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Abstract: We present a computer program to simulate the evolution of a nucleotide sequence on a phylogenetic tree with four tips. The

program, Hetero, allows users to assign lineage-specific differences in the rate matrices used to describe the evolutionary process. It has

a simple user interface and output, making it equally useful in the teaching and research of phylogenetics.
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Introduction

Phylogenetic inference is rated among the more difficult
challenges facing investigators of biological questions. Many
scientists shy away from using a phylogenetic approach —
even where it would be appropriate — because it is considered
too difficult. However, it need not be that difficult; with
practice, it is possible for workers in many scientific
disciplines to infer a generalised phylogeny of any specific
area because user-friendly phylogenetic programs are
available for most computer systems. Instead, the challenge
lies in: (1) choosing the appropriate phylogenetic data for
the question in mind; (2) choosing the phylogenetic method
that most appropriately applies to these data; and (3)
determining whether the evolutionary events and processes
of the past are indeed correctly inferred.

The performance of molecular phylogenetic methods is
usually debated on the basis of well justified criteria (Penny
et al 1992). It is known that many of the methods perform
well under ideal conditions (ie those that are specified by
the assumptions under which the phylogenetic methods
operate), and often less so when: (1) the sequences are short
(Hillis et al 1994); (2) multiple substitutions at the same
positions have eroded the footprints of evolutionary events
(Huelsenbeck and Hillis 1993); or (3) the assumptions of
the phylogenetic methods are violated by rate heterogeneity
among lineages (Felsenstein 1978) or among sites (Yang
1996), by compositional heterogeneity (Lockhart et al 1992),
by invariant sites (Fitch 1986b; Lockhart et al 1996), or by
covariotides and covarions (Fitch 1986a; Lockhart et al

1998). The message emerging from these and many other
studies is the importance of choosing a phylogenetic method
that applies most appropriately to the data. However,
phylogenetic methods are still often chosen on the basis of
prior experience with a phylogenetic approach and rarely
after an objective assessment of the appropriateness of
various methods in the context of the data to be analysed.

One way to appreciate the importance of choosing the
appropriate phylogenetic method is to simulate the evolution
of a nucleotide sequence on a known phylogenetic tree.
Several programs (Table 1) offer a great deal of flexibility
with respect to the substitution models and the tree topology.
However, one shortcoming is that all the substitution models
used are of the time-reversible form, implying that the
sequences generated by these programs will have the same
composition of nucleotides, codons or amino acids, which
is not always so in real data (eg Jermiin et al 1994; Foster et
al 1997).

Hetero is a computer program designed to simulate the
evolution of a nucleotide sequence along a rooted four-taxon
tree. The nucleotide substitution models are lineage-specific,
allowing for different evolutionary processes along adjacent
edges, both in terms of the average rate of change and in the
equilibrium nucleotide content. Hetero is intended to be a
tool for teaching and research; as such, it produces results in
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Table | Publicly available computer programs that can simulate the evolution of a sequence of nucleotides, codons or amino

acids on a tree

Program Data URL

Seq-Gen Nucleotides http://evolve.zoo.ox.ac.uk/

Pseq-Gen Amino acids http://fevolve.zoo.ox.ac.uk/

Treevolve Nucleotides http://evolve.zoo.ox.ac.uk/

PTreevolve Amino acids http://evolve.zoo.ox.ac.uk/

Rose Nucleotides and amino acids http://bibiserv.techfak.uni-bielefeld.de/download/

ProSeq Nucleotides http://helios.bto.ed.ac.uk/evolgen/filatov/proseq.html

evolver Nucleotides, codons and amino acids http://abacus.gene.ucl.ac.uk/software/paml.html

Pal Nucleotides, codons and amino acids http://www.stat.uni-muenchen.de/~strimmer/pal-project/
Vanilla Nucleotides, codons and amino acids http://www.stat.uni-muenchen.de/~strimmer/pal-project/vanilla/

Note: All websites accessed 5 Oct 2003.

a format that can be analysed using phylogenetic programs
from PHYLIP (Felsenstein 2002).

The program and its features
Fundamental to our approach is the belief that pattern and
process are two sides of the same coin: the pattern is the
phylogeny that describes the time and order of divergence
events, and the process is the mechanism by which mutations
in nucleotide sequences accumulate over time in diverging
lineages. It makes no sense to consider the pattern and process
independently, even when only one of these two components
is of interest, because any inference of evolutionary pattern
is dependent on the evolutionary process and vice versa.
Hetero uses a rooted, four-leaved binary tree and user-
specified edge lengths to allow the evolution of an ancestral
nucleotide sequence to occur along the edges of the tree

(Figure 1). Information must be entered in six blocks before

the Monte Carlo simulation can proceed:

1. Entry of edge lengths in the tree. The edge lengths are
given in terms of average number of nucleotide
substitutions per site (K) or units of time (¢). These
measures of evolutionary time are proportional if the
sequences evolve under the same time-reversible model
of nucleotide substitution, because the average rate of
change per site per time unit (k) is the same for all the
edges. However, when different substitution models are
assigned to different edges, the correct measure of
evolutionary time is ¢. Hetero uses default values for the
length of edges in the tree (a=b=c=d=0.95; e=f=
0.05); these values can be overwritten if the user wants
to consider another set of edge lengths (which may be
necessary if the evolutionary time is given in average
number of nucleotide substitutions per site).

Time

I

Root
Figure | The phylogenetic tree used by Hetero.The root (Root), the edges (a ...
f) and the tips (A, B, C, D) are labelled, and the direction of time from the past to
the present is indicated by an arrow. Each Monte Carlo simulation begins with a
randomly generated ancestral nucleotide sequence at the root of the tree; this
sequence is duplicated into two arrays.The sequences in these two arrays are
allowed to evolve along the edges e and f. At a later stage during the simulation,
each of the sequences in these two arrays is duplicated into another two arrays,
and the final simulation occurs along the edges a, b, ¢ and d.The simulations along
the individual edges are independent and may proceed by using different
substitution models.

2. Entry of the ancestral nucleotide composition. It is
necessary to know the nucleotide content of the ancestral
DNA at the root of the tree (Figure 1) in order to run the
Monte Carlo simulation. By default, Hetero uses uniform
nucleotide content (ie wt, =m, =, =mn,=0.25), but the
user may select another composition of nucleotides (eg
T, = 0.3, nc=0.2, nG=O.2, nT=0.3). If the user selects
another composition, the program will determine whether
the frequencies add up to 1.0, and an error message is
issued if this is not so.
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3. Entry of substitution models for the six edges. To run the
Monte Carlo simulation, it is necessary to specify the
rate of change per site per time unit (R)) for the ith edge
in the tree (Figure 1):

E(X’IAy iy GiacTic  OugTlic  Ourlr
y=A
OicaTiy E QicyTlyy QT ierTir
RI‘ - y=C (1)
QiGaTlis QigcTic _E Qigy Ty CigrTir
y=G
OliaTCia OircTic  OipgTg Ea iy
y=T
where o, is the conditional rate of change from

nucleotide x to nucleotide y in R, and 7, is the frequency
of nucleotide y in R,. By default, Hetero uses time-
reversible R, matrices with predefined parameters (ie
T = 0.25; o= 0.2), but they can be changed whenever
this is needed; if so, Hetero will determine whether any
of the diagonal elements are less than —1.0, and an error
message is issued if this is the case.

4. Entry of the sequence length, number of simulations and
seed for simulation. To run the Monte Carlo simulation,
it is necessary to specify the sequence length, the number
of simulations and the seed number that is needed to
prime the random number generator. Default values for
these parameters are not provided; instead, the user is
asked to specify the sequence length (it must be in the
range of 10 to 10000 nucleotides), the number of
simulations (it must be in the range of 1 to 10000
simulations) and a randomly chosen number to prime
the ran2 random number generator, which has a
periodicity of more than 2 x 10'8 (Press et al 1992).

5. Multiple substitutions at the same site. There is
widespread evidence to suggest that multiple substitutions
may have occurred at many sites in coding and non-
coding DNA throughout evolution. The result is the
disappearance of ancestral states and erosion of the signal
that is needed to correctly infer the evolutionary history.
Under some conditions, it may be of interest to allow the
sequences to evolve without the accumulation of multiple
substitutions at the same site (eg to assess the performance
of parsimony methods under conditions that differ in
terms of multiple substitutions at the same site). Hetero
can allow this to occur if the expected tree length is less
than 1.0 substitution per site. If the evolutionary time is
given as ¢, Hetero will estimate the length of the ith edge
in terms of substitutions per site, K:

i L (JTIA E Ct‘tAyTl: + JTICE a’tCy xy

y=A y=C
TG E Oy Ty + Ty 2 iy iy (2)
y=G y=T

and the sum of the K, values will be compared to 1.0.
Alternatively, the program will compare the sum of the
user-specified K, values to 1.0.

6. Entry of names of files that will contain results of
simulation. Hetero produces output that appears on the
monitor and in two text files. The user is asked to enter
the names of these two files and, if the names are valid
and non-identical, Hetero will perform the simulation
while updating the user on its progress.

Hetero directs its output to two files and to the standard
output. One file contains the alignments of simulated
nucleotide sequences; they are stored in the sequential
PHYLIP format, allowing them to be analysed directly using
the phylogenetic programs in PHYLIP (Felsenstein 2002).
The other file contains the details used in the simulation and
information collected during the simulation, which may be
used to obtain a better understanding of molecular evolution
as a dynamic process and to understand why phylogenetic
methods do not always perform as well as expected. In
particular, the program produces a table with:

1. Pairwise differences in the GC content for all pairs of
sequences (columns 1-6);

2. The number of constant sites (eg with A in all four
sequences) (column 7);

3. The number of singleton sites (eg with A in one sequence
and G in the other three sequences) (columns 8—11);

4. The number of parsimoniously informative sites (eg with
A in two sequences and T in the other two sequences)
(columns 12-14);

5. The number of hyper-variable sites (ie sites containing
three or four different nucleotides) (column 15).

These observations are obtained for each simulation and the

average is estimated across all the simulations. In addition,

the program also produces a table listing the number of sites
that have changed 0, 1,2 ...
in developing an understanding of how multiple substitutions

n times; this table may be useful

at the same site accumulate.

Binary and executable codes of Hetero are available for
research and teaching from http://www.bio.usyd.edu.au/
~jermiin/programs.htm. Hetero is very fast on standard
platforms and, for obvious reasons, produces very large
output files — the maximum size of the two output files is
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~403 MB. We therefore recommend that users be considerate
towards other users of the computer when they run Hetero.
If the results are to be stored for a long period, we suggest
that users save the first section of the file containing the
details and seed that was used to run the simulation; based
on this information, it is possible to recreate the data.

Using Hetero to teach

phylogenetic inference

Hetero may be used to illustrate specific problems relating
to phylogenetic analysis of sequence data. It has long been
known (eg Felsenstein 1978; Hasegawa et al 1991; Steel et
al 1993) that rate heterogeneity among lineages can lead to
what is commonly called a ‘long-branch attraction’ effect,
but how can this be shown effectively to students studying
molecular systematics?

One approach is to use Hetero to design R-matrices that
differ in their average rates of change. For example, let us
use the default values for R and Rf, change the values of
o, and o, from 0.20 to 0.38 and change those of a,, and
o, from 0.20 to 0.02; this ensures that the average rates of
change for R, and R are 19 times faster than those for R,
and R , respectively. Using these matrices, a sequence length
of 2000 nucleotides, and allowing multiple substitutions to
occur at the same site, we generated 1000 datasets that were
analysed using maximum parsimony, as implemented in
DNAPARS (Felsenstein 2002).

The correct tree (AB|CD) was found in 3.3% of all cases,
whereas incorrect trees were found in 96.7% (BC|AD) and
0.0% (ACIBD) of all cases. When repeated with o
o =0, =0.2, the analysis gave a very different result: the

[&

axy abxy =
correct tree was recovered in 98.9% of all cases. Increasing
the sequence length from 2000 to 10000 nucleotides
worsened the recovery rate to 0.0% in the first analysis and
improved it to 100% in the second analysis. As expected,
using maximum likelihood with a transition/transversion
ratio of 0.5 and a constant rate of change across all sites, as
implemented by DNAML (Felsenstein 2002), the recovery
rate of the first analysis increased to nearly 100%.

To appreciate why these results are so different, we need
to examine the distributions of sites that have changed X
times, and the number of parsimoniously informative sites
that support the three splits (AB|CD), (AC|BD) and (AD|BC).
Itis clear (Table 2) that the number of sites that have changed
more than once is similar (11.7%), so the difference between
the two analyses cannot be explained by a change in the
proportion of sites that have superimposed mutations. The
average number of sites supporting different splits offers the

Table 2 The average number of sites that have changed
X times®

X Uniform rates® Non-uniform rates*
0 1114.94 1115.18
1 651.56 650.86
2 190.29 190.51
3 37.17 37.22
4 5.37 5.49
5 0.62 0.66
6 0.06 0.07
7 0.01 0.02
8 0.00 0.00

* These values are based on a simulation with default values chosen for the
ancestral nucleotide sequence; the sequence length equal to 2000 nucleotides;
with 1000 simulations; and with multiple nucleotide substitutions allowed to
occur at the same site. Uniform nucleotide content was used in the analyses.

® Default values were used in all R-matrices.

¢ The default values were used in R and R, whereas o, =a, =0.38 and
A, =0, = 0.02 were used in R, and R , and in R and R , respectively.

explanation needed (Table 3): when the rate of molecular
evolution was homogeneous among lineages, the strongest
support was for the correct split (ie AB|CD, being 33.78
versus 16.98 and 16.72 sites); with rate heterogeneity among
lineages, the strongest support is for another split (ie AD|BC,
being 33.06 versus 20.33 and 3.36 sites).

Based on these observations, we can infer that because
the molecular evolution along b and ¢ occurred at a faster
rate than along a and d (Figure 1), B and C are often more
similar to each other than they are to A and D, respectively.
Convergent, parallel and back substitutions must be the
primary reasons for this higher than expected similarity
between B and C, and the maximum parsimony method is
clearly unable to identify the correct tree using sequence
data that have arisen through a more complex process of

Table 3 The average number of sites supporting
different splits®

Splits Uniform rates® Non-uniform rates®
(ABCD) 1130.63 1144.38
(A|BCD) 170.70 18.27
(BJACD) 169.30 335.23
(C|ABD) 169.61 336.47
(DIABC) 169.98 18.14
(AB|CD) 33.78 20.33
(ACIBD) 16.98 3.36
(AD|BC) 16.72 33.06
Hyper-variable 122.30 90.77

* These values are based on a simulation with default values chosen for the
ancestral nucleotide sequence; the sequence length equal to 2000 nucleotides;
with 1000 simulations; and with multiple nucleotide substitutions allowed to
occur at the same site. Uniform nucleotide content was used in the analyses.

® Default values were used in all R-matrices.

¢ The default values were used in R and Rf, whereas o, =a =0.38 and

o, =a, =0.02 were used in R, and R , and in R and Rd, respectively.

v
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molecular evolution. Interestingly, but perhaps not
surprisingly (for example, see Hillis et al 1994), the
maximum likelihood method performs better under the very
same conditions.

Conclusion

We have developed a small but efficient computer program
to simulate the evolution of a nucleotide sequence on a
phylogenetic tree with four tips. The program allows users
to assign lineage-specific differences in many of the relevant
evolutionary parameters. It has a simple user interface and a
simple output, making it equally useful in the teaching and
research of phylogenetics.
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