.gla.ac.uk/~jcotton/vertebrate_data. This includes
a complete list of the gene families used in this paper, with phy-
logenies and alignments for each, along with the GENETREE
input file for the analysis.

(a) Gene family phylogenies

We chose those representatives of the major vertebrate groups
present in the largest number of gene families in the HOVERGEN
(Duret et al. 1994) database. We assumed the monophyly of
genera, grouping genes from all species in a genus together.
Where no genus in a particular group was well represented, an
additional genus was used, so that data from both could help to
determine accurately the relationship of the larger group. Gen-
era included are listed in figure 2. Gene families sampling at
least five vertebrate classes were selected from HoVERGEN, with
additional families chosen if they provided evidence about the
relationships of those genera that were poorly sampled in the
initial selection. Outgroups for each gene family were found
using sequence similarity searches against a number of sequence
databases to identify related genes: either invertebrate ortholog-
ues or vertebrate paralogues. Due to the size of the dataset,
amino acid sequences were aligned in CLusTALW (Thompson ez
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Figure 3. Vertebrate phylogenies based on whole mitochondrial genome data. (¢) A maximum-likelihood tree from Zardoya &
Meyer (20015). Numbers on nodes are bootstrap percentages based on 100 pseudo-replications. Zardoya and Meyer do not
accept this tree of vertebrate relationships, but are unable to reconstruct a more reasonable phylogeny. (b)) The maximum-
likelihood tree from Rasmussen & Arnason (1999). Figures on branches are neighbour-joining (top) and maximum-parsimony
(middle) bootstrap values based on 100 replicates, and maximum-likelihood (bottom) support values from 1000 puzzle
replicates. Both trees were constructed using PuzzLe (Strimmer & von Haeseler 1996) and the mtREV-24 model.

al. 1994) using default parameters and neighbour-joining phy-
logenies constructed in CrusTaLW, including gapped positions
and using uncorrected distances. Alignments were also exam-
ined by eye to ensure that they were reasonably sensible, and so
that small sequence fragments that might reduce alignment
quality and be difficult to place phylogenetically were removed.
Several gene families were excluded at this stage and some large
gene families split into subsets. This rapid approach was chosen
to allow our methods to be scaled up to much larger amounts
of data. It is important to note that many gene families only
contained sequences from a few species and that some pairs of
genera never co-occurred in the same gene family.

(b) Gene tree parsimony

The species phylogeny minimizing the total number of dupli-
cations on the gene family trees was found using GENETREE
(Page 1998), constrained to consider only trees supporting the
monophyly of the two genera each of lampreys, hagfish, lungfish
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and rays. Fifty heuristic searches were performed from random
starting trees, with the ‘steepest ascent’ option and using alter-
nate nearest-neighbour interchange and subtree pruning and
regrafting branch swapping (Page & Charleston 19975). The
same analysis, but minimizing the total numbers of duplications
and losses, was also performed. Note that because each of the
gene family trees is rooted, the species tree found by this pro-
cedure is also a rooted tree.

(c) Confidence in species tree nodes

Current implementations of reconciled trees have lacked any
method to take account of uncertainty in gene family trees and
express confidence levels in the reconciled species tree (Page &
Cotton 2000). To calculate support values on nodes, 100
pseudoreplicate alignments were generated for each gene family
using the bootstrap (Felsenstein 1985) and phylogenies for each
replicate constructed exactly as described above. The species
tree minimizing the number of gene duplications was then found
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Figure 4. Phylogenies of vertebrates reconstructed using gene tree parsimony on a set of 118 nuclear genes. Alternate bands of
shading and non-shading identify traditional higher taxonomic groups of vertebrates. (a) The strict consensus of three most
parsimonious trees, each requiring 1380 gene duplications to fit the gene family trees. (b)) The majority-rule consensus of 100
bootstrap replicates as described in § 2c. Figures on nodes are bootstrap percentages from this analysis.

for successive trees from the bootstrap profile of each gene fam-
ily, producing 100 species trees. Each search was performed
from a single random starting tree, using the same options as
the main gene tree parsimony analysis but only finding a single
shortest tree for each replicate. Support values analogous to
standard bootstrap values could then be calculated for nodes in
the species tree.

3. RESULTS

The results of our gene tree parsimony analysis are
shown in figure 4. Fifty heuristic searches found the same
island of three equally parsimonious shortest trees 19
times. Figure 4 also shows the majority rule consensus tree
of the 100 species trees from gene tree parsimony analysis
of the bootstrap profile of gene trees. Our phylogenies dif-
fer very little from traditional views of vertebrate relation-
ships. Relationships within the major terminal groups are
reconstructed identically to recent phylogenetic analyses
for the teleosts (Nelson 1994) and chondrichthyes
(Maisey 1984). Interestingly, we get very good support for
the three-taxon relationship between Mus, Bos and Homo,
agreeing with the largest study of mammalian phylogeny
(Liu er al. 2001) but disagreeing with a recent molecular
study (Murphy ez al. 2001). There is ongoing difficulty in
resolving many ordinal-level relationships within the pla-
cental mammals (Waddell ez al. 1999).

There are two main competing hypotheses about the
relationship between hagfish, lampreys and the higher,

Proc. R. Soc. Lond. B (2002)

jawed vertebrates or gnathostomes. Our analysis very
strongly supports a close relationship of hagfish and lam-
preys, with these groups together forming a sister clade
to the gnathostomes, called the cyclostomes. The other
popular alternative unites lampreys and vertebrates as a
‘Vertebrata’ group, which together with the hagfish forms
the ‘Craniata’. Traditional classifications included the
cyclostome group, but the first cladistic studies of the
group led to a new view of the group (Levtrup 1977;
Janvier 1981) and eventually to a consensus among mor-
phologists supporting the alternative Vertebrata group
(Forey & Janvier 1993; Janvier 1996). By contrast, mol-
ecular phylogenies have consistently supported a cyclos-
tome group, with evidence from 18S and 28S rRNA
molecules (Stock & Whitt 1992; Mallatt & Sullivan 1998)
and a number of nuclear loci (Kuraku ez al. 1999). Evi-
dence from mitochondrial genomes has been somewhat
equivocal: a maximum-likelihood analysis of the hagfish
mitochondrial genome sequence (Rasmussen ez al. 1998)
supported the lamprey and gnathostome clade, and a sub-
sequent analysis (Delarbre er al. 2000) found that the pos-
ition of the hagfish depended on the method of analysis
used. Recent evidence from additional sequence data
strongly supports cylcostome monophyly (Delarbre ez al.
2002). There is also some other molecular evidence sup-
porting a lamprey and gnathostome clade (Suzuki ez al.
1995; Gursoy et al. 2000; Page 2000), but our results
show that nuclear gene loci strongly support a cyclostome
clade, adding weight to a recent morphological re-
evaluation of basal vertebrate relationships (Mallatt 1997).
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Another area of considerable debate is the relationship
between lungfish, coelacanths and the tetrapods. The tra-
ditional taxonomy placed the fossil coelacanths as the clos-
est relative of tetrapods, uniting them in the paraphyletic
group Crossopterygii along with a number of other fossil
taxa, but the discovery of the extant coelacanth Latimeria
revealed many untetrapod-like features (Forey 1988),
casting doubt on how conclusive the morphological data
really are (Janvier 1998). We find the coelacanths as clos-
est relatives to the tetrapods, but bootstrap support below
50% shows that this node is essentially unresolved. Evi-
dence from mitochondrial genome sequences has been
ambiguous, depending on the phylogenetic method used
(Zardoya & Meyer 1997) and often misplacing both lung-
fish and tetrapods completely (see figure 3a,b).

Finally, we have an unusual result for the phylogeny
of the reptiles (taken to include the birds). The bulk of
morphological and palaeontological evidence groups alli-
gators and birds with the extinct dinosaurs as the archo-
sauria, with lizards forming the sister group to this clade
and turtles most basal. This has been challenged by data
placing turtles as the sister group to the lepidosaurs
(Rieppel & deBraga 1996) and molecular data, which
seem unanimously to place turtles as relatives of archo-
saurs (Hedges & Poling 1999; Rieppel 2000). A number
of recent reviews (Rieppel 2000; Zardoya & Meyer 2001 a)
have concluded that relationships within the reptiles are
still uncertain. The results of our analysis are unconven-
tional in placing turtles as the closest relative of birds, but
add to the molecular evidence placing turtles within
crown-group diapsids.

4. DISCUSSION

The gene tree parsimony method makes a number of
assumptions about the process of gene duplication that
may be important in this context. First, the correct infer-
ence of gene duplications and losses on a gene tree
requires that the gene tree be known without error. This
is a potentially important problem that has been widely
recognized (Page 2000; Page & Cotton 2000) which we
have dealt with by using a bootstrap profile of trees for
each gene family.

We also make some assumptions about the process of
gene duplication, as the number of duplications and losses
is assumed to be the minimum required to fit the gene
tree into the species tree. If duplications and losses are
frequent, there may be lineages that originated in a dupli-
cation event and were then lost, leaving no trace in extant
genomes. These numbers could thus be a significant
underestimate of the true number of duplication and loss
events, but should not introduce any systematic bias in
the optimal species tree.

Another important issue is that failure to sample (where
a gene has simply not been sequenced from an organism)
is conflated with gene loss (where the gene is actually
deleted from the genome). This has no effect on the opti-
mal species tree under a duplication-only criterion, but
could lead to artefacts under the duplication and loss cri-
terion, where species can cluster on the basis of this failure
to sample (Page & Charleston 1997a; Page 2000). We
would advise against duplication and loss as an optimality
criterion in data where this problem is likely to be very
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significant; although in fact the optimal species tree under
the duplication and loss criterion for our data differs little
from the minimum-duplications tree, placing Latimeria as
sister taxon to an amphibian clade at the base of the tetra-
pods and grouping Trachemys with Alligator rather than
Gallus.

Finally, our method assumes that gene duplication and
gene loss are the only processes introducing disparity
between gene and species trees. Gene duplications have
clearly been important in vertebrates, as shown by the
existence of many complex gene families in vertebrate gen-
omes (Page 2000), but we cannot rule out that other pro-
cesses might introduce incongruence between gene and
species trees. The frequency with which genes will fail to
coalesce between speciation events (deep coalescence) will
depend on both the effective size of the population in
which the alleles are present and the time between specia-
tions. If we imagine the width of branches to be effective
population size, long, thin branches should show few, if
any, failures to coalesce, while short, fat branches should
show many failures to coalesce (Pamilo & Nei 1988). We
have no information about effective population sizes, but
all of the branches on our phylogeny are very long in
population genetics terms: molecular clock divergence
dates indicate that the split between Homo and Bos is prob-
ably ca. 92 Myr ago, and that between birds and croco-
dilians ca. 222 Myr ago (Kumar & Hedges 1998). There
are very few reliable reports of horizontal gene transfer in
eukaryotes (Syvanen 1994), so we can rule out any large-
scale effect from horizontal transfer in our dataset.

Any study attempting to infer species phylogenies from
gene phylogenies of multiple loci needs to take into
account the potential problem of paralogy. As large-scale
sequencing projects produce genomic sequence data from
an increasing number of taxa, we believe that the issues
discussed in this paper will become of increasing impor-
tance to systematists and that reconciled tree methods will
become more widely used. Gene tree parsimony is fast
enough to scale-up to analysis of whole genomes and even
whole genetic databases, raising the possibility of effective
automated phylogenetic reconstructions from molecular
data (Page & Cotton 2000).

5. CONCLUSION

We have shown that reconciled trees can successfully
reconstruct phylogeny in the presence of a mixture of
orthologous and paralogous genes. In contrast to evidence
from mitochondrial sequences, our results largely agree
with traditional views on vertebrate phylogeny, but add
new evidence to support some controversial ideas, such as
a monophyletic cyclostome group. The techniques
described in this paper should scale-up to genome-scale
comparisons, so we hope that this success will encourage
systematists struggling to reconstruct credible phylogenies
from the vast amounts of genomic data that is now
accumulating (Brown 1996).

This work was supported by the NERC, the Wolfson Foun-
dation and the EMBO. We thank Mike Charleston, Trevor
Cotton, Martyn Kennedy, Gavin Naylor and the late Joe Slow-
inski for constructive comments on various versions of this
manuscript.
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