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Two spurious nodes were found in phylogenetic analyses of vertebrate rhodopsin sequences in comparison with well-
established vertebrate relationships. These spurious reconstructions were well supported in bootstrap analyses and
occurred independently of the method of phylogenetic analysis used (parsimony, distance, or likelihood). Use of this
data set of vertebrate rhodopsin sequences alowed us to exploit established vertebrate relationships, as well as the
considerable amount known about the molecular evolution of this gene, in order to identify important factors contrib-
uting to the spurious reconstructions. Simulation studies using parametric bootstrapping indicate that it is unlikely that
the spurious nodes in the parsimony analyses are due to long branches or other topological effects. Rather, they appear
to be due to base compositional bias at third positions, codon bias, and convergent evolution at nucleotide positions
encoding the hydrophobic residues isoleucine, leucine, and vaine. LogDet distance methods, as well as maximum-
likelihood methods which alow for nonstationary changes in base composition, reduce but do not entirely eliminate
support for the spurious resolutions. Inclusion of five additional rhodopsin sequences in the phylogenetic analyses
largely corrected one of the spurious reconstructions while leaving the other unaffected. The additional sequences not
only were more proximal to the corrected node, but were also found to have intermediate levels of base composition
and codon bias as compared with neighboring sequences on the tree. This study shows that the spurious reconstructions
can be corrected either by excluding third positions, as well as those encoding the amino acids lle, Val, and Leu
(which may not be ideal, as these sites can contain useful phylogenetic signal for other parts of the tree), or by the

addition of sequences that reduce problems associated with convergent evolution.

Introduction

Phylogenetic analysis is a complex problem in in-
ference. It is therefore not surprising that al existing
phylogenetic methods are known to fail under some con-
ditions and for a variety of reasons. In recent years, sev-
eral issues have emerged as particularly thorny. Use of
an oversimplified model of molecular evolution or
strong violation of the assumptions of amodel can result
in convergence to an incorrect topology with greater cer-
tainty as sequence length increases (i.e., inconsistency).
This type of problem is particularly relevant to parsi-
mony analyses, especially in cases in which some
branches are much longer than others, a problem which
has been dubbed *‘long-branch attraction” (Felsenstein
1978). Phylogenetic methods based on explicit models
of evolution, such as distance and maximum likelihood,
tend to be less vulnerable to this type of problem, but
even these are known to display inconsistency under
conditions where their assumptions are strongly violated
(Hillis, Huelsenbeck, and Cunningham 1994; Gaut, and
Lewis 1995; Yang 1996; Huelsenbeck 1997; Sullivan
and Swofford 1997; Huelsenbeck 1998). In addition, al-
though taxon sampling has long been an important issue
in phylogenetic analyses, it remains difficult to establish
reasonable guidelines for sampling and to assess the ef-
fects that it may have on the accuracy of tree topologies
(Hillis 1996, 1998; Poe 1998; Rannala et al. 1998).
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Determining the particular conditions under which
phylogenetic methods fail is critical to both understand-
ing their limitations and developing new, improved
models and algorithms better suited to the analysis of
molecular data. For example, third positions have been
thought to be problematic in many data sets due to the
effects of base compositional bias (Saccone, Pesole, and
Preparata 1989; Sidow and Wilson 1990; Sogin, Hinkle,
and Lelpe 1993). This has led to the development of
models that incorporate nonstationary changes in base
composition for both distance and likelihood phyloge-
netic methods (Lockhart et al. 1994; Steel 1994; Galtier
and Gouy 1995, 1998). However, in practice, it is often
difficult to identify concrete examples of failure of phy-
logenetic methods in real data sets and to pinpoint the
reasons for that failure. Another common feature of mo-
lecular data sets that may cause phylogenetic methods
to fail is variation in codon bias across the tree, but
examples of thisin real data sets have yet to be isolated,
and the challenges they pose for phylogenetic recon-
struction have only just begun to be addressed (Goldman
and Yang 1994; Muse 1996; Yang 1997).

Rhodopsin is an ideal genetic system for exploring
issues in phylogenetic reconstruction, because it has
been cloned from a variety of species, and much is
known about its function and molecular evolution
(Chang et a. 1995, 1996; Baylor 1996; Baylor and
Burns 1998; Bowmaker 1998; Sakmar 1998; Townson
et al. 1998). Rhodopsin is a single-copy nuclear gene
encoding a seven-transmembrane G-protein—coupled re-
ceptor which forms the first step in the visual transduc-
tion cascade in the photoreceptors of the eye (Nathans
1992). In vertebrates, it is expressed at high levelsin a
single cell type, rod photoreceptor cells (Khorana 1992;
Chang et a. 1996; Baylor and Burns 1998; Sakmar
1998). Rhodopsin has been found to exist in more than
one copy only in rare instances, for example, in poly-
ploid animals such as the carp, Cyprinus carpio (Lar-
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Table 1
Rhodopsin Sequences Used in this Study
Tree Label Species Name Accession No. %GC, Scaled x? ENC
Fishes............ Sandgoby Pomatoschistus minutus X62405 75 0.46 41
Zebrafish Brachydanio rerio L11014 89 0.82 33
Goldfish Carassius auratus L11863 74 0.45 42
Carp Cyprinus carpio S74449 77 0.48 41
Cavefish Astyanax mexicanus U12328 86 0.77 34
MBer ndti Myripristis berndti U57538 68 0.38 43
Anguilla Anguilla anguilla L 78008 74 0.39 44
Conger Conger conger S82619 81 0.61 39
Mammals. ........ Cow Bos taurus K 00502 89 0.74 35
Hamster Cricetulus griseus X61084 75 0.41 47
Mouse Mus musculus M 36695 79 0.49 42
Dog Canis familiaris X71380 82 0.59 40
Human Homo sapiens K02281 84 0.65 38
Macagque Macaca fascicularis S76579 86 0.70 38
Rabbit Oryctolagus cuniculus U21688 91 0.79 34
Rat Rattus norvegicus u22180 80 0.57 38
Lampreys......... Sea lamprey Petromyzon marinus u67127 87 0.71 36
Lamprey Lampetra japonica M63632 88 0.73 34
Amphibians....... Rana Rana pipiens 49004 65 0.32 46
Xenopus Xenopus laevis L 04692 59 0.26 49
Salamander Ambystoma tigrinum U36574 71 0.40 44
Reptiles®. . ........ Alligator Alligator mississippiensis u23802 61 0.28 51
Chicken Gallus gallus M88178 84 0.59 40
Anolis Anolis carolinensis L 31503 56 0.16 57
Skate ............ Skate Raja erinacea us1514 71 0.32 50

Note.—The five additional sequences in the ‘‘expanded data set” are shown in bold type. %GC; refers to GC content at third positions; scaled x? and effective
number of codons (ENC) are two measures of codon bias (Shields et al. 1988; Wright 1990).

a|n this paper, we refer to the “‘reptiles” as including birds.

hammar and Risinger 1994). Most important for this
study, phylogenetic relationships among vertebrates, for
which rhodopsin sequences are available, have been
well-characterized using fossil, morphological, and mo-
lecular data (Carroll 1997).

This study takes advantage of well-established ver-
tebrate relationships to examine in detail molecular evo-
lutionary forces which result in spurious reconstructions
in a data set of vertebrate rhodopsin sequences. Once
these factors have been identified, methods are explored
to reduce their effects and eliminate the spurious
reconstructions.

Materials and Methods

Rhodopsin sequences were obtained from the
GenBank database via NCBI's website (http://
www.nchi.nlm.nih.gov/genbank/). GenBank accession
numbers for all the sequences used are given in table 1.
Rhodopsin cDNA sequences were aligned using CLUS-
TAL W and modified by hand to allow only gaps be-
tween codons. This file was then translated to yield an
equivaently aligned amino acid rhodopsin data set. Par-
simony, distance, and maximum-likelihood phylogenetic
analyses were performed using a beta-test version of
PAUP*, version 4 (Swofford 1999). Trees were rooted
using the lamprey sequence as an outgroup. In addition,
many of the analyses also included four paral ogous rod-
like cone opsin genes (GenBank accession numbers:
gekko blue, M92035; chick green, M92038; goldfish
greenl, L11865; goldfish green2, L11866) as outgroup
sequences in order to confirm the position of the root
(Chang et al. 1995). The results of these analyses con-

firmed the position of the lamprey as the most basally
diverging vertebrate rhodopsin.

In order to determine the best model for distance
and likelihood analyses, likelihood scores were deter-
mined for five different models: JC (Jukes and Cantor
1969), K2P (Kimura 1980), F81 (Felsenstein 1981),
HKY 85 (Hasegawa, Kishino, and Yano 1985), and GTR
(Yang 1994). Additionally, the effect of incorporating
among-sites rate heterogeneity (using the I'-distribution;
Yang 1993) into each of the models was examined.
Likelihood ratio tests were used to compare likelihood
scores obtained for pairs of nested models to determine
which model best fit our sequence data (Felsenstein
1991; Yang, Goldman, and Friday 1994).

In addition to equally weighted parsimony analy-
ses, 2:1 transversion (Tv) : transition (Ts) weighting was
also used. Although other weighting schemes were ex-
plored, they produced less reliable trees (data not
shown). In addition, this weighting scheme reflects the
likelihood estimate of the Tv/Ts ratio (1.5). Distance
bootstrap analyses were performed using the
HKY85+T", HKY 85, and K2P models and the neighbor-
joining algorithm.

In order to assess phylogenetic signal in the data
set, 10,000 random trees were generated in PAUP* to
calculate g, statistics (Hillis and Huelsenbeck 1992). In
addition, two measures of codon bias, scaled x2 and ef-
fective number of codons (ENC) (Shields et al. 1988;
Wright 1990), were calculated to assess codon usage in
each taxon. Measures of nucleotide and codon bias were
calculated using the program MEA (generously provid-
ed by its author, E. Moriyama).
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Table 2
Ranges of Pairwise Nucleotide Distances (HKY 85-corrected) Among Major Vertebrate Groups
Lampreys Skate Fishes Amphibians Reptiles Mammals

Lampreys (2) ...... 0.075 0.287-0.292 0.280-0.337 0.276-0.315 0.253-0.357 0.234-0.287
Skate (1) .......... — 0.294-0.353 0.280-0.300 0.264-0.325 0.280-0.300
Fishes(8) ......... 0.062-0.264 0.263-0.347 0.242-0.381 0.235-0.343
Amphibians (3). . ... 0.160-0.200 0.203-0.279 0.223-0.232
Reptiles (3) . ....... 0.184-0.258 0.176-0.322
Mammals (8) ...... 0.037-0.154

NoTte.—Number of sequences is indicated in parentheses beside each vertebrate group.

To test for long-branch attraction (Huelsenbeck
1998), 100 data sets were simulated by parametric boot-
strapping using the program SIMINATOR (Huelsen-
beck, Hillis, and Jones 1996) with parameters estimated
from the original rhodopsin sequence data set. The sim-
ulated data sets were subsequently analyzed using equal-
ly weighted maximum parsimony in PAUP*, version 4,
with 100 replications of (nonparametric) bootstrapping,
10 random-addition replicates each.

Results
Phylogenetic Analyses

Phylogenetic analyses were performed on a data set
of 20 vertebrate rhodopsin nucleotide sequences (table
1). Although this data set showed high levels of genetic
variation (table 2) and generally performed well in re-
constructing traditional relationships among vertebrates,
phylogenetic analyses consistently show substantial
bootstrap support for two groupings which contradict
established vertebrate relationships: reptiles and am-
phibians form a clade (fig. 1B), instead of the more tra-
ditional reptiles and mammals (fig. 1A), and alligator
and anolis form a clade (fig. 2B), instead of alligator
and chicken (fig. 2A). In parsimony analysis with equal
weights (table 3), bootstrap support was 86% for the
reconstruction of amphibians as the sister group to rep-
tiles (this node is hereinafter referred to as amph-+rept)
and 72% for the grouping of aligator + anolis as the
sister lineage to the chicken (this node is hereinafter
referred to as gator+anol). Support for these resolutions
is robust to changes in the relative weightings of trans-
versions and transitions: 91% for rept+amph and 65%
for gator+anol with 2-to-1 Tv/Ts (table 3). Less than
5% bootstrap support was seen for more accepted res-
olutions of these nodes. Thisisin contrast to the robust

A Amphibians B —— Amphibians
Reptiles Reptiles
—— Mammals Mammals

Fic. 1.—Alternate resolutions of the reptile-amphibian-mammal
trichotomy. A, Expected resolution based on well-established verte-
brate relationships. B, Spurious resolution supported by the rhodopsin
data set.

support for established relationships elsewhere in the
tree (fig. 3). Note that this data set, like many other
molecular data sets, does not recover the Glires clade
(rodents + rabbits), but instead places the rodents basal
to a clade containing artiodactyls and other mammals.
On the other hand, most morphological data recover the
Glires (de Jong 1998). The Glires controversy is beyond
the scope of this paper and does not influence its major
observations.

Another unusual aspect of this data set is that de-
spite the substantial divergences among sequences (table
2), useful phylogenetic signal has been retained in third
positions. Not only do third positions contribute the
largest numbers of informative sites (out of 568 total
informative sites, 315 were in third positions, 151 were
in first positions, and 102 were in second positions), but
they aso contain enough signal that when analyzed
alone (fig. 4), they recover atree that is amost as well
supported as the tree with all three codon positions in-
cluded. In addition, analyses of the degree of skewness
of a distribution of lengths of 10,000 randomly gener-
ated trees imply that some phylogenetic signal does re-
side in third positions (all positions: g, = —0.69; third
positions only: g, = —0.69; first + second positions
only: g, = —0.80).

Although there is useful phylogenetic signal re-
tained at third positions with respect to many nodes in
the tree, this signal also appears to be underlying some
of the support for the problematic reconstructions. Boot-
strap support for these incongruent resolutions amost
completely disappeared when third positions were ex-
cluded from parsimony analysis (<5% for rept+amph,
10% for gator+anal), an effect that is robust to changes
in transversion-transition weighting (table 3). Further-
more, excluding third positions had the effect of increas-
ing support for the more established chicken + alligator

A Anolis B Anolis
—— Alligator Alligator
Chicken Chicken

FiG. 2—Alternate resolutions of the chicken-alligator-analis tri-
chotomy. A, Expected resolution based on well-established relation-
ships. B, Spurious resolution supported by the rhodopsin data set.
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Table 3
Bootstrap Support (%) for Alternative Resolutions of the Incongruent Nodes in the
Original Data Set

Reptiles Reptiles Chicken Alligator
+ Mammals + Amphibians  + Alligator + Anolis
Parsimony analyses
All positions. . .................... <5 86 <5 72
21 (TVITS) e <5 91 9.5 65
Third positionsonly................ <5 68 <5 41
2L (TVITS)P. e <5 80 <5 53
Including ILV codons. . ........... <5 89 <5 59
Transversionsonly ................. <5 48 <5 25
First + second positionsonly. .. ..... 16 <5 72 10
21 (TVITS). e 10 <5 68 17
Excluding ILV codons. ........... 44 <5 84 <5
Amino acid analyses®. . ............. 25 <5 <5 <5
Distance analyses
K2P. . <5 78 16 43
HKY85 .. ... <5 76 <5 44
HKY85+T ... . <5 71 <5 47
LogDetd. . ..o <5 56 38 38
Maximum-likelihood analyses
All positions, HKY85+T®........... <5 79 <5 44
a See figure 3 for full phylogeny.
b See figure 4.
¢ See figure 5.
d See figure 6.
¢ See figure 7.
7 Salamander
77 L‘: Xenopus
Rana
I
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Fic. 3.—Maximum-parsimony bootstrap phylogeny of the 20 rho-

dopsin nucleotide sequences in the original data set. One hundred boot-

strap replications

formed, with 2-to-

FiG. 4—Maximum-parsimony bootstrap phylogeny of third po-
sitions only; 100 replications with 2-to-1 weighting of transversionsto
transitions.

of 20 vertebrate rhodopsin sequences were per-
1 weighting of transversions to transitions.
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Fig. 5.—Maximum-parsimony bootstrap phylogeny of rhodopsin
amino acid sequences. Equally weighted parsimony analysis with 100
bootstrap replications.

grouping (hereinafter chick+gator) to 72%, in contrast
to the <5% bootstrap support shown when all positions
were included in the analysis. Support for the reptile +
mammal grouping (hereinafter rept+mamm) also in-
creased, but not as much (16%), when third positions
were excluded.

When analyzed alone, third positions showed sub-
stantial support for the spurious resolutions (68% for
rept+amph, 41% for gator+anol) and no support for the
well-corroborated relationships, an effect which was ro-
bust to changes in Tv/Ts weighting (table 3 and fig. 4).
Analyses of the amino acid sequences, which should be
free of the base compositional and codon hias effects
particularly problematic for third-base positions and
transitions, did not show any support for the incongruent
relationships (table 3). However, the bootstrap phylog-
eny based on amino acids was rather poorly resolved in
genera (fig. 5).

Distance anayses which did not incorporate nonsta-
tionary changes in base composition did not fare much
better than parsimony for this data set, and also tended
to recover the problematic nodes with substantial boot-
strap support (71% for rept+amph and 47% for ga-
tor+anol, HKY85+I" model; table 3). These bootstrap
values remained quite stable, even when the correction
for rate heterogeneity was not included in the analysis or
when models with fewer parameters were used (table 3).

Given the variation in base composition in this data
set, especially at third positions (see table 1), analyses

Salamander
i{: Xenopus
Rana

Chicken

82

56

Alligator

Anolis
Zebrafish
Goldfish

98

100
100 Carp
96 e Caveﬁsh

Sandgoby
100 Human

81 Macaque
90 l———— Dog

Rabbit

100

Cow
il: Mouse
Rat

Hamster

100

100

Lamprey

Fic. 6.—Neighbor-joining bootstrap phylogeny using LogDet dis-
tances (1,000 replications).

using LogDet/parainear distance methods (Lake 1994;
Lockhart et al. 1994; Steel 1994) were performed. These
methods allow for nonstationary changes in base com-
position among sequences in a phylogeny and would be
expected to perform better for data sets where thisis a
problem. Phylogenetic bootstrap analyses using LogDet
distances did show reduced support for the problematic
reconstructions (56% for rept+amph and 38% for ga-
tor+anol; table 3 and fig. 6). Moreover, for one of the
problematic nodes, there was also slightly increased sup-
port for the correct reconstruction (38% for
chick+gator; table 3).

Maximum-likelihood methods were also explored
for this data set (fig. 7). Likelihood ratio tests were used
to compare nested models of evolution in order to iden-
tify models that best fit our data set. These models were
tested for a phylogeny of well-established vertebrate re-
lationships (fig. 8A). Among the models tested, among-
sites rate heterogeneity was the single most important
parameter resulting in significantly better likelihood
scores (x? ranged from 2235.2 to 2412.8, P < 0.001 for
al comparisons; table 4). Among the models incorpo-
rating rate heterogeneity, GTR+I" had significantly
higher likelihood scores in pairwise comparisons with
al other models (x2 = 123.8-619.6, P < 0.001 for all
comparisons) except for the HKY 85+1" model (x? = 6,
P = 0.2). The HKY85+1" model, when compared with
nested models with fewer parameters, had significantly
better likelihood scores (x? = 117.8—306.8, P < 0.001
for all comparisons). Since the GTR+1I" model was not
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Fic. 7—Maximum-likelihood bootstrap phylogeny under the
HKY +I" model (100 replications).

found to be significantly better than the HKY85+T
model, the HKY85+1" model was determined to be the
best fit of those tested for this data set and was subse-
quently used in a full likelihood bootstrap analysis of
the rhodopsin data set. However, maximum-likelihood
phylogenetic methods under the HKY 85+1" model did
not perform any better than distance or parsimony meth-
ods, showing substantial support for spurious resolutions

Rhodopsin Evolution in Vertebrates 1225

at both nodes (79% for rept+amph and 44% for ga
tor+anol; fig. 7 and table 3).

Since base compositional effects appeared to be
important in this data set, likelihood methods which al-
low for nonstationary GC content were also explored
(Galtier and Gouy 1998). Due to the computational in-
tensity of this method (which allows GC content to vary
across all of the branches of the tree), which made afull
maximum-likelihood bootstrap analysis prohibitive,
likelihood scores for alternative resolutions of the rep-
tilee-mammal-amphibian node (see fig. 1) were deter-
mined instead. A topology representing a well-estab-
lished tree of vertebrate relationships (fig. 8A) was found
to have a lower log likelihood score (L = —9,566.12)
than a second topology with the alternate resolution
((amphibians, reptiles), mammals), represented in figure
1B (L = —9,544.30). The higher likelihood score of the
topology with the incongruent resolution at this node,
as compared with established vertebrate relationships,
indicates that even this model cannot fully account for
the signal underlying the spurious reconstruction.

Finaly, it has been suggested that hydrophobic
amino acids may be less useful for phylogenetic recon-
struction than other amino acids (Naylor and Brown
1997). To explore the effects of hydrophobic amino ac-
ids in the rhodopsin data set, nucleotide positions en-
coding the hydrophobic amino acids lle, Leu, and Val
were excluded in a parsimony analysis (189 nucleotide
positions excluded, representing 63 amino acids). This
analysis showed greatly reduced bootstrap support for
the spurious resolutions (<5% for rept+amph and 33%
for gator+anol, 2:1 Tv/Ts, table 3), indicating that po-
sitions encoding for these amino acids may underlie the
spurious signal. If the spurious signal was due mainly
to functional constraints on these hydrophobic amino
acids, then excluding third positions should not affect
the analysis. This was not the case, as the effect re-
mained even when only third positions of the hydro-
phobic amino acids lle, Leu, and Val were excluded (ta-
ble 3).

Frequency

Anolis

Frequency

Lamprey

Bootstrap support for
Amphibian+Reptile clade

50 75 100 0 25 50 75 100

Bootstrap support for
Alligator+Anolis clade

FiG. 8—Results of simulation studies using parametric bootstrapping (see text for details concerning simulation conditions). Simulated data
sets were analyzed using maximum parsimony with 100 nonparametric bootstrap replications. A, Tree topology used for simulations, with branch
lengths indicated. B, Distribution of parsimony bootstrap support for the spurious reconstruction ((reptiles, amphibians), mammals) in the
simulated data sets. C, Distribution of parsimony bootstrap support for the spurious reconstruction ((alligator, analis), chicken) in the simulated
data sets. These graphs represent the expected distribution of support for each of the spurious nodes under the model assumptions specified in
the ssimulation experiment (see text). Arrows in histograms indicate the bootstrap values of the spurious nodes recovered in parsimony analysis
of the real (nonsimulated) rhodopsin data set. Histogram bins represent ranges of 5% bootstrap values.
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Table 4

Likelihood Ratio Tests Comparing Nested Models

EvoLuTioN-

LIKELIHOOD RATIO TESTS?

a
ARY LnL With I" vs.

MODELS nol’ + 7T Without I’ vs. HKY85+T vs. GTR+T
... —13,742.6 —12,598.4 2,288.4* (1) 306.8* (4) 619.6* (8)
F8l......... -13,704.8 —12,544.2 2,321.2* (1) 252.6* (1) 511.2* (5)
KoP........ -13,518.1 —12,350.5 2,335.2 (1) 117.8* (3) 123.8* (7)
HKY85...... —13,498.0 —12,291.6 2,412.8* (1) — 6.0 (4)
GTR........ —13,406.2 —12,288.6 2,235.2* (1) — —

aLikelihood scores for a tree of established vertebrate relationships (fig. 8A).
b | jikelihood ratio test, x2 = 2AlnL, with degrees of freedom indicated in parentheses.

* Significant (assuming a x? distribution); P < 0.001.

Statistical Tests Comparing Trees

Several statistical tests were performed using the
rhodopsin nucleotide data set in order to determine if
phylogenies with and without the two spurious recon-
structions were significantly different. The Templeton
(1983) test and the ““winning sites” test (Prager and Wil-
son 1988) compare trees under the parsimony criteria,
whereas the Kishino-Hasegawa test (Kishino and Has-
egawa 1989) was formulated to compare trees under ei-
ther likelihood or parsimony. Tests under the parsimony
criteria are shown in table 5, and tests under the likeli-
hood criteria are shown table 6. Each of the two spurious
reconstructions (rept+amph, gator+anol) was tested
separately in pairwise tests of trees with and without
each spurious reconstruction. These tests confirmed the
results of the phylogenetic bootstrap analysis, pinpoint-
ing third positions and nucleotides encoding lle, Leu,
and Val as the sites supporting the spurious reconstruc-
tions. Although neither spurious reconstruction
(rept+amph, gator+anol) was significantly better with
al nucleotide sites included, when only third positions
and sites encoding lle, Leu, or Va were considered,
trees with the spurious reconstructions became signifi-
cantly better than those without. This was true under
both parsimony (table 5) and likelihood (table 6). Con-
versely, when only first and second positions, excluding
those sites encoding lle, Leu, or Val, were considered,
the tree without spurious reconstructions was found to
be better than either one of the trees with the spurious
reconstructions. This result was significant under parsi-
mony, but not under likelihood (tables 5 and 6).

Simulation Studies Using Parametric Bootstrapping

Long-branch attraction has been identified as a po-
tential reason for problematic groupings in several stud-
ies (Huelsenbeck, Hillis, and Jones 1996; Huel senbeck
1997, 1998). One of the criteria for identifying long-
branch attraction as a potential problem in phylogenetic
analyses of a particular data set, according to Huelsen-
beck (1997), is to show that branches of the topology
are indeed long enough to attract using simulation stud-
ies. In order to test for long-branch attraction as a con-
tributing factor to the spurious reconstructions of the
rhodopsin data set, simulations were performed using
parametric bootstrapping techniques. Parameters and

branch lengths for the simulations were estimated using
maximum likelihood on an established tree of vertebrate
relationships (Carroll 1997; figure 8A), under the
HKY +I" model (maximum-likelihood-estimated param-
eters: K = 3.12, « = 0.33, frequency of A = 0.19,
frequency of C = 0.35, frequency of G = 0.24, fre-
quency of T = 0.23; branch lengths are given in fig.
8A). Although a few of the resolutions of taxa present
in this tree do remain somewhat controversia (e.g., the
placement of the rabbits as basal to artiodactyls instead
of with rodents), these are unlikely to affect the simu-
lations with respect to the nodes in question.

Results from parsimony bootstrap analysis of the
100 simulated data sets are graphed in figure 8B and C,
representing the expected null distribution of parsimony
bootstrap values for each spurious reconstruction
(rept+amph, gator+anol). Note that support for these
spurious clades was being examined under conditions
where the data were simulated from topol ogies reflecting
the more established relationships (rept+mamm, ga-
tor+chick). The median level of bootstrap support for
the incorrect rept+amph clade was 10.5% and that for
the gator+anol clade was 19% in the simulated data
sets. In the real rhodopsin data set, bootstrap support for
both spurious resolutions was significantly higher than
expected from the null distribution of simulated data sets
generated by parametric bootstrapping (86% for
rept-+amph and 72% for gator+anol; P < 0.05 in both
cases). This indicates that the level of support seen for
the problematic reconstructions is higher than would be
expected given the conditions of the simulations, and
therefore unlikely to be due to long-branch attraction.

Base Composition and Codon Bias Measures

Since the results of the phylogenetic analyses and
statistical tests comparing phylogenies implied that third
positions, as well as transitions, underlie the bootstrap
support of the spurious reconstructions, base composi-
tion and codon bias measures were examined for evi-
dence of convergent evolution. First- and second-posi-
tion nucleotide compositions were fairly homogeneous
across all sequences. However, at third positions, reptile
and amphibian rhodopsins tended to have lower %GC
than other sequences (table 1). This pattern of conver-
gent evolution may confound phylogenetic analyses and
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P Values for Statistical Tests of Parsimony Length Differences Between Trees With and Without Spurious

Reconstructions

SHORTER
;; TESWIQE ORIGINAL DATA SeT ExPANDED DATA SET
COMPAR- K-H Templ.  Win. Sites K-H Templ.  Win. Sites
ISONS Test Test Test Test Test Test
All positions. . ............ .. o i Tree 2 0.0771 0.0771 0.1116 0.8349 0.8348 1.0000
Tree 3 0.3660 0.3657 0.4510 0.3766 0.3763 0.4610
2L (TVITS) o e Tree 22 0.3322 0.3484 0.3487 0.7632 0.7441 1.0000
Tree 3 0.6082 0.6903 0.3496 0.6735 0.7311 0.4962
Third positionsonly. . ..........c..vuiiuinennn.. Tree 2 0.0122* 0.0124* 0.0192* 0.3465 0.3458 0.4807
Tree 3 0.0337* 0.0339* 0.0518 0.0394* 0.0396* 0.0592
2L (TVITS) o Tree 2 0.0741 0.0707 0.1763 0.7242 0.7250 0.8450
Tree 3 0.0627 0.0692 0.0500* 0.0706 0.0730 0.0896
First + second positionsonly................... Tree 1 0.1799 0.1797 0.3750 0.1799 0.1797 0.3750
Tree 1 0.0833 0.0833 0.1460 0.0833 0.0833 0.1460
2L (TVITS) o e Tree 1 0.1969 0.1634 0.6875 0.2485 0.2342 0.6875
Tree 1 0.0679 0.0696 0.1460 0.0679 0.0696 0.1460
Third positions including ILV codons. . .......... Tree 2 0.0080* 0.0082* 0.0125* 0.3716 0.3711 0.5034
Tree 3 0.0235* 0.0236* 0.0367* 0.0278* 0.0280* 0.0425*
2L (TVITS) o Tree 2 0.0567 0.0545 0.1336 0.7320 0.7327 0.8506
Tree 3 0.0488* 0.0543 0.0369* 0.0547 0.0569 0.0673
First + second positions, excluding ILV codons... Treel 0.0454* 0.0455* 0.1250 0.0833 0.0833 0.2500
Tree 1 0.0347* 0.0348* 0.0654 0.0347* 0.0348* 0.0654
2L (TVITS) o e Tree 1 0.1089 0.0977 0.3750 0.2062 0.1936 0.6250
Tree 1 0.0410* 0.0493* 0.0654 0.0410* 0.0493* 0.0654

NoTe.—Pairwise tests are between trees with (tree 2) and without (tree 1) the problematic reptile + amphibian grouping, followed by another test with (tree
3) and without (tree 1) the problematic alligator + anolis grouping. K-H = Kishino-Hasegawa test (Kishino and Hasegawa 1989); Templ. = Templeton (1983) test;

Win. Sites = winning sites test (Prager and Wilson 1988).
aFor this comparison, tree 1 is shorter than tree 2 in the expanded data set.
* Significant; P < 0.05.

result in the spurious grouping, as shown by mapping
the GC content on the phylogeny (fig. 9). Furthermore,
amphibian and reptile rhodopsins are less biased in their
codon usage, as shown by scaled x2 and ENC codon
bias measures, than are the rhodopsins of other verte-
brate groups (table 1). Not only are there convergences
in the overall degree of codon bias, but there are also
convergences in the usage frequencies of specific co-
dons that reflect the spurious groupings. This convergent
pattern was evident when the codon usage frequencies
were mapped on a tree. For example, convergences in
the frequency of GGC, one of four codons coding for
glycine, are shown mapped on the tree in figure 9.

Table 6

The results of the phylogenetic analyses and statis-
tical tests comparing alternative phylogenies also impli-
cated positions encoding hydrophobic residues Ile, Leu,
and Val as contributing to the high bootstrap support of
the spurious reconstructions. In order to further explore
this effect, base composition was examined at these sites
for evidence of convergent evolution. Third positionsin
genera had already been shown to be convergent in this
data set (see above, fig. 9); therefore, for these amino
acids, attention was focused on first and second posi-
tions. Second positions did not vary, as the amino acids
Ile, Leu, and Val are all encoded by the same nucleotide,
T. However, at first positions, at these sites, it was found

Kishino-Hasegawa Tests Using Maximum Likelihood Under the HKY +I" Model

TREE WITH ORIGINAL DATA SET EXPANDED DATA SET
HIGHER
LNL AlnL SD P AlnL SD P

All positions . ... Tree 2 12.80 8.14 0.1162 9.73 8.56 0.2556

Tree 3 1.20 5.40 0.8243 0.63 5.34 0.9054
Third positionsonly ..., Tree 2 7.84 7.52 0.2982 8.09 5.51 0.1434

Tree 3 0.78 3.44 0.8210 1.02 3.27 0.7558
First + second positionsonly .................... Tree 1 1.09 172 0.5259 4.39 3.77 0.2447

Tree 1 8.43 5.13 0.1006 7.72 4.97 0.1209
Third positions, including ILV codons. ............ Tree 2 15.46 7.77 0.0472* 11.99 6.69 0.0735

Tree 3 3.25 3.59 0.3659 2.53 3.39 0.4549
First + second positions, excluding ILV codons. .. .. Tree 1 1.60 212 0.4516 257 2.85 0.3684

Tree 1 10.12 571 0.0771 9.78 5.59 0.0807

NoTe.—Pairwise tests are between trees with (tree 2) and without (tree 1) the problematic reptile + amphibian grouping, followed by another test with (tree

3) and without (tree 1) the problematic aligator + anolis grouping.
* Significant; P < 0.05.
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Fic. 9.—Phylogeny of expected vertebrate relationships showing
convergences in %GC at third positions, and an example of conver-
gence in codon bias of a sample codon of glycine. %GC is represented
by the black portion of the piesin the first column, and the proportion
of the total codons of Gly represented by the codon GGC is represented
by the black portion of the pies in the second column.

that reptile and amphibian rhodopsins tended to have
more A's (32.01%) than all other sequences (28.86%).
This effect was not as marked in first positions that en-
coded amino acids other than lle, Leu, and Val (27.28%
for amph+rept, 26.43% for al others). This pattern of
convergent evolution resulting in increased numbers of
A'sin first positions also results in an increased propor-
tion of lle'sin reptile and amphibian rhodopsins relative
to the total numbers of lle, Leu, and Val present (28.1%
for amph-+rept, 26.5% for al others).

Effect of Increased Sampling

If the spurious reconstructions seen in this data set
were due to convergent evolution, perhaps better sam-
pling across the tree could ameliorate this effect. Rho-
dopsin sequences from five basally diverging taxa that
were recent additions to GenBank were added to the
data set: sea lamprey, Conger eel, Anguilla eel, skate,
and Myripristis berndti, a holocentrid marine fish (table
1). It is important to note that not only do these se-
quences represent basal species poorly sampled in the
original data set, but several of them also display values

of base composition at third positions and/or codon bias
quite different from their closest neighbors on the tree,
and are thus more likely to “‘break up” convergent
effects.

Myripristis berndti and Anguilla rhodopsins have
only 67.81% and 73.65% GC content at third positions,
as compared with other fish rhodopsins, which average
80.16% (table 1). Similarly, skate rhodopsin has much
lower %GC at third positions (70.70%) than the nearest
basal lineage, lamprey rhodopsin (87.57%). The two
measures of codon bias, scaed x? and ENC, aso
showed the M. berndti, skate, and Conger rhodopsins to
be atypicaly low in codon bias compared with neigh-
boring fish and lamprey sequences (table 1).

For this expanded data set, equally weighted par-
simony analysis of all positions showed reduced boot-
strap support for the spurious rept+amph clade (48%)
as compared with the original data set (86% without the
additional sequences) and increased support for the cor-
rect rept+mamm clade, which rose from <5% in the
origina data set (table 3) to 25% in the expanded data
set (table 7). Unlike analyses of the original data set, in
which there was virtually no difference between equa
weights versus 2-to-1 Tv/Ts weighting schemes, analysis
of the expanded data set was highly sensitive to differ-
ences in weighting, particularly in the resolution of the
reptile-mammal-amphibian node. When Tv/Ts weight-
ing was used, bootstrap support for the correct
rept+mamm clade jumped from 25% (equal weights) to
70% (2:1 Tv/Ts, fig. 10). In contrast, bootstrap support
for the spurious gator+anol clade remains substantial in
the analysis of the expanded data set (73%), and the
high degree of sensitivity to differencesin Tv/Tsweight-
ing was not seen here (table 7).

In both cases, bootstrap support for the spurious
resolutions disappeared entirely when third positions
were excluded from parsimony analysis, regardless of
Tv/Ts weighting (table 7). These results are similar to
those of the analysis of the original data set (table 3).
However, in contrast to the original data set, when third
positions were excluded in the expanded data set, boot-
strap support for the more established resolutions was
increased (44% for rept+mamm and 78% for
chick+gator, equal weights). When analyzed alone,
third positions showed substantial support for the spu-
rious resolutions and no support for the well-corrobo-
rated resolutions of these nodes, regardless of Tv/Ts
weighting (table 7).

The patterns of bootstrap support in distance anal-
yses of the expanded data set (table 7) remained very
similar to those of the origina data set (table 3), with
very little difference in support between the models used,
showing neither decreased support for spurious resolu-
tions nor increased support for correct resolutions. Max-
imum-likelihood reconstructions under HKY 85+T" in the
expanded data set also showed results similar to those
found for the origina data set and did not show reduced
support for the spurious nodes nor heightened support for
the correct nodes in the expanded data set (table 7).

Statistical comparisons of trees with and without
the spurious reconstructions (rept-+amph, gator+anol)
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Bootstrap Support (%) for the Incongruent Nodes in an Expanded Data Set with Five

Additional Sequences

Reptiles Reptiles Chickens Alligators
+ Mammals + Amphibians  + Alligators + Anolis
Parsimony analyses
All positions ... ................. 25 48 5.2 73
2L (TVITSR . e 70 26 8.2 68
Third positionsonly.............. <5 51 <5 59
20 (TVITS) .o <5 69 <5 64
Transversionsonly ............... 33 22 16 10
First + second positionsonly ... ... 44 <5 78 <5
2L (TVITS) e 62 <5 7 <5
Distance analyses
HKY85 .. <5 75 30 27
LogDet. . .....ooiiii <5 82 40 19
Maximum-likelihood analyses
All positions, HKY85+T".......... <5 64 41 36

a See figure 10 for full phylogeny.

were consistent with the phylogenetic bootstrap analy-
ses. A tree with the gator+anol clade was till better
than one without this spurious reconstruction when only
third positions and sites encoding Ile, Leu, and Val were
considered. This result was significant under the parsi-
mony criterion (table 5) and not quite significant under
the likelihood criterion (P = 0.07; table 6). However,
the sites which clearly supported the spurious ga
tor+anol reconstruction in both the original and extend-
ed data sets and also supported the spurious rept+amph
reconstruction in the original data set were no longer

88 Salamander
99 Xenopus
Rana
_1_99_{: Human
Macaque
Dog
Cow
Rabbit
98 Mouse
Rat
Hamster
Chicken

68 [: Alligator
Anolis
94 Zebrafish

100 Goldfish

Carp
91 79 Cavefish

100 I: Sandgoby
Mberndti

97 — Anguilla

85 64

100

70 100

96

100

100 T Lamprey

L—Sea Lamprey

FiG. 10.—Maximum-parsimony analysis of the expanded data set
with five additional sequences (100 bootstrap replications with 2-to-1
weighting of transversions to transitions).

capable of distinguishing between a tree with the spu-
rious rept+amph reconstruction and one without in the
extended data set (tables 5 and 6). This result is again
consistent with the phylogenetic bootstrap analyses,
which suggest that the additional sequences aid in break-
ing up convergences among the sequences, but only for
the spurious rept+amph reconstruction, which is more
proximal to the additional sequences, leaving the spu-
rious gator+anol reconstruction largely unaffected.

Discussion

Our results indicate that the two problematic re-
constructions in the original rhodopsin data set were
probably not the result of topological effects such as
long-branch attraction. This is demonstrated by the per-
sistence of these spurious nodes when maximum-like-
lihood methods were used and by the fact that the boot-
strap support for these spurious nodes was well outside
of the distribution of support obtained for each node
from simulated data sets generated by parametric boot-
strapping. Rather, these spurious reconstructions were
most likely due to convergences in base compositional
bias at third positions, in codon bias, and in positions
encoding for the hydrophobic amino acids lle, Val, and
Leu, which tend to group unrelated sequences. This rep-
resents a strong violation of phylogenetic model as-
sumptions of stationary base composition and codon fre-
quencies across the tree, which would cause methods
not directly addressing these problems to fail under
these conditions.

Base compositional bias at third positions has often
been found to be problematic for phylogenetic recon-
struction, and several methods have been developed in
an attempt to address this problem (Lockhart et al. 1994;
Galtier and Gouy 1995, 1998). Although these methods
did reduce support for the spurious reconstructions in
the rhodopsin data set, they were not completely effec-
tive in eliminating the problematic nodes, and it seems
clear that base compositional bias is not the only reason
for the spurious nodes. In fact, ssmulation studies on a
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data set of bat sequences have shown that levels of base
compositional bias must be extremely high (>90% AT)
in order to show any evidence of spurious reconstruc-
tions (Van Den Bussche et a. 1998). Although fairly
high, levels of base compositional bias are not so ex-
treme in the rhodopsin data set.

In addition to base compositional bias, convergent
effects in codon bias and in positions encoding hydro-
phobic amino acids also appear to be supporting the
spurious reconstructions in the rhodopsin data set. Other
phylogenetic studies that have aso found problematic
reconstructions have attributed these to various prob-
lems such as not incorporating rate heterogeneity across
sites into the phylogenetic model (Takezaki and Gojo-
bori 1999), which is clearly not the case here. However,
there is growing evidence that convergent or parallel
evolution at the level of nucleotides (or amino acids) is
a common feature of many molecular data sets and may
pose a significant challenge in attempting to reconstruct
unbiased phylogenies (Naylor and Brown 1997, 1998;
Cao et a. 1998; Foster and Hickey 1999; Lee 1999). In
particular, nucleotide sites encoding the hydrophobic
amino acids Ile, Leu, and Val have been shown in other
studies to display lower retention indices than other sites
(Naylor and Brown 1997), and the analyses of the rho-
dopsin data set presented here provide more evidence of
the importance of this effect. The reasons for it still
remain unclear but may be related to relaxed constraints
on hydrophobic amino acids contained within trans-
membrane domains.

There are several ways to address these problems
of biasin base composition, codon frequencies, and sites
encoding hydrophobic amino acids. All of these posi-
tions could be excluded from a parsimony phylogenetic
analysis. This method can be effective in principle, but
in fact may not be ideal, as these positions often contain
useful phylogenetic signal in addition to the spurious
signal, and excluding them can result in loss of resolu-
tion in the phylogenetic reconstructions (e.g., see Camp-
bell, Brower, and Pierce 2000). Another way of address-
ing this problem would be to develop more complex
models of evolution which incorporate these assump-
tions about base composition, codon bias, and amino
acid composition. However, this may require the addi-
tion of many more parameters to the model, which may
become problematic.

In addition to advances in phylogenetic methodol-
ogy, this problem may be effectively addressed, albeit
indirectly, via better sampling of species. Note that here
““better sampling” means the addition of sequences not
only proximal to problematic nodes, but also interme-
diate in base composition and codon bias. In other
words, it is not only important when considering sam-
pling issues to *‘break up” long branches that can lead
to the failure of methods such as parsimony, but even
more important to ‘“break up’ convergences in base
composition and codon bias that can cause all types of
phylogenetic methods, not just parsimony, to fail. In
fact, it should be noted that of all the phylogenetic meth-
ods used here, only weighted parsimony methods are
able to recover the correct topology once appropriately

sampled sequences are included in the analysis, and thus
these methods outperform both distance and maximum-
likelihood methods in this regard. This may reflect
greater sensitivity of maximum-likelihood and distance
methods to incorrect assumptions in the underlying
models (with respect to nonstationary nucleotide and co-
don bias and hydrophobic sites) in comparison with par-
simony methods, which sometimes may prove more ro-
bust to violations of these assumptions despite the fact
that maximum-likelihood methods are known to be con-
sistent over alarger set of conditions than are parsimony
methods (Hillis, Huelsenbeck, and Cunningham 1994;
Huelsenbeck 1997; Sullivan and Swofford 1997).
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