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Abstract— Previous phylogenetic analyses of tetrapod 18S ribosomal RNA (rRNA) sequences support the grouping of birds
with mammals, whereas other molecular data, and morphological and paleontological data favor the grouping of birds
with crocodiles. The 185 rRNA gene has consequently been considered odd, serving as “definitive evidence of different
genes providing significantly different estimates of phylogeny in higher organisms” (p. 156; Huelsenbeck et al., 1996, Trends
Ecol. Evol. 11:152-158). Our research indicates that the previous discrepancy of phylogenetic results between the 185 rRNA
gene and other genes is caused mainly by (1) the misalignment of the sequences, (2) the inappropriate use of the frequency
parameters, and (3) poor sequence quality. When the sequences are aligned with the aide of the secondary structure of the
185 rRNA molecule and when the frequency parameters are estimated either from all sites or from the variable domains
where substitutions have occurred, the 185 rRNA sequences no longer support the grouping of the avian species with the
mammalian species. [alignment; 185 rRNA; RNA secondary structure; Indel; molecular phylogenetics; tetrapod phylogeny.]

One of the early controversies in the phylogenetic re-
lationship among tetrapods is whether birds are more
closely related to crocodilians (Romer, 1966; Carroll,
1988; Gauthier et al., 1988) or to mammals (Gardiner,
1982; Levtrup, 1985). Hedges et al. (1990) collected a set
of 185 ribosomal RNA (rRNA) sequences to evaluate
the relationships among tetrapods and found that the
bird-mammal grouping was much more strongly sup-
ported, with a bootstrap value of 88%, than the bird-
crocodilian grouping. A subset of these 185 rRNA se-
quences was used subsequently in a statistical test, based
on the minimum-evolution criterion, to evaluate relative
support of these alternative phylogenetic hypotheses
(Rzhetsky and Nei, 1992). The nine shortest trees, includ-
ing the neighbor-joining tree, all grouped the avian and
mammalian species together as a monophyletic taxon.

The bird—-mammal grouping contradicts both the tra-
ditional classification and the results derived from a large
amount of other molecular data (Hedges, 1994; Seutin
et al., 1994; Caspers et al., 1996; Janke and Arnason,
1997; Zardoya and Meyer, 1998; Ausio et al., 1999) and
morphological and paleontological data (Eernisse and
Kluge, 1993). For this reason, the proposal of the bird—-
mammal grouping based on the 185 rRNA gene has re-
ceived critical examination from many different perspec-
tives to determine what bias could have been introduced
in analyzing the 185 rRNA sequences among tetrapod
species.

Four kinds of potential bias involving the 185
rRNA gene have been proposed. First, the genomes of
homeotherms such as birds and mammals tend to be
more GC rich than those of poikilotherms (Bernardi,
1993). This shift in nucleotide frequencies, i.e., the prob-
lem of nonstationarity in the substitution process, is
generally not accommodated in either parsimony or
maximum-likelihood phylogenetic methods. For this
reason, the LogDet (Lockhart et al., 1994) distance, which
is based on a substitution model that presumably should
correct for the nucleotide frequency shift, was used to see
whether the annoying bird—-mammal grouping would

disappear (Huelsenbeck and Bull, 1996; Huelsenbeck
et al., 1996). It did not.

Second, the substitution pattern is biased favoring
U <« C transitions in TRNA genes (Marshall, 1992). This
bias is expected and is mainly caused by the fact that
the nucleotide G can pair with either U or C in main-
taining the secondary structure of the rRNA molecule.
For example, in pairing with a G, a C can be replaced
by a U with little effect on the secondary structure. This
ease of substitution is partly the reason for the model
(Tamura and Nei, 1993) that uses one parameter for the
T < C transition and another for the A <> G transition.
However, the substitution pattern is not unique in the
18S rRNA gene and therefore cannot explain the differ-
encein phylogenetic outcome between the 18SrRNA and
the rest of rRNA molecules. The use of the most general
distance such as the LogDet still does not break up the
bird—-mammal grouping when applied to the 185 rRNA
sequences (Huelsenbeck and Bull, 1996; Huelsenbeck
et al., 1996).

The combination of a higher GC content in
homeotherms and the biased substitution pattern fa-
voring U <> C transitions may jointly increase the prob-
lems associated with long-branch attraction (Marshall,
1992; Huelsenbeck et al., 1996). If U <> C transition is the
predominant substitution type and if birds and mam-
mals have experienced an increase in C, then conver-
gent U — C transitions may occur independently in the
lineages leading to birds and to mammals. However,
Hedges and Maxon (1992) dismissed long-branch attrac-
tion because the 185rRNA sequences do notseem to have
experienced substitutional saturation.

A weighted parsimony method (Williams and Fitch,
1990; Fitch et al.,, 1995) produced equivocal results
(Marshall, 1992). When the paleontological tree grouping
birds with crocodilians was used as the starting tree, the
method ended up supporting this starting tree. However,
when the tree grouping birds with mammals was used as
the starting tree, the method ended up supporting this
new starting tree. The weighted parsimony method is
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known to depend on the starting tree, and its relevance
to the 185 rRNA sequences is not obvious (Hedges, 1992).

Third, sequence misalignment was suspected to have
resulted in a biased phylogenetic estimate from the 185
rRNA sequences (Eernisse and Kluge, 1993). However,
a realignment of the sequences that was not based on
secondary structure (Eernisse and Kluge, 1993) gener-
ated results that are exactly the same as those of earlier
studies (Hedges et al., 1990; Rzhetsky and Nei, 1992).
As previously argued (Hedges et al., 1990), the sequence
divergence between the amphibians and the amniotes
is only 4.4%; thus, sequence alignment should not be a
problem.

Fourth, negligence in accommodating variable substi-
tution rates between the conserved and the variable do-
mains in the 185 rRNA sequences might cause a problem
(Van de Peer et al., 1993). Both the indel and nucleotide
substitution events have occurred predominantly in the
eight variable domains (Van de Peer et al., 1993). If some
sequences have experienced a number of deletions at
their variable domains and if the genetic distance be-
tween the two sequences is calculated by using all ho-
mologous sites between the two sequences, then the ge-
netic distance involving the shortest sequence, i.e., the
one with the shortest variable region, will be relatively
underestimated (Van de Peer et al., 1993). Although this
observation is insightful, it cannot explain the bird—
mammal grouping in previous studies (Hedges et al.,
1990; Rzhetsky and Nei, 1992) because in these studies
all indel-containing sites were deleted before the phylo-
genetic analysis was performed so that the number of the
homologous sites between any pair of sequences would
be constant, i.e., all sequences have the same number of
conserved and variable sites in these studies.

Huelsenbeck et al. (1996) made perhaps the most ex-
tensive and critical examination of the 185 rRNA se-
quences in relation to the tetrapod phylogeny. They
tried almost all existing phylogenetic methods, such
as distance methods with the LogDet distance and the
maximum-likelihood method with several substitution
models. However, the 185 rRNA sequences consistently
produced the bird-mammal grouping, whereas other
rRNA genes supported the bird—“reptile” grouping. This
result led Huelsenbeck et al. (1996:156) to conclude that
their analysis “offers definitive evidence of different
genes providing significantly different estimates of phy-
logeny in higher organisms.”

Is the 185 rRNA gene really so unique? This question
is serious because the rRNA genes have been heralded
as the universal yardstick in molecular phylogenetics
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FIGURE 1.

(Olsen and Woese, 1993), and it would be truly frustrat-
ing if we often had “different genes providing signifi-
cantly different estimates of phylogeny in higher organ-
isms” (Huelsenbeck et al., 1996:156), especially when the
universal yardstick is at fault.

In previous studies, including that of Eernisse and
Kluge (1993), little attention was paid to two problems.
The first problem is that of sequence alignment and the
associated definition and treatment of alignment in am-
biguous regions. The realignment of Eernisse and Kluge
(1993) has not been published but appears to have been
generated using a gap penalty slightly higher than that
used by Hedges et al. (1990). No reference was made to
the secondary structure of the RN A molecule, which has
been considered by some as essential for aligning rRNA
sequences (Kjer, 1995; Notredame et al., 1997; Hickson
et al., 2000).

The reported sequence divergence of 4.4% between
amphibians and amniotes (Hedges and Maxson, 1992)
might have misled researchers into thinking that few
changes have occurred during the evolution of 18S rRNA
and that there is consequently little ambiguity in se-
quence alignment. In fact, many indel events have oc-
curred, and it is extremely difficult to arrive at a definite
alignment, even with the information provided by sec-
ondary structure. Hedges et al. (1990) excluded a seg-
ment of sequences because of the difficulty in align-
ing them. The reported 4.4% sequence divergence was
obtained after deleting all indel-containing sites and is
therefore not a reflection of sequence differences. With
sequences of such low divergence, these hypervariable
regions are important because the majority of charac-
ters may come from regions of ambiguous homology. In
addition, even if 4.4% were an accurate estimate of pair-
wise divergence, Kjer (1995) cautioned against making
general statements about divergence levels below which
structural alignments would be unimportant because of
the high variability of conservation among stems.

The 18S rRNA sequences in mammalian species are
much longer than those in avian and “reptilian” species.
The alignment program therefore has more room to
slide the “reptilian” bases to match the mammalian
sequences during sequence alignment. The similarity
in nucleotide frequencies between birds and mammals
(Bernardi, 1993) would increase the chance of spurious
matching between the avian and mammalian sequences.
For illustration, imagine four orthologous sequences,
two having experienced no indel events and two having
experienced many indel events (Fig. 1). The alignment
of many sites, especially at sites 3 and 4 and 10 and 11,

AACCCCGGUGUAGGGGGAAGAACCUUGAUGAACCUCGAUG
AACCCCGGUGCAGGGGGAAGAACCUUCAUGAACCUCGAUG

The problem of aligning short and long sequences.
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is uncertain. Assuming that indel events are generally
rare, we conclude that Seql and Seq2 are more similar to
each other, as are Seq3 and Seq4. However, if we delete
all indels, then the uncertainty in sequence alignment
is forgotten, and all existing phylogenetic methods will
generate the “best” tree, with Seq2 and Seq3 forming a
monophyletic taxon. Previous studies that support the
grouping of birds with mammals (Hedges et al., 1990;
Rzhetsky and Nei, 1992; Huelsenbeck et al., 1996) hap-
pen to have aligned long mammalian sequences with
short avian and “reptilian” sequences and then deleted
all indels before phylogenetic analysis.

The information in the secondary structure of rRNA
sequences has been recognized as helpful in guid-
ing sequence alignment (Kjer, 1995; Hickson et al,,
1996; Notredame et al., 1997; Buckley et al., 2000), and
structure-based alignment has improved phylogenetic
resolution in many studies (Dixon and Hillis, 1993; Kjer,
1995; Titus and Frost, 1996, Morrison and Ellis, 1997;
Uchida et al., 1998; Mugridge et al., 1999; Cunningham
et al., 2000; Gonzalez and Labarere, 2000; Hwang and
Kim, 2000; Lydeard et al., 2000; Morin, 2000; Xia, 2000b).
Structural alignments are performed manually and thus
require the investigator to look at the data and make de-
cisions, thus preventing some of the arbitrary statements
about homology that are illustrated in Figure 1.

For the 185 rRNA sequences from the tetrapod species,
even the inclusion of secondary structure information
cannot guarantee unequivocal alignment of all homol-
ogous sites. Although many authors have proposed
methods for handling indels (Swofford, 1993; Baldwin
et al., 1995; Hibbett et al., 1995; Kjer, 1995; Crandall and
Fitzpatrick, 1996; Kretzer et al., 1996; Manos, 1997; Flores-
Villela et al., 2000; Kjer et al., 2001), ambiguously aligned
sites have sometimes been handled in phylogenetics in
two extreme and inappropriate ways, i.e., they are either
totally discarded or totally included with the hope that
the majority of sites have been aligned properly. Lutzoni
etal. (2000) described a method for coding these ambigu-
ously aligned regions, but their method has not yet been
used with the 185 rRNA sequences for tetrapods.

The second problem shared by previous studies is
the misuse of frequency parameters in the distance and
maximum-likelihood methods. The vast majority of both
substitution and indel events have occurred in just a few
variable domains of the 185 rRNA sequences (Van de
Peer et al., 1993). The variable domains have nucleotide
frequencies different from those of the conserved do-
mains in the 185 rRNA gene and the 285 rRNA gene
(Zardoya and Meyer, 1996). In phylogenetic analyses in-
volving the distance and maximum-likelihood methods,
the frequency parameters most appropriate for the un-
derlying substitution model must be used. The most ap-
propriate estimate of the frequency parameters should
be derived from the sites where substitution occurs,
i.e., from the variable domains. However, in previous
studies, many sites in the variable domains have been
deleted after alignment because they contain indels. Con-
sequently, the frequency parameters in those studies
have been estimated mainly from the conserved domains

where nucleotide substitutions are rare. Such frequency
parameters could be irrelevant to the underlying substi-
tution models used.

In this study, we reexamined phylogenetic relation-
ship among tetrapods by (1) using the 185 rRNA se-
quences aligned against the secondary structure and
(2) estimating the frequency parameters from all sites
(i.e., including indel-containing sites) or from variable
sites only. In contrast to previous studies based on the
18S rRNA sequences, our reanalysis does not support
the hypothesis that birds group with mammals.

MATERIALS AND METHODS

We used three sets of 185 rRNA sequences in this
study. The first set of sequences was retrieved from
the IRNA WWW server (Van de Peer et al., 2000; http:
//rrna.uia.ac.be/ssu/) and consists of 48 sequences,
after excluding redundant sequences. The sequence
files from the rRNA WWW server are plain-text files
with a special distribution format to specify secondary
structure information. The format uses square brack-
ets to enclose a helix, parentheses to enclose a non-
standard base pair, and braces to enclose an inter-
nal loop. The computer software DAMBE (Xia, 2000a;
Xia and Xie, 2001) can read the files and interpret the
symbols properly. The alignment was refined by vi-
sual inspection against the secondary structure, and
the final aligned sequences and the second and third
sets of data are available at http://aix1.uottawa.ca/
~xxia/research/data/XiaXieKjerhtm. The refinement
of the alignment was required because, as with any huge
electronic database of rRNA expanding at a rapid rate,
some of the sequences we downloaded had been taxo-
nomically aligned.

The second set of aligned 185 rRNA sequences
was retrieved from the Ribosomal Database Project II
(Maidak et al., 2000; ftp://ftp.cme.msu.edu/pub/RDP/
SSU_rRNA /alignments/). This FTP site contains two rel-
evant files (S55U_Euk.gb and SSU_Euk_rep.gb). All tetra-
pod sequences with >1200 resolved bases were included
in this study, and the set consists of 15 aligned sequences.
Most of these sequences have been used in previous stud-
ies to generate the best tree supporting the bird-mammal
grouping (Hedges et al., 1990; Rzhetsky and Nei, 1992;
Eernisse and Kluge, 1993; Huelsenbeck et al., 1996). We
refined the alignment by visual inspection, and the final
alignment is also available in the URL above.

The third sets of sequences were retrieved from
GenBank, with four sequences not contained in the pre-
vious two sets: Crocodylus mniloticus (crocodile), Orni-
thorhynchus anatinus (platypus), Vombatus ursinus (wom-
bat), and Didelphis virginiana (opossum). The platypus
and the two marsupial species help subdivide the branch
leading to the placental mammal clade. The sequences
are also aligned against the secondary structure, and
the final alignment is also available at the URL above.
Alignment-ambiguous regions were defined with refer-
ence to secondary structure (Kjer, 1997). We examined
whether there could be something peculiar about the
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sequences collected by Hedges et al. (1990) that could
cause the avian and mammalian sequences to group to-
gether. We sequenced most of the 185 rRNA gene from
the turtle Trachemys scripta and combined these new se-
quences with those of Pseudemys scripta from Hedges
et al. (1990), forming a chimeric sequence. Other se-
quences from Hedges et al. (1990) were replaced with
taxa collected by others, except for the lizard and snake
sequences, which are the only representatives of their
taxa available. Of the sequences that were retained from
Hedges et al. (1990), we recorded as missing any spe-
cific site at which one nucleotide was recorded from
all of the amniotes by Hedges et al. (1990) and an-
other nucleotide was recorded from all other taxa by
other researchers. These sequences were analyzed us-
ing parsimony methods, with a new method for coding
alignment-ambiguous regions (Lutzoni et al., 2000), and
analyzed using likelihood methods, with a general time-
reversible model with a gamma correction foramong-site
rate variation and an estimate of invariant sites. Parame-
ters were estimated from the parsimony tree with PAUP
4 (Swofford, 2000). The three sets of sequences are not
mutually exclusive.

Strong heterogeneity in substitution rate is expected to
existin the 185 rRNA sequences, and we used the method
of Gu and Zhang (1997) implemented in DAMBE (Xia,
2000a; Xia and Xie, 2001) to estimate the alpha parameter
of the gamma distribution. We also estimated the pro-
portion of invariant sites using a modification of Gu and
Zhang’'s method as follows. The estimated alpha value is
used with the new version of DNAML (Felsenstein, 1993)
and for correcting distance estimation based on the TN93
model (Tamura and Nei, 1993).

The genomes of homeotherms such as birds and mam-
mals tend to be more GC rich than those of poikilotherms
(Bernardi, 1993), and the 185 rRNA sequences from the
avian and mammalian species are also more GC rich than
those of other species. If the high GC content in avian
and mammalian sequences has been gained indepen-
dently in the two lineages, then we should use a substi-
tution model that would accommodate nonstationarity
in the substitution process. At present, only the under-
lying model for the LogDet (Lockhart et al., 1994) and
the paralinear (Lake, 1994) distances accommodate non-
stationarity, and thus much of our phylogenetic analysis
was limited to distance-based methods.

The presence of a large proportion of invariant sites
may bias phylogenetic estimation (Lockhart et al., 1996).
It is important to distinguish between the invariant sites
and those sites with no observed substitution, the for-
mer being a subset of the latter. The proportion of sites
with no observed substitution (designated p) is made
of two components: the proportion of sites expected to
have experienced no substitution (p1) under certain sub-
stitution model and the truly invariant sites, i.e., those
where a change will have a very deleterious effect and
will be strongly selected against (p). To estimate p,, we
allowed the p;, value to fluctuate between 0 and p (and
the p; value consequently fluctuated from p to 0) and fit
the observed substitution data to a negative binomial dis-

tribution. The resulting p, value that produced the best
fit to the substitution data was used as the proportion
of invariant sites. This method has been implemented in
DAMBE (Xia, 2000a; Xia and Xie, 2001). A similar ap-
proach was used by Lockhart et al. (1996).

Unless specified otherwise, the nucleotide frequen-
cies were estimated using all sites, including the indel-
containing sites. This approach differs from that used
in previous studies (Hedges et al., 1990; Rzhetsky and
Nei, 1992; Eernisse and Kluge, 1993; Huelsenbeck et al.,
1996), in which all indel-containing sites were deleted
before the phylogenetic analysis was performed.

RESULTS AND DISCUSSION

The mammalian and avian sequences are consistently
more GC rich than the sequences from poikilotherms
(Table 1), a finding with two implications. First, avian
185 rRNA sequences are much shorter than mammalian
sequences, and alignment of the short avian sequences
against the long mammalian sequences allows a great

TABLE 1. Frequencies of A+T and G+C for the fish, amphibian,
“reptilian,” mammalian, and avian species.

. Frequencies
Accesion
Taxon Scientific name no. A+T C+G
Fish Latimeria chalumnae L11288 0.4766 0.5234
Amphibian  Xenopus laevis X02995 0.4619 0.5380
Xenopus laevis X04025 0.4622 0.5378
Ranodon sibiricus AJ279506 0.4788 0.5212
Crocodilian  Alligator mississippiensis ~ AF173605 0.4634 0.5367
Tuatara Sphenodon punctatus AF115860 0.4602 0.5398
Mammal Mus musculus X00686 0.4398  0.5602
Mus musculus X82564 0.4396  0.5605
Rattus norvegicus K01593 0.4424 0.5576
Rattus norvegicus M11188 0.4422 0.5577
Rattus norvegicus V01270 0.4429 0.5571
Oryctolagus cuniculus X06778 0.4465 0.5534
Homo sapiens K03432 0.4393  0.5607
Homo sapiens M10098 0.4395 0.5605
Homo sapiens U13369 0.4388 0.5612
Homo sapiens X03205 0.4388 0.5612
Bird Anas platyrhynchos AF173614 0.4467 0.5533
Dromaius novaehollandiae ~ AF173610  0.4537  0.5463
Tockus nasutus AF173626 0.4410 0.5590
Chordeiles acutipennis AF173622 0.4398 0.5602
Charadrius semipalmatus ~ AF173638  0.4410 0.5591
Larus glaucoides AF173637 0.4381 0.5619
Urocolius macrourus AF173617 0.4386 0.5613
Columba livia AF173630 0.4404 0.5596
Coracias caudata AF173625 0.4404 0.5596
Cuculus pallidus AF173628 0.4410 0.5590
Galbula pastazae AF173624 0.4410 0.5590
Ortalis guttata AF173613  0.4399  0.5602
Coturnix pectoralis AF173611 0.4502 0.5498
Gallus gallus AF173612 0.4525 0.5475
Grus canadensis AF173632 0.4410 0.5590
Gallirex porphyreolophus ~ AF173618 0.4393  0.5608
Picoides pubescens AF173615 0.4410 0.5590
Tyrannus tyrannus AF173616  0.4398  0.5602
Ciconia nigra AF173636  0.4398 0.5602
Apus affinus AF173619 04392 0.5607
Trogon collaris AF173623 0.4404 0.5596
Turnix sylvatica AF173631 0.4404 0.5596
Upupa epops AF173627 0.4404 0.5596
Apteryx australis AF173609 0.4537 0.5463
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deal of freedom in sliding the avian bases to match the
mammalian bases. This length mismatch and the simi-
larity in nucleotide frequencies between avian and mam-
malian sequences lead to “optimal” alignment (i.e., the
best alignment score); therefore, it is necessary to use
a nucleotide substitution model that accommodates the
inherent nonstationary substitution process. At present,
only the paralinear distance (Lake, 1994) and the LogDet
distance (Lockhart et al., 1994) methods are appropriate
for the phylogenetic analysis of these sequences.

There is a subtle difference between the paralinear
and the LogDet distances. To highlight the difference,
we reproduced the distance between two nucleotide se-
quences (1 and 2):

1
d1z=—11n — | V)

where J;; is the observed substitution matrix, p; and
p2 are nucleotide frequencies for sequences 1 and 2, re-
spectively, and det J;, means the determinant of J;. In
the formulation of the paralinear distance, Ji, are num-
bers and p; and p, are reconstituted from Ji» (Lake,
1994). Consequently, p; and p; are based on aligned sites
only, i.e., sites with no indels. However, this approach
causes a new problem for analyzing the 18S rRNA se-
quences. Both substitution and indel events have oc-
curred almost exclusively in just a few variable do-
mains of the 185 rRNA sequences (Van de Peer et al,,
1993). The variable domains have nucleotide frequen-
cies different from those of the conserved domains in
the 185 rRNA gene and in the 285 rRNA gene (Zardoya
and Meyer, 1996). In phylogenetic analyses involving
distance and maximum-likelihood methods, frequency
parameters most appropriate for the underlying substi-
tution model must be used. The most appropriate esti-
mate of the frequency parameters should be from the
sites where substitution occurs, i.e., from the variable
domains. However, variable domains in the 18S rRNA
sequences are poorly represented in the aligned sites be-
cause of the presence of many indels in these domains.
Thus, p1 and p, in Equation 1 are mainly based on invari-
able domains and consequently are not appropriate for
phylogenetic reconstruction. PAUP 4 (Swofford, 2000)
uses this original formulation for calculating the pair-
wise Lake/LogDet distances.

Two modifications can be made to alleviate the prob-
lem of using inappropriately estimated frequency pa-
rameters. The first is to use polymorphic sites only in
phylogenetic reconstruction. This would produce proper
estimates of p; and p, but has the disadvantage of gen-
erating extraordinarily large distances. An alternative is
to use to use the LogDet distance (Lockhart et al., 1994),
which defines i, as a substitution matrix in proportions
summing up to 1 and p; and p, as vectors of propor-
tions summing up to 1. This permits the computation of
empirical frequencies from all sites, including sites con-

taining indels. Both DAMBE and the DNADIST program
in PHYLIP (Felsenstein, 1993) use all sites in computing
p1 and p,. This approach allows sites in the variable do-
mains of the 185 rRN A sequences to be better represented
in computing nucleotide frequencies and is the approach
that we have taken in analyzing the 185 rRN A sequences.

Distance-based phylogenetic reconstruction demands
both the unbiased estimation of the distance matrix and
an efficient and accurate method that uses the input dis-
tance matrix to search for the best tree based on a bio-
logically meaningful optimization criterion. The latter
component has been much advanced in recent years,
with the development of new methods implemented in
Weighbor (Bruno et al., 2000), BION] (Gascuel, 1997),
and FastME (Desper and Gascuel, 2002). In particular,
FastME represents one of the first successful implemen-
tations of the global minimum evolution (ME) criterion
in phylogenetic analysis. Previous implementations of
the ME criterion, such as METREE (Rzhetsky and Nei,
1994) and FITCH in the PHYLIP package (Felsenstein,
1993), use the ordinary least-square method for evaluat-
ing branch lengths and do not handle the resulting neg-
ative branch lengths in a meaningful way. FastME is fast
and achieves high topological accuracy by the combina-
tion of a very efficient branch-swapping algorithm and a
fast tree-evaluating method equivalent to the weighted
least-square method.

The tree produced by FastME with default options and
with the LogDet distance for the 48 sequences in the first
set (Fig. 2) revealed a group of odd-looking sequences:
Ambystoma mexicanum (salamander; GenBank M59384),
Nesomantis thomasseti (salamander; M59396), Bufo valli-
ceps (frog; M59386), Turdus migratorius (bird; M59402),
Pseudemys scripta (turtle; M59398), Heterodon platyrhinos
(snake; M59392), and Alligator mississippiensis (M59383).
These amphibian, “reptilian,” and avian species have
relatively long branches, do not cluster with their taxo-
nomic sister taxa, and form a cluster among themselves.
These sequences are all from the first study (Hedges et al.,
1990) in which the avian and mammalian species formed
a monophyletic group.

A close examination of these sequences shows that
all have many unresolved sites, which suggests that the
neighboring resolved sites in the sequences might also
be unreliable. The long branches associated with these
sequences may not mean that they all have extraordinar-
ily rapid evolutionary rates but rather are more likely
to be the result of sequencing errors. The grouping of
these heterogeneous sequences together to the exclusion
of their respective sister taxa cannot be satisfactorily ex-
plained without invoking sequencing errors. A site-by-
site examination of the data confirms this explanation.
Examination of this odd group of sequences suggests
that the grouping of the avian and mammalian species
by previous studies based on this group of sequences
(Hedges et al., 1990; Rzhetsky and Nei, 1992; Eernisse
and Kluge, 1993; Huelsenbeck and Bull, 1996) is at least
partially attributable to sequencing error.

In subsequent analyses of the first set of sequences,
we excluded these seven sequences and one of the two
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FIGURE 2. Phylogenetic tree obtained from the FastME method with LogDet distances. All sites were included in counting nucleotide
frequencies for computing the LogDet distance.
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Oryctolagus cuniculus sequences (rabbit; X00640). This
sequence was obtained many years ago (Connaughton
et al., 1984), and its suspiciously long branch (Fig. 2)
suggests that it is unreliable. The phylogenetic tree
for the remaining 40 sequences, based on the FastME
method with the LogDet distances, clustered the avian

Latimeria

and “reptilian” species to the exclusion of mammalian
species (Fig. 3a). The bootstrap values from 500 resam-
ples leave little ambiguity in such a grouping (Fig. 3a).
The combination of the DNADIST (producing a matrix
of LogDet distance matrix) and NEIGHBOR programs in
PHYLIP (Felsenstein, 1993) also groups the avian and the

100

IXenopusX04025
' XenopusX02995

_I-_Sphenodon

Alligator
Gallus \
'[I‘Apteryx
Dromaius
— Coturnix

99.8

100

92
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MusX82564
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HomoK03432 J

Birds

Mammals

- Oryctolagus
(@)

FIGURE3. Phylogenetic tree obtained from the FastME method (a) and the Fitch-Margoliash method (b) with the LogDet distances. Sequences
of poor quality have been removed. The numbers are bootstrap values. (Continued on next page)
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FIGURE 3. Continued.

“reptilian” species together to the exclusion of mam-
malian species. The reconstructed tree from Weighbor
(Bruno et al., 2000) is similar to that of the neighbor-
joining (NJ) method, and both trees share the annoying
outcome of grouping one of the three rat sequences with
the mouse sequences.

The phylogenetic tree based on the Fitch-Margoliash
(FM) method (Fitch and Margoliash, 1967), imple-
mented in the FITCH program of the PHYLIP package
(Felsenstein, 1993) and in DAMBE (Xia, 2000a; Xia and

Xie, 2001), is similar to the FastME tree in that avian and
“reptilian” species are clustered together with high boot-
strapping values (Fig. 3b). Although the FM method has
a global optimization criterion whereas the NJ method
achieves only local optimization, this advantage of the
FM method over the NJ method is typically lost in prac-
tical computation. The FM method is slow, and current
implementations of the method, such as those in PHYLIP
and DAMBE, adopt a greedy algorithm by starting the
tree reconstruction with three operational taxonomic
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units (OTUs) and then add new OTUs to the growing
tree sequentially. Thus, the so-called global optimization
is only applied to successive local trees, and it is mislead-
ing to call this approach global optimization. In contrast,
FastME explores the tree space much more thoroughly
than does the FM method implemented in FITCH and
DAMBE.

There is a small difference in the implementation of
the FM method between DAMBE and PHYLIP. DAMBE
starts with three OTUs that have the greatest average
distance from the other OTUs and then adds other OTUs
sequentially to the tree. Once all the trees have been
added, the first three OTUs are then taken off and re-
planted. This process should produce a tree that is better
than that produced by the FITCH program using its de-
fault mode but may not be as good as that produced by
the FITCH program when all optimization switches are
turned on.

The second set of 185 rRNA sequences is mostly com-
posed of sequences used originally to produce the bird-
mammal grouping with high bootstrap values (Hedges
et al., 1990; Rzhetsky and Nei, 1992; Eernisse and Kluge,
1993; Huelsenbeck et al., 1996). However, when the se-
quences are aligned according to secondary structure
and all sites are used for counting nucleotide frequencies
in computing LogDet distances, the avian and “reptilian”
sequences form a monophyletic group with unambigu-
ous bootstrapping support (Fig. 4). Phylogenetic recon-
struction with the FM method produced identical topol-
ogy and almost identical bootstrapping values. Thus, the
bird-mammal grouping is still not recovered with proper

phylogenetic methods even when the sequence quality
is low.

Previous studies with roughly the same set of se-
quences grouped avian and mammalian species together
with the LogDet distances (Huelsenbeck and Bull, 1996;
Huelsenbeck et al., 1996). There are several possibilities
for the discrepancy. First, the sequences used in previ-
ous studies may have been aligned differently. Second,
the previous studies may have included the LogDet dis-
tances specified in equation 1 of Lockhart et al. (1994)
instead of those of equation 3 of Lockhart et al. (1994).
The latter is identical to our Equation 1 and the paralinear
distance (Lake, 1994) in form, but that defined in equa-
tion 1 of Lockhart et al. (1994) is different and equals
—In(det/1). Third, the previous studies may have also
included the LogDet distances as defined in our Equa-
tion 1 but may have done the calculations based on sites
containing no indels. This would imply that p; and p; in
our Equation 1 were dominated by sites in the conserved
domains of the 185 rRNA sequences and consequently
may not be appropriate in characterizing a substitution
patterninvolving substitutions mostly in sites of the vari-
able domains.

The inclusion of the indel-containing sites in our cal-
culation of the LogDet distances also suffers from a pos-
sible bias. Both the indel events and the nucleotide sub-
stitution events occurred mostly in the variable domains
of rRNA sequences (Van de Peer et al., 1993). If some
sequences have experienced a number of deletions at
their variable domains and if the genetic distance be-
tween the two sequences is calculated using all sites

Homo sapiensK03432 ™~

Homo sapiensU13369
Homo sapiensX03205
Homo sapiensM10098
Mus muscululusX00686
Rattus norvegicusM11188
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— Oryctolagus cuniculusX06778
Ambystoma mexicanumM59384
Heterodon platyrhinosM59392
Trachemys scriptaM59398
Alligator mississippiensisM59383

100

100

92.4

100

Mammals

]“Reptilian”

Xenopus laevisK01373

Gallus gallusM59389 )
] irds

Turdus migratoriusM59402

Xenopus laevisX04025

0.1

FIGURE 4. Phylogenetic tree obtained from the FastME method with LogDet distances and the second set of sequences used previously to
support the bird-mammal grouping. The numbers are bootstrap values. The Fitch-Margoliash method produces the same topology and almost

identical bootstrap values.



292

SYSTEMATIC BIOLOGY

VOL. 52

()

Rabbit

I Mouse_X00686

Human_K03432 | Mammals

_: Vombatus

Didelphus_vir

Platypus
r""— Rhea

Anas ] Birds

Crocodylus_CNI311672
[ Lizard

Snake “Reptilian”

Sphenodon

Turtle
Ambystoma384_ 521
RanodonAJ279506 Amphibians

. Xenopus_X04025

(b)

~ LatimerialL11288

Latimerial.11288 (Fish)

Rabbit
Mouse_X00686
Human_K03432

E Rhea

— Crocodylus_CNI311672
[ Lizard

Vombatus Mammals

Didelphus_vir
Platypus

] Birds
Anas

Snake

Turtle “Reptilian”
Sphenodon
_'I__ Ambystoma384_521

= Xenopus_X04025

RanodonAJ27950€l

Amphibians

FIGURE 5. Maximum parsimony (u«P) (a) and maximum likelihood (b) trees based on the third set of sequences, including the turtle and the
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between the two sequences (as we have done), then the
genetic distance involving the shortest sequence, i.e., the
one with the shortest variable region, will be relatively
underestimated (Van de Peer et al., 1993). The avian and
“reptilian” 185 rRN A sequences are shorter than those of
mammalian species. If avian and “reptilian” sequences
share a number of independent deletions of homologous
variable domains, then our calculation of the LogDet dis-
tances would tend to underestimate the genetic distances
involving the avian and the “reptilian” sequences. This
problem is shared by results from both the first and the
second data sets.

For the third set of data with more primitive mam-
malian lineages, the phylogenetic result supports the
avian-crocodilian grouping (Fig. 5) in both parsimony
and likelihood analyses. This set of sequences was
aligned independently from the other two sets of se-
quences, and none of these three independently aligned
sequences support the bird—-mammal grouping. This
leaves little doubt that the 185 rRNA gene is not as
odd as previous studies have suggested (Hedges et al.,
1990; Rzhetsky and Nei, 1992; Eernisse and Kluge, 1993;
Huelsenbeck et al., 1996). In particular, this last set of
data does not have the potential bias outlined in the pre-
vious paragraph involving our calculation of the LogDet
distances.

Although it appears premature to conclude that the
18S rRNA sequences supply “definitive evidence of dif-
ferent genes providing significantly different estimates
of phylogeny in higher organisms” (Huelsenbeck et al.,
1996:156), it is important to properly choose the sub-
stitution model and phylogenetic methods. When we
delete all indel-containing sites in the first and the sec-
ond data sets so that the nucleotide frequencies are
dominated by the invariable sites, then all major dis-
tance methods (NJ, FM, Weighbor, FastME) with any
of the genetic distances (including LogDet and par-
alinear distances) group the avian and mammalian
sequences as a monophyletic group, just as shown in pre-
vious studies. PAUP 4 (Swofford, 2000) ignores all indel-
containing sites in calculating the pairwise Lake/LogDet
distances, and the distance-based tree-making methods
implemented in PAUP will always group the mam-
malian and avian species together to the exclusion of
the “reptilian” species.

Similarly, when we apply to the first and the second
data sets any existing maximum likelihood, maximum
parsimony, or any distance-based method that does not
accommodate the nonstationary nature of the substitu-
tion process involved, we again have avian sequences
strongly grouped with the mammalian sequences to the
exclusion of “reptilian” species (data not shown).

The sequences exhibit strong heterogeneity in sub-
stitution rate over sites, with estimated alpha values
of 0.1643 and 0.1432 for the first and the second data
sets, respectively. We have used the maximum-likelihood
method with gamma-distributed rates by using the new
version of DNAML and BASEML, and the resulting trees
always grouped the birds and mammals together. When
we do not use the LogDet distances but instead use

the genetic distance based on the three-parameter TN93
model (Tamura and Nei, 1993) or any other substitution
model, the resulting trees also group the avian and mam-
malian species together, regardless of whether the dis-
tance is corrected with the estimated alpha value or not.
This result highlights the importance of accommodating
nonstationarity in the substitution process.

Structurally aligned 18S rRNA sequences from ma-
jor tetrapod taxa produce topologies similar to those
based on other genes, morphological characters, and pa-
leontological evidence. The rRNA sequences must be
aligned using the secondary structure as a template, and
frequency parameters appropriate for the underlying
substitution model must be used. Secondary structure
information should also be used to determine the bound-
aries between aligned and alignment-ambiguous regions
(Kjer, 1997) so that these regions can be objectively ex-
amined according to the coding method (Lutzoni et al.,
2000). This study highlights the problem of applying a
battery of computer programs to the data without first
checking the quality of the data and emphasizes the im-
portance of becoming intimately familiar with the data.
Many of these conclusions could not have been made
without looking at the data.
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