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■ Abstract With the advent of high-throughput DNA sequencing and whole-
genome analysis, it has become clear that the coding portions of the genome are
organized hierarchically in gene families and superfamilies. Because the hierarchy
of genes, like that of living organisms, reflects an ancient and continuing process of
gene duplication and divergence, many of the conceptual and analytical tools used in
phylogenetic systematics can and should be used in comparative genomics. Phyloge-
netic principles and techniques for assessing homology, inferring relationships among
genes, and reconstructing evolutionary events provide a powerful way to interpret the
ever increasing body of sequence data. In this review, we outline the application of
phylogenetic approaches to comparative genomics, beginning with the inference of
phylogeny and the assessment of gene orthology and paralogy. We also show how the
phylogenetic approach makes possible novel kinds of comparative analysis, including
detection of domain shuffling and lateral gene transfer, reconstruction of the evolution-
ary diversification of gene families, tracing of evolutionary change in protein function
at the amino acid level, and prediction of structure-function relationships. A marriage
of the principles of phylogenetic systematics with the copious data generated by ge-
nomics promises unprecedented insights into the nature of biological organization and
the historical processes that created it.

A PHYLOGENETIC APPROACH TO GENE FAMILIES

Burgeoning DNA sequence data have made clear that the coding portions
of the genome are organized hierarchically into families and superfamilies. (Tradi-
tionally, a gene family has been defined as a group of genes all of whose members
have>50% pairwise amino acid similarity, and a superfamily as an alignable
group of genes with similarity below this threshold (48); in this review, we use
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the term “gene family” to encompass both types of groups.) Of the genes in the
bacteriumEscherichia coli, >50% are members of identified gene families (63),
and the proportion of gene family members in eukaryotes may be in the same range
or even higher (16, 108). The hierarchy of genes, like the nested organization of
living organisms, has been produced primarily by processes of lineage splitting
(gene duplication) and divergence (48, 89), so the concepts and analytical tools
used in phylogenetic systematics are also applicable for reconstructing the evo-
lutionary relationships among genes in genomes. Just as these techniques allow
the overwhelming diversity of taxa in nature to be systematized into a concise and
historically meaningful conceptual framework, they represent a powerful way to
organize and interpret the ever-increasing body of gene sequence data.

Comparative biological analysis can be carried out only in the context of a
phylogeny (49, 85). A sound classification of gene family relationships is therefore
a prerequisite for virtually all types of inference about the evolution of genes
and the proteins for which they code. With a reliable gene phylogeny in hand,
we can predict the structure and function of uncharacterized proteins, infer the
mechanisms by which new genes appeared and took on novel functions, reconstruct
the biochemical pathways and gene complements of ancestral organisms, analyze
coevolutionary relationships and dynamics among proteins, and understand links
between genomic change and morphological innovation (63, 64).

Despite the power of phylogenetics for comparative analysis, a clear under-
standing of its principles has been lacking from most studies of genomes and gene
families. Our purpose in this review is to present phylogenetic principles and tech-
niques as they can be applied to issues in comparative genomics and to highlight
concerns about several widely used approaches that conflict with these principles.
We cannot hope to present all of the voluminous literature on gene family evolution
and comparative genomics; instead, we cite those works that we believe exemplify
the opportunities and hazards of the various modes of inference that are available to
researchers in the field. In this section, we review the fundamentals, strengths, and
weaknesses of the major approaches to tree building and evolutionary inference.

Parsimony

The goal of the phylogenetic approach to gene families is to recover the nested
hierarchy of relationships among genes and test hypotheses about the evolutionary
process, based on the hierarchical distribution of amino acid or nucleotide char-
acters in DNA or protein sequences. Although phylogenetic methods—cladistic
parsimony in particular—have not been dominant in the field of gene family studies
and comparative genomics (but see 2, 17, 47, 92, 93, 104, 114, 124), their advan-
tages vis-`a-vis the more popular similarity-based (phenetic) approach are com-
pelling. Since the 1980s, biological systematists have widely accepted the superi-
ority of phylogenetic to phenetic methods, for both theoretical and practical reasons
(29, 30, 58, 119); today, virtually no systematist would classify taxa by quantitative
measures of pairwise similarity. The new field of comparative genomics should,
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in our view, take account of the conceptual foundations, practical experience, and
technical tools developed by systematics researchers over the last several decades.

The central assumption of phylogenetic systematics is no less valid for genes in
a superfamily than it is for species in a genus: If genes have evolved by duplication
and divergence from common ancestors, the genes will exist in a nested hierarchy
of relatedness, and these relations will be manifest in a hierarchical distribution
of shared derived characters (synapomorphies) in the gene sequences (30, 52). On
this theoretical foundation, the most parsimonious gene family tree—the one with
the fewest parallel and reverse character changes—is the phylogenetic hypothesis
that best explains the distribution of shared character states as the result of common
inheritance.

Parsimony methods can be computationally demanding. To find the most par-
simonious tree, the number of amino acid or nucleotide changes required by every
possible topology must be calculated. As the number of genes or taxa (T) in the
analysis increases, the number of possible unrooted trees increases in faster-than-
exponential fashion, according to the formulaN(T) = ∑T

i−3(2i − 5) (33). With
just 10 genes, the number of trees is∼2 million, and it exceeds 8 trillion with
15 genes, so exhaustive searches are not possible for most gene families. Very
efficient heuristic strategies have been developed, however, to evaluate huge num-
bers of topologies and explore tree space without becoming trapped in nonoptimal
“islands” (88, 118). These algorithms, along with fast computers, have made par-
simony analyses of hundreds of genes tractable, with reasonable confidence that
the most parsimonious tree has been found (101, 113).

The major concern about parsimony methods is that they can be unreliable
when applied to certain combinations of grossly unequal branch lengths. Sequences
that have diverged greatly from each other, due to rapid evolutionary rates or very
long periods of time, can become saturated with changes, resulting in similarity
at some portion of sites by chance alone. When two sequences at the end of
such “long branches” are combined with other sequences that are not saturated,
shared character states produced by saturation may cause the first two sequences to
group together, even if they are not closely related (32, 51). To avoid this problem,
care must be taken to avoid anciently diverged sequences or characters that have
not been subject to strong selection (such as third positions of protein-coding
DNA sequences), to break up long branches with denser taxon sampling, and
to use amino acid characters—which are less saturable than nucleotides—when
long-branch attraction might be a concern. With the exception of this generally
correctable problem, parsimony methods provide a phylogenetic technique that
can be applied in a wide variety of circumstances with a minimum of assumptions.

Phenetics

Fundamentally different from the parsimony framework are phenetic approaches,
which classify genes or proteins based on a single quantitative measure of pairwise
similarity. These metrics represent the observed or corrected fraction of amino
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acids or nucleotides that are identical between two aligned sequences. Trees are
constructed by assuming that more similar genes shared a common ancestor more
recently than less similar genes.

Methods of this type, such as the neighbor-joining, unweighted-pair-group
(UPGMA), minimum-evolution, and Fitch-Margoliash techniques, have been
dominant in studies of gene family phylogeny to date (examples include 4, 7–9,
11, 16, 18, 70, 106). Reliance on phenetic methods has become particularly acute
as whole-genome sequences have become available: numerous computationally
sophisticated informatics techniques, all based on phenetic criteria, have been im-
plemented with the stated goal of recovering evolutionary and functional relation-
ships among genes in genomes (16, 54, 64, 83). For example, the influential clusters
of orthologous groups (COG) method for establishing gene orthology (121) and
several recent proposals to predict protein function and interactions from whole-
genome sequences (26, 76, 77, 97) all rely on pairwise similarity scores found in
Basic Local Alignment Search Tool (BLAST; National Center for Biotechnology
Information, Bethesda, MD) searches or other intergenomic comparisons.

Phenetic comparisons have the advantage of computational efficiency. Most
such methods are algorithms for constructing a single tree rather than evaluating
a large ensemble of possible topologies, using an optimality criterion, so they can
rapidly produce a similarity-based tree from very large numbers of sequences. This
is an important advantage when very large numbers of genes are being evaluated,
as is often the case in comparative genomics.

But there are conditions under which phenetic approaches to tree building fail
to recover evolutionary relationships, and these occur with some frequency in
the evolution of gene families. Ohno’s model of gene duplication predicts that
new genes diverge rapidly after their duplication because of the relaxed selec-
tion pressures caused by functional redundancy (assuming that a higher “dose”
of the gene product gives no selective advantage); if the copy takes on a new
function, evolutionary rates are then expected to slow considerably as new selec-
tive constraints are imposed (89). An alternative model—the subfunctionalization
hypothesis—proposes that, after duplication of a gene with multiple functions,
both of the resulting paralogs diverge in sequence until the capacities of the ances-
tral gene product are gradually allocated between its descendants, at which time
selection constrains further sequence change (39). Both views are consistent with
the extreme sequence divergence of nonfunctional pseudogenes, the intermediate
degree of divergence among paralogous genes with different functions, and the low
divergence among orthologous sequences that have identical functions (74, 125).
Whenever either of these processes holds, the following distance-based approaches
will be inappropriate for gene family reconstruction:

1. UPGMA- and BLAST-based methods assume that divergence rates are
identical in all lineages, which is often not the case in gene family
evolution. For example, actin genes have evolved much more quickly in
certain sea urchin lineages than in other taxa (61), and divergence rates
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among paralogs in the nuclear receptor superfamily vary substantially
(69, 124). When rates are variable, these methods will yield inaccurate
phylogenies (74).

2. The pairwise similarity scores on which all phenetic techniques rely
include not only phylogenetically informative synapomorphies but also
shared ancestral characters (symplesiomorphies) and unique derived ones
(autapomorphies). As a result, distances between closely related
fast-evolving sequences—recently diverged paralogs, for instance—will be
inflated by autapomorphies, and these methods will fail to recover these
relationships. In turn, they will cluster slowly evolving sequences (such as
anciently diverged orthologs with a conserved function) together, even
when they are distantly related, because such sequences retain
symplesiomorphies that reduce the pairwise distance between them
(Figure 1; see color insert).

3. The neighbor-joining technique for tree construction and the
minimum-evolution and Fitch-Margoliash methods for tree evaluation are
less subject to distortion by unequal rates. They can recover evolutionary
relationships, however, only when pairwise distances between genes are
additive—that is, when distances between any pair of sequences are equal
to the sum of the distances on the branches that connect them to their
common ancestor. This assumption is often violated when sequences are
subject to multiple changes at the same amino acid or nucleotide site.
There are methods to correct for multiple changes, but they are not reliable
when the frequency of multiple hits varies among sites or is higher in some
lineages than in others (48). In gene families in which paralogs diverge at
different rates, multiple hits are more likely in some genes than in others.
Multiple hits are also more likely on the deep internal branches of a tree
immediately after gene duplication events, when new paralogs explore
sequence space more freely than they do after selection constrains their
new or allocated functions more narrowly. And in any coding sequence,
multiple hits are more likely at sites that are not critical to conserved
aspects of function than at those subject to stronger selective constraints.

4. All phenetic methods require that distances between sequences be
accurately calculated, a condition that can be difficult to satisfy when the
differences between sequences are very large, sequences are short, or
divergence rates vary substantially among sites in the sequence (74). All of
these problems can occur in gene family reconstruction. Distances are
often great, reflecting the fact that paralogous genes in many gene families
have diverged considerably since their duplication hundreds of millions of
years ago. These paralogs often contain only relatively short regions that
are conserved enough to allow multiple alignment, making distance
calculations subject to considerable error. And, as noted above, rates often
vary considerably among positions in functional proteins.
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Figure 1 Cladistic and phenetic reconstructions of a gene family phylogeny.A. Evolution-
ary scenario of gene duplications (marked withdark circles) and cladogenesis (unmarked
nodes) that generates a hypothetical gene family. Each group of colored branches leads to
a group of similar orthologs.B. Species tree for the process inA. C. Gene phylogeny for
the same process, correctly inferred by using the parsimony criterion.D. UPGMA tree for
the process inA, assuming no homoplasy and 10-fold–higher rates of sequence change on
branches on which gene duplications lead to new paralogous genes (marked with horizontal
bars on the phylogeny inC) than on branches leading to conserved orthologs. This tree does
not accurately represent evolutionary relationships.
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For all of these reasons, pairwise distance methods cannot be relied on to
accurately reconstruct evolutionary relationships among gene family members.
Even under conditions that do not violate the assumptions of phenetic techniques,
parsimony has two additional advantages over phenetics. First, distance methods
collapse character information into a single quantitative measure of similarity.
By preserving the information in individual amino acid or nucleic acid states,
parsimony methods make possible a detailed examination of the processes by
which molecular characters evolved and brought about novel aspects of protein
function. Second, phenetic methods have a tendency to create a false sense of
certainty. If the data in fact offer equal support to a number of topologies, those
distance methods that are algorithms for tree construction rather than evaluation
(neighbor joining and UPGMA in particular) will present just one phylogeny as
the “true” tree. In contrast, the cladistic approach evaluates many trees by using
the parsimony criterion, and it allows the degree of support for any phylogenetic
hypothesis to be evaluated relative to others. When several topologies are equally
supported, all can be presented as most parsimonious trees, avoiding the arbitrary
resolution of phenetic methods.

Maximum Likelihood

Maximum likelihood (ML) is a third method for phylogenetic inference, the advan-
tages and disadvantages of which continue to be debated (56, 109). This technique
(34; reviewed in 82) selects the tree that, given an explicit model of sequence evo-
lution, is most likely to have generated the sequence data observed. ML is useful
because it is not subject to long-branch attraction, and it can take advantage of
any generalizable knowledge about the patterns and dynamics of sequence evo-
lution (119). ML algorithms are considerably more computationally demanding
than even parsimony analyses, so reasonably thorough heuristic searches for the
ML tree may become intractable before the number of orthologs and paralogs nec-
essary for most gene family analyses is reached. Eventually, as computer speeds
continue to increase, this limitation is likely to be overcome.

The reliability of ML methods depends on the realism of the evolutionary
model; the tree that maximizes the likelihood of the data under an incorrect model
of sequence evolution will not necessarily be the ML tree under a different and more
accurate set of assumptions. Models of amino acid and codon evolution are not as
well developed or validated as those for noncoding nucleotide sequences, and none
adequately account for the nonindependence of sites in a protein or the fact that the
probability of change from one type of amino acid to another is likely to be different
and not necessarily predictable at different sites in the protein (see 82). Indeed,
there are fundamental questions about whether any system that models protein
evolution as a site-by-site probabilistic process can ever adequately capture the
patterns produced when complex and nonlinear selection pressures act on three-
dimensional protein conformations in ways that vary among sites and lineages.
For example, the transformation frequencies that characterize the probability of
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change from one amino acid to another are likely to be different at various sites in
the protein, depending on whether side-chain volume, hydrophobicity, electrostatic
potential, or ability to form disulfide bonds is the primary selective parameter at
that site. Furthermore, the transformation frequencies at any one amino acid site
are likely to be different for each paralog in a family, if paralogs bind to different
ligands or cofactors, or if they display slight differences in folding that bring
different residues into contact with each other (e.g. 120).

The degree to which likelihood methods are robust to these violations of their
models’ assumptions is unknown. The reliability of ML for reconstruction of rela-
tionships among coding sequences—particularly those in gene families—is thus
currently in question, and cladistic parsimony remains for now the most useful and
theoretically sound approach to inferring gene family phylogenies. As we discuss
below, however, once a phylogeny is generated by using parsimony, the statistical
nature of ML makes it a useful method for testing specific evolutionary hypothe-
ses, such as those concerning dates of gene duplications or rates of sequence diver-
gence (102).

HOMOLOGY, PARALOGY, AND ORTHOLOGY

Homology vs Similarity

Homology is the central concept in comparative and evolutionary biology (85).
Meaningful biological comparisons must contrapose entities that are different ver-
sions of the same thing, and it is precisely this form of sameness that the term
homology is intended to capture. Since Darwin, whether characteristics of organ-
isms are “versions of the same thing” has been a matter of evolutionary history.

In the classic phylogenetic definition, homology means “derived from an equiv-
alent characteristic of the common ancestor” (78). The vertebrae of mice and teleost
fish are homologs because the two structures descended consistently from the
vertebrae of their common ancestor>400 million years ago. Homology is the op-
posite of analogy, which describes the relationship among features that are similar
because of convergent or parallel evolution rather than common descent: the wings
of birds and of bats are analogous, because their common ancestor had no wings.
Characters can therefore be similar without being homologous, and they can be
homologous without being identical.

In 1987, an eminent group of biologists pointed out a fundamental difference
between homology and similarity (100): sequences can be more or less similar,
but homology is a strictly either-or proposition. Thus, if proteins X and Y have
identical amino acids at 30 out of 40 aligned sites, we can say that they are 75%
similar, but it is meaningless to say that they are 75% homologous. While most
journals in systematics and evolutionary biology now attempt to maintain the
correct terminology, our survey of three major molecular biology journals—Cell,
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Development, and theEMBO Journal—for the most recent year indicates that this
improper conflation of homology and pairwise percent similarity continues to be
used in∼50% of papers in which gene sequences are compared.

Homology says absolutely nothing about similarity of function. Unrelated pro-
teins have been shown to converge to serve identical functions—a phenomenon
called nonorthologous gene displacement—demonstrating that functional similar-
ity can be analogous rather than homologous (62). Conversely, phylogenetically
homologous proteins can diverge to serve subtly or grossly different purposes in
different organisms, as is the case with the FtzF1-alpha gene product that regu-
lates embryonic segmentation inDrosophila melanogaster, and its similar ortholog
SF-1, which controls the expression of steroidogenic enzymes in vertebrates (124).

Orthologs and Paralogs

For sequence data, there are two major kinds of homology (96). Fitch defined
orthologs as genes in different genomes that have been created by the splitting of
taxonomic lineages, and paralogs as genes in the same genome created by gene
duplication events (36). In the hypothetical case of Figure 1c, gene A in taxon 3
and gene A in taxon 4 are orthologs, whereas genes 4C and 4D are paralogs.
These categories are analogous to the terms true homology and serial homology
in morphological systematics, where the former refers to the same structure in
two different organisms and the latter refers to structures within one individual
that evolved by repetition of a single feature in an ancestral organism, such as
segments, vertebrae, or limbs (96).

Distinguishing orthologous from paralogous genes is central to comparative
genomics. It is only orthologs that can be said to be versions of the same gene in
two different organisms, and mistaking a paralog for an ortholog is to follow a red
herring in the genome. Indeed, the fundamental activity of comparative genomics
is to track the presence, structural characteristics, function, and map position of
orthologs in multiple genomes. Orthology identification must be accurate for these
types of inference to be reliable.

There are fundamental problems with the ways that orthologs are currently
identified in comparative genomics, which almost always involve finding the most
similar pairs of genes between genomes based on pairwise similarity (16, 62, 63)
The COG approach, for example, considers gene X from species 1 and gene Y
from species 2 to be orthologs if X has a higher percentage of similarity to Y than
to any other gene from species 2 and vice versa. Consider the relationship of 3C
and 4C in Figure 1c. The COG framework would call these two genes orthologs,
based on their close and unsurpassed sequence similarity. But homology is by
definition a phylogenetic relationship, not a phenetic one. In a phylogenetic sense,
4C is no more closely related to 3C than 4D is; 4C and 4D are equally orthologous
to 3C, as reflected in the common ancestry of 3C with 4C and with 4D at the same
node on the tree. This problem affects the orthology not only of recent paralogs
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but also of ancestral genes. In the COG framework, gene A in the stem species 1
would be considered an ortholog of the other As in the tree and a paralog of all
other members of the gene family. In fact, 1A is equally related phylogenetically
to every other member of the gene family in the analysis. This ambiguity remains
unresolved no matter how similar the sequence of 1A is to the other As or how
different it is from all the Bs, Cs, and Ds on the tree.

Orthology as defined in most comparative genomic frameworks is thus an in-
appropriately phenetic concept. Choosing the one most similar gene out of several
phylogenetic orthologs is not unreasonable to make functional predictions; if gene
4C is very similar in sequence to gene 3C, but its paralog 4D (which is equally
orthologous to 3C) has diverged considerably, then it is likely that 4C and 3C
share a conserved function (63, 99, 121). But for reasoning about the evolution-
ary process, orthology based on phenetic similarity will lead to false conclusions,
because other unrecognized orthologs may be lurking elsewhere in the genome.
Phenetic orthology, for example, has been the foundation of most comparative
mapping exercises (15, 84), but there is no reason that the conserved member of a
duplicated pair—rather than the more divergent one—must occupy the same map
position as the ancestral gene. Similarly, the presence of phenetic orthologs in pairs
of distantly related organisms and their absence from more closely related ones
has been used to infer lateral gene transfer among taxonomic lineages (6, 86), but
the presence of unrecognized orthologs has the potential to explain these patterns
without invoking horizontal transfer. In addition, reports that attempt to reconstruct
the minimal protein sets of ancestral organisms based on the presence or absence
of phenetic orthologs in descendant species (62, 66) will omit true members of
that set whenever less similar orthologs are not recognized. Genes that do not form
monophyletic groups of orthologs but are closest to each other in a phenetic sense
should be called phenologs, not orthologs, and phenology should not be mistaken
for true orthology in the evolutionary sense.

Homology as Hypothesis

In a phylogenetic context, a statement that two features or genes are homologous is
not an observed fact but a hypothesis about the evolution of characters, which must
be evaluated in the context of a phylogenetic tree (1, 96, 100, 122). The process
of assessing homology for morphological features has multiple stages (12, 20).
First, a hypothesis of homology (a primary homology statement) is formulated
based on such criteria as topographical location on the organism and similarity of
the character state. Second, information from all available characters is used to
infer a phylogeny and evaluate whether the character is analogous or homologous
(a secondary homology statement). This second stage requires more taxa (or genes)
and characters than the ones being evaluated for homology, because the test of the
homology hypothesis is based on the congruence of this feature with a body of other
phylogenetically informative characters. At minimum, we require the two taxa or
sequences that contain the character being evaluated, an outgroup to polarize the
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Figure 2 Homology assessment must include more characters and taxa than those being
tested. By definition, the hypothesis that stateA for character number 1 (red) is homologous
in speciesA andB (blue) implies that the common ancestor ofA andB (blue circle) had
stateA. Testing this hypothesis requires enough taxa to support the reconstruction that the
ancestor did not have stateAunder at least some combinations of character states and enough
characters to resolve the phylogeny of these taxa. Each tree shows the most parsimonious
phylogeny for the data given, with the most parsimonious reconstruction of state changes
for character 1. Gain of the stateA is represented as afilled boxand losses asopen boxes.
TreesA andB show that the outcome of homology assessment for character 1 in species
A andB depends on the state of that character in other taxa. TreesB andC show that the
outcome depends on the phylogeny inferred from all available characters.

characters, and two intervening taxa to determine whether the common ancestor
had the feature in question (Figure 2, see color insert).

Even if the primary homology statement is corroborated by this test, the sec-
ondary homology statement remains a testable and potentially refutable hypoth-
esis, not a fact. Data on the same character in other taxa may later establish that
the common ancestor did not have the shared feature. Alternatively, additional
character data could revise the topology of the tree, which could have the same
effect. The more taxa used in the analysis, the stronger the test. A phylogeny with
only birds, bats, frogs, and fish would suggest—very weakly—that the wings of
birds and bats are homologous. But adding a larger number of intervening taxa,
such as other mammals, crocodiles, and dinosaurs, would strongly refute that
hypothesis.

In the context of molecular sequences, the first step in assessing homology
is sequence alignment. This procedure establishes the topographical identity of
individual nucleotide or amino acid sites. The similarity of nucleotide or amino
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acid characters at aligned sites is then examined, and a primary-homology state-
ment can be made. Whether identical character states at any site in a sequence
are homologous or analogous is then tested on a phylogeny, which must be in-
ferred using all available sites and sequences (12). As in morphological homology
assessment, the more extensive the taxon sampling, the more decisive the test (1).

In comparative genomics, we are interested not only in the homology of indi-
vidual amino acids or nucleotides within a sequence but also in whether the genes
themselves are homologous and, if so, whether they are orthologs or paralogs. That
is, we are interested in the genes not as vessels or lineages that contain evolving
molecular characters but in the presence or absence of the genes as characters within
genomes. Evaluating the orthology and paralogy of genes in this sense requires a
slightly different two-stage procedure. The first step again consists of alignment as
a prerequisite to phylogenetic inference. Given the vast number of combinations
of nucleotides or amino acids in sequences with>10–20 sites, the ability to align
sequences at all is a priori evidence that the sequences descended from a common
ancestral gene. The second stage—assessment of the type of homology—requires
identifying whether two related genes are descended from a gene duplication event
or the splitting of taxonomic lineages. As in the tracing of molecular characters,
such an assessment can be made only by using a phylogeny that represents the re-
lationship of the two genes in the context of other paralogously and orthologously
related sequences in the same family. As we detail below, orthology and paralogy
are judged by the congruence of the relationships among genes in a gene family
with the expected relationship based on a well-corroborated phylogeny of the taxa
that carry them.

Orthology statements based on similarity alone without a phylogenetic
analysis—such as COGs—should therefore be seen as primary hypotheses of
orthology and no more. They are hypotheses to be explored further, but until they
have been phylogenetically tested they remain without empirical support and are
likely to yield incomplete and sometimes erroneous representations of homology
relationships. As we have seen, orthology statements from COGs may be inaccu-
rate due to the ambiguities of phenetic algorithms; they may also incorrectly assign
a gene to an orthology group if the true ortholog in that species has been lost during
evolution (121). Both of these problems will be revealed when the hypothesis of
orthology is examined in the context of a gene family phylogeny, allowing false
or incomplete orthology statements to be refuted or refined.

Several research groups have attempted to develop methods to identify genes
as paralogs based on the three-dimensional structure of their products, even when
their sequences are too divergent to be aligned (54, 81). But homology can never
be established based on a single character; if sequences cannot be aligned, there
are no other data on which to infer a phylogeny, and there is no way to test the hy-
pothesis that similarity is due to homology rather than analogy. Assertions of gene
orthology or paralogy based on protein structure alone are thus not only untested
but thoroughly untestable statements with no possibility of empirical support.
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BUILDING GENE FAMILY TREES

Techniques for analyzing gene family relationships with parsimony are almost
identical to those used for inferring taxonomic relationships from gene sequences.
First, the sequences to be analyzed must be selected. In principle, nucleotide or
amino acid sequences—or both (2)—may be used; in practice, amino acids are
more often analyzed, because their signal-to-noise ratio is usually more appropriate
for analyzing gene families that diversified hundreds of millions of years ago.
Members of a given gene family in the published databases can be obtained by using
BLAST searches (3); the position-specific iterated BLAST approach, available
on-line from the National Center for Biotechnology Information, is particularly
useful for finding distantly related members of a family that may be missed by
single-pass similarity searches (available on-line at www.ncbi.nlm.nih.gov). For
large, well-studied gene families there are often hundreds of sequences available;
to use all would be extremely demanding of time and computer resources. In these
cases, it is necessary to use only some of the many orthologous sequences, and
selection should be made to ensure broad taxonomic sampling. When orthologs
are highly conserved among closely related species, as in many gene families, little
phylogenetic information is lost by choosing sequences from just one species in a
taxonomic order (e.g. rodents, primates, cichlids, etc).

Sequences must then be aligned to produce a data matrix. Numerous meth-
ods and programs for sequence alignment are available; the most theoretically
justifiable are those that perform multiple alignments in a phylogenetic context,
such as Clustal (123), or the parsimony-based TreeAlign (50) or Malign (127). All
alignment methods should be used with attention to the sensitivity of alignments
to user-specified gap-change ratios and other parameters. Paralogous groups of
genes in a family often significantly diverge from each other, and the alignment of
less constrained regions often varies with the parameters. One technique to avoid
the arbitrary selection of one of many plausible alignments is the “cull” proce-
dure, in which alignment-ambiguous positions are removed (41). These sites often
contain useful phylogenetic information, so their omission may reduce phyloge-
netic resolution and/or support. To avoid this problem, the “elision” procedure can
be used to assemble numerous plausible alignments in a master data matrix—an
approach that effectively gives higher weight to alignment-consistent positions
without losing the information present in alignment-ambiguous sites (126).

Phylogenetic analysis of the aligned sequences proceeds as it does with
organismal phylogeny. The diversity of most gene families usually requires heuris-
tic search strategies, such as those available in Phylogenetic Analysis Using
Parsimony [PAUP* (118)], to seek the most parsimonious tree(s) (MPT). Con-
fidence in the phylogenetic relationships represented in the MPT can be evalu-
ated by calculating Bremer supports, which express the relative character support
for each node as the number of extra steps required for each node not to ap-
pear in the MPT (10). Bremer supports can be calculated automatically using
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Auto-Decay (27). Bootstrapping—the assembly of a new data matrix that is the
same size as the original by randomly sampling sequence positions from the orig-
inal matrix, with replacement—is also frequently used to assess confidence in a
phylogeny (35). Because this approach in essence measures the effect of random
weighting of characters, it reveals only the degree to which phylogenetic signal
is uniformly distributed throughout the data set, not statistical confidence in the
MPT’s nodes or the extent to which the data support that tree. In gene families, it is
not uncommon for many sequence sites to be completely conserved and others to
be highly diverged, with only a portion of sites exhibiting the intermediate degree
of variability that makes them phylogenetically informative. Further, the sites that
are informative at deep levels of the tree are often different from those that support
resolution nearer the tips. High bootstrap values for many nodes in a gene family
tree are thus not expected, even when there is substantial support for the MPT.
(For other problems with bootstrapping as a measure of confidence, see 103.)

INTERPRETING TREE TOPOLOGY

Embedded Trees

A gene family phylogeny is less straightforward to interpret than an organismal
tree. An accurate tree tracks recency of common ancestry among sequences in a
gene family, but splitting and divergence of gene lineages can be caused either by
duplication of genes within a genome (producing paralogs) or by the splitting of
the taxonomic lineage that carries those genes (producing orthologs). When a gene
family tree includes sequences from taxa whose most recent common ancestors
existed before some but not all of the duplication events that produced the paralogs
in the family, then orthologs and paralogs will be interleaved on the phylogeny in
a complex pattern that hierarchically reflects the order in which gene duplication
and cladogenetic events occurred.

Consider the example shown in Figure 1. The evolutionary process depicted
in Figure 1a will yield the species tree in Figure 1b and the gene phylogeny in
Figure 1c, if sequences are available for all relevant genes from all the taxa used
in this analysis. Each branch of the tree that diverges from a node representing
a gene duplication contains a replica of that part of the taxonomic tree produced
by cladogenic events that occurred after the gene duplication. If all of the gene
duplication events happened before any of the taxa on the tree diverged from each
other, then each branch leading to a group of orthologs will contain the entire
species tree. If some duplications occurred before and some after the relevant
cladogenic events, then subtrees of various sizes, one for each paralog, will be
arranged in nested fashion in the gene tree (Figure 1c). This master phylogeny
of species trees within paralog trees is analogous to other kinds of trees in which
lineages duplicate at more than one level, such as biogeographic area cladograms
and phylogenies of parasites from multiple host taxa (92).
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Figure 3 Inferring gene duplications and losses from a gene family tree.A. Gene duplications
must be inferred at nodes where the gene tree is incompatible with the species tree (red circles).
B. Gene duplications can be inferred even when some sequences are lost or missing.C. Reconciled
tree for gene tree inB, with hypothetical branches leading to lost or missing sequences shown
in blue.

Gene Duplication and Loss

Comparison of the inferred gene tree to a well-supported taxonomic phylogeny
allows gene duplication events to be inferred and roughly dated. As Figure 3a
(see color insert) shows, a gene duplication must be postulated at the base of
any clade that contains a lineage whose branching order is incompatible with the
taxonomic phylogeny. The location of the duplication event on the gene tree gives
a lower bound of its age, because the duplication must have occurred prior to the
divergence of all the lineages represented within that clade on the gene family
tree. For example, Figure 3a suggests that the duplication labeledx—the event
that created the paralogous gene groups A and B (and ultimately C too)—occurred
prior to the taxonomic divergence of the lineage that contains species 2 from that
containing species 3 and 4. Using this approach, it has been shown that a large
number of gene families—including theHmg/Soxgenes, the nuclear receptors,Wnt
genes, and several families of growth factors and their receptors—have diversified
in two major phases. One wave of gene duplication occurred early in the metazoan
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lineage, before the divergence of protostomes and deuterostomes, and another took
place in the chordate lineage, before or during the early emergence of vertebrates
(18, 25, 87, 90, 110, 111, 115, 124).

This kind of reasoning can be used even when gene sequences are not included
in an analysis because they have been lost or have not been sequenced, as shown
in Figure 3b. If sequences for genes 2A, 3C, and 4B are all missing, it is still nec-
essary to postulate that duplicationx occurred before the divergence of these three
species, because the subtree ((2,3),4) is incompatible with the given taxonomic tree
(1,(2,(3,4))). This conclusion is possible despite the fact that no species is known
to possess all three paralogs in its genome, as is required to infer a gene duplication
by phenetic approaches.

Losses or incomplete sampling can be inferred in an analogous way. Once the
appropriate duplications are postulated in Figure 3b, for instance, it is possible to
construct a “reconciled tree” (47, 93, 95) that resolves conflict between the species
tree and the gene tree by including hypothetical branches for sequences that must
have been lost or are not yet discovered. The reconciled tree (Figure 3c) makes it
clear that 2A, 3C, and 4B must exist, either as unsequenced genes or unrecognizable
pseudogenes. The visual reasoning that is facilitated by a reconciled tree can be
formalized in the following rule: each branch that diverges from a gene duplication
nodei must lead immediately to another nodej that contains one or more genes
from all taxa descended from the taxonomic ancestor in which the gene duplication
occurred. If it does not, then an intervening branch that leads to the lost gene or
genes must be added betweeni and j .

Using the reconciled tree, it is also possible to predict which gene family mem-
bers are likely to be found in species whose genomes have not yet been com-
pletely sequenced, providing guidance to laboratory work; given a speciesy that
is known to contain genez, all species that share a common ancestor withy more
recently than the gene duplication that led to the appearance ofz will also contain
z (or, for gene losses, a pseudogene ofz). Thus, for example, the discovery in
theD. melanogastergenome of an estrogen-related receptor, previously known to
exist only in vertebrates, implies that all protostomes and deuterostomes will also
possess the gene, except for those descended from organisms in which the gene
has been lost.

These rules for inferring gene duplication and loss have been automated in
the programs Component (91) and GeneTree (94). These tools reconstruct the
most parsimonious hypothesis of the process of gene creation and loss, given
a gene family phylogeny and a species tree. If either the gene phylogeny or
the taxonomic tree is weakly supported, interpretation may be more ambiguous,
requiring the investigator to weigh the parsimony criterion for inferring gene losses
against the parsimony criterion by which the gene tree and species tree were con-
structed. For example, the alignable portions of genes in the steroid receptor family
are so conserved that the taxonomic relationships of some orthologs within and
among mammalian orders are unorthodox and have very low Bremer supports
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(125). Rather than to postulate gene losses each time an anomaly like this occurs,
it may be preferable to interpret the topology of the gene tree at these nodes as
inaccurate. This approach can be formalized by choosing a ratio that expresses
the cost of a gene loss relative to an amino acid character change and then, us-
ing the method of Goodman et al (47), to choose the reconciled tree that mini-
mizes the weighted sum of amino acid changes and gene losses. Although deter-
mining the proper value for this relative weight is ultimately a subjective and
somewhat arbitrary choice (37), this procedure ensures consistency and allows the
sensitivity of evolutionary reconstructions to the weight chosen for gene losses
versus parallel or reverse sequence changes to be analyzed. Ultimately, this prob-
lem is seldom of great consequence. In most gene family phylogenies, the nodes
that are interesting from an evolutionary perspective—those that reveal the timing
of gene duplications and the relations among paralogs—are generally at relatively
deep taxonomic levels; unexpected relationships near the tips of the gene tree—
such as in the relationships among orthologs within the same taxonomic class or
order—have no effect on the evaluation of most hypotheses about gene family
evolution.

Inferring Ancestral Gene Sets

Once the series of gene duplication and loss events has been inferred from a gene
family phylogeny, it is possible to infer what genes in the family were present in
ancestral organisms at any specified level. Repeated for many or all gene families in
the genome, it becomes possible to reconstruct a minimal version of the complete
gene set of ancestral organisms, such as the ancestor of eukaryotes and archaea
or the last common cellular ancestor of all three major domains in the tree of
life.

Several comparative genomic studies have attempted to reconstruct ancestral
gene ensembles by listing the presence and absence of orthologs in the genomes
of descendant taxa and taking the intersection of these sets (62, 66). This ap-
proach, however, can be compromised by the loss of genes in some lineages or
by nonorthologous gene displacement. As a result, the intersection of the sets of
descendants’ genes will underestimate the ensemble of genes or functional capac-
ities that the common ancestor truly had.

A better way to approach this problem is to view genes as evolving characters
in the hierarchical context implied by phylogeny. Methods for reconstructing the
characteristics of hypothetical ancestral taxa on a phylogeny are well developed,
have been automated in PAUP* and MacClade (75), and can be used to infer the
presence or absence of genes in the genome of an ancestor (Figure 4). Consider
for example the implications of the presence in archaea but not eukarya of sim-
ilar orthologs of many bacterial genes, despite the currently accepted phylogeny
(bacteria, (archaea, eukarya)) (6, 86, 98). The intersection-of-lists approach would
conclude that these genes were absent from the common ancestor of all three
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Figure 4 Inferring the presence or absence of genes in the genomes of ancestral organ-
isms. The tree shows the most parsimonious reconstruction for the presence/absence of
three hypothetical genes in the ancestors of the major domains of life (character states in
parentheses), given the phylogeny shown. State changes for gene 1 are mapped on the tree.
When genes are lost in some lineages, the intersection of the gene sets of descendant or-
ganisms (∩) will underestimate the gene set of their last common ancestors. For gene 1, it
is more parsimonious to infer a single gene loss in the eukaryotic lineage (open box) than
to invoke two independent gains or a lateral gene transfer.

domains and were therefore gained independently in bacteria and archaea. It is
more parsimonious to infer that these genes were present in the common ancestor
and were then lost in the eukaryotes. A hierarchical understanding of the inher-
itance of orthologs as characters also suggests a simple reason why some genes
are more similar between archaea and bacteria than between archaea and eukarya
(6, 86); many such genes may have been highly conserved from their ancestral
state in the archaeal and bacterial lineages and later diverged or were lost under
unique selection pressures in the eukaryotes.

The estimation of an ancestral gene set allows functional inferences to be made
about the integrated capacities of ancestral organisms. For example, the presence
or absence of genes that are critical to certain biochemical or regulatory pathways
implies whether the ancestor’s metabolic and physiological processes included
that pathway. Using this approach, for instance, Brown & Doolittle (13) have
argued that the last common ancestor to all contemporary cells synthesized transfer
RNA (tRNA)-glutamine complexes by charging tRNAs with glutamate and then
transamidating the glutamate to glutamine, although this reaction is not found in
contemporary eukaryotes, which charge tRNAs directly with glutamine.

Rooting

Drawing inferences about evolutionary history from a phylogeny requires that the
tree be properly rooted, which is not always straightforward in gene family analy-
ses. The only scenario in which empirical evidence would support the designation
of one gene family member as an outgroup would be if a stem taxon were re-
vealed to contain a single member of a gene family, thus designating this gene
as the “ancestor.” Except when whole genomes are available, the possibility that
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gene loss has occurred in other lineages ensures some ambiguity in rooting by
this method. There is another criterion, however, by which a tree may be rooted:
the degree to which it preserves the expected taxonomic structure within each
group of orthologs. Each of the possible rooted trees that can be derived from an
unrooted gene family tree disrupts the expected taxonomic subtrees within each
group of orthologs to a varying extent, and each thus requires a different number
of gene losses to be assumed. The rooted tree(s) that requires the fewest assumed
gene losses is the most parsimonious and therefore the preferred hypothesis of the
process of gene duplication and loss. This approach is an adaptation of a method
developed for rooting the deepest nodes in the tree of life, using duplicated genes,
such that the root is placed to preserve the expected structure among pairs of highly
conserved orthologous genes (14, 59, 67, 98).

Consider the example in Figure 5, which shows three of many ways of root-
ing an unrooted gene tree. The tree in Figure 5B requires no gene losses, that in
Figure 5C requires one loss, and that in Figure 5D requires four losses. Given the
sequence data and the taxonomic tree, then, the tree in Figure 5B is a slightly better
hypothesis than that in Figure 5C, and both are considerably better than that in
Figure 5D. To prefer a tree that is more parsimonious in terms of gene losses is
well justified when missing branches are caused by the actual loss of a gene; such a
tree offers the most complete explanation of the distribution of gene family mem-
bers in various species as the result of inheritance from common ancestors, with a
minimum of ad hoc hypotheses of additional gene duplications and losses. When
missing branches may be caused by incomplete sampling, however, the parsimony
criterion is less persuasive; to suggest that there may be unidentified gene family
members in the genome of a species that has not been thoroughly studied is not
a burdensome ad hoc hypothesis. Rooting may thus remain somewhat ambiguous
except in cases in which complete genomes have been sequenced or exhaustive
searches for gene family members have been conducted by polymerase chain
reaction and library screening. Like the ambiguity in inferring losses, however,
this problem is not an overwhelming one; even in the absence of an unambigu-
ous root, the two plausible trees in Figure 5B and Figure 5C are congruent at
all nodes but two, and they imply nearly identical evolutionary processes, dif-
fering only in the timing of the first gene duplication. Rooting may thus remain
incompletely determined without precluding a substantial degree of evolutionary
inference.

ANALYZING PROTEIN EVOLUTION
IN A PHYLOGENETIC CONTEXT

With a well-supported gene family phylogeny in hand, detailed analysis of the
mechanisms and dynamics of gene and protein evolution can begin. Numerous
methods are available to reconstruct at the molecular level the series of events by
which gene families diversified and took on specific functions.
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Figure 5 Inferring the root of a gene tree by minimizing ad hoc hypotheses of gene losses.
A. Unrooted gene family tree.B–D. Gene trees rooted on branches labeled inA. Gene losses
that must be hypothesized are marked withdark boxes; labels show the taxa in which the
gene has been lost. TreeB is the most parsimoniously rooted tree.

Genome Mapping and Mechanisms of Gene Proliferation

Gene duplication can occur by tandem duplication (due to replication slippage
or unequal recombination), duplications of whole genomes or large parts thereof,
transposition of DNA sequences, or retrotransposition of RNA transcripts. When
genomic information is available to specify the chromosomal location of genes in
a superfamily, these mechanisms leave unique traces in the genome (see 128, for
example).
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Where tandem duplication has created paralogs, closely related gene family
members will be tightly linked on a single chromosome. Large-scale duplications,
such as those caused by polyploidization, result in gene family members that are
scattered in the genome, and each descendant of such an event will be linked to
members of the other gene families that have been duplicated in the same event. For
example, the existence of one cluster of linked homeobox genes in amphioxus, four
in mammals, and as many as seven in teleosts has led to the suggestion that there
were two genome-wide duplications early in the vertebrate lineage and another
after ray-finned fish diverged from the lobe-finned lineage that led to tetrapods
(53, 79, 80). But the increase in copies of a single gene cluster could be the result
of local rather than global DNA duplications. More suggestive evidence for the
hypothesis of two successive genome duplications in the vertebrate lineage comes
from the existence of numerous “tetralogous” gene groups—linked assemblages of
members of several gene families that are repeated three or four times throughout
the genomes of humans and mice (45, 116, but see 112). The number of genes
in such groups, however, provides only weak evidence in favor of the hypothesis
of serial genome duplication, which predicts specific phylogenetic relationships
among paralogs. Gene trees with the topology ((A,B,),(C,D)) would support this
hypothesis, but any other set of relations will refute it. Preliminary analysis of
several families of developmentally important genes suggests that the phylogeny
predicted by the genome duplication hypothesis seldom occurs (57).

Gene family members created by retrotransposition can be detected by the lack
of introns in their sequences. TheCDY gene on the human Y chromosome, for
instance, appears to be an integrated retrosequence derived early in the primate lin-
eage from the messenger RNA transcribed from an autosomal, intron-containing
gene calledCDYL(68). Fragmented or intact retroelements may also be detectable
in positions up- and downstream from genes that have been inserted by retro-
transposition (43). DNA transpositions have none of these characteristics, but the
presence of conserved terminal sequences of mobile genetic elements in regions
flanking the genes would provide evidence of such a process.

Domain Shuffling and Lateral Gene Transfer

New gene family members can also be created by “horizontal transfer” of genetic
information between more ancient paralogous genes. Many proteins, particularly
those in recognizable gene families, are composed of domains—discrete structural
units with specific and often autonomous functions. Domain shuffling, which can
occur by transposition of gene fragments or nonhomologous recombination, is
thought to have been a major mechanism in the evolution of new proteins (22, 23).
Domain shuffling in the history of a gene family can be examined by analyzing
separately the phylogeny of protein domains. If some members of a family have
been created as evolutionary chimeras by the shuffling of domains from more an-
cient members, the phylogenies of the domains will be incongruent, with chimeric
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Figure 6 Lateral gene transfer and concerted evolution cause distinct patterns of phylo-
genetic incongruence.A. Hypothetical gene family phylogeny without lateral gene transfer
or concerted evolution.B. Inferred gene phylogeny from the same process but with lateral
gene transfer of gene D from taxon 4 to taxon 2.C. Inferred gene phylogeny from the same
process but with concerted evolution in species 2 and 4.Blueandred circlesmark nodes
that are incongruent with the phylogeny inA due to lateral gene transfer and concerted
evolution, respectively.

proteins grouping with one set of orthologs in the phylogeny inferred from the
sequence of one domain and with another set in the tree from the other domain.

Incongruence will also occur with lateral gene transfer from one organism to
another, but in this case the relevant partition of the data set is not between domains
but between genes or groups of genes. The incongruence will place transferred
genes at nodes that are incongruent with the tree expected based on vertical descent
(Figure 6, see color insert). On this basis, several reports have argued that there has
been massive transfer of genes involved in energy metabolism between archaea and
thermophilic eubacteria (60, 86) and between gram-negative bacteria and eukarya
(101).

Incongruence alone is extremely weak evidence of horizontal transfer. Some
incongruence is expected simply as a chance result of partitioning of a data set into
parts, because the effect of noise on topology is greater in smaller data sets than
large ones. Hypotheses of domain shuffling or lateral gene transfer must therefore
be tested to ascertain whether the observed incongruence among domains is greater
than would be expected by chance alone. The incongruence length difference
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(ILD) test of Farris and colleagues (31) provides a parsimony-based nonparametric
statistical test of incongruence between two data subsets. It computes the number
of extra steps imposed by analyzing the subsets together as compared with their
separate analysis, and it compares this degree of incongruence to that observed for
a large number of random partitions in the same data set. Significant incongruence
in the ILD test cannot be explained by random, nondirected noise (homoplasy)
in the sequence; it provides evidence of a substantially conflicting phylogenetic
signal between domains or genes.

One limit of Farris’ test is that it examines the entire tree at once; significant
global incongruence can be present if a single gene has been created by domain
shuffling or transferred horizontally, so it would be useful to know which nodes
contribute to the overall incongruence. The local incongruence length difference
(LILD) test applies the ILD technique to each clade in a tree, allowing the incongru-
ence at each node to be quantified and its statistical significance to be tested (124).
Other methods developed to assess recombination between alleles (reviewed in 19)
can be adapted for assessing the horizontal transfer of information between pairs of
genes in a family. For example, Huelsenbeck & Bull’s test compares the likelihood
of a tree without recombination to that of a tree in which recombination—or in
this case domain shuffling or lateral transfer—occurred (55).

All of these tests assume a priori knowledge of where gene sequences should be
divided into subsets whose phylogenies can be separately inferred. The partition
between domains can be based on a priori structural and functional data about the
gene structure. Protein domains are identified biochemically with deletion experi-
ments or the creation of chimeric proteins, and they are often separated from each
other by introns or more variable coding regions, justifying the placement of an-
alytical partitions between them. Alternatively, potential partitions can be derived
from the sequence data itself. Crandall & Templeton (19) have reviewed several
methods for locating recombination sites, including a phylogenetic approach based
on a statistical test of the linear distribution of diagnostic characters in the sequence.
With this method, the characters that support a node with potential incongruence
caused by domain shuffling are plotted along the length of the sequence, as are
those that support alternative topologies. If domain shuffling occurred, the char-
acters supporting the node are expected to be contiguous, with a discrete point in
the linear sequence at which support for an alternative phylogeny begins to domi-
nate. The probability that the observed clustering of synapomorphies for each tree
could have arisen by chance can be calculated by reference to the hypergeometric
distribution of clustering that would be expected by chance alone. One caveat with
these methods is that the statistical power of the LILD and other tests for evaluating
incongruence becomes weaker as the domains evaluated become shorter.

Concerted Evolution

Unlike domain shuffling, which serves as a mechanism for rapid creation of new
proteins, concerted evolution tends to homogenize paralogs within a genome
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(24, 104). Concerted evolution can be caused by unequal recombination, gene
conversion, or replication slippage. It has been important in some gene families—
particularly those, like the ribosomal RNAs, that occur in tandem arrays and
cause dosage repetition, a selective advantage to the organism conferred by having
additional copies of a gene (reviewed in 48). Gene conversion appears to be much
less frequent in families of transcription factors and other regulatory proteins,
which seldom occur in tandem and for which dosage repetition is of little selec-
tive value. One study of gene families in theCaenorhabditis elegansgenome, for
instance, found evidence of concerted evolution for only 2% of genes (108), and
there is no evidence of concerted evolution in the steroid receptor family (125).

Concerted evolution will create specific forms of incongruence between gene
family trees and taxonomic trees (Figure 6). If pairs or groups of paralogous genes
from a single genome cluster together—particularly when the same pattern is re-
peated for the same genes in several taxa—concerted evolution may be the cause.
The same pattern, however, could be caused by independent duplication of the same
gene late in each lineage. This ambiguity can be resolved by a detailed examina-
tion of homogeneity in different regions of the gene. The known mechanisms
of concerted evolution affect DNA segments of relatively short length; outside
these homogenized stretches, the sequences of family members should remain
unhomogenized. In contrast, genes that are similar within a genome due to recent
duplications should be relatively homogeneous along their entire lengths (24).
Sawyer provides a technique to identify local gene conversion events in nucleotide
sequences (105). Clades at which concerted evolution may have occurred are
identified on the tree as those that unite genes from a single genome. Sites that are
synonymous (do not affect the protein sequence) and contain the same nucleotide
in the two candidate genes and a different one in the closest outgroup sequence may
have been homogenized by concerted evolution; the clustering of such sites in con-
tiguous regions of the gene is evidence for gene conversion rather than homoplasy.
Semple & Wolfe (108) have adapted a statistical method that was originally used to
identify potential recombination sites for testing whether the observed contiguity
of homogenized sites is significantly greater than expected by chance alone.

Sequence Divergence and the Evolution of Function

The ultimate goal of gene family studies is an understanding of how duplicated
genes have taken on novel biochemical and organismal functions. Domain shuffling
aside, it remains a mystery how the undirected process of mutation, combined with
natural selection, has resulted in the creation of thousands of new proteins with
extraordinarily diverse and well-optimized functions. This problem is particularly
acute for tightly integrated molecular systems that consist of many interacting
parts, such as ligands, receptors, and the downstream regulatory factors with which
they interact. In these systems, it is not clear how a new function for any protein
might be selected for unless the other members of the complex are already present,
creating a molecular version of the ancient evolutionary riddle of the chicken and
the egg. Detailed studies of gene family evolution promise to shed some light on
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the process by which changes at the genetic level have led to the diversification of
function for members of such integrated molecular systems.

To understand the evolution of structure-function relationships, we must first
independently reconstruct the evolution of structure and of function. Phylogenetic
methods for tracing the evolution of characters on cladograms and reconstructing
ancestral sequences make it possible to infer the evolutionary history by which
various aspects of protein function—catalytic activity, spatial and temporal reg-
ulation of expression, or affinity for a certain type of substrate, ligand, response
element, or cofactor—have been gained, lost, or transformed on each branch of the
gene tree. In particular, we can ask whether such functions evolved consistently
on a phylogeny (were created once and conserved thereafter in all descendants) or
whether they evolved in parallel, by convergence, or with reversals/loss in some
lineages (5, 28, 69, 115, 124). When functions have evolved consistently, it is also
possible to infer the functional characteristics of hypothetical ancestral proteins,
even at the deepest nodes near the root of a gene family tree. Applying this ap-
proach to a tree of the tRNA family, for example, Fitch & Upper corroborated the
hypothesis that the genetic code evolved by a progressive reduction in ambiguity
and a gradual increase in specificity of association between smaller and smaller
classes of codons and amino acids (38).

The same techniques can be used to trace the evolution of the primary structure
of proteins on a cladogram. One useful strategy is to identify specific amino acids
that “diagnose” a clade of proteins, particularly a group whose members share
an important functional characteristic. These synapomorphic amino acids are ex-
pected to include those that are required for the function that appeared on the
same branch. Genetic and biochemical studies of structure-function relations have
found that many of these phylogenetically diagnostic amino acids are indeed es-
sential to function, validating this technique for the prediction of structure-function
relationships (125).

Ancestral sequences can also be reconstructed by using ML methods on a tree
inferred by parsimony or ML. Yokoyama & Radlwimmer (129), for example, used
an ML algorithm to reconstruct the sequences of ancestral red-green opsin proteins
and predict the color sensitivity of those sequences based on empirical evidence
of the effect of specific amino acids at critical sites. They showed that mammalian
color vision has evolved from an ancestral green-sensitive opsin, with rampant
parallelism and reversal at both the sequence and functional levels.

Once the evolution of its individual components has been traced on a gene
tree, the evolution of structure-function relationships can be analyzed. In partic-
ular, correlations in the evolution of structure and of function can be located on
the cladogram, and the evolutionary sequence of mutations that led to the ap-
pearance of protein clades with unique functions can be inferred. In some cases,
specific amino acid changes can be associated with the emergence of specific
functions (65, 129). Ultimately, with a densely sampled gene family phylogeny, it
should be possible to characterize the dynamics of the evolutionary relationship
between primary structure and specific aspects of protein function. Of particu-
lar interest is the extent to which functional changes take place gradually due to
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accumulated mutations at individual sites (46) or whether they are emergent prop-
erties of complex combinations of sequence changes.

The role of selection in gene family evolution can be investigated by estimat-
ing relative and absolute rates of sequence divergence for different branches in
the gene family tree. If the rate of mutation is more or less constant, then dif-
ferences in divergence rates should indicate the strength of selection acting on
any branch in the tree. Comparing the rates at which two paralogs have diverged
since the same cladogenetic events suggests the relative importance of selection
on each paralog, indicating whether some proteins in a family have been more
constrained by selection than others (61, 69, 125). Absolute rates of divergence
among orthologs can be calibrated with cladogenesis dates inferred from the fossil
record (42). If taxa have been sampled densely enough, it should be possible to
test the hypothesis that paralogs have evolved faster immediately after duplication
events, followed by a slowing of sequence divergence thereafter (73). Likelihood
tests have also been developed that provide a more computationally sophisticated
means for characterizing divergence rates (102).

Finally, a gene family phylogeny can be compared to the phylogeny of other
gene families with which its members interact at the molecular level to under-
stand the coevolution of interacting proteins. Fryxell has examined the evolution
of peptide hormones, growth factors, and cytokines with their receptors, using
a comparative phylogenetic approach (40). These interacting gene families have
diversified in a coordinated fashion, so that newly duplicated receptors gain affin-
ity for newly duplicated ligands (see also the study of fibroblast growth factors
and their receptors in 18). According to this model, simultaneous diversification
of interacting protein families creates the conditions under which a duplicated
receptor can take on a novel role and avoid the otherwise likely fate of transfor-
mation into a pseudogene. But some other gene families do not seem to follow
this pattern; phylogenies of the transforming growth factor-β growth factors, their
receptors, and the intracellular Smad proteins that transduce their signals are in-
congruent (87). This finding suggests that interacting proteins diversified indepen-
dently, a scenario that is consistent with the subfunctionalization hypothesis (39)
but not coevolution.

Gene Family Evolution and Organismal Novelty

Some investigators have examined phylogenetic correlations between the timing
of gene duplication events and major evolutionary changes in developmental and
physiological programs. For example, the extreme diversification in the arthropod
lineage of the cytochrome p450 superfamily of enzymes for oxidative detoxifica-
tion appears to have occurred at about the same time that arthropods began to feed
on land plants, with their wide variety of deterrent and poisonous compounds (72).

More ambitiously, numerous investigators have proposed that the expansion
of Hox genes, growth factors, or nuclear receptors early in the chordate or ver-
tebrate lineage caused or enabled the increased morphological and regulatory
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complexity of the crown vertebrates (8, 18, 28, 44, 53, 107, 111). Of course, a phy-
logenetic correlation between the expansion of a gene family and the appearance
of new organismal features does not in itself imply causality, especially because
genome-wide duplications would have led to the simultaneous expansion of many
gene families. Recent findings in gene family evolution argue against such grand
causal links between genetic and morphological evolution. First is the discovery
of large numbers ofHox clusters in fish and priapulids, neither of which is by
any clear measure more physiologically complex than tetrapods, which have con-
siderably fewerHox genes (21, 80). Second, many gene families appear to have
undergone their major expansions before the divergence of sponges from the eu-
metazoan line (90, 117), refuting the hypotheses that gene family diversification
was directly and causally linked to the Cambrian explosion (44, 111), in which
the diversity and complexity of animal body plans are thought to have suddenly
increased.

TOWARD A SAMPLING OF GENOMIC BIODIVERSITY

The age of high-throughput sequencing promises to revolutionize gene family stud-
ies and to make phylogenetic techniques and principles indispensable for genome
analysis. The availability of complete gene sequences will allow researchers to
“see” the absence of a protein from a genome, removing a major source of ambi-
guity in the interpretation of gene family phylogenies. For a representative picture
of protein evolution, however, it will be necessary to have genomic sequence data
from more than the handful of organisms now being sequenced (71). These or-
ganisms have been chosen for their biomedical or agricultural importance or their
utility as model organisms for genetic and developmental analysis. But genomes
from flies, worms, mice, zebrafish, yeasts, and arabodopsis on one hand—and corn,
cotton, cows, trypanosomes, and humans on the other—are ultimately inadequate
to inform rigorous inference about gene family evolution.

The complete genomes of all of the millions of species in nature will not
be sequenced in the foreseeable future. But it is not unreasonable to hope that
the choice of organisms to be studied in depth will be informed by phyloge-
netic relationships. From the perspective of evolutionary inference, the greatest
gains will come by obtaining sequences from highly informative stem taxa—
sister lineages to groups of major biological interest, such as vertebrates, chor-
dates, bilaterians, and metazoa. For example, the additional taxa that are critical
for metazoan comparative genomics are not more rodents, more primates, more
teleosts, or more nematodes but the far less glamorous lamprey, hagfish, am-
phioxus, tunicates, echinoderms, cnidarians, sponges, and choanaflagellates. No
matter what taxa become the focus of future sequencing projects, however, this
much is clear: as the genomic data come pouring in, the best way to make sense
of them—at conceptual, functional, and historical levels—is to begin with phylo-
genetics.
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Figure 1 Cladistic and phenetic reconstructions of a gene family phylogeny. A. Evolution-
ary scenario of gene duplications (marked withdark circles) and cladogenesis (unmarked
nodes) that generates a hypothetical gene family. Each group of colored branches leads
to a group of similar orthologs. B. Species tree for the process in A. C. Gene phylogeny
for the same process, correctly inferred by using the parsimony criterion. D. UPGMA
tree for the process in A, assuming no homoplasy and 10-fold-higher rates of sequence
change on branches on which gene duplications lead to new paralogous genes (hashed on
the phylogeny in C) than on branches leading to conserved orthologs. This tree does not
accurately represent evolutionary relationships.
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Figure 2 Homology assessment must include more characters and taxa than those being
tested. By definition, the hypothesis that state A for character number 1 (red) is homologous
in species A and B (blue) implies that the common ancestor of A and B (blue circle) had
state A. Testing this hypothesis requires enough taxa to support the reconstruction that the
ancestor did not have state A under at least some combinations of character states and enough
characters to resolve the phylogeny of these taxa. Each tree shows the most parsimonious
phylogeny for the data given, with the most parsimonious reconstruction of state changes
for character 1. Gain of the state A is represented as afilled boxand losses asopen boxes.
Trees A and B show that the outcome of homology assessment for character 1 in species
A and B depends on the state of that character in other taxa. Trees C and D show that the
outcome depends on the phylogeny inferred from all available characters.
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Figure 3 Inferring gene duplications and losses from a gene family tree. A. Gene duplications
must be inferred at nodes where the gene tree is incompatible with the species tree (red circles). B.
Gene duplications can be inferred even when some sequences are lost or missing. C. Reconciled
tree for gene tree in B, with hypothetical branches leading to lost or missing sequences shown in
blue.
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Figure 5 Inferring the root of a gene tree by minimizing ad hoc hypotheses of gene losses. A.
Unrooted gene family tree. B–D. Gene trees rooted on branches labeled in A. Gene losses that
must be hypothesized are marked withdark boxes; labels show the taxa in which the gene has
been lost. Tree B is the most parsimoniously rooted tree.
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Figure 6 Lateral gene transfer and concerted evolution cause distinct patterns of phylogenetic
incongruence. A. Hypothetical gene family phylogeny without lateral gene transfer or concerted
evolution. B. Inferred gene phylogeny from the same process but with lateral gene transfer of
gene D from taxon 4 to taxon 2. C. Inferred gene phylogeny from the same process but with
concerted evolution in species 2 and 4.Blueandred circlesmark nodes that are incongruent with
the phylogeny in A due to lateral gene transfer and concerted evolution, respectively.


