
Re: Homology in Phylogenetic Analysis: Alignment
of Transfer RNA Genes and the Phylogenetic
Position of Snakes

To the Editor:
Homology of characters is fundamental for inferring

phylogenetic relationships. Identifying homologous
characters can pose great difficulty in molecular data,
particularly in length-variable genes encoding tRNAs
and rRNAs. Recently, a phylogenetic hypothesis for the
relationship of snakes and anguimorph lizards was
introduced based on the mitochondrial ND4 protein-
coding gene and three tRNAgenes, tRNAHis, tRNASer (AGY),
and tRNALeu (CUN) (Forstner et al., 1995). In that study,
homology of nucleotides in the tRNA genes was deter-
mined using the computer alignment program CLUSTAL
(Higgins and Sharp, 1988) and by inspection.
A reexamination of those alignments reveals two

main problems. The Alligator sequence possesses a
unique order of genes in which the tRNAHis and
tRNASer (AGY) genes are switched in order from the
typical vertebrate placement, a fact not recognized by
the authors. We discovered this rearrangement by an
incorrect anticodon for the tRNASer (AGY) gene in the
alignment of Forstner et al. (1995). Subsequently this
gene order has been identified as a synapomorphy for
crocodilians (Kumazawa and Nishida, 1995). The Alli-
gator sequence was the closest outgroup to the squa-
mate lineages used in this study (see, Gauthier et al.,
1988). At a finer level, alignment of the tRNA genes
does not conform to well-accepted models of the second-
ary structure for tRNAs (Kumazawa andNishida, 1993).
While most of the ND4 protein-coding gene in Forst-

ner et al. (1995) appears alignable, homologous amino
acid positions are difficult to assess for the end and for a
small internal region. In addition to the problems with
alignment, the data analyzed by Forstner et al. (1995)
contain the sequences of the oligonucleotides used to
amplify the template DNA. After cloning amplified
products for sequencing, these artificially synthesized
sequences were incorrectly scored as containing phylo-
genetic information. These problemswarrant a reanaly-
sis of the data.
The phylogenetic position of snakes has been a topic

of great controversy. Two main hypotheses have been
proposed for the position of snakes relative to lizards:
one in which snakes and lizards are sister taxa (Under-
wood, 1957) and another in which snakes are a sister
taxon to anguimorph lizards, thereby making lizards
paraphyletic (Camp, 1923). These alternative hypoth-

eses are testable contingent on a proper assessment of
character homology and tree rooting.
Alignment of tRNA genes. Rules of tRNA secondary

structure can be utilized to align tRNA gene sequences
to identify homologous sites. Two secondary structural
models were used in our analysis. One model with four
stem regions is based on 20 of the 22 mitochondrial
tRNA genes and was applied to the tRNAHis and
tRNALeu (CUN) genes (Fig. 1a) (Kumazawa and Nishida,
1993). The four stem regions are the amino acid-
acceptor (AA)-stem with 7 base pairs, the dihydrouri-
dine (D)-stem with 4 base pairs, and the anticodon
(AC)- and TcC (T)-stems, each of which contains 5 base
pairs. TheAA- and D-stems are separated by two bases,
the D- andAC-stems are separated by one, and the AC-
and T-stems are separated by a variable loop contain-
ing 3 to 5 bases; no bases separate the T- andAA-stems.
Certain positions appear constrained to particular nu-
cleotides (Kumazawa and Nishida, 1993). These are V
(C, G, A) at position 9, Y (C, T) at position 33, and R (G,
A) at position 37.
Among animals the tRNASer (AGY) gene requires an-

other slightly modified secondary structural model
(Kumazawa and Nishida, 1993). This model lacks the
D-stem and instead contains a D-arm replacement loop
between theAA- andAC-stems.
A few exceptions to these models are noted. The

Agkistrodon T-stem of tRNAHis has a shortened T-stem
of 2 bases (Fig. 1b). Two other minor exceptions occur if
the reported sequences are correct.At position 33 in the
anticodon loop of the Sceloporus tRNAHis, an adenine is
observed which deviated from the expected thymine or
cytosine (Y). In the Varanus tRNALeu (CUN) gene, a gap is
invoked at position 33 in the anticodon loop because the
sequence violated the standard tRNA secondary struc-
ture. This may represent a sequencing compression.
Transfer RNA alignments along with the end of ND4

are presented in Fig. 2 and represent positions 697 to
941 of Forstner et al. (1995). Positions 942 to 967 of
Forstner et al. (1995) which occur predominantly in the
tRNALeu (CUN) gene were excluded because they repre-
sent sequences derived from synthesized oligonucleo-
tides.
Length variation within and between tRNA genes

often occurs in rapidly evolving regions. This often
makes these domains unalignable, and we included
only sequences for which homology could be assessed
with confidence. In the tRNAHis gene, the T-loop was
excluded and only the first two bases of the T-stemwere
included because of the novel secondary structure
observed in Agkistrodon (positions 89–102; Fig. 2).
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Positions 113 and 114 (Fig. 2) between the tRNAHis and
tRNASer (AGY) genes were not used. The D-arm replace-
ment loops, variable loops, and T-loops were excluded
from the tRNASer (AGY) gene because of considerable
length variation (positions 122–133, 151–155, 161–169;
Fig. 2). The region between the tRNASer (AGY) and the
tRNALeu (CUN) genes as well as the first three bases of
the AA-stem in the tRNALeu (CUN) gene were excluded
because of overlap between the two genes (positions
182–191; Fig. 2). The D-loop in the tRNALeu (CUN) gene
was also eliminated because of length variation (posi-
tions 202–210; Fig. 2). From a total of 198 positions in
our alignment of tRNA-encoding genes, 60 positions
were judged not sufficiently alignable for phylogenetic
analysis. The Alligator tRNASer (AGY) and tRNAHis genes
were switched in order to align with other vertebrate
sequences. These two genes overlap and the overlap-
ping sequence shows a greater similarity to other tRNAHis

gene sequences. Therefore the overlapping sequence
was placed in theAA-stem of the tRNAHis gene.
Amino acid alignment. DNA sequences encoding

ND4 were aligned by amino acid using MacClade
(Maddison and Maddison, 1992). Positions 1 to 26 of
Forstner et al. (1995) were excluded because they
represent synthesized oligonucleotides. Positions 277
to 279 in the Alligator sequence of Forstner et al. (1995)
were treated as missing data because this places a stop
codon in the middle of ND4 and must be an error. The

amino acids past the Alligator stop codon in the middle
of ND4 are alignable with other vertebrates. Note that
in Caiman but not in Alligator, a noncoding sequence
occurs between ND4 and the tRNASer (AGY) gene
(Kumazawa and Nishida, 1995). Positions 610 to 645 in
the alignment of Forstner et al. (1995) were unalign-
able because of an amino acid deletion inHemidactylus,
Varanus, and all snakes exceptLeptotyphlops; Typhlops
was not sequenced for most of this region. In the
alignment of Forstner et al. (1995), this codon gap was
not placed in the same position for all taxa. The
positions where this deletion had occurred could not be
determined and therefore this region was excluded
from all analyses. The end of ND4 was highly variable
in length and hence positions 25 to 40 in Fig. 2 were
excluded. From a total of 710 positions in our alignment
of sequences from the ND4 gene, 52 positions were
judged not sufficiently alignable for phylogenetic analy-
sis.
We added Gallus gallus to the analysis in case the

gene rearrangement in Alligator affected the phyloge-
netic analysis. TheGallus sequence aligned to Forstner
et al. (1995) positions 26–941 corresponds to positions
12,154 to 13,047 of the complete Gallus mitochondrial
sequence (Desjardins and Morais, 1990). The excluded
ND4 sequence corresponding to Forstner et al. (1995)
positions 610 to 645 constitutes positions 12,737 to
12,772 ofGallus (Desjardins and Morais, 1990).

FIG. 1. Secondary structural model of tRNAgenes. (A) Secondary structural model based on 20mitochondrial tRNAs after Kumazawa and
Nishida (1993).ACC is added posttranscriptionally and black dots in loop regions indicate where length variation is permitted. (B)An unusual
secondary structure of tRNAHis in Agkistrodonwhich has a T-stem that is shortened to 2 bases.
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Phylogenetic analysis. Phylogenetic analyses were
performed as in Forstner et al. (1995) using outgroups
independently and together. Multiple outgroups were
used including Bos, Trachemys, Alligator, and Gallus.
All searches were done using PAUP (Swofford, 1993)
with 1000 heuristic searches with random addition of

sequences. Bootstrap resampling was applied to assess
support for individual nodes using 1000 bootstrap
replicates with 10 random additions per replicate.
Alternative phylogenetic hypotheses were generated

using constraint trees produced in MacClade (Maddi-
son and Maddison, 1992) and analyzed in PAUP (Swof-

FIG. 2. Transfer RNA alignments along with the end of ND4 which represent positions 697 to 941 of Forstner et al. (1995). Order of the
Alligator tRNASer (AGY) and tRNAHis genes was switched to align with those of other vertebrate sequences. Sequences are presented as
light-strand sequence 58 to 38 and tRNA secondary structure is designated above the sequence. Stems are indicated by arrows in the direction
encoded:AA, amino acid-acceptor stem; D, dihydrouridine stem;AC, anticodon stem; T, TcC stem. The positions of anticodons in transfer RNA
genes are designated COD.Asterisks indicate the nonpaired 38 tRNAposition 73. Periods represent nonstem bases. One depicts the first codon
position of ND4 sequences. Sequences excluded from analyses have an X below them.
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ford, 1993) with 1000 heuristic searches using random
addition of sequences. Templeton’s (1983) test, a two-
tailed Wilcoxon signed-rank test (Felsenstein, 1985),
was applied to ask whether the most-parsimonious tree
is significantly shorter than an alternative or whether
their differences in length can be attributed to chance
alone (Larson, 1994). The test statistic Ts was com-
pared with critical values for the Wilcoxon rank sum in
Table 30 of Rohlf and Sokal (1981) for n up to 50. For n
over 50, a Z statistic was calculated as Z 5 (µ 2 Ts 2

1⁄2)/s, where µ 5 n(n 1 1)/4 and s 5 Œ(2n 1 1)µ/6
following Snedecor and Cochran (1967) and critical
values were obtained from Table 12 of Rohlf and Sokal
(1981) using infinite degrees of freedom.
Analyses using different outgroups each produced a

single most parsimonious tree, but these trees differed
greatly in the relationships of major squamate lineages
(Fig. 3). In particular, the sister relationship of snakes
and Varanus appeared only when using either Bos or
Trachemys to root the tree. Only when rooted with Bos,

FIG. 2—Continued
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FIG. 3. Phylogenetic trees derived from 1000 random addition heuristic searches using different outgroups. Bootstrap values above 50%
are plotted on nodes. (A) Tree generated when rooted with Bos, Trachemys, Alligator, and Gallus, which is 2202 steps in length with a
consistency index (CI) of 0.458. (B) Tree generated when rooted with Bos which is 1722 steps in length with a CI of 0.526. (C) Tree generated
when rooted with Trachemys which is 1704 steps in length with a CI of 0.521. (D) Tree generated when rooted with Alligator which is 1762
steps in length with a CI of 0.529. (E) Tree generated when rooted withGalluswhich is 1716 steps in length with a CI of 0.519. Note that highly
inconsistent phylogenetic hypotheses are presented for major squamate lineages.
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the most distant outgroup used, did this relationship
receive support of over 50% from a bootstrap analysis
(75%). No topology is consistent with squamate phyloge-
netic hypotheses derived frommorphological data (Estes
et al., 1988; Macey et al., 1997; Schwenk, 1988). Inter-
estingly, the topologies of trees rooted with either
Alligator or Gallus are identical and show similar
bootstrap values, suggesting that the rearranged genes
in Alligator when properly aligned do not confound the
analysis.
When all outgroups (Bos, Trachemys, Alligator, and

Gallus) were included, a topology suggesting polyphyly
of squamates was produced, inconsistent with morpho-
logically based hypotheses (Estes et al., 1988; Gauthier
et al., 1988). This result was unacceptable, so the
analysis was repeated constraining Bos and Trachemys
as the basal lineages followed by Alligator and Gallus
as the sister group to a monophyletic squamata (Fig. 4).
The most parsimonious hypothesis derived without
constraints was not significantly shorter than the con-
strained hypothesis using a Templeton test (Appendi-
ces 1 and 2). The phylogenetic hypothesis obtained
using constrained outgroups did show a sister relation-
ship between Varanus and snakes. This hypothesis was
not significantly shorter than one generated using the
same outgroup constraints but featuring monophyly of
lizards (Appendices 1 and 2).
Additional Templeton tests were conducted to assess

the consistency of support for alternative hypotheses
using the four outgroups independently (Appendices 1
and 2). Both Bos and Trachemys showed the sister
relation of Varanus and snakes in the shortest trees.
When these trees were compared to hypotheses main-
taining monophyly of lizards, only the analysis using
Trachemys significantly rejected monophyly of lizards.
The most parsimonious trees obtained using either
Alligator or Gallus as outgroups show neither a sister
relationship of Varanus and snakes nor monophyly of
lizards. Constraint trees were generated for each of
these alternative hypotheses. The shortest trees ob-
tained were not significantly more parsimonious than
trees making snakes and Varanus sister taxa, but were
significantly shorter than trees maintaining mono-
phyly of lizards. Pairwise comparisons were made of
the trees grouping snakes with Varanus versus making
lizards monophyletic; the latter hypothesis was re-
jected when Alligator was used as the outgroup but not
whenGalluswas used.
Phylogenetic signal was stronger amongmore closely

FIG. 3—Continued

FIG. 4. Phylogenetic tree derived with Bos, Trachemys, Alligator,
and Gallus as outgroups constrained to well-accepted phylogenetic
relationships. Length is 2227 steps with a CI of 0.453. This hypoth-
esis was generated from 1000 random addition heuristic searches.
Bootstrap values above 50% are plotted on nodes. Alternative rooting
points located in analyses using single outgroups are depicted with
dots. B, Bos; T, Trachemys; A, Alligator; and G, Gallus. M shows the
rooting point suggested by morphological evidence (Estes et al., 1988;
Macey et al., 1997; Schwenk, 1988).
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related species. Monophyly of the iguanid species ap-
peared in all trees. Monophyly of the groups Serpentes,
Boiidae, Colubridae, and advanced snakes (Colubridae
and Viperidae) was well supported in all bootstrap
analyses (80%1). Within snakes, only the relationship
of Typhlops and Leptotyphlops is questionable.
Our analysis provides little support for a sister

relationship of anguimorphs and Serpentes, contrary to
the conclusions of Forstner et al. (1995). In general,
older phylogenetic branches were not well resolved.
The most severe problem in addressing the placement
of snakes with respect to other squamate reptiles is the
rooting of the tree.As noted by Forstner et al. (1995) the
most appropriate outgroup for such an analysis is
Sphenodon, the sister taxon to squamates (Gauthier et
al., 1988), but this taxon was not available. Trees
rooted with Gallus and Alligator, the closest outgroups
used, do not support a sister-group relationship of
snakes and Varanus.
Most interestingly, the networks produced by the

analysis in which all outgroups were constrained, as
well as the analyses in which each outgroup was
applied independently, actually are identical except for
the position of the root. The three rooting points are
indicated in Fig. 4. Note that none of these rooting
points is on the iguanian lineage as suggested by
morphological evidence (Estes et al., 1988; Macey et al.,
1997; Schwenk, 1988). The problem of rooting is re-
flected also in the initial phylogenetic analysis in which
all outgroups were unconstrained and the monophyly
of squamata was violated (Fig. 3a).
The best estimate of phylogenetic relationships is

probably that derived using all outgroup taxa con-
strained to reflect well-accepted phylogenetic relation-
ships (Fig. 4). While this hypothesis is similar to that
presented by Forstner et al. (1995) and does show a
sister relationship of Varanus and snakes, the latter
grouping is not well supported. In addition, the place-
ment of Scincella basal to all other squamates goes
against morphological evidence (Estes et al., 1988;
Macey et al., 1997; Schwenk, 1988).
Homology of characters is fundamental in phyloge-

netic analysis. Misaligned sequences can generate con-
siderable misleading signal because sets of characters
may be shifted, creating artificial synapomorphies. The
secondary structure of tRNA genes may provide an
independent criterion by which to align sequences.
Misscored or misaligned sequences may be identified
by gaps in regions that do not accept length variation
and by large amounts of mispairing in stem regions. If
future studies incorporate secondary structure of
tRNAs, homology of base positions can be assessed
reliably. Although tRNA alignments are resolved
here, the phylogenetic position of snakes remains uncer-
tain.

APPENDIX 1

Constraint Trees

1. Constrain lizards monophyletic; rooted with Bos
(Length 1736, CI 5 0.521). (Bos, ((((Scincella, Varanus),
(Sceloporus, Cyclura)), Hemidactylus), (((Agkistrodon,
(Heterodon, Lampropeltis)), (Boa, Acrantophis)), (Typh-
lops, Leptotyphlops))))
2. Constrain lizards monophyletic; rooted with

Trachemys (Length 1728, CI 5 0.513). (Trachemys,
(((Scincella, Varanus), (Hemidactylus, (Sceloporus, Cy-
clura))), (((Agkistrodon, (Heterodon, Lampropeltis)),
(Boa, Acrantophis)), (Typhlops, Leptotyphlops))))
3. Constrain lizards monophyletic; rooted with Alli-

gator (Length 1781, CI 5 0.523). Tree 1. (Alligator,
(((Scincella, (Hemidactylus, (Sceloporus, Cyclura))),
Varanus), ((((Agkistrodon, (Heterodon, Lampropeltis)),
(Boa, Acrantophis)), Typhlops), Leptotyphlops)))
Tree 2. (Alligator, ((((Scincella, (Sceloporus, Cy-

clura)),Hemidactylus), Varanus), ((((Agkistrodon, (Het-
erodon, Lampropeltis)), (Boa, Acrantophis)), Typhlops),
Leptotyphlops)))
4. Constrain Varanus as sister to Serpentes; rooted

with Alligator (Length 1768, CI 5 0.527). (Alligator,
((Scincella, (Hemidactylus, (Sceloporus, Cyclura))),
(Varanus, ((((Agkistrodon, (Heterodon, Lampropeltis)),
(Boa, Acrantophis)), Typhlops), Leptotyphlops))))
5. Constrain lizards monophyletic; rooted with Gal-

lus (Length 1735, CI 5 0.514). (Gallus, ((((Scincella,
Hemidactylus), (Sceloporus, Cyclura)), Varanus),
((((Agkistrodon, (Heterodon, Lampropeltis)), (Boa,
Acrantophis)), Typhlops), Leptotyphlops)))
6. Constrain Varanus as sister to Serpentes; rooted

withGallus (Length 1723, CI 5 0.517). (Gallus, ((((Scin-
cella, Hemidactylus), Sceloporus), Cyclura), (Varanus,
((((Agkistrodon, (Heterodon, Lampropeltis)), (Boa,
Acrantophis)), Typhlops), Leptotyphlops))));
7. Constrain lizards monophyletic; rooted with Bos,

Trachemys, Alligator, and Gallus constrained to con-
form to accepted amniote phylogenetic relationships
(Length 2242, CI 5 0.450). (Bos, (Trachemys, ((Alligator,
Gallus), (((((Scincella, Sceloporus), Cyclura), Hemidac-
tylus), Varanus), ((((Agkistrodon, (Heterodon, Lampro-
peltis)), (Boa, Acrantophis)), Typhlops), Leptotyph-
lops)))))

APPENDIX 2

Results of Templeton (1983) tests of alternative phy-
logenetic hypotheses derived from analyses using con-
straints. See Figs. 3 and 4, and Appendix 1 for topolo-
gies being compared. A two-tailed test (Felsenstein,
1985) is used.
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Bos as outgroup: comparison of Fig. 3B and con-
straint tree in analysis 1 (Appendix 1); n 5 116, Ts 5

3100.5, P . 0.4, and NS.
Trachemys as outgroup: comparison of Fig. 3C and

constraint tree in analysis 2 (Appendix 1); n5 113, Ts 5

2367, and P . 0.02.
Alligator as outgroup: comparison of Fig. 3D and

constraint tree in analysis 3 (Appendix 1); tree 1, n 5

56, Ts 5 513, and P . 0.02; tree 2, n 5 31, Ts 5 96, and
P . 0.01.
Alligator as outgroup: comparison of Fig. 3D and

constraint tree in analysis 4 (Appendix 1); n 5 62, Ts 5

882, P . 0.05, and NS.
Alligator as outgroup: comparison of constraint trees

in analysis 3 and constraint tree in analysis 4 (Appen-
dix 1); tree 1, n 5 23, Ts 5 60, and P . 0.02; tree 2, n 5

49, Ts 5 450, P . 0.1, and NS.
Gallus as outgroup: comparison of Fig. 3E and con-

straint tree in analysis 5 (Appendix 1); n5 61,Ts 5 558,
and P . 0.01.
Gallus as outgroup: comparison of Fig. 3E and con-

straint tree in analysis 6 (Appendix 1); n 5 89, Ts 5

1845, and P . 0.5, and NS.
Gallus as outgroup: comparison of constraint tree in

analysis 5 and constraint tree in analysis 6 (Appendix
1); n 5 56, Ts 5 627, and P . 0.1, and NS.
Bos, Trachemys, Alligator, and Gallus as outgroups:

comparison of Figs. 3A and 4; n 5 100, Ts 5 2150, and
P . 0.2, and NS.
Bos, Trachemys, Alligator, and Gallus as outgroups:

comparison of Fig. 4 and constraint tree in analysis 7
(Appendix 1); n 5 100, Ts 5 2150, and P . 0.2, and NS.
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