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Abstract

We introduce a new index to measure substitution saturation in a set of aligned nucleotide sequences. The index is based on the
notion of entropy in information theory. We derive the critical values of the index based on computer simulation with different
sequence lengths, different number of OTUs and different topologies. The critical value enables researchers to quickly judge whether
a set of aligned sequences is useful in phylogenetics. We illustrate the index by applying it to an analysis of the aligned sequences of
the elongation factor-la gene originally used to resolve the deep phylogeny of major arthropod groups. The method has been

implemented in DAMBE.
© 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

The reliability of results from molecular phylogenet-
ics of sequence data depends on how well the analysis
deals with the following five problems, aside from the
quality of sequencing. The first is the reliability of se-
quence alignment, i.e., the correct identification of ho-
mology. The second is whether substitution rates vary
substantially over sites, which has been demonstrated to
result in wrong trees recovered from sequence data
(Kuhner and Felsenstein, 1994). The third is whether
nucleotide frequencies, or the set of variable sites,
change along different lineages, i.e., the problem of
nonstationarity (Lake, 1994; Lockhart et al., 1994). The
fourth is the well-known problem of long-branch at-
traction that can be caused by a variety of factors. The
last, but not the least important, is whether some or all
sequences in the data set have already lost phylogenetic
information due to substitution saturation (Lopez et al.,
1999; Philippe and Forterre, 1999). The paper deals with
the last problem.
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Substitution saturation decreases phylogenetic infor-
mation contained in the sequences, and has plagued the
phylogenetic analysis involving deep branches, such as
major arthropod groups. In the extreme case when se-
quences have experienced full substitution saturation,
the similarity between the sequences will depend entirely
on the similarity in nucleotide frequencies that often
does not reflect phylogenetic relationships (Xia, 2000,
pp. 49-58). To avoid the problem of substitution satu-
ration, researchers typically would use conservative
genes, such as the elongation factor-1a (EF-1a), which is
one of the most abundant proteins in eukaryotes (Len-
stra et al., 1986) and catalyzes the GTP-dependent
bindings of charged tRNAs to the ribosomal acceptor
site (Graessmann et al., 1992). Because of its funda-
mental importance for cell metabolism in eukaryotic
cells, the gene coding for the protein is evolutionarily
conservative (Walldorf and Hovemann, 1990), and
consequently has been used frequently in resolving deep-
branching phylogenies (Baldauf et al., 1996; Cho et al.,
1995; Friedlander et al., 1998; Lopez et al., 1999; Regier
and Shultz, 1997).

Protein genes consist of codons, in which the third
codon position is the most variable, and the second the
most conservative (Xia, 1998; Xia et al., 1996). The third
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codon position is often not excluded from the analysis,
mainly for two reasons. First, excluding the third codon
position would often leave us with few substitutions to
work on. Second, substitutions at the third codon po-
sition likely conform better to the neutral theory of
molecular evolution than those at the other two codon
positions. Consequently, the former may lead to better
phylogenetic estimation than the latter, especially in
estimating divergence time (Yang, 1996a). However,
these two potential benefits of using substitutions at the
third codon position may be entirely offset if the sites
have experienced substitution saturation and conse-
quently contain no phylogenetic information.

There are currently four main approaches for find-
ing whether molecular sequences contain phylogenetic
information. The first approach involves the randomi-
zation or permutation tests (Archie, 1989; Faith, 1991).
The second employs the standard g; statistic for mea-
suring the skewness of tree lengths of alternative trees
(Swofford, 1993). Both approaches suffer from the
problem that, as long as we have two closely related
species, the tests will lead us to conclude the presence
of significant phylogenetic information in the data set
even if all the other sequences have experienced full
substitution saturation. This problem is also shared by
the third approach implemented in the RASA program
(Lyons-Weiler et al., 1996). The forth approach (Steel
et al., 1995; Steel et al., 1993) has just been imple-
mented in DAMBE (Xia, 2000; Xia and Xie, 2001)
with a few extensions. Its main disadvantages are that
its computation is clumsy with more than four taxa,
that it associates specifically with the parsimony
method, that that it has not been developed further
after so many years.

Here, we present a new entropy-based index of sub-
stitution saturation. Standard statistical tests can be
used to test whether a set of molecular sequences has
experienced substitution saturation. The index is illus-
trated by its application to the EF-la sequences.

2. Materials and methods
2.1. Basic concepts

Suppose N aligned sequences with L nucleotides each.
Designate the nucleotide frequencies for all sequences as
Pa, Pc, Pg, and Pr. In the extreme case when there is no
substitution at all, then the nucleotides at each site will
all be identical, with the frequency of one nucleotide
being 1 and the frequencies of the other three nucleo-
tides all being zero. In terms of information theory, the
entropy at this site i is then

4
H; = —(ij lngpj> =0, (1)
Jj=1

where j = 1,2,3, and 4 corresponding to nucleotide A,
C, G, and T, and p; is the proportion of nucleotide j at
site 7. Substitutions will lead to polymorphic sites at
which the H; value will be larger than 0. The maximum
value of H; is 2 when nucleotide frequencies at each site
are represented equally. The mean and variance of H for
all L sites are then simply

Sl S (M, — A’

When sequences have experienced full substitution
saturation, then the expected nucleotide frequencies at
each nucleotide site are equal to the global frequencies
Pa, Pc, Ps, and Pr, i.e., the pooled nucleotide frequen-
cies from all sequences. The distribution of the nucleo-
tide frequencies at each site then follows the multinomial
distribution of (Pa + Pc + Ps + PT)N, with the expected
entropy and its variance expressed as follows:
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(4)
where Na, Nc, Ng, and Nt are smaller or equal to N and
subject to the constraint of N = Ny + Nc + Ng + Nr,
j=1,2,3, and 4 corresponding to A, C, G, and T, and
p; =N;/N. These equations are presented only for
clarity, not for computation efficiency. The subscript
FSS in Hggg stands for full substitution saturation.

Theoretically, the test of substitution saturation can
be done by simply testing whether the observed H value
in Eq. (2) is significantly smaller than Hgss. If H is not
significantly smaller than Hggg, then the sequences have
experienced severe substitution saturation. This test is
an extension of the conventional test involving two
sequences using the percentage difference (p), i.e., the
number of different sites divided by the sequence
length, between the two sequences. At full substitu-
tion saturation, the expected p value equals (1 — P2
—Pc — P% — P?), and a test of whether the two sequences
have experienced full substitution saturation can be
done by testing whether the observed p is significantly
smaller than the expected p at full substitution satura-
tion. One might note that, with two sequences, Hpss is
also equal to (1 — P} — Pc — P2 — P}).

Our index of substitution saturation is defined as

Iy = H/Hgss. (5)
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We can see intuitively that the sequences must have
experienced severe substitution saturation when I ap-
proaches 1, i.e., when H equals Hrss. However, the test
of H = Hyss is only theoretically useful because the se-
quences will fail to recover the true phylogeny long be-
fore the full substitution saturation is reached, i.e., long
before I reaches 1. For this reason, we need to find the
critical I value (referred to hereafter as I ) at which
the sequences will begin to fail to recover the true tree.
Once I is known for a set of sequences, then we can
simply calculate the I value from the sequences and
compare it against the I . If /s is not smaller than /g,
then we can conclude that the sequences have experi-
enced severe substitution saturation and should not be
used for phylogenetic reconstruction.

It is difficult to arrive at an analytical formulation of
I .. However, intuition tells us that it may depend on
the topology of the true tree, the number of OTUs
(Notu), the sequence length (SeqLen), nucleotide fre-
quencies and the transition/transversion ratio. We use
computer simulation to evaluate the effect of these fac-
tors on Ig.

2.2. Computer simulation

We use the program EVOLVER in the PAML
package (Yang, 2000) for the evolutionary simulation.
The simulated sequences evolve according to the F84
model, which is the model implemented in the DNAML
program in PHYLIP (Felsenstein, 1993). The o/f ratio
varied from 1 to 10. The nucleotide frequencies of the
four nucleotides varied from 0.1 to 0.9, subject to the
constraints that the summation equals 1. It turns out
that the effect of the transition/transversion ratio and the
nucleotide frequencies on I is negligible compared to
the effect of the other three factors, i.e., topology, Notu,
and SeqLen.

We have used two extreme topologies (Fig. 1), one
being perfectly symmetrical and the other extremely
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Fig. 1. Two extreme topologies used in simulation: (a) symmetrical; (b)
asymmetrical.

asymmetrical. The NoTy values are 4, 8, 12, 16, 20, 24, 28,
and 32. When Noty values are 12, 20, 24, and 28, there is
no perfectly symmetrical topology as in Fig. la, and
multiple quasi-symmetrical topologies were used. For
example, when Noty = 12, then we obtain multiple to-
pologies by randomly pruning of a four-OTU symmet-
rical subtree from the symmetrical 16-OTU topology.

We used six different SeqlLen values, i.e., 500, 1500,
2500, 3500, 4500, and 5500, for each of the Nory values
and for each of the two extreme topologies. Longer se-
quences apparently would alleviate the effect of substi-
tution saturation as long as the sequences have not
experienced full substitution saturation, i.c., the I, va-
lue should be greater with a set of long sequences than
with a set of short sequences, everything else being equal.

The tree length varies from 1 to 29 for the symmetrical
topology and from 1 to 19 for the asymmetrical topol-
ogy, with interval of 2 (i.e, tree length=1, 3, 5,. . ., and so
on). For a given topology and Noty, the longer the tree
length, the greater the substitution saturation and the
greater the I value. Our purpose is to find out at which
I value the sequences will be too substitutionally satu-
rated to recover the true tree. This particular /i value is
taken as the /. value. By doing a large number of
simulations, we can determine /i . empirically for a given
Seqlen, a given Nory and a given topology.

We did not use trees with tree length shorter than 1
for the following reason. When the tree length gets
smaller towards zero, there will be few substitutions and
the true tree will fail to be recovered not due to substi-
tution saturation with too many substitutions, but due
to too few substitutions. This study focuses on substi-
tution saturation, but not on the opposite of substitu-
tion saturation.

Each topology was fed into EVOLVER and simulated
100 times. Phylogenetic reconstruction is done to find the
proportion of trees (Pyye) with the same topology as the
input topology (i.e., the known true topology). The
neighbor-joining (NJ) method with the F84 distance, and
the maximum likelihood method with the same F84
model as that used in simulation, were used for phylo-
genetic reconstruction of the simulated sequences when
Notu equals 4, 8, or 16. The two phylogenetic methods
yield essentially the same Py, values, and only the
neighbor-joining method is used for reconstructing to-
pologies with Nory > 16. Phylogenetic reconstruction is
all done with DAMBE (Xia and Xie, 2001).

2.3. Hllustrative data set

Regier and Shultz (1997) used 21 sequences of the EF-
loe gene from major arthropod groups and putative
outgroups. Four sequences (U90056, U90060, U90051,
and U90061) were excluded from this analysis because of
the existence of multiple unresolved nucleotides, e.g.,
U90061 (a limpet) contains eight unresolved sites. One
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sequence (U90064, a polychaete) was excluded because
aligning it with others necessitates indels of multiple
codons. These sequences were excluded because we do
not want to complicate the problem of substitution sat-
uration with sequencing quality and alignment problems.
The remaining 16 nucleotide sequences were first trans-
lated into amino acid sequences, aligned, and the nu-
cleotide sequences were aligned against aligned amino
acid sequences by using DAMBE (Xia and Xie, 2001).

3. Results and discussion
3.1. Simulation studies

The ability of phylogenetic methods in recovering the
true tree decreases with the total tree length (i.e., the
degree of substitution saturation), but the effect of
substitution saturation is alleviated by increasing Seq-
Len (Fig. 2). The relation between Py, and the tree
length (TL) is fitted with the following purely descriptive
equation

Pre=1-c¢ (6)

for each combination of Nory and Seqlen. For the
symmetrical topology, the fit is almost perfect in all
cases, with * values greater than 0.965. We first define
the critical tree length (TL.) as the tree length when
Pirwe = 0.95. For example, 7L, is about 4 when Nory = 8
and SeqLen=500 (Fig. 2), but equals 7.5 when
Notu = 8 and SeqlLen =3500. [ increases with TL as-
ymptotically and I, is defined as the I value corre-
sponding to TL.. For the asymmetrical topology, the fit
is worse and there is often no tree length at which the
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Fig. 2. The proportion of true trees found (Py,) depends on the tree
length and the sequence length. The data shown are for Noty = 8. The
pattern remains the same with different number of OTUs. Data labels
indicate the sequence length in 100, i.e., a number of 5 means 500 bp.

true tree is recovered 100%. However, there is always a
tree length at which P is the largest. When Py, de-
creases to 95% of the maximum P, value, the tree
length is taken as TL., and the /. value corresponding
to TL. is then used as the I value for the asymmetrical
topology.

Note that the Py value in Fig. 2 will decrease when
the tree length (TL) approaches zero, so that Eq. (6) will
no longer be applicable. However, in our simulation, we
do not use very small TL values because a very small TL
value, implying the rarity of substitution saturation, has
nothing to do with substitution saturation. Eq. (6) is
applicable for the range of TL values used in our sim-
ulation.

The I value depends not only on SeqLen, but also
on the topology and Noty in the tree (Fig. 3). These /¢
values allow us to judge whether a set of sequences is
useful in phylogenetic reconstruction. When an ob-
served I value is significantly smaller than /., we are
confident that substitution saturation is not a problem.
This will be illustrated later with the elongation factor-
la sequences.

There are three points worth noting in Fig. 3. First,
for any given Seqlen, I decreases with the increasing
Notu. This point is intuitively obvious and has already
been noted before (Ritland and Clegg, 1990).

Second, the decrease of Iy . with Noty is much more
severe for the asymmetrical topology (Fig. 3b) than the
symmetrical topology (Fig. 3a), i.e., an asymmetrical
topology is much more susceptible to substitution sat-
uration than the symmetrical one. Thus, if one suspects
that his/her OTUs are likely to be phylogenetically re-
lated by an asymmetrical topology, he/she should in-
crease the sequence length. For example, for Nory = 8
and I = 0.73, one can avoid the problem of substitu-
tion saturation as long as SeqLen > 500bp if the true
topology is symmetrical (Fig. 3a). However, if the true
topology is extremely asymmetrical, one would need
SeqLen > 3000bp to overcome the problem of substi-
tution saturation with the same Nory and 7 (Fig. 3b).
That an asymmetrical topology demands more sequence
data to recover is often ignored, and some programs,
e.g., RASA (Lyons-Weiler et al., 1996), produce mea-
sures of phylogenetic signals that are phylogeny-free. It
is clear from Fig. 3 that such phylogeny-free measures of
phylogenetic signals cannot be very useful.

Third, I values increase with SeqLen (Fig. 3), i.e.,
increasing Seqlen can alleviate the problem of substi-
tution saturation. However, the increase of I, with
SeqLen soon levels off and one can gain rather little by
increasing SeqLen beyond 4000 bp (Fig. 3). For recov-
ering deep phylogenies, one is less wise to use very long
but highly variable sequences than to use shorter but
highly conservative sequences.

One might have noted that the I values in Fig. 3a
are a bit too small for trees with Nory = 12, 20,24, or
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Fig. 3. The critical index of substitution saturation (/) depends on the sequence length (SeqLen) and the number of OTUs (Noty). Data labels are
Nortu values: (a) with a symmetrical topology; (b) with an asymmetrical topology.

28. This is caused by the fact that a tree with one of these
Nortu values cannot be perfectly symmetrical, and even a
slight deviation from perfect symmetry can decrease the
I value.

3.2. Application of the method to real sequences

For the first, second, and third codon positions of the
EF-la sequences, the I values are 0.2093, 0.1115, and
0.6636, respectively. The critical I, value, given
Notu = 16 and SeqLen = 350, is 0.7026 if the true tree is
symmetrical, and 0.4890 if the true tree is asymmetrical,
both being highly significantly greater than the observed
I values at the first and the second codon positions.

Thus, there is little substitution saturation at the first
and second codon positions. The resulting phylogenetic
trees for the first and for the second codon positions are
shown in Fig. 4a and Fig. 4b, respectively.

For the third codon position of the EF-1a sequences,
the observed I value of 0.6636 is not significantly dif-
ferent from the /. value of 0.7026 for the symmetrical
topology (P =0.130, two-tailed 7 test) and is significantly
greater than the /g . value of 0.4890 for the asymmetrical
topology, suggesting that the third codon position have
experienced so much substitution saturation that it is
only marginally useful when the true tree is symmetrical
and useless if the true tree is asymmetrical. The phylo-
genetic tree reconstructed with the third codon positions

AnnU90063 AnnU90063 — AnnU90063
—rMaIU90046 EMaIU90046 MyrU90049
Malu90050 Malu90050 Malu90050
CheU90045 CheU90045 Bral90058
CheU90047 CheU90047 MyrU90055
——CheU90052 CheU90052 —Myru90053
———ChelU90048 CheU90048 — CheU90047
MyrU90055 | MyrU90055 MyrU90057
MyrU90053 MyrU90053 1 BraASEF1A
MyrU90057 MyrU90057 _I:HexUQOOSQ
MyrU90049 MyrU90049 CheU90048
_:BraASEHA BraASEF1A Malu90046
BraU90058 BraU90058 MolU90062
HexU90054 HexU90054 HexU90054
HexU90059 HexU90059 CheU90045
MolU90062 MolU90062 ChelU90052
(a) (b) (©)

Fig. 4. Phylogenetic reconstruction based on the elongation factor-la sequences: (a) and (b) based on the first and second codon positions, re-
spectively; (c) based on the third codon positions only.
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(Fig. 4c) is absolutely absurd. It is wise of Regier and
Shultz (1997) to have used amino acid sequences rather
than the nucleotide sequences of the EF-1a sequences
for phylogenetic reconstruction.

We now discuss the applicability of our test with
more complicated models of substitution, in particular,
the rates-across-sites (RAS) model (Uzzel and Corbin,
1971) and the covarion model of substitution (Fitch,
1971; Fitch and Markowitz, 1970). The RAS model has
been studied recently in relation to phylogenetic recon-
struction (Chang, 1996; Yang, 1996b) because most
commonly used phylogenetic methods fail to recover the
true tree when sequences evolved according the RAS
model (Kuhner and Felsenstein, 1994). A typical RAS
model includes a proportion (P) of invariable sites (i.e.,
sites so strongly constrained by purifying selection that
mutations at these sites are lethal), and the rest of sites
evolving at the I'-distributed rates (Yang, 1996b). Our
test is applicable to the (1 — P) fraction of the sites.
DAMBE (Xia, 2000) includes a function for estimating
P that can then be inputted into the test of substitution
saturation. If one assumes P =0 when P > 0, then our
test of substitution saturation would be conservative.

The covarion hypothesis (Fitch, 1971; Fitch and
Markowitz, 1970) has been the subject of intensive
studies in recent years (Galtier, 2001; Lockhart et al.,
1998, 2000; Lopez et al., 1999; Miyamoto and Fitch,
1995; Penny et al., 2001; Pupko and Galtier, 2002). A
simulation study (Penny et al., 2001) showed that mo-
lecular sequences evolving according to the covarion
model is much less susceptible to substitution saturation
than evolving according to the RAS model. The reason
for this is easy to understand and can be illustrated with
a simple example. Suppose, we have an amino acid se-
quence in which each site will evolve to substitution
saturation in 10 million years. Now suppose the amino
acid sites can be classified into two equal-sized groups
(designated Groups 1 and 2). At time 0, those in Group
1 start evolving while those in Group 2 stay the same.
After evolving for five million years, those in Group 1
are frozen in their current states and do not change any
more, while those in group 2 start to evolve. At the end
of 10 million years, each site would have effectively
evolved for only five million years and are therefore far
from substitution saturation. Although this is not ex-
actly what has been done in the simulation (Penny et al.,
2001), the essence is the same. Such a covarion substi-
tution process does not seem to cause any complication
in our test of substitution saturation.
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