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Total evidence and the use of large datasets to overcome uncertainty are the state of the art in systematic
analysis. This assumes that the only true phylogenetic signal is ancestry and that functional, structural, and
other factors will not add an alternative signal. Using gene families, where individual codon positions were
sorted into bins based upon average-pairwise dN/dS ratio, we show that standard, common phylogenetic
methods that were designed for stochastic, neutral, site-independent processes, generate less robust
phylogenetic signal for bins with strong negative or positive selection. This was true for phylogenetic
reconstruction with parsimony, distance, and likelihood methods. Further, we present a case for the potential
existence of systematic functional or structural signal that competes with ancestral signal. For the example of
positive selection, we simulate the evolution of sequences through three dimensional lattice constructs with
folding constraint and changing binding functionality and show that total evidence for these lattice genes
presents trees with functional signal, but that the neutral synonymous sites in these genes show the true
ancestral signal. In this case, sequence convergence is promoted by functional convergence.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The recovery of species relationships from DNA sequence data is a
common undertaking in modern systematic biology. A number of
problems are known to complicate this undertaking, including the
existence of gene duplicates and multiple speciation events over short
evolutionary periods leading to lineage sorting. However, it is generally
assumed that total evidence (including total molecular evidence) will
recapitulate phylogenetic relationships in that a majority of the signal
will automatically reflect ancestry. This has spurred phylogeny assess-
ment using concatenated genome sequences to generate large datasets
(Rokas et al., 2003; see also McInerney, 2006).

However, standardmethods such as parsimony as well as models for
distance andmaximum likelihood are typically based upon assumptions
including independent evolution at each site and the occurrence of
stochastic (neutral) evolutionary processes. Further, it is assumed that

ancestry is the only true signal in gene families and that homoplasy is
simply noise (De Pinna, 1991) rather than systematic in nature with the
potential to dominate the ancestral signal. However, different selective
pressures may have the ability to generate phylogenetic signal that is
different from ancestry.

Positive diversifying selection is known to occur in a lineage-
specific manner across gene families (Liberles et al., 2001; Roth and
Liberles, 2006). Positive selection has two possible modes of action on
phylogenies. One is an increase in rate causing long branch attraction
(Philippe et al., 2000). The second is generating convergence or
parallel evolution (homoplasy) through similar selective pressures.
While it might be argued that there are multiple paths in response to
any given selective pressure, recent work has suggested that such
paths aremore limited in number (Weinreich et al., 2006), making this
hypothesis also plausible. Increasingly, it has been realized that the
first mechanism is a problem, and masking of fast evolving sites has
been suggested as a solution (Philippe et al., 2000; Townsend, 2007).

Negative selection also has two potential modes of action. The first
mode is the inverse of positive selection, where a small number of
changes provide little phylogenetic signal (Townsend, 2007). However,
there is a secondmode that is similar to the potential systematic problem
with positive selection. Negative selection in protein coding genes is
mediated by structural and functional constraint. Structural constraint
violates site-independence assumptions, where deleterious changes can
place selective pressures for compensatory changes (or reversion).When
changes are observed, they are likely to be through a small number of
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compensatory paths. This small number of paths can lead to a systematic
signal that is different from ancestry and would therefore also appear as
homoplasy. In a simulation study using a heterotachy model that is site-
independent but expected to behave similarly to these structural effects,
systematic artifactual phylogenies were generated (Ruano-Rubio and
Fares, 2007). Further, for both the positive and negative selection
homoplasy mechanisms, it is expected that linkage effects will magnify
thephylogenyestimationproblembycompounding itwith rate variation.

Given that such effects are possible, that phylogenies can show
systematic signal for function (underpositive andnegative selection)and
for ancestry (under neutrality), we sought to test what selective
pressures showed the truest phylogenetic signals. Secondarily, while
the proposed systematic bias for negative selection has been shown in
simulation to be possible (Ruano-Rubio and Fares, 2007), we sought to
demonstrate that the proposed systematic bias for positive selectionwas
also possible using a physical model where positive selectionwas driven
through changes in binding interactions.

2. Methods

2.1. Evaluation of codon-specific selective pressures in a non-
phylogenetic manner

Chordate gene families with multiple sequence alignments were
taken from The Adaptive Evolution Database (TAED) (Roth et al.,
2005). These multiple sequence alignments are available for down-
load at http://www.bioinfo.no/tools/TAED. Previously, methods have
been established for evaluating the ratio of non-synonymous to
synonymous nucleotide substitution rates (dN/dS) at single sites
(Suzuki and Gojobori, 1999). Unfortunately, such methods are
phylogenetic in nature. Because the ultimate goal is to assess
phylogeny to prevent any bias imposed by phylogenetic inference of
such values, the options were the computationally-intensive iterative
application of phylogeny-dependent methods with our analysis or the
use of non-phylogenetic pairwise methodology. Using a classic
counting method, the pairwise average of codon position-dependent
dN/dS was calculated using the Nei and Gojobori (1986) method. This
method will result in the over-counting of substitutions, but is not
expected to bias the placement of codons into bins with a reliable
ordering of selective pressures based upon dN/dS. With each codon in
each gene assigned a dN/dS ratio based upon the pairwise average, the
codons were assigned to a bin (0.0–0.2, 0.2–0.6, 0.6–0.9, 0.9–1.1, 1.1–
2.0, N2.0). The codons in each bin were concatenated and multiple
sequence alignments where each bin contained at least 10 codons
were used to construct phylogenies. Bins with progressively higher
dN/dS ratios were typically less populated.

The program used for the pairwise average dN/dS ratios by codon
position over a multiple sequence alignment is available for download
from http://www.wyomingbioinformatics.org/~achurban/.

2.2. Phylogeny estimation

Phylogenies were constructed using programs in the Phylip package
(Felsenstein, 1989). The programs protml, protpars, and protdist were
used, with neighbor joining trees constructed in the distance method.
Fromeachgene independently, treeswere constructed for eachbinusing
all three methods. Reconstruction was performed at the protein level to
avoid the confounding effects of saturation at the DNA level, a potential
problemwith the Chordate dataset.

2.3. Evaluating phylogenetic signal fidelity using gene tree/species tree
reconciliation

Given gene bin trees and the reference species relationships from
NCBI (Wheeler et al., 2007), the inferred number of gene duplication
and loss events using soft parsimony as well as the most parsimo-

nious root from this characterization were determined using Soft-
parsmap (Berglund–Sonnhammer et al., 2006). This data was plotted
to generate Fig. 1.

The NCBI reference species tree used for this analysis can be
downloaded from ftp://ftp.ncbi.nih.gov/pub/taxonomy/.

2.4. Simulating the evolution of proteins under negative and positive
selection

For this study, we have constructed DNA genes encoding a protein
folding into a 4×4×4 cubic lattice, where each fold is a self-avoiding
walk inside a fixed cubic lattice. The proteins used were 64 codons

Fig. 1. While gene duplication and loss occur at appreciable rates, these processes are
not expected to add systematic signal and a phylogeny reconstruction with fewer
inferred duplication and loss events is expected to be a better estimate of evolutionary
history than one with more duplication and loss events. In this figure, multiple
sequence alignments from gene families were subdivided into sets of codons evolving
under different selective pressures and gene trees were independently calculated for all
gene families for all bins. The total number of inferred duplication and loss events for
each bin as a sum across gene families was calculated and is presented comparatively
across bins. a. The total number of inferred duplication events from Softparsmap
(Berglund-Sonnhammer et al., 2006) for all dN/dS bins across gene families using
various phylogeny reconstruction methods is shown. b. The total number of inferred
gene loss events from Softparsmap (Berglund-Sonnhammer et al., 2006) for all dN/dS
bins across gene families using various phylogeny reconstruction methods is shown.
The general trend observed is that bins showing dN/dS ratios around neutrality (0.6–
2.0) have the truest ancestral signal. The dN/dS ratios reported reflect an average of
pairwise values from a multiple sequence alignment.
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longwith a predefined active site for the binding of a ligand of 7 amino
acids. Ligand binding sites were adjacent to the active site in a fixed
orientation. An A ligand initially bound stably at the beginning of the
simulation, while a B ligand did not. The folding energy of the
molecule was calculated using the formula,

E ¼
X

ibj

g Ai;Aj
� �

Uij

where γ(Ai, Aj) is the contact potential between residue type Ai at
position i and residue type Aj at position j, and Uij is equal to one if
residues i and j are not adjacent in sequence but are on adjacent
lattice sites, and zero otherwise. The value of γ(Ai, Aj) was obtained
from the symmetric interaction matrix given by Miyazawa and
Jernigan (1985). Binding energies were also calculated in a similar
way, as previously described (Williams et al., 2001; Rastogi and
Liberles, 2005; Rastogi et al., 2006). The molecules with folding
energy b−kT and binding energy b−0.25kT were were considered
stably folded and functional.

The lattices were evolved under constant populations of size 1000
and a mutation rate of 10−4 per site per generation. Under the
branches with positive selection, individuals binding the new ligands
had a selective advantage of 5% for population in the next generation.
In every generation the individuals were picked randomly provided
they folded stably and functioned. Simulations were replicated 10
times with different seed lattice and ligand sequences.

2.5. Testing the tree topology of simulated proteins

Sequences obtained from the simulation were phylogenetically
reconstructed using the same programs in the Phylip package
(Felsenstein, 1989) as above. Because the bins of low non-zero dN/
dS were not populated in this simulation due to the small number of
sequences and the drive for positive selection along two independent
branches, trees were also obtained for synonymous substitutions as a
control.

3. Results and discussion

In this paper, we sought to test the assumption of total evidence
that the majority of signal from a multiple sequence alignment will
generate the true ancestry. With the hypothesis that both negative
selection and positive selection can generate a systematic signal that is
non-ancestral in nature, we sought to characterize the phylogenetic
signal generated by negatively selected, neutrally evolving, and
positively selected sites. We subsequently directly test the total
evidence assumption with simulated data involving convergent
positive selection on different lineages.

The underlying ancestral signal in a gene tree is driven by the species
process, as reflected in the species tree. One problemwith the accepted
species tree in evaluating gene trees is that processes like gene
duplication will generate a true signal that is not compatible with the
species tree (see for example, Scannell et al., 2007). However, while
chordate gene families at close distance, will have been subjected to
lineage-specific duplication and a discrete number of whole genome
duplication events, the majority of signal in such gene families is from
speciationevents (Hughes and Liberles, inpress). Further, thevastweight
of whole genome duplication in chordates was very ancient and per
duplication retention rates for smaller scale duplication events are
expected to be much smaller (Maere et al., 2005). Therefore, while the
true number of duplication events is significantly above zero, it is
expected that errors in topology will increase the measured numbers of
duplication and loss events above the true number. Therefore, minimiz-
ing the count of duplication and loss events in the context of gene tree/
species tree reconciliation is expected to yield a measure of gene tree
accuracy. This is used as a metric to evaluate the robustness of gene tree

signal that is independent of the sequence evolution data fromwhich the
gene trees were generated.

Multiple sequence alignments from TAED Chordate gene families
(Roth et al., 2005) were subjected to codon-specific average-pairwise
(non-phylogenetic to avoid bias) calculation of the ratio of non-
synonymous to synonymous nucleotide substitution rate ratios (dN/
dS; a measure of selection). Codons from each multiple sequence
alignment were concatenated and used for phylogeny estimation.
Using the counts of duplication and loss from reconciliation for trees
reconstructed using likelihood, distance, and parsimony at the protein
level for each bin for each multiple sequence alignment, the signal
with the fewest duplication and fewest loss events (inferred to be the
truest phylogenetic signal) was obtained for the most neutrally
evolving sites (Fig. 1). This is perhaps not surprising given that the
phylogenetic models applied were designed for stochastic neutral-
type changes. These are the most common phylogenetic models.

Fig. 2. A. Sequences folded in a lattice model which were selected to maintain the fold
and to bind to a peptide were simulated along this tree. Two independent branches had
positive selective pressure to switch the peptide bound from A (grey) to B (black). B.
Phylogenetic reconstruction of the tree using distance, parsimony, and likelihood
methods all generated a tree where sequences clustered by function rather than
ancestry. A tree based solely upon synonymous substitutions recovered the ancestral
tree, shown in A.
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Those bins under stronger negative and positive selection showed
less robust ancestral signal under the minimized duplication and loss
event metric. The loss of ancestral signal was stronger for negative
than positive selection and the mode of loss (small numbers of
substitutions vs. homoplasy) could not be readily established from the
dataset. Both mechanisms (Ruano-Rubio and Fares, 2007; Townsend,
2007) have been established in the literature for negative selection.
For positive selection, only the rate increase mechanism has beenwell
established (Philippe et al., 2000; Townsend, 2007).

Next, we sought to establish that homoplasy driven by positive
selection could establish this trend. While it is well known that
homoplasy can confound phylogenies, it has not been established that
this can be systematically caused by positive selection. This depends
upon the available mutational paths to generate a new function from a
given starting point and therefore on the ability to generate simulated
sequences that are neither biased in showing homoplasy nor random in
their mapping between function and sequence. To achieve that, protein-
encoding DNA sequences with a defined fold in a three dimensional
latticemodel and a defined binding function that could be changedwere
simulated based upon established methodology (Williams et al., 2001;
Rastogi andLiberles, 2005; Rastogi et al., 2006). Here lattices that initially
bound to a peptide ligand designated A (Fig. 2) were subjected on
independent lineages to positive selective pressure to alternatively bind
to a ligand designated B in a population genetic model.

As observed in the trees recapitulated from the amino acid
sequences (this result was repeated and was observed in approxi-
mately 50% of simulations under the specified conditions using
distance, likelihood, and parsimony (5/10 simulations)), the sequences
with similar evolved binding functions group together. Therefore,
independent bursts of positive selection generated similar molecular
solutions and this functional signal systematically swamped the
ancestral signal in phylogenetic analysis. While it may be argued that
lattice models are smaller than most domains and this restricts the
number of possible solutions to a given functional problem relative to
real proteins, similar restrictions have been observed in the natural
evolution of real proteins (Weinreich et al., 2006). Similar anecdotal
observations of phylogenetic placement potentially driven by function
have also been reported for GLP-1 (Skovgaard et al., 2006) and opsin
proteins (Taylor et al., 2005). Lastly, it should be noted that the
observed evolutionarily accessible solutions in the lattice are not the
only theoretically possible solutions to the selection criteria.

From the gene trees showing functional signal in Fig. 2, the
small number of sequences (4) precluded the use of the protein-
level site-stripping method. However, construction of the tree at the
DNA level using synonymous substitutions recapitulated the true
ancestral signal.

So, given the observations of this study, how should one proceed
with phylogenetic analysis? A flowchart summarizing our recom-
mendations is presented in Fig. 3. For positive selection, filtering of the
fastest sites has already been proposed (Philippe et al., 2000). It may
be that positive selection does not always correlate with the globally
fastest evolving sites and more sophisticated approaches (e.g. Galtier,
2001; Rodrique et al., 2006) may be needed to detect these. At the
negative selection level, the obvious solution is to also filter the
slowest evolving sites (Townsend, 2007). Again, if the problem is
driven by structural constraint, models that are robust to protein
structure (Parisi and Echave, 2001; Kleinman et al., 2006) or at least
that relax assumptions of site-independence (Stern and Pupko, 2006)
would be desirable. One limitation of such models is that the
relationship between thermodynamics and fitness is controversial
(Taverna and Goldstein, 2002; DePristo et al., 2005; Sasidharan and
Chothia, 2007), but needs to be built into the phylogenetic model. The
observations here should be of concern to the systematics community,
but improved model development is currently an exciting field and
promises to continue to be one into the future.

4. Conclusions

1. Strong negative and positive selection can lead to gene tree
phylogenies that infer an increased number of duplication and loss
events compared to those generated frommore neutral characters.

2. Using a lattice model construct to simulate sequence evolution, we
have shown that parallel convergent evolution of binding function-
ality can result in gene trees that show clustering based upon
binding function rather than ancestry. We further show that the
neutral synonymous site signal in these simulated genes retains the
signal from ancestry. The sets of conditions under which this
functional clustering will occur will depend upon factors like
effective population size governing the ratio of selected versus
neutral changes as well as factors from the protein fold like the
ratio of the size of the protein to the size of the functional patch and
the fraction of shell residues needed for proper folding and
orientation of the binding/functional region.
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