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Advances in sequencing technology and the resulting deluge of
molecular sequence data have provided vast opportunities to study the
evolution of gene and protein families together with the phylogenetic
relations of the species harboring them. Each family of homologous
sequences can provide hundreds or thousands of characters, that is, all
homologous sites making up a sequence alignment, that are a potential
source of valuable information for phylogenetic tree reconstruction.
Moreover, molecular sequences have other advantages over, say,
morphological characters. Among these, is a natural, unambiguous
definition of “evolutionary distance”, which allows estimating the
amount of evolutionary divergence of sequences, represented in
phylograms. This precise definition of evolutionary distance stimulated
the development over the last 35 years of evolutionary models that
provide means to estimate evolutionary relations and to develop
theories on how molecular sequences evolve, connecting phylogenetics
to evolutionary biology [1-5].

The evolution of molecular sequences is most often analyzed
based on a multiple sequence alignment that identifies across a set
of homologous sequences all homologous positions (sites), each
represented by a column in the alignment. An alignment is treated as a
collection of independent “characters” (alignment positions) with four
possible states in the case of nucleic acid sites and twenty states in the
case of protein sites. Base mutations or amino acid substitutions are the
elementary evolutionary events and evolutionary distanceis defined as
the number of elementary substitution events that occurred during the
time of divergence of two homologous characters, irrespective of the
direction of time. The evolutionary distance between two sequences of
aligned positions is simply the average of these counts over all positions,
i.e., a normalized count of elementary substitution events. As long as
it can be assumed that all characters followed the same evolutionary
path (i.e., no differential later gene transfer and recombination among
genes), it is irrelevant to the analysis whether two characters (sites)
belong to the same gene (protein) or to different concatenated genes
(proteins). In a phylogenetic tree, the length d of a branch separating
two sequences represented at its end points represents the estimate of
their evolutionary distance. If this estimate is based on the multiple
alignment of n positions, nd estimates the total integer number of
substitution events that occurred during the evolutionary divergence
of the two sequences. Thus, by definition evolutionary distances are
additive, and the evolutionary distance (number of substitution events)
between sequences connected through multiple branches is the sum of
the evolutionary distances (substitution events) represented by each
branch, i.e. the sum of their lengths (patristic distances). The problem
of inferring evolutionary trees is essentially the problem of estimating
counts of substitution events.

In molecular phylogenetics evolutionary distances are not only
unambiguously defined but can also be estimated given a measurable
phenotypic distance between sequences, the sequence dissimilarity.
Furthermore, we notice that phenotypic distance between sequences
is also defined using elementary evolutionary events (substitutions),
as the most parsimonious evolutionary distance between sequences
(the p-distance), i.e., the minimum number of elementary evolutionary
operations needed to transform one sequence into the other. To estimate
the number of substitutions that actually occurred in evolutionary
history, a model of sequence evolution is needed to predict the effect

of evolutionary distance on phenotypic distance. Probabilistic methods
based on transition-rate matrices have been developed to capture the
effect of the randomness of the mutational process and of short-term
selection on long-term evolution. Although different models of how the
evolutionary process depends on site and on amino acid or nucleotide
type produce different inferences on the relation between evolutionary
distance and phenotypic distance (dissimilarity), all models result in
similar general properties of this relation (Figure 1A): evolutionary
distance is described by an increasing convex function of phenotypic
distance, with slope 1.0 at phenotypic distance p=0.0, and tending
to infinity as phenotypic distance approaches an asymptotic value
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Figure 1A: In describing homologous-sequence evolution, point mutations
(substitutions) accumulate generating increasing dissimilarity between
sequences. The most parsimonious estimate of how many substitutions have
accumulated (evolutionary distance) is called the p-distance, and coincides with
the phenotypic distance (sequence dissimilarity). Probabilistic models (e.g.,
green and black curves) predict that the p-distance (red line) underestimates
evolutionary distance. Different models generate different estimates of
evolutionary distance and predict that sequence dissimilarity converges to
different asymptotic values as evolutionary distance tends to infinity. LG is the
relation between evolutionary distance and sequence dissimilarity predicted
by the amino acid substitution model of Le and Gascuel [5]. CAT represents a
possible outcome of a model with position-dependent equilibrium frequencies
[41.

Figure 1B: In genome evolution phenotypic distance can also be defined by the
most parsimonious (minimum) distance between genome arrangements, here
normalized by the diameter of the set of distances, i.e., the maximum distance
between two elements of that set (see text). As evolutionary distance tends
to infinity the expected phenotypic distance between genome arrangements
converges asymptotically to values corresponding to the average of the
phenotypic distances between random permutations. Different choices of
possible elementary permutation operations X (e.g., X,, X,) correspond to
different asymptotic behavior of phenotypic distance (see text).
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corresponding to the expected dissimilarity of unrelated sequences.
Three regions in the domain of phenotypic distance can be described
(Figure 2). The first region, the “parsimony zone”, corresponds to
incipient evolutionary differentiation, when evolutionary distance can
be predicted with sufficient accuracy by phenotypic distance, hence
using a parsimonious estimate. A second region, the “probabilistic
zone’, corresponds to stochastic accumulation of multiple substitutions
and result in significant increasing under-estimation of evolutionary
distance by phenotypic (parsimonious) distance. The third region,
the “mutational saturation zone”, includes the interval of phenotypic
distances that do not differ significantly from asymptotic expectations.
When the observed phenotypic distance does not significantly differ
from this upper limit, evolutionary distance can only be inferred to be
above a minimum value and there ismutational saturation between the
two sequences.

The same conceptual framework can be applied to describe
the evolution of other types of characters, for example to describe
the evolution of the arrangement of genes in genomes. “Global
mutations” such as transpositions, reversals, duplications, deletions,
and combinations of these, have been used to describe genome
evolution, dating back to the work of Dobzhansky and Sturtevant
[6]. See also the work of Palmer and Herbon [7] on the importance
of such genome scrambling in the mitochondrial genomes in
cabbage and turnip. The principle of parsimony is often advocated
in the analysis of genome evolution [8,9]. However, as in the case of
sequence evolution, parsimonious evolution of genome structure
is difficult to justify beyond the case of incipient evolution. Indeed,
the assumption of parsimony can be shown to lead to contradicting
results even in simple cases of genome rearrangement as, for example,
illustrated by the evolution of herpes virus genomes (Figure 3). As
in molecular-sequence analysis, probabilistic approaches describing
the evolution of genome rearrangements have also been proposed
[10-13]. Following the framework outlined for molecular sequences,
“evolutionary distance” between genome rearrangements can also be
defined based on some natural set of elementary evolutionary events
(e.g., transpositions, reversals, interchanges, and their variations),
defining how a gene or a block of genes can be rearranged in a
genome. Furthermore, based on the same set of operations, the
“phenotypic distance” between genome arrangements can be defined
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Figure 2: Regions of phenotypic distance corresponding to different estimates
of evolutionary distance. R: “Parsimony zone”, region where evolutionary
distance is accurately approximated by phenotypic distance d. G: “Probabilistic
zone”, region where the p-distance under-estimates evolutionary distance. N:
“Mutational saturation zone”, region where the evolutionary distance cannot be
estimated because of loss of phylogenetic information.
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Figure 3: A. Herpes virus genomes of the Alpha, Beta and Gamma subfamilies
are characterized by subfamily-specific arrangements of seven universally
conserved blocks of genes, represented here in different color.

B. The minimum number of signed transpositions needed to transform any
two arrangements (parsimonious pair-wise evolutionary distances) can be
determined.

C. There is a unique unrooted evolutionary tree consistent with these
parsimonious pair-wise distances. Branch lengths indicate the number of
elementary operations required along each branch to generate the calculated
pair-wise distances assuming parsimony. The parsimonious tree exists only if
at least one signed permutation € exists with evolutionary distance from the
observed permutations a, B and y corresponding to the respective branch
lengths. It can be shown that such permutation does not exist, contradicting
the hypothesis of parsimonious evolution.

as the minimum number of elementary evolutionary events required
for transforming one genome arrangement into another. We can
then ask what is the expected relation between phenotypic distance
and evolutionary distance in terms of genome rearrangements, what
is the expected phenotypic distance between genomes when their
evolutionary distance tends to infinity (unrelated arrangements), and
what is the range of phenotypic distances of genome arrangements for
which we can expect evolutionary information to be preserved. The
stochastic accumulation of elementary events will generally result in
evolutionary distances between two genomes that differ from their
phenotypic distance (Figure 1B), similarly to what occurs in sequence
evolution. In the case of genome rearrangements and depending on the
particular set of elementary operations by which permutations can be
obtained, phenotypic distances are bounded by an upper value, called
the diameter, which is defined as the maximum of the phenotypic
distances between all possible pairs of genome arrangements. The
expected phenotypic distance between genome arrangements when
their evolutionary distance approaches infinity, corresponding to
the expected phenotypic distance between unrelated genomes, is the
average distance between random pairs of arrangements. Evolutionary
distance and phenotypic distance of a pair of genome arrangements,
as well as their maximum(diameter) and average (asymptotic) values,
can be quite difficult to calculate and their analytical solutions are not
available for all types of rearrangements. For example, a solution for the
minimum distance between rearrangements is available for inversions
[14] and for block rearrangement [15] distances. For the latter, estimates
of average phenotypic distance and of the diameter are also available
[16]. Estimates for all distances can however be obtained by computer
simulations [17]. The usefulness of comparing genome rearrangements
to identify the evolutionary relations of genomes will also depend on
how large is the variance of the estimate of the phenotypic distance
of two random genome arrangements. This variance will affect how
much evolutionary distance can be accumulated before the phenotypic
distance of diverging genomes reaches the “mutational saturation zone”
of genome rearrangements (Figure 1B) when phylogenetic information
is lost.

The same framework cannot be applied to characters for which
elementary evolutionary events, and hence a definition of phenotypic
and evolutionary distance, is problematic. For example, it may be
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difficult to define what the elementary steps in the evolution of
multi-dimensional morphological characters are, and thus what the
evolutionary and phenotypic distances between these characters
should be. Molecular features that have been proposed as markers of
phylogenetic relations, such as genomic signatures [18], may also be
difficult to interpret in terms of evolutionary events. For these types of
characters, it is unclear whether dendrograms based on some definition
of similarity can be interpreted as phylograms of evolutionary relations.
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