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The 18S ribosomal RNAs of 21 tetrapods were sequenced and aligned with five
published tetrapod sequences. When the coelacanth was used as an outgroup, Lis-
samphibia (living amphibians) and Amniota (amniotes) were found to be statis-
tically significant monophyletic groups. Although little resolution was obtained
among the lissamphibian taxa, the amniote sequences support a sister-group rela-
tionship between birds and mammals. Portions of the 28S ribosomal RNA (rRNA)
molecule in 11 tetrapods also were sequenced, although the phylogenetic results
were inconclusive. In contrast to previous studies, deletion or down-weighting of
base-paired sites were found to have little effect on phylogenetic relationships. Mo-
lecular evidence for amniote relationships is reviewed, showing that three genes
(beta-hemoglobin, myoglobin, and 18S rRNA) unambiguously support a bird-
mammal relationship, compared with one gene (histone H2B) that favors a bird-
crocodilian clade. Separate analyses of four other genes (alpha-crystallin A, alpha-
hemoglobin, insulin, and 28S rRNA ) and a combined analysis of all sequence data
are inconclusive, in that different groups are defined in different analyses and none
are strongly supported. It is suggested that until sequences become available from
a broader array of taxa, the molecular evidence is best evaluated at the level of
individual genes, with emphasis placed on those studies with the greatest number
of taxa and sites. When this is done, a bird-mammal relationship is most strongly
supported. When regarded in combination with the morphological evidence for
this association, it must be considered at least as plausible as a bird-crocodilian
relationship.

Introduction

The classical view of tetrapod relationships (fig. 1) is based largely on fossil
evidence (Romer 1966; Carroll 1988; Gauthier et al. 1988). However, morphological
and molecular data from living species recently have challenged some long-held beliefs.
The most controversial suggestion is that mammals, not crocodilians, may be the
closest relatives of birds (Gardiner 1982; Lavtrup 1985). Moreover, the single origin
of the Lissamphibia (frogs, salamanders, and caecilians) never has been firmly estab-
lished (Parsons and Williams 1963; Jarvik 1968, 1980; Levtrup 1985; Milner 1988;
Panchen and Smithson 1988). To address these questions concerning tetrapod phy-
logeny, we have examined the phylogenetic relationships of 26 tetrapods representing
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FiG. 1.—Currently recognized relationships of the major tetrapod groups, based largely on the fossil
record (Romer 1966; Carroll 1988). Solid lines indicate continuous fossil record; dashed lines denote either
the absence of fossils (of the major groups) or inferred transitions.

nearly all major lineages, by using nucleotide sequences of the slow-evolving 18S
ribosomal RNA (rRNA) molecules. Additional sequence data also were obtained
from portions of the 28S rRNA subunit in 11 tetrapods.

Methods

We obtained sequences from 15 species of amphibians representing 14 families
(seven frogs, four salamanders, and four caecilians), a turtle, a crocodilian, two squa-
mates, and two birds by direct sequencing of nuclear 18S rRNA. The anuran taxa are
Bufonidae (Bu fo valliceps), Discoglossidae ( Discoglossus pictus), Hylidae (Hyla ci-
nerea), Leptodactylidae ( Eleutherodactylus cuneatus), Microhylidae (Gastrophryne
carolinensis), Pelobatidae (Scaphiopus holbrooki), and Sooglossidae (Nesomantis
thomasseti). The caecilians are Caeciliaidae-1 (Grandisonia alternans), Caeciliaidae-
2 (Hypogeophis rostratus), Ichthyophiidae (Ichthyophis bannanicus), and Typhlo-
nectidae ( Typhlonectes natans). The salamanders are Ambystomatidae (Ambystoma
mexicanum), Amphiumidae (4mphiuma tridactylum), Plethodontidae (Plethodon
yonahlossee), and Sirenidae (Siren intermedia). The amniotes are a turtle ( Pseudemys
scripta), an alligator (Alligator mississippiensis), a lizard (Sceloporus undulatus), a
snake (Heterodon platyrhinos), and two birds [ Galliformes (Gallus) and Passeriformes
(Turdus migratorius)]. These were compared with published sequences of a pipid
frog (Xenopus laevis; Salim and Mayden 1981) and of four mammals: Oryctolagus
cuniculus (Rairkar et al. 1988), Rattus norvegicus (Torczynski et al. 1983; Chan et
al. 1984), Mus musculus (Raynal et al. 1984), and Homo sapiens (Torczynski et al.
1985). This broad sampling of taxonomic diversity within each of the three orders of
amphibians permits the distinction between those sites that are unigue to a single
lineage and those more informative sites that are representative of an entire group.
The sequence from the only living actinistian fish, the coelacanth (Stock et al., ac-
cepted ), was used to provide an outgroup. Some of the same taxa (and samples) used
to obtain 18S rRNA sequences also were sequenced at the 28S rRNA gene. They
include Bu fo, Discoglossus, Hyla, Typhlonectes, Ambystoma, Pseudemys, Sceloporus,
Heterodon, Alligator, Turdus, and Gallus. Published 28S rRNA sequences of Xenopus
(Ware et al. 1983), Mus (Hassouna et al. 1984), and Homo (Gonzalez et al. 1985)
were used for comparison. Sequenced were three regions of the 28S rRNA correspond-
ing to the following sites in Mus (Hassouna et al. 1984): 1-355, 2157-2611, and
42774611,

rRNA was isolated from ~ lg of liver (or, if available, 1g of ova). The tissue was
homogenized in a buffer [10 mM Tris hydroxymethyl amino methane-HCI pH 8.0,
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1 mM ethylene diamine tetra-acetate pH 8.0, 2% (w/v) sodium dodecyl sulfate, 5%
(w/v) sodium tri-isopropylnaphthalene-sulfonate} by using a Brinkman Polytron. The
homogenate was extracted twice with phenol, once with phenol /chloroform, and once
with chloroform, followed by ethanol precipitation and resuspension of the pellet in
diethylpyrocarbonate (DEPC)-treated water.

Direct sequencing of the extracted rRNA (by using reverse transcriptase ) followed
the procedure of Lane et al. (1985), although the chase step was not found to be
useful and thus was omitted. A combination of 17 oligonucleotide primers allowed
us to generate (a) nearly uninterrupted sequences from the entire 18S rRNA subunit
(~1,900 bp) in each of the species and () ~400 bp from portions of the 28S molecule.
The 18S primers used and their starting positions in Mus (Raynal et al. 1984) are
CTAGAATT(AG)CCACAGTTATCC (145), TACCATCGAAAGTTGATAGGC-
AGA (354), ACCGGCGGCTGCTGGC (614), GTCCTATTCCATTATTCC (860),
CCG(AG)TCCAAGAATTTCACCTCT (956), GCCCTTCCGTCAATTCCTTTA-
AGTTTCAGC (1185), GTCAAATTAAGCCGC (1233), AAGAACGGCCAT-
GCACCACC (1324), TCTAAGGGCATCACAGACCTGTTATTG (1482), ACG-
GGCGGTGTGAC (1693), and GGTTACCTTGTTACGACTT (1824). The 28S
primers and their starting position in Mus (Hassouna et al. 1984) are
GTTGGTTTCTTTTCCT (56), TTTGGGCTGCATTCCA (291), CTTTCCC-
TCACGGTA (365), CTTGGAGACCTGCTGCGG (2543), CCTTATCCCGAAG-
TTACG (2619), and CAGGTCGTCTACGAATG (4613).

Alignments initially were done with Intelligenetics software, although refinement
of the entire alignment was made by eye, in order to increase sequence similarity.
Regions that could not be aligned, because of length or sequence variability, were
omitted from the analyses. Ambiguities (multiple bands at the same site on a gel)
were scored as “N” and were treated in the parsimony analyses as missing data and
were not used in the calculation of pairwise distances for the neighbor-joining (NJ)
analyses. The informative sites (those with at least two bases, each occurring in more
than one taxon) were analyzed with the maximum-parsimony ( MP) method in PAUP
(Phylogenetic Analysis Using Parsimony, version 3.0). Values for consistency index
(CI) presented do not include sites with unique variants. The NJ method (Saitou and
Nei 1987), version 2.0, was used to generate trees from distance matrices (corrected
for multiple substitutions). The statistical significance of groups in both the MP and
NJ analyses was evaluated by the bootstrap method (Felsenstein 1985), with 1,000
iterations.

Amino acid sequences of seven genes relevant to amniote relationships were
obtained from the National Biomedical Research Foundation Protein Identification
Resource (PIR) data bank (version 21), from the Swiss Protein data bank (version
11), and from Lance et al. (1984). The data-base locus names for the sequences used
in the combined analysis (see below) are as follows (names with “$” are from Swiss
Protein; all others are from PIR ): alpha-crystallin A (CYHUAA, CYCHAA, CYAQAA,
CYLZAA, CYFGAA, and CYFGAZ2), alpha-hemoglobin (HAHU, HACH2, HAAQ,
HASNYV, S00525, and HAXL1), beta-hemoglobin (HBHU, HBCH, HBAQ, S00538,
and HBXL), cytochrome ¢ (CCHU, CCCH, CCRS, CCST, and CCFG), histone H2B
(HSB022, HSCH22, HSAK22, and HSXLB1), insulin (INSSHUMAN, INS$CHICK,
INRS, and INCD), and myoglobin (MYHU, MYCH, MYAQ, MYLZM, MYTTM,
and MYCA).
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Results
Phylogeny Estimation

The aligned 18S rRNA sequences are shown in appendix A (fig. Al). Of the
1,746 alignable sites, 217 are variable and 123 of those are phylogenetically informative
for the MP analysis. Twelve most-parsimonious trees were found, each with a length
of 230 and a CI of 0.63. They differed only in the relationships of some lissamphibian
groups. In a bootstrap analysis (fig. 2), Lissamphibia, Amniota, Aves, and Mammalia
each are statistically significant monophyletic groups (>95% of bootstrap trees), al-
though the taxonomic diversity of the two latter groups is not well represented. The

"most interesting finding is that birds + mammals, not birds + crocodilian, form a
group (88% ). Lissamphibia is supported by nine fully consistent (no homoplasy ) sites,
Amniota by 11 sites, Aves by nine sites, and Mammalia by 15 sites. The group con-
taining birds and mammals is supported by four fully consistent sites. None of the
123 informative sites unambiguously supports a bird-crocodilian grouping. When only
divariant sites (Nanney et al. 1989) are used, the same groups are defined in a majority-
rule bootstrap MP analysis (not shown).

Pairwise estimates of sequence divergence were obtained using the formula of
Tajima and Nei (1984 ), although those values are very close to estimates based simply
on the number of differences divided by the total number of sites. These estimates
ranged from 0.1% ( Grandisonia vs. Hypogeophis) to 7.0% ( Oryctolagus vs. Ichthyophis)
and were used to construct an NJ tree (fig. 2). The groups defined in that tree are
very similar to those defined in the majority-rule (>50%) bootstrap MP analysis,
although the alligator and turtle now cluster.

The 28S rRNA data set (appendix B, fig. B1) is smaller, totaling 374 aligned
sites. Because of difficulties in obtaining complete sequence from many of the taxa,
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FIG. 2.—Tetrapod relationships inferred by maximum-parsimony and neighbor-joining analyses of
18S rRNA sequences (appendix A). The MP tree is a majority-rule consensus tree; numbers on both trees
are confidence limits for groups present in >50% of the bootstrap trees. C = caecilian; F = frog; and S
= salamander. Both trees are rooted with the coelacanth ( Latimeria).
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only regions yielding relatively continuous sequence across all taxa (i.e., regions cor-
responding to sites 220-339, 2325-2532, and 4579-4602 in Mus) are shown in ap-
pendix B and were used in the analyses. Two most-parsimonious trees were found,
each with a length of 48 and a CI of 0.63. Bootstrap analyses of these data show
support for a monophyletic Anura, Aves, Squamata, and Mammalia (fig. 3). However,
the turtle and salamander now cluster, and only one group (Mammalia) is strongly
supported. Moreover, no site unambiguously supports a bird-mammal or bird-croc-
odilian grouping. Such inconclusive results probably reflect the small size (35 variable
sites) of the 28S data set.

There are two other phylogenetic studies of 28S rRNA that involve some tetrapods.
Larson and Wilson (1989 ) sequenced 13 salamander species and one caecilian species
at four regions spanning ~900 bp of the 28S molecule. Hillis and Dixon (1989)
sequenced about one-half (2,100 bp) of the 28S gene from four species of vertebrates,
including two amniotes (bird and squamate). There is little overlap between those
two studies and our 28S data set, in terms of sites sequenced and taxa examined.
Nonetheless, it is possible to examine the relationships of the amniotes and the three
orders of lissamphibians further by using selected taxa from those two studies and our
rRNA data. When such an examination is made, it must be assumed that the specific
taxa used in each study are representative of the more inclusive taxon (e.g., birds,
mammals, and crocodilians). If rates of substitution vary greatly among lineages within
each group, then such an assumption may not be justified.

For the lissamphibian analysis, we used the published sequences of Mus (Hassouna
et al. 1984; Raynal et al. 1984) as the outgroup. Xenopus (Salim and Maden 1981;
Ware et al. 1983) was used as the representative frog, Typhlonectes as the caecilian,
and Ambystoma as the salamander. MP and NJ analyses (fig. 4) both support a sal-
amander-caecilian clade (length of most-parsimonious tree = 211; CI = 0.69), as was
found by Larson and Wilson (1989). The tree with caecilian and frog as sister groups
is four steps longer, whereas the third alternative (frog + salamander) is not well
supported, requiring 10 additional steps.

' An amniote analysis of all 18S and 28S rRNA data, including those of Hillis and
Dixon (1989) for a squamate and bird (except in regions of overlap with our data),
was performed. Of the groups with sequences from multiple species (mammals, birds,
and squamates), a single representative was chosen, depending on the availability and
completeness of the sequence data: Gallus, Homo, and Sceloporus for 18S rRNA and
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FiG. 3.—Tetrapod relationships inferred by maximum-parsimony and neighbor-joining analyses of
28S rRNA sequence data (appendix B). The root was placed between the majority of lissamphibians (caecilian
+ frogs) and the amniotes.
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F1G. 4.—Lissamphibian relationships inferred by maximum-parsimony and neighbor-joining analyses
of 18S and 28S rRNA sequence data. Both trees are rooted with the mammal.

Turdus, Homo, and Heterodon for our 28S data. No crocodilian or turtle sequences
were available for the Hillis and Dixon data set. When Xenopus was used as the
outgroup, a bird-mammal relationship was supported in the MP analysis (length of
most parsimonious tree = 222; CI = 0.64), whereas a bird-crocodilian clade was
supported in the NJ analysis (fig. 5). In the NJ analysis, there was strong statistical
support for a group containing bird, mammal, and crocodilian.

It has been suggested that nucleotide substitutions in the base-paired regions of
rRNA evolve in tandem and that those sites should be either assigned one-half weight
or deleted entirely from the analysis (Wheeler and Honeycutt 1988). We investigated
both alternatives with our 18S rRNA data set, using the secondary structure of rat
18S rRNA (Chan et al. 1984) to determine paired sites. Of the informative sites, 50
are in the base-paired region, 52 are unpaired, and 21 are indeterminate (i.e., region
is unknown ). With one minor exception involving the cluster of frog families, either
weighting paired sites one-half or deleting them from the MP analysis each resulted
in the same groups defined in the majority-rule (50%) bootstrap MP analysis of the
entire data set (fig. 2)—although with slightly lower bootstrap confidence limits at
some nodes, probably because of the reduction in the number of characters.

Only two regions of the 18S molecule exhibit major length variation among the
tetrapods. They represent two of the four divergent tracts noted by Raynal et al. (1984)
in a comparison of Xenopus and Mus. One, beginning at position 197, involves both
the insertion of 6—11 bases in the four mammal species and the insertion of two bases
in one amphibian ( Plethodon). The second region ( beginning at position 241) is the
longest, varying from 14 to 108 bases, and is for the most part unalignable. The length
variation mostly involves some long insertions in four taxa of frogs (Nesomantis,
Eleutherodactylus, Bufo, and Hyla). This lends support to recent classifications placing
the families that they represent (Sooglossidae, Leptodactylidae, Bufonidae, and Hy-
lidae) in the superfamily Bufonoidea (Laurent 1979; Dubois 1983). A fifth taxon,
Gastrophryne (Microhylidae ), has the next longest insertion. The four mammal species
also have moderately long insertions in this variable region.

Other occurrences of length variation involve differences of only one to three
bases and are mostly in the unalignable regions. Of the 1,746 alignable sites in the
18S data set, 23 exhibited insertions or deletions of only one base (in 12 of those sites,
the change was restricted to one taxon), one exhibited insertions or deletions of two
bases, and one exhibited insertions or deletions of three bases. Among the relatively
few (13) insertion/deletion events that were phylogenetically informative, the mam-
mals were supported by insertions at two sites (863 and 1513), and the birds were
supported by insertions at one site (1640). Othe¥ patterns appeared to be homoplasious
with respect to the relationships obtained with base substitutions (fig. 2), and none
supported a crocodilian-bird grouping. Many of the short insertions in both data sets
involve the frog Xenopus and the four mammalian species. These are the only taxa
that were cloned and sequenced rather than sequenced directly with reverse transcrip-
tase, suggesting a possible sequencing artifact. Comparison of (a) rRNA sequence
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FIG. 5.—Amniote relationships inferred by maximum-parsimony and neighbor-joining analyses of 18S
and 28S rRNA sequence data. Both trees are rooted with the outgroup (frog or fish).

obtained directly in the present study with (5) DNA sequence from the same taxa
obtained via the polymerase chain reaction (in progress) will help to verify those
insertion/deletion events. Because of the possibility that some may represent artifacts,
insertion/deletion data were not used in the phylogenetic analyses.

Molecular Evolution

Transitions are the dominant type of base substitutions, accounting for 189/328
(58%) of the inferred changes in the most parsimonious arrangements of 18S rRNA.
They make up a smaller proportion among the sites with unique variants (38%; N
= 98), compared with the proportion among informative sites (66%; N = 230). When
only the informative sites are considered, the proportion of transitions is nearly identical
in the Lissamphibia (68/105 = 65%) and the Amniota (75/113 = 66%). Likewise,
there is little difference in the proportion of transitions among sites in base-paired
regions (78/133 = 59%) versus unpaired regions (74/140 = 53%).

Discussion
rRNA Evolution

The finding that transitions are much less frequent at unique-variant sites (38%)
than at informative sites (66% ) suggests that selection, probably over a long period of
time (millions of years), is involved in producing the transition bias observed in
rRNA. The unique-variant sites, in general, represent base substitutions that have
occurred more recently than those informative differences which are shared by more
than one taxon. However, the mechanism suggested by Brown (1985; pp. 109-110)
for mitochondrial rRNA—i.e., that uncompensated transitions occurring in regions
of base pairing are more stable than uncompensated transversions—is not supported
by the finding of similar frequencies of transitions at paired versus unpaired sites. His
model would predict that transitions are considerably more frequent at base-paired
sites. Thus, although selection against transversions appears to be operating in TRNA,
it is still unclear what mechanism is responsible for the selection.

Ochman and Wilson ( 1987) estimated that the 16S/18S rRNA base substitution
rate is ~0.8%, ~1.0%, and ~2.0%/50 Myr (= 8, 10, and 20 X 107!!/site/year/
lineage) in vertebrates, bacteria, and flowering plants, respectively. The 21 additional
vertebrate sequences reported herein now allow a refinement for the vertebrate sub-
stitution rate. Perhaps the best estimate of this can be obtained by using the lissam-
phibian/amniote divergence, believed to have occusred ~350 Mya—but no later
than 338 Mya, when the two groups appear together in the fossil record (Carroll 1988;
Smithson 1989). The mean sequence divergence between these two groups is 4.4%,
resulting in a substitution rate of 6.3 X 107! /site/year/lineage, only slightly lower
than Ochman and Wilson’s estimate of 8 X 107!! /site/year/lineage (an estimate that
is based on a small number of vertebrate sequences). Two other estimates, involving
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fewer taxa, are 3.4 X 107!! for the divergence of lizards and snakes ( 150-200 Mya;
Carroll 1988) and 4.3 X 107! /site/year/lineage for the Mus-Rattus divergence (15—
25 Mya; Sarich 1985; Jaeger et al. 1986). Further estimates based on the amniote
fossil record are questionable, because they presuppose the classical relationships chal-
lenged here.

Base Pairing and Phylogeny

Our results with down-weighting or deleting base-paired sites do not agree with
the conclusions of Wheeler and Honeycutt (1988)—i.e., that base-paired sites have
a significant and detrimental effect on estimates of phylogénetic relationships. Their
conclusion was based on an analysis of some 5.8S rRNA sequence data from insects,
where they obtained different phylogenies after partitioning the data into paired and
unpaired sites.

Smith (1989) recently came to the opposite conclusion of Wheeler and Honeycutt,
with a reanalysis of some 18S rRNA data from echinoderms. He also partitioned the
data into paired and unpaired sites, and he found that, while both types of data gave
similar results for taxa with close evolutionary relationships, paired sites gave “better”
results in comparisons between more distantly related taxa. As in the Wheeler and
Honeycutt study, a morphology-based tree was considered the correct phylogeny against
which to judge the molecular phylogeny. Smith concluded that “analysis of 18S rRNA
total sequences will only produce reliable results if the species diverged within the last
100 Ma or so.” '

These two studies illustrate several points that need to be addressed. First, both
studies considered the phylogeny based on morphology to be “correct.” We are not
aware of any group that has a known phylogeny, regardless of the extent of its fossil
record, and therefore such an initial bias is not justified. If the morphological phyloge-
nies considered correct by Wheeler and Honeycutt (1988) and Smith (1989) are not,
then their conclusions are severely affected. Second, the reason each study found that
subsets of the complete data set generated different phylogenies may be attributed to
the size of the data set, not to the type of characters (paired vs. unpaired). Just as
phylogenetic inference improves with the addition of characters, fewer characters will
result in a less stable phylogeny. It is possible that the subsets of sequence data used
in those two studies were too small to answer the questions posed. Finally, the gen-
eralizations made in those two studies not only conflict with each other but do not
agree with the results of the present study, where there was no significant effect of base
pairing on phylogenetic inference. It is clear that more analyses (and possibly simu-
lations), taking the above factors into consideration, are needed before generalizations
regarding the effect of base pairing can be drawn.

Amphibian Phylogeny

Our results with 18S rRNA provide clear statistical support for the monophyly
of the Lissamphibia, rejecting hypotheses of polyphyly and paraphyly (Jarvik 1968
1980; Lovtrup 1985). The grouping of salamanders and caecilians is strongly supported
(81% and 94%; fig. 4), agreeing with the conclusions of Larson and Wilson (1989)
but not with a recent morphological analysis (Milner 1988) joining salamanders and
frogs. However, most of the morphological characters supporting a salamander-frog
clade are absences (Milner 1988, p. 71), thus not providing strong evidence; the frog-
salamander clade was the least supported of the three alternatives considered in the
present study, requiring 10 additional steps.
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Among the amphibians, the two salamander genera Ambystoma and Siren formed
the best-supported group (fig. 2). A relationship between the Ambystomatidae and
Sirenidae has not been suggested previously, and the Sirenidae were not represented
in the study using rRNA sequence data from portions of the 28S molecule (Larson
and Wilson 1989). The group containing four families of bufonoid frogs and Gastro-
phryne in figure 2, also supported by insertion /deletion data not used in the phylo-
genetic analysis (see above ), adds some support to this higher-level grouping of frogs.
However, more sequence data from the 28S rRNA gene are needed to test the signif-
icance of these amphibian groupings which are associated with low confidence limits.

Amniote Phylogeny: Molecular Evidence

While the monophyly of the amniotes generally is accepted (Romer 1966; Carroll
1988), it now has strong statistical support from a large molecular data set. Within
the amniotes, our sequence data support (at the 88% significance level) the highly
controversial grouping of birds and mammals. In addition to 18S rRNA, amino acid
sequences from two other genes (beta-hemoglobin and myoglobin) provide unam-
biguous evidence for this grouping (Dene et al. 1980; Goodman et al. 1987; Bishop
and Friday 1988). Alpha-hemoglobin sequences supported a bird-crocodilian grouping
in an MP analysis (Goodman et al. 1987), although an analysis using maximum
likelihood supports a bird-mammal relationship (Bishop and Friday 1988). Sequences
of alpha-crystallin A support either birds + crocodilians (de Jong et al. 1985) or birds
+ lizards (Bishop and Friday 1988), depending on the method of analysis. Cytochrome
¢ sequences join birds with squamates (lizards and snakes), not with mammals
(Goodman et al. 1982). However, contrary to the conclusions of de Jong et al. (1985,
p. 491) and Benton and Clark (1988, p. 298), cytochrome ¢ sequences cannot support
a bird-crocodilian relationship—because no crocodilian sequences from this gene are
yet available! The two earlier studies that were cited as sources, Maeda and Fitch
(1981) and Goodman et al. (1982), do not present or discuss cytochrome ¢ sequences
from any crocodilian.

" Recently, Larhammar and Milner (1989) cited amino acid sequences of two
additional genes as evidence pertaining to the relationships of birds, mammals, and
crocodilians. Sequences from pancreatic polypeptide and insulin were shown to have
more unique sites in the mammal sequence than in the bird or crocodilian sequences.
Larhammar and Milner suggested that this provided support for a bird-crocodilian
relationship. However, this conclusion, which has been noted elsewhere (Lance et al.
1984), requires that a constant rate of substitution be invoked, a controversial topic
not addressed in their paper. For pancreatic polypeptide, there are other mammal and
bird sequences available, but additional tetrapods will need to be sequenced before
phylogenetic interpretations can be made other than by invoking the constant-
rate model.

Insulin was one of the first proteins to be sequenced, and there are many sequences
available besides the three used by Larhammar and Milner. An alignment of all 35
different insulin sequences ( A and B chains) available, representing 42 vertebrate taxa,
is given in appendix C. An MP analysis of those aligned sequences resulted in >1,000
most-parsimonious trees of length 148 (CI = 0.72). In a bootstrap MP analysis, all
25 mammals form a group, which clusters with three birds (chicken, ostrich, and
turkey ) and not with the alligator (which clusters with rattlesnake and ratfish), although
two other birds (goose and duck) are placed farther back in the tree. The majority-
rule tree (fig. 6) of that analysis shows slightly less resolution because some of those
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FIG. 6.—Vertebrate relationships inferred by maximum parsimony and neighbor-joining by using
insulin amino acid sequences (appendix C).

groups were weakly supported. The NJ analysis gives a different result: birds cluster
more closely with the group containing ratfish, alligator, and rattlesnake (fig. 6). The
fact that birds are not monophyletic in either analysis suggests that more data, especially
from additional birds and crocodilians, are needed before conclusions can be drawn.
On the other hand, small molecules such as insulin will always be limited in their
ability to generate statistically significant results in phylogenetic analyses, because of
the small number of supporting sites possible.

Sequences are available for two other proteins, histone H2B and immunoglobin
heavy chain (v-region), from birds, mammals, crocodilians, and other tetrapods. Nei-
ther has been mentioned previously in discussions of crocodilian-bird-mammal re-
lationships. Histone H2B is a highly conserved protein, with only four variable sites
among one crocodilian ( Crocodylus), one bird ( Gallus), three mammals (Bos, Homo,
and Mus), a frog (Xenopus), and a fish (Salmo). The sequences for the crocodilian
and chicken are incomplete, but there are 57 sites in common among the seven ver-
tebrate taxa. Mammals have the derived residue alanine at site 21 (in the complete
human sequence), while the other vertebrates have threonine. The frog has valine at
site 69, while the others have an isoleucine. The only two informative sites are 25 and -
26. At site 25, glycine is present in the fish, bird, and crocodilian, whereas aspartic
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acid is present in the mammals and frog. Site 26 shows unambiguous support for a
bird-crocodilian grouping (glycine in fish, frog, and mammals and aspartic acid in
bird and crocodilian).

More than 100 amino acid sequences are available for the immunoglobin heavy-
chain (variable-region) genes. Most are from humans and mice, but there are also
sequences of a crocodilian (Caiman), a bird (Gallus), and several other tetrapods.
Unfortunately, two features make them poor candidates for the analysis of amniote
relationships: (1) there are hundreds of separate genes (Alt et al. 1987; Riblet et al.
1987; Tutter and Riblet 1989), the orthologies of which are poorly understood, and
(2) differences among sequences are great. The first feature is a significant problem,
because many of the gene duplications appear to have predated amniote evolution,
as suggested by the fact that the mouse alone has representatives of all nine gene
families (Riblet et al. 1987). Nonetheless, we aligned 31 sequences, including human
(10), mouse (10), rat (one), dog (two), rabbit (three), chicken (one), caiman (three),
and Xenopus (one). When the last sequence was used as outgroup, an MP analysis
(not shown) placed the chicken with one group of placental mammals and placed the
caiman with another. These results confirm that the immunoglobin heavy-chain v-
region genes will be of limited use for phylogenetic analysis until orthologies are better
understood.

An eye-lens protein originally called g-crystallin, present only in birds and croc-
odilians, has been cited as molecular evidence for, a bird-crocodilian relationship (de
Jong et al. 1985; Stapel et al. 1985; Benton and Clark 1988). However, this lens
protein has been identified as lactate dehydrogenase, which is recruited in the lens,
possibly to serve the function of reducing glare in aquatic birds and crocodilians ( Wis-
tow et al. 1987). It does not represent a separate gene or even a duplication of lactate
dehydrogenase, and therefore it provides no evidence for amniote relationships.

To summarize the molecular evidence for amniote relationships, one gene sup-
ports a bird-crocodilian relationship, three genes support a bird-mammal relationship,
and four genes support different relationships depending on the type of analysis (table
1). Only three analyses support a relationship between birds and some other amniote
group besides mammals or crocodilians, and a mammal-crocodilian grouping is not
supported by any of the genes. This indicates that the sequence data bearing on amniote
relationships do not support a random array of phylogenetic hypotheses as inferred
by Benton and Clark (1988, p. 298) and Benton (1990, p. 418) but do favor primarily
two alternative arrangements: birds + crocodilians or birds + mammals, with the
latter group more strongly favored. It also suggests that these three groups may form

- a monophyletic group of amniotes, as indicated by morphological analyses of nonfossil

data (Gardiner 1982; Gauthier et al. 1988), although few of the analyses of individual
genes place birds, mammals, and crocodilians together (figs. 2 and 3; also see Goodman
et al. 1987; Bishop and Friday 1988). The analyses of individual genes of course
cannot be weighed equally, because they are based on different numbers of taxa and
sites (table 1). For example, the sequence data from the globin genes and 18S rRNA
are considerably more substantial than the histone H2B and insulin data sets.

One approach for analyzing molecular data from different genes is to combine
the sequences in one analysis. Goodman et al. (1987 ) did this with some of the amino
acid sequence data available for vertebrates and obtained a tree close to the classical
phylogeny (fig. 1). This can be a very useful method of analysis when the individual
gene sequences are too short to provide statistical significance and when the taxa
represented at each gene are similar. Unfortunately, the taxonomic representation of




Table 1 :
Molecular Evidence for Amniote Relationships

RELATIONSHIP SUPPORTED

SEQUENCE
Birds Birds Birds
No. oF No. oF Amino Nucleic + + +
GENE TAxA SITES Acid Acid Crocodilians Mammals Other REFERENCE(S)

Alpha crystallin A . .. 31 173 X X R X de Jong et al. 1985; Bishop and Friday 1988
Alpha hemoglobin . .. 44 142 X - X X Goodman et al. 1987; Bishop and Friday 1988
Beta hemoglobin . . .. 44 146 X X Goodman et al. 1987; Bishop and Friday 1988
Histone H2B ....... 7 57 X X Present study

Insulin ............ 43 55 X X X Present study

Myoglobin ......... 28 154 X X Goodman et al. 1987; Bishop and Friday 1988
I8 rRNA ......... 26 1746 X X Present study

28STRNA ......... 14 374 X X X Present study

NoTE.—Only genes with sequences from at least one representative bird, mammal, crocodilian, and nonamniote outgroup taxon are listed. All groups supported by different analyses are listed.
Birds do not form a monophyletic group in the insulin analysis.
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the amniote sequence data presently available is unequal, limiting the value of a com-
bined sequence analysis. .

Nonetheless, we have assembled all available protein and nucleotide sequence
data pertaining to amniote relationships and have performed that analysis, using one
representative of each major group. The protein data include sequences of alpha-
crystallin A, alpha-hemoglobin, beta-hemoglobin, cytochrome ¢, histone H2B, insulin,
and myoglobin from representative amniotes (see Methods). The frog Xenopus was
used as the outgroup, although Rana had to be used with alpha-crystallin A and carp
was used with insulin, The rRNA sequence data were the same used in figure 5.

Both analyses (MP and NJ) of the seven protein sequences (fig. 7) join the
mammal and squamate together, but the relationships of the turtle, bird, and croco-
dilian do not agree, and the confidence levels are relatively low. When all available
protein data (831 aligned amino acid sites) and nucleotide sequence data (3,305 aligned
nucleotide sites) are analyzed, the only groups formed in the MP analysis are bird
+ mammal and turtle + crocodilian. However, the NJ analysis provides yet another
arrangement, placing squamate + mammal and bird + crocodilian together (fig. 7).

One possible reason for the inconclusive results of the combined sequence analysis
is the lack of agreement ( regarding relationships) of the individual genes. Where con-
flicts occur, a consensus often results in weakened support for one of the alternatives,
obscuring the original differences (Maeda and Fitch 1981). Such an analysis is more
useful when homoplasy is randomly distributed, in which case increasing the size of
the data set may increase the significance of the relationships. Another problem involves
the poor taxonomic representation in the combined analysis. Although some of the
genes have excellent coverage for certain groups (e.g., mammals and birds for the
globins, amphibians for the 18S rRNA), there is insufficient overlap to use most of
the taxa in the combined analysis. When only one representative of a group is chosen,
chance convergence can pose a problem, especially in nucleotide sequence data, where
only four states are possible. Also, the choice of taxa can have a significant effect on
phylogenetic inferences in amniotes { Bishop and Friday 1988; Gauthier et al. 1988).
At present, only a single species each of turtle and crocodilian are represented among
the rRNA sequence data, a situation that almost certainly underrepresents the sequence
diversity present in living representatives of those two old groups. Confidence in their
phylogenetic position among the amniotes would be much greater if sequences were
available for additional turtles and crocodilians. Likewise, the confidence in a bird-
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FiG. 7.—Amniote relationships inferred by maximum-parsimony and neighbor-joining analyses of
amino acid sequence data from seven proteins (alpha crystallin A, alpha hemoglobin, beta hemoglobin,
cytochrome c, histone H2B, insulin, and myoglobin) and a combined analysis of all sequence data (seven
proteins plus 18S and 28S rRNA).
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mammal clade in the 18S rRNA data is good because it is based on two birds and
four mammals, but it would be better if a monotreme and marsupial were among the
mammals and if a ratite was among the birds. Until sequences become available from
a broader spectrum of taxa, we believe that the molecular data are best interpreted at
the level of individual genes, where strengths and weaknesses can be evaluated. A
similar opinion was expressed by Maeda and Fitch (1981).

Several mechanisms other than phylogeny have been invoked to explain the
association of birds and mammals by molecular data. One argument is that selection
acting on the oxygen-binding abilities of globin proteins has led to molecular conver-
gence in these endothermic groups (Dickerson and Geis 1983). Such an argument is
unlikely, though, with the rRNA genes, which show functional constancy throughout
eukaryotes (Woese 1987). Another mechanism has been proposed by Bishop and
Friday (1988), who suggested that the unusual allosteric properties of crocodilian
beta-hemoglobin (Perutz 1983 ) may have helped to “obscure a sister-group relationship
to birds.” However, no more than three amino acid replacements are involved (Perutz
1983), and thus it would seem improbable that all crocodilian sites carrying a record
of ancestry with birds would (by chance) be obliterated by those three replacements.
Yet another hypothesis centers on the observation that birds and mammals have
relatively high GC content in their genomes. It has been suggested by Bernardi et al.
(1985) that this may be a means of protecting genes from heightened mutability as
well as maintaining stability of chromosome structure at high body temperatures. But,
as noted by Bishop and Friday (1988), the higher GC content in birds and mammals
is accomplished not by a shift toward amino acids coded for mainly by G’s and C’s
but by an increase in G’s and C’s at synonymous sites and in noncoding regions
(Bernardi et al. 1985).

It is possible that an accelerated substitution rate in the bird and mammal lineages
has led to chance convergence. If this has occurred, a parsimony analysis would in-
correctly join those two rapidly evolving lineages (Felsenstein 1988). In the present
study, the branches leading to birds and mammals are relatively long (fig. 2), and
therefore chance convergence of this type might occur. However, if multiple substi-
tutions were common, then it should be reflected in a relatively large number of
saturated sites (i.e., those with all four bases present). In the 18S rRNA analysis, 1,527
(87%) of the alignable sites are unvaried, 198 (11.3%) are divariant, 18 (1.0%) are
trivariant, and only 3 (0.2% ) are fully saturated. This suggests that chance convergence
is probably not a significant factor. Also, Felsenstein’s model involves only four taxa
in an unrooted network. It is likely that additional taxa (such as those cited in the
present study) will reduce the probability of chance convergence. A thorough test of
this hypothesis will be possible when more birds and mammals are examined at
18S rRNA.

Amniote Phylogeny: Morphological Evidence

The proposal by Gardiner (1982) and Levtrup (1985)—i.e., that birds and
mammals share a common ancestry, a conclusion based on morphology-—has not
been widely accepted. However, it has evoked a critical reanalysis of the morphological
characters bearing on amniote relationships, from both extant and fossil forms (Gau-
thier et al. 1988). Although both analyses performed by Gazdther et al. (1988) sup-
ported a bird-crocodilian relationship, mammals joined those two groups in the analysis
of nonfossil data, thus supporting Gardiner’s group Thecodontia (birds-mammals-
crocodilians). Gauthier et al. discovered that the data critical to placing mammals at
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the base of the amniote tree (i.e., fig. 1) resided in certain synapsid fossils. When those
fossils were removed from the analysis, the remaining fossil data and recent data
supported Gardiner’s bird-mammal-crocodilian group. It is misleading to state that
“the addition of data on 207 skeletal characters from 29 diverse groups of well-preserved
. fossil amniotes restored a more traditional cladogram” in the Gauthier et al.
study (Benton 1990, p. 413). Gauthier et al. (1988, p. 185) are careful to point out
that it was the addition of some intermediate synapsid fossils—not the addition
of early or late synapsids, Archaeopteryx, or any other amniote fossils—that was re-
sponsible.

Although Gauthier et al. (1988) stressed the “importance of fossils,” another
message from their analysis is that the morphological data are homoplasious and that
the homoplasy is nonrandom. Indeed, if the critical synapsid fossils are later found to
be responsible for the homoplasy, then they could be considered “important” in ob-
scuring—not in retrieving—amniote phylogeny. Although Hillis and Dixon
.(1989) recently stated that molecular studies “cannot yet challenge most of the
framework of higher vertebrate phylogeny,” Gauthier et al. in fact have shown that the
morphology-based framework is weak. The molecular data also show homoplasy,
but they nonetheless pose a serious challenge to the classical relationships of
amniotes. '

A valid point has been made elsewhere (Maeda and Fitch 1981; Bishop and
Friday 1988)—i.c., that the period during which all of the major amniote groups
diverged was relatively short compared with the total elapsed time (fig. 1)-—suggesting
that there was little time for diagnostic sequence differences to evolve. An analo-
gous situation involves the human-chimpanzee-gorilla relationship, where the
divergences probably were close in time and have been difficult to distinguish.
Nevertheless, a recent analysis of primate relationships has shown that a large
amount of sequence data can resolve even these closely spaced divergences (Koop
et al. 1989). In the same light, we anticipate that amniote relationships eventu-
ally will be resolved by a large body of sequence data with broad taxonomic repre-
sentation.
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Snake ACUCGGAUAACUGUGGNNI WGAG&JMUACAUGCCGACGAGCGWGACCUCC*“*‘""“GGGGA GUGCAUUUAUCAGACCAAAACCAA CUNNCCCGGCCH AW A FARRANAUANRARRANR AN AN ®
Lizar CCl.IJGGAUMCUWGGWNNUCUAGAGCUMUACAUGCCMCGAGCGCUGACCUCC'"""***"*'GGGGAUGCGUGCMM}AUCAGACCMMCCMCGGGCUCGCCCNNCc*"*"‘*"“”"""'*"**“*""*""
‘Croco  ACUUGGAUAACUGUGGUNNUUCUANAGCUAAUACAUGCCGACGAGCGCUGACCUNC* ¥ *# ¥ wwa s a % GGGGAUNCGUGNAUMJIAUCAGACCAAAACCAACGGGCUCGCCCGGCCH*#irw i i i de ek kit st h e o
Passe CCUUGGAUAACUGUGGUNN NUOJAGAGNAAUNCAUGCCGACGAGCGCCGACNCC""*"”*'*GGGGACGCGUGCAMMJCAGACCMMCCMCGGNNNNGCCCNNNA ------
Gallti AMGWMWMGNNNWGAGWWGCCGACGAGCGCC CUCCH**#uwnunusGGGNACGNGNNCAUUUAUCAGACCAAAACCAACGGNCNCGCCCNNNN bnbabel
Mouse ACUUGGAUAACUGUGGUAAUUCUAGAGCUAAUACAUGCCGA WGACCCCCCWCCCGGGG*GGGGAUGC GUGCAUUUAUCAGAUCAAAACCAACCCGGUGA GWCCWCCCGGWCCGGCCGGGGNCGGGCGC
Rat AMGGAUMWWMWGAGMCMGCCMCGGGCGMACCCCCUJJCCCGUGGGGGG CGCGUGCAUUUAUCAGAUCAAAACCAACCCGGUCAGCCCCCUCCCGGCUCCGGCCGGGGGUCGGGCEE
Human AMGGAUMC!JGJGGJAMMCUAGAGCUAAUACMIGCCGACGGGCGQJGACCCCC'WCGCGGG"GGGGAUGCWGCAMAUCAGAUCAMACCMCCCGNCAGCCCGJCUCCGGCCCCGGCCGGGGGGCGGGCCG
Rabbi ACUUGGAUAACUGUGGUAAUUCUAGAGCUAAUACAUGCCGACGGGCGCUGACUCC C*MGUG""'UGGGAUGCWGCAMAUCAGAUCAMACCMCCCGGJCAGCC"UCCCCGCCGGCCGGGGGGNGGGGCG%%
--------- #evmococccdocmcccccadroccscscepasanccrnafenomcraradecnaacencndocnccrnveferenconnaherccanaanfucanncncopaccvcccnapuacennanadacnnnns

FiG. Al.—Aligned 18S rRNA sequences of 26 tetrapods. Shown are entire 18S rRNA sequences, with gaps (+) inserted to increase sequence similarity. Nucleotide position
is indicated on the scale below the alignment. Dashes (-) denote areas not sequenced, a “v” above the alignment indicates a variable site, and a solid line above the sequences
indicates a region not used in the phylogenetic analysis because of questionable ahgnment. Coela = coelacanth; Disco = Discoglossidae; Pipid = Pipidae; Pelob = Pelobatidae;
Soogl = Sooglossidae; Lepto = Leptodactylidae; Bufon = Bufonidae; Hylid = Hylidae; Micro = Microhylidae; Siren = Sirenidae; Amphi = Amphiumidae; Ambys = Ambys-
tomatidae; Pleth = Plethodontidae; Ichth = Ichthyophiidae; Caecl = Caeciliaidae, Grandisonia; Caec2 = Caeciliaidae, Hypogeophis; Typhl = Typhlonectidae; Turt]l = turtle;
Lizar = lizard; Croco = crocodilian, Passe = Passeriformes; Galli = Galliformes; Rabbi = rabbit. The sequences of Coela, Pipid, Mouse, Rat Human, and Rabbi are from the
literature; all others are new (deposited in GenBank under accession numbers M36342-M36362).
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Coela GCUCUUAACUGAGUGUCCUG**GGGGUCCGAAGCGUUUACUUUGAAAAAAUUAGA GUGUUCAAAGCAGGCCTE™ ™ UCGCUUGGAUACUUCAGCUAGGAAUAAUGGAAUAGGACUCCGGUUCUAUUUUGUUGGUUUUCGGA
Disco GCUCUUGACUGAGUGUCCCG**GGNNNCCGAAGNNNNUACUUUGAAAAAAUUANANUGUUCAAAGCAGGCCNG* *UCGCCUGAAUACNUCA GCUAGGAAUAAUGGAAUANGA CUCCGGUUCUNUUUUGUN GGUULUUCGGA
Pipid GCUCUUGACUGAGUGUCCCG**GGGGCCCGAAGCGUUUACUUUGAAAAAAUUAGAGUGUUCCAAGCAGGCCGCG*UCGCCUGGAUACUUCAGCUAGGAAUAAUGGAAUAGGA CUCCGGUUCUAUUUUGUUGGUUUUCGGA

CUUCAGCUAGGAAUAAUGGAAUAGGA
Hylid GCUCUUGACUGAGUGUCCCG**GGGGCCCGAAGCNNNUACUUUGAAAAAAUUAGAGUGUUCAAAGCAGGCCGG* *UCGCCUGAAUACUUCAGCUAGGAAUAAUGGAAUAGGACUCCGGUUCUAUUUUGUUNGUUUUCGGA
GCA GGACUCCGGUNCUNUUUUGULUN
Siren GNMWWCC(E"'GGNNNCC%:N%WMWWGGCCGGWGCMWWWWW

Passe  GCUCUUAGEUGAGUGUCCGC™* GGGGCCHGAAGCGUUUACLULGAGAAAMILAGAGUGICAAAGEAGGCC N  *CCGCCGHAUACUIGCAGCLA CUCCGGUUCUNUULUGUUGGUULLICGGA
GALlT = eemoeecceeae o eanoo st oeas ACUUUGAAAAAAUUAGAGUGUUCAAAGCA - - == = - - = GCCGGAAUNCUCCAGCUAGGAAUAANGGAAUAGGACUCCNGUUCKNUULUGUUNGNULUCGGA
ey UG CUACUGICEE0H CEBEECECOAGCAANACOUGAAAAALAGACUGUUCAAAGCAGECCCGAGCE L EIGGAUACE SEAGCUACCAAUAAUGGANUAGBACCCCOCUUCUAAANGUUGGARAXCGA

Rabbi GWAGWGA&JGUCCCG'CGGGGCCCWGCWWWCAMGCAGGCCCGAGCCGCNGWCCGCA u cooA
--------------------------------------------- T e

Coela AMGGGCCAUGAWMMGGGACGGCCGGGGGIMWCGMMWMCCGRMMCWWWWWMMWW

Disco ACUGGGGNNNUGAWMGAGGGAC G*CC~ === UUCGUAUUGUGCCGCUAGAGGUNAAAUUCUUGGACCGGCGCAAGACGAACCAAAGCGAAAGCAUUUGCCAAGAAUNUUUUCAUUAALICAAGAANGAAAGUCGGAG

Pipid GGCCAUGAUUAAGAGGGACGGCCGGGGGLAUUCGUAUUGUGCCGCUAGAGGUGAAAUUCUUGGACCGGCGCAAGACGAACCAAAGCGAAAGCAUUUGCCAAGAAUGUUUUCAUUAAUCAAGAACGAAAGUCGGAG

Pelob ACUGGGGHNAUGAWMGAGGGA GGeesmvmomon- CGUAUUGUGCCGCUAGAGGUNAAAUUCUUNGACCGGCGCAAGACGAACCAAAGCGAAAGCAUUUGCCAAGAAUNUULIUCAUUAAUCAAGAANGAAAGUCGGAG
ACUGGGGCCAUGAUUAAGAGGG UCGUAURIGUGCCGCUA

GUAUUGUUCCGCLIAGA
= - CGUAUUGUGCCGCUAGAGGUNAAAUUCUUGGACCGGCGCAAGACGAACCAAAGCGAAAGCAUUUGCCAAGAAUNUULUCAUUAAUCAAGAANGAAAGUCGGAG
GCGAAAGCAUUUGCCNAGAAUNUUUUCAUUNAUCNANAANGAAAGUCGGAG

G GCGAAAGCAUUUGCCAAGAAUNUNNUCAUUAAUCAAGAAN!
-UUCGUAUUGUGCCGCUAGAGGUNNNAUUCUUNGACCGGCGCNAGACGAACCAAAGCGAAAGCAUUUGCCAAGAAUNUNNUCAUUAAUCAAGANNGAAAGUCGGAG
UUCGUAUUGUGCCGCUAGAGGUGAAAUUCUUGGACCGGCGCAAGACGGACCAAAGCGAAAGCALRIUGCCAAGAAUGLRIUUCAUUAAUCAAGAACGAAAGUCGGAG

GUAUUGUGCCGCUAGA CGGC
INCAUUCGUAUUGUGCCGCUAGAGGUGAAAUUCUUGGACCGGCGCAAGACGAACCAAA(

Human
Rabbi Awumccwcmnmsacaccccccscaccmsumcmcmucwmwmccmmmcwwmwmmm S
................................................................................. N L s 1 1]
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GIUCGAAGACGAUCAGAUACCGUCGUAG!JCCGACCAUMACGMJGCCMCUACCGAUCCGGCGGCWCAUGA mmmummcwmmmmwmm
GUUCGAAGACGAUCAGAUACCGUCGUAGUUCCGACCAUAAACGAUGCCGACUAGCGAUCCGGCGGNGUUAUUCCCAUGACCCGCNNAGCAGCUUCCGOGAAACCAAAGUCUUUGEGNUCCGGGGGGAGUAUGGL - - = == =

CWCAGAUACCGJCWAG\MCCGACCAUAMCGAUGCCM&MGCMWGMWMCCCGCWWWW@WWW

GUUCGAAGA CCGUCGUNGUUCCGACCAUAAACGAUGCCGACUNGCGAUCCGGONGCGUUNUUCNAAUNACCCGCNNNGCAGCUUCCGGGAAACCAAAGUCUUUGGGUUCCGGGGNNAGUAUGGUUGNAAN
GUUCGAAGACGAUCAGAUACCGUCGUAGUUCCGACCAUAAACGAUGCCGACUAGCGAUCCGGCGGCGUUALRICCCANGANCCGONNNNCAGCUUACGGGAAACCAAAGUCUUUGGGUNCCGGGGGGAGNAUGG - == = =~ =
GUUCGAAGACGAUCAGAUACCGUCGUAGUUCCGACCAUAAACGAUGCCGACUAGCGAUCCGGCGGNGUUAUUCCCAUGACCCGCONAGCAGCUUCCGGGAAACCAAAGUCUUUGGGUUCCGGGGGGAGNAUGGY - - = - - -
GUUCGAAGACGAUCAGAUACCGUCGUAGUUCCGACCAUAAACGAUGCCGACUAGCGAUCCGGCGGCGUUAUUCCNNUNANCCGCCNNNNNGCUUCCGGGAAACCAAAGUGNUUGGGUY - =~ = === == =~==ccocanocan
GUUCGAAGACGAUCAGAUACCGUCGUAGUUCCGACCAUAAACGAUGCCGACUAGCGAUCCGGCGGCGUUAUUNNNNUNANCCGCCNNGCAGCUUCCGGGAAACCAAAGUCUUUGGGUUCCGNGGGGAGUAUGGUUGCAAA
GUUCGAAGACGAUCAGAUACCGUCGUAGUUCCGACCAUAAACGAUGCCGACUNGCGAUCCGGCGGCGUUAUUCCCAUGACCCGCNNNNCAGCUCCCGGGAAACCCAAGUCUUUGGGUUCCGGGGGRAGUAUGGUUGCAAA
GUUCGAAGACGAUCAGAUACCGUNGUAGUUCCGACCALAAACGAUGCCGACNAGCGAUCCGGNNGNNNNAUUCCCAUNACCCGCNNNNNAGCUCCCGGGAAACCCAAGNNNNNGGG- - = ==~~~ ssmemescscmcmo-e
GUUCGAAGACGAUCAGAUACCGUCGUAGUUCCGACCAUAAACGAUGCCGACUGGCGAUGCGGCGGCGUUAUUCCCAUGACCCGCCGGGCAGCUUCCGGGAAACCAAAGUCUUIGGGUUCCGGGGGGAGUAUGGUUGCAAA
GUUCGAAGACGAUCAGAUACCGUCGUAGUUCCGACCAUAAACGAUGCCGACUGGCGAUGCGGCGGCGUUAUUCCCAUGACCCGCCGEGCAGCUUCCGGGAAACCAAAGUCUUUGGGUUCCGGGGGGAGUAUGGUUGCAAA
GUUCGAAGACGAUCAGAUACCGUCGUAGUUCCGACCAUAAACGAUGCCGACCGGCGAUGCGGCGGCGUUAULCCCAUGACCCGCCGGGCAGCUUCCGGGAAACCAAAGUCUUUGGGUUCCGGGGGGAGUAUGGUUGCAAA
GI!CGAAGACGMJCAGAUACCGUCGUAG.UCCGACCMMMCGAUGC GACUGGCGAUGCGGCGGCGUUAUUCCCAUGACCCGCCGGGCAGCUUCCGGGAAACCAAAGUCUUUGGGUUCCGGRGGGA
+ + + + +

GCUNAAACUUAA AACACGGGNAA CACGGAAAGG :
NNUGAAACUUAAAGGAANNNACGGAAGGGCANNNNNAGGAGNGGCAG* *GCGGCUUAAUNNGNNKNAACACGGGAAACCUCACCCGGCCCGGACACGGAAAGGANNGACAGAUCGAUAGCUCULUCUCGAUUCUGUGGGY
------------------------------------------------------------------ AANACGGGNNACCNNNCCCGGCCNGGACACGGAAAGGANNNACAGAUUGAUAGCUCUULCUCGAUUNUGUGGGN
= = = = AAACUUAAAGGAAUUGACGGAAGGGCNCCACCAGGAGUGGCAG** GCGGCUUNAUNNNNNNNAACACGGGAAACCUCACCCGGCCCGGACACGGAAAGGANNNACAGAUCGAUAGCUCUUUCUCGAUUCUGUGGGY
------------------------------------------------------------------ AACACGGGAAACCUCNCCCGGCCCGGACACGGAAAGGANNGACAGAUCGAUAGCUCULIUCUCGAULCNGUNGGU

CGGGAAACCUCACCCGGCCNGGACACGGAAAGGANNGACAGAUUGAUAGCUCULUCUCGAULCUGUGGGL

GCUGAAACUUAAAGGAAUUGACGGAAGGGCACCACCAGGAGUGGGCCU™GCGGCUUAAUUUGACUCAA
GCUGAAACUUAAAGGAAUUGACGGAAGGGCACCACCAGGAGUGGAGCCUGCGGCUUAAUUUGACUCAACACGGGAAACCUCACCCGGCCCGGACACGGACAGGAUIGACAGAUUGAUAGCUCIUCUCGAUUCCGUGGGU
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Coela GBUNMUUGGCCWAMWGCWWWCWMCMGAMMWWCMMCCCCWWW”MWMGWC‘MWCN
i GUUGGUGGAGNNAUUUGUCUGGUUAAUUCCGAUAACGANUGAGACUNCUCCAUGCUAACUAGUUACGCGACCCCCA* GCGGUCGGCGUNC* ** AACNNNUUAGAGGGAC*AAGNGGCGU
CCGUUCUUAGUUGGUGGAGCGAUUUGUCUGGUUAAUUCCGAUAACGAACGAGACUCCUCCAUGCUAACUAGUUACGCGACCCCCG* GCGGUCGGCGLICC***AA
MGWG”GGJGGABNNWWCMCWGAGAMWMWMMCGMCMN*WMW“WHNMWWC‘W
mcmwmﬁﬂNWWCGMNCWIGAGAMMWAMMMCGCGACCCCNH'NI*GJCCGCGJCC'"NNWGGGAC‘MMGIIGC
--------------- mwcmsunmwummmmwuumumcccmm»wwu*cscuoccccuwu*mcucwcc*ﬂummunmc-mnmcw
- UGCAUGGCNNNNCUUAGUUGGUGGAGCNAUUUGUCUNGUUNAUUCCGAUAACGAAUGAGACUN CUCCAUGCUNACUAGUUACGCGACCCCNN *NNNNUCCGCGUCC* **AACULCULUAGAGGGA 'AAGUGGNGU
NNNNGUGCAUGGCNNNNCUUAGUUGGUGGAG! NN

CGAUUUGUCUGGUUNAUUCCGAUAACGAAUGAGACUNCUCCAUGCUAACUAGUUACGCGACCCC!
Micro --- -wmmmmmwsuccmmmammcwucmwmcnmummm'mcacccccuﬁuu*axcscaun*ﬁummumcwmw
Siren ummuuccmsscnuuummwcmcuuunmammmcwuuwummmmmmwa*wmmmﬁmmmmm
i GNNAUUUGUCUNGUUNAUUCCGAUAAC = IN***UNNUUNUUAGAGGGAC*UAGUGGCGU
NNNNGUGCAUGGCUGUUCUUA! GCN CGAUAAC CCCCCA*GCGGUC Crors,
Pleth mswmmmwemcnuwmwuauwccmcwuemnumuxcunummmcccmcccccmscuummuwmmmc'uamcw
Ichth - - -UUUNNANNNCUUUUNUUNGUUNNUNGANNNNUUUGUCUUGUUUAUUCCGAUAACNNNUNANUCNUCUICN CUAGUUACGCGACCCCCA*GCNGUCGGNNUNC* 'AAGUGGACU
Caecl -- IMGCMWWMGCN“WGUJIMI.IJCCGMMACGMIUGAGACU‘CUCWAGMMMCGCMCCCCU'GCWMM“WMGGMC’MN“N
Caec2 --- -~ UUGCAUGGCUNUUNUUNGUUGGUGGAGCUUUUUGUCUNGUUUAULICCGAUAACGANUGAGACUUCUCCAUGCUNACUAGUUACGCGACCCCCA* GCNGUCGGNNUNN*+*N C*AAGUGGCGU

Typhl uuuummcuwmmummmwmcmmmcuuumwcwnwmmwcccm*mmmmmmm AAGUGGCGU
Turtl NNNNNUGCMJGGCNNHNWWGGAGCNMMJGUWGG(IJNAWCCMWMWWMWMC@NMWMWMHMW?MGCN
Sna NGUNGUGCAUGGCNNNUCUUAGUUGGUGGAGCGAUUUGUCUGGUUAAUUCCGAUAACGAACGAGACUCUGGCAUGCUAACNAGUUAUGCGACCCCCNAGCGGUCGGN AANNNNUUANAGGGAC*AAGUGGCGU
Lizar NNNNNUGCAUGGCNNNUCUUAGUUGGUGGAGCNAUUUGUCUNGUUNAUUCCGAUAACGANNGAGACUCUGGCAUGCUNACUAGUUAUGCGACCCCCGAGCGGUC! AANNUNUUAGAGGGAC*AAGUGGCGU
Croco NNNNGUGCAUGGCUGUUCUUAGUUGGLGGAGCGAUUUGUCUGGUUAAUUCCGAUAACGAACGAGA CUAGUUAUGCGACCCCCNAGON 'AAGUGGCGU
Pagse NGNNMCMJGGCNIWWGAGCGAWWMMCCWMCGMCMGAWCMWMMMGCMCCCCCWGGJCGGIW’*MNMMGGGAC‘W
Galli NNUNNNGCAUGGCNNNHMAGDGGJGGAGCINLI.IJGUCWWWMCGMWWCAUGWWCGCGACCCNNWNGEGGNMW‘MNIWWMW
GUGGUGCAUGGC GCGA! GAACGA CUAACUAGUUACGCGACCCCCGAGCGGUCGGCGUCCCCCAA AAGUGGCGU
Rat cwcwccmcsccewcumamwamscmunmwcaumcmcwcmmmsmmcmcmccmmmmwmm@umw
GGUGGUGCAUGGC CGAUAACGAACGAGACUCUGGCAUGCUAACUAGUUACGCGACCCCCGAGCGGUCGGCGUCCCCCAACUUCUUAGAGGGAC*AAGUGGCGY

Rabbi cmmmmmmmmcmcammmmwmcmmmmm
--------- $eremmncccproncmcneada Seeecemmdecmccesmcfenemeancepuremaameafesaccascopananecancefarmnamccapueaccncochencmreceepoonannnnaaderaaa-1650
w \ v vV Vv M v VYV v v

GCAAUAACA( CCUUAGAUGUCCGGGGCUGCA!
Humen UCAGCCACCCGAGAUUGAGCAAUAACAGGUCUGUGAUGCCCUUAGAUGUCCGGGGCUGCACGCGCGCUACACUGACUGGCUCAGCGUGUGCCUACCOUACGCCGGCAGGCGCGGGUAACCCGUUGAACCCCAUUCGUGAL
Rabbi UCAGCCACCCGAGMIJGAGCAAUMMGWCEWAWWCWMQWWWC@WWW
--------- friupbpnylnguguplonsaiy ittt T e e o R Sttt Shdbd bbb At S 800
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APPENDIX B

v v v Vv v ¥ v v v v Vv
Pipid CCCGCGGACGWAGNGGCGGCCCCCGGCGCGGCGGGACCCW GGAGUCGGGUUGUUUGGGAAIGCAGCCCAAAGCGGGUGGUAAACUC CUCCAUCUAAGGCUAAAUACGUGCGGCGACGCGACCGAUCCCGG
Disco cccscaucwumscscuucuwcccuccccuuncccuuucucwcwwccccuuwaccumcuscccunacccwcammuccmwusc CUAAALACGUGCGGNAACGCNACCNAUCCCNG

Bufon CCCGCGGACGGUGLUAGGUAGCGNCCCCNGGCGCGACGNNNCCCNGUCUCCUCGGAGU GGGUUGUUUGGGAAUGCAGCCENAAGCGGGUGGUAAACUCCAUCUAAGGCUAAAUACGUGCGGNAACGCNACCGAUCCCGG
Hylid CCCGCI GGACGGUGUMNNNAGCGGNNNCNNGCGNGGCGNNNCCCGNNNNCCHNGGAGUCGGGNNGI.I.I.IGGGAAUGCAGCCMGCGWWMWCWWCGWCWCWG
CCCGJBGA GWAGGMGCGGCNNCNGGCGCGCCGNNNUCGGWGMWCWWUGCCNWGCGGWMWGWC GUGCGGUAACGCAAACGAUCCCGG
GGUAGCGGCN* NCGCGCCGGGCCCGGWGGAGJCWGGMUG CCCAAAGCGGGUGGUAAACUCCAUCUAAGGCUAAAUACGUGCGGNAACGCNACCGAUCCNGG

Typht CGCGGACGGUGUUA!
Turtl CCCGCNGACGW GUNGCGG--==-=v--====weocsmcooaccanns GGA&JCGGGNUGG.IJCGNNAUNCAGCCNNMGCNGGCGWAMCCCMMGGQWCWG&NCGCMCCMCCGG
Snake CCCGCGGACGNWGGNNGNGGNMICCIGCGCGCC.INNNCCGGGJMJCUC GGAGUCGGGUUGCUUGGGAAUGCAGCCNNAAGCGGGUGGUAAACUCCAUCUAAGGCUAAAUACGUGCGGUAACGCGACCGAUCCCGG

Lizar CCCGNNNNCNGUGUNANNNAGC--~=====oc=~===c<e=> WMMWWWGCWWMWWMWWWGGMACGWCCGAUCCCGG
Croco CGJGGACWGWAGCGGNNHNCNNCGCGCCNNNNCCGGGNWCUC WWWMNNMGCWMWMMWWCMCGG
Passe CCCGCGGACGWWGAGGMGCGGCCNNNNN“GNGCNGGN GGNM.IJCUCGGAGUCGGGMGCUJGGGAAUGCAGCCNNMGCWMCMMAWCWMCGWCMCCGG
Galli CCCGCGGACGNUG\DIMGJAGCGGHCINNI“NNNCNNNNNCCGGGNNNNCUCGGA&)C WAGCCNNM%WMMWWMC@MW
Mouse CCCGUGGAC GWGUGAGWAGCGGCCCCCGGCGCMCGGGMWCCWWCWQGCCMRWWMWW GUGCGGUAACGCGACCGAUCCCGG
Human CCC&IGGACGGJGJGAGGUAGC GCC¥**GGCGCGC* "GCCCWCCWNCGMMGMUGCCMGWMWW ?.BCGGJMCGCGACCGMJCCCGG

220------4mn-e-eoen #emmmmanes ot bt b SRR SRR R LR R PO Pt +-- 3391|2325 - - o meocoeoes 150
v w
Pipid AGAAGCCGNGNGGGA*GN e COO0GAAGAGULICUCUUUCUNGUGAAGGECAGGGCCUCCCUNGAALIGGGUUCGCCCCGAGAGAGGEGCCE GLGCCOUUGBAMGCGUCGCGGUUCCEGCGOCRUCCORUGAGCIUCUC

Disco MGCCG'GNNNM‘GCCCCGGGN‘AGAWNWGUGAAGGGCA 'GCCCUNGAAUGGG\.IJCGCCCNMMMGGGGCNNNCGCMMGWWWWCCMWU)C
Bufon MGCCG'GCINNN'GCCCCGGGN'AGAWWGW'GCCMGAMJGGGMCGCCCNGAGAGAGGGGCNNGCG CC*UUGGAAAGCGUCGCGGUUCCGGCGGNNUCCGGUGACGU*CUN
Hylid AGAAGCCG'GCNNNN'%CEEGGGN‘AGAWWSE%CAGGGC*GCSGMGAMGGMGCCCCMGAGAGGGGCNCGAGCC'WGM GCGUCGCGGRICCGGCGGCGUCCGGUNACGU*NUC

GAAGCC GGGN*AGAGUUCUCUUUUCUUUGUGAAGGGCAGGGC* ACCCUGGAAL) GC GGUUCCGGCGGCGUCCGGUGA
Typhl AGNAGCCG'GCNNNN‘GCCCUGGGN'AGAMCNMIMGUGMGGGCAGGGC'GCCCUNGMCGGGUJCGCCCNGAGAGAGGGGCCCNGGCC*UJGGMAGCGJCGCIWINMNNN“CWM
Turtl AGAAGCCG"GC'IGGA'GCCCCGGGG AGA! WWGGGCAGGGC‘GCCUJNGAM!GGWGCCCCGAGAGAGBGGCCQIAGCC*WGGMAGCWGGCWCMCGFM
Snake AGAAGCCG*GCGGGA*GCC CCGGGG'AGAGmmmwGAAGGGCAGGGC'GCCCUGMAUGGGLUCGCCCCGAGAGAGGGGCCCGCGCC‘WAAGC&ICGCWCGGCWCMCGFQE
Lizar AGNAGCCG‘GNNNM'GCCCCGGGG'AGAWWWMGGGCA GGGC*GCCCUNGAAUGGGUUCGCCCCGAGAGAGGGGCNNNNNCC*UUGGAAAGCGUCGCN GUUCCGGCGGCGUCCGGUGAC CGU*CUN
Croco AGAAGCCG*GCGGGA™ GCCCCGGGG"AGAWWGGGCAGGGC'GCCNGWGGMCGCCCCGAGAGAGGGGCCC GAGCC*UUGGAAAGCGUCGCGGUUCCGGCGGCGUCCGGNGACGU*CNC
Passe AWGCCG'GN“N“'GCCCCGGGN‘AGAWWMGAAGGGCAGGG C*GCCCUNGAAUGGGUUCGCCCNGAGAGAGGGGNNNNNGCN*UUGGAAAGCGUCGCGGUUCCGGCGGNGUCCGGNNAC CGU*NUN
Galli AGAAGCCG*GNGGGA*GCCC GGGN‘AGAWWWAGGGCCGGGC’GCCMGAACGGGMCGCCCCMGAGAWNNCGCC‘WGGAMGCEJCGCGGMCCGGCGGCGUCCGGNNACGPCUC
Mouse AGAAGCCG"GCGGGAGGCGJCGGGG GAGUUCUCUUUUCUUUGUGAAGGGCAGGGC* GCCCUGGAAUGGGUUCGCCCC CGAGAGAGGGGCCCGUGCC*UUGGAAAGCGUCGCGEUUCCGGCGGCGUCCGRUGAGCUNCUC
Human AWGCCG‘GCGGGA‘GCCCCGGGG'AGAWGUGMGGGCA C‘GCCCUGGMUGGG.UCGCCCCGAGAGAGGGGCCCMCC*WGMMGC&CGCMCGGCGGCMCWWCUC

...............................................................................................................................

v V v

Pipid MCWCGWWWWCGCCGGGCCCCCGCGCACGMCGUGGGGMCCU
Disco G&GGCNGIMMUCCGGGGMGAGGWM'GCGCNNNGCCCCCNCGNADG.UCGUGGGNNACCC
Bufon GCUNGCNCUUGAAAAUCCGGGGGAGAUGGUGUAAAUCUC* GCGCCNNGCCCCCGCGCACGUUCGUUGGGAACCE
Hylid GCUGGCNCUUGAAANUCCGG GGGAGAUGMMWCUC'GCGCCNGGCCCCCGCGCAU&UCGGNGGWCCC

GWNGJCQMGAAMUCCGGGGGA GAUGGUGUAAAUCUC* GCGCCGGGCCCCCGCGCAUGUUCGUGGGGAACCY
} tt NCUNGUNCUUGAAAAUCCGGGGCA GGWWGE’%S%E&NNGCNCCCGCGCACWWCW
ur GAUGGUGUAAAUCLC

NCUNGCNCUUGAAAAUCCGGGGGA NGGCCCCCGCGCAUGUUCGUGGGGAACCY
Snake GCUGG CNMMAUCCGGGGGAGAGGW'GCGCCGGGCCCCCGCGCACGIMCGCGGGGAACCC
Lizar NCNNNNNCLUGAAAAUCCGGGGGA GGGUGUAAAUCUC*GCGCCNNGCCCCCGCGCACGUNCGCGGGGAACCC
Croco NCUNGNCCNNGANAAUCCGGGGGAGN GGUGUMAUCUC’ CGCCGGGCCCCCGCGCAUGUUCGUGGGGAACCE
Passe GCUNGC! CNGAMMICCGGGGGAGAGGWMW‘GCGCNNNGCNCCCGCGCAWNJCGJGGGGMCCC
Galli GCUGGCNC WCGGGGGAGAGGWWUCUC‘ GCCGGGCNCC GNAUGMCGJGGGNNACCC
Mouse GCUGGCCCL!.IGAAWC GNNAWNC'GCGCCGGGCCCCCGCGCACMCWW
Human CGMGAAWCCGGGGGAGAGGWC'GCGCCGGGCWCCGCGCACEHCWGGGGMCN 180

FIG. B1.—Aligned 28S rRNA sequences of 14 tetrapods. Shown are combined sequences from three regions of the 288 rRNA molecule corresponding to the positions in
mouse (Hassouna et al. 1984) indicated in boldface numbers on the scale below the alignment. Other symbols and abbreviations are as in appendix A. The sequences of
Pipidae, mouse, and human are from the literature; all others are new (deposited in GenBank under accession numbers M36363-M36373.
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APPENDIX C
HUMAN *FVANQHLCGSHLVEALYLVCGERGFFYTP*K*GIVEQCCTSICSLYQLENYCN®
MACAQUE *FV¥NQHLCGSHLVEALYLVCGERGFFYTP*KTGIVEQCCTSICSLYQLENYCN*
MONKEY *FV*NQHLCGPHLVEALYLVCGERGF FYAP*KTGVVDQCCTSICSLYQLANYCN®
cou *FV*NQHLCGSHLVEALYLVCGERGFFYTP*KAGIVEQCCASVCSLYQLENYCN®
SHEEP/GOAT *FV*NQHLCGSHLVEALYLVCGERGF FYTP*KAG] VEQCCAGVCSLYGLENYCN*

PIG/DOG/FNASP WHALES
CAMEL

*FV*NQHLCGSHLVEALYLVCGERGF FYTP*KAGIVEQCCTS1CSLYQLENYCN*
*FA*NQHLCGSHLVEALYLVCGERGF FYTP*KAGI VEQCCAGSCSLYQLENYCN*

HORSE *FV*NQHLCGSHLVEALYLVCGERGF FYTP*KAGI VEQCCTGICSLYQLENYCN®
CAY *FV*NQHLCGSHLVEALYLVCGERGF FYTP*KAGI VEQCCASVCSLYQLEHYCN*
RABBIT *FV*NQHLCGSHLVEALYLVCGERGF FYTP*KSGI VEQCCTSICSLYQLENYCN®
SPINY MOUSE *FV*BQKLCGSHLVEALYLVCGERGFFYTP*KSGIVDQCCTSICSLYQLENYCN*
MOUSE *FV*KQHLCGPHLVEALYLVCGERGFFYTP*KSGIVDQCCTSICSLYQLENYCN®
HAMSTER *FV*NQHLCGSHLVEALYLVCGERGFFYTP*KSGIVOQCCTSICSLYQLENYCN*
GUINEA P16 *EV*SRHLCGSNLVETLYSVCQDDGF FY1P*KDGIVDACCTGTCTRHQLASYCN®
CHINCHILLA *FV*NKHLCGSHLVDALYLVCGORGFFYTP*MAGIVDQCCTSICTLYQLENYCN®
PORCUPINE *FVENQHLCGSHLVEALYLVCGNDGFFYRP*KAGIVDQCCTGVCSLYQLONYCN*
NUTRIA *YV*SQRLCGSALVDTLYSVCRHRGF*YRP*NDGIVOQCCTNICSRNQLMSYCND
CASIRAGUA *YVEGQRLCGSQLVD TLYSVCKHRGF*YRP*SEGI VDQCCTNICSRNQLLTYCN*
ELEPHANT *FV*NQHLCGSHLVEALYLVCGERGF FYTP*KTGIVEQCCTGVCSLYQLENYCN*
SEI WHALE *FV*NQHLCGSHLVEALYLVCGERGFFYTP*KAGIVEQCCASTCSLYQLENYCN*
CHICK/TURKEY/OSTRICH *AA*NQHLCGSHLVEALYLVCGERGF FYSP*KAGI VEQCCHNTCSLYQLENYCN*
GOOSE/DUCK *AA*NQHLCGSHLVEALYLVCGERGFFYSP*KTGIVEQCCENPCSLYQLENYCN*
ALLIGATOR *AA*NQRLCGSHLVDALYLVCGERGFFYSP*KGGIVEQCCHNTCSLYQLENYCN*
RATTLESNAKE *AP*NQRLCGSHLVEALFLICGERGFYYSP*RSGIVEQCCENTCSLYQLENYCN®
coo MAP*PQHLCGSHLVDALYLVCGDRGF FYNP*K*GIVDQCCHRPCD I FDLONYCN®
CARP NAGAPQHLCGSHLVDALYLVCGPTGF FYNP***GIVEQCCHKPCS I FELANYCN*®
SALMON *AA*AQHLCGSHLVDALYLVCGEKGFFYTP***G]1 VEQCCHKPCNI FDLANYCN*
SCULPIN *AD*PQHLCGSHLVDALYLVCGDRGF FYNP*K*GIVEQCCHRPCNIRVLENYCN*®
FLOUNDER VVP*PQHLCGANHLVDALYLVCGERGF FYTP*K*GIVEQCCHKPCN I FDLONYCN*
TUNA VAP*PQHLCGSHLVDALYLVCGORGFFYNP*K*GIVEQCCHKPCNI FDLANYCN*
TOADFISH MAP*PQHLCGSHLVDALYLVCGDRGFFYNP*K*GIVEQCCHRPCD1FDLASYCN®
GOOSEFISH VAP*AQHLCGSHLVDALYLVCGORGF FYNP***G1VEQCCHRPCNI FOLONYCN*
RATFISH V*P*TQRLCGSHLVDALYFVCGERGFFYSP*K*GIVEQCCHNTCSLANLEGYCN*
GAR *AA*NQHLCGSHLVEALYLVCGEKGFFYNPNKVGIVEQCCHKPCT I YELENYCN*
HAGFISH *RT*TGHLCGKDLVNALY IACGVRGF FYDPTKMGIVEQCCHKRCS I YOLENYCN®

--------- dmcecncsccpevanncnncpecsanncncpoccnncncadenaff

FiG. Cl.—Aligned insulin amino acid sequences of 42 vertebrates. Shown are combined sequences of
the A and B chains of insulin, from the National Biomedical Research Foundation Protein Identification
Resource and Swiss Protein data banks and from Lance et al. (1984). Gaps are indicated by an asterisk ().

LITERATURE CITED

ALT, F. W, T. K. BLACKWELL, and G. D. YANCOPOULOS. 1987. Development of the primary
antibody repertoire. Science 238:1079-1087.

BENTON, M. J. 1990. Phylogeny of the major tetrapod groups: morphological data and divergence
dates. J. Mol. Evol. 30:409-424,

BENTON, M. J,, and J. M. CLARK. 1988. Archosaur phylogeny and the relationships of the
Crocodylia. Pp. 295-338 in M. J. BENTON, ed. The phylogeny and classification of the
tetrapods. Vol. 1. Clarendon, Oxford.

BERNARDI, G., B. OLOFSSON, J. FILIPSKI, M. ZERIAL, J. SALINAS, G. CUNY, M. MENUNIER-
ROTIVAL, and F. RODIER. 1985. The mosaic genome of warm-blooded vertebrates. Science
228:953-958.

BisHoP, M. J,, and A. E. FRIDAY. 1988. Estimating the interrelationships of tetrapod groups
on the basis of molecular sequence data. Pp. 33-58 in M. J. BENTON, ed. The phylogeny
and classification of the tetrapods. Vol. 1. Clarendon, Oxford.

BROWN, W. M. 1985. The mitochondrial genome of animals. Pp. 95-130 in R. J. MACINTYRE,
ed. Molecular evolutionary genetics. Plenum, New York.

CARROLL, R. L. 1988. Vertebrate paleontology and evolution. W. H. Freeman, New York.

CHAN, Y.-L., R. GUTELL, H. F. NOLLER, and I. G. WOOL. 1984. The nucleotide sequence of
a rat 18S ribosomal ribonucleic acid gene and a proposal for the secondary structure of 18S
ribosomal ribonucleic acid. J. Biol. Chem. 259:224--230.




Tetrapod Phylogeny and Amniote Relationships 631

DE JONG, W. W, A. ZWEERS, M. VERSTEEG, H. C. DESSAUER, and M. GOODMAN. 1985. a-
Crystallin A sequences of Alligator mississippiensis and the lizard Tupinambis teguixin:
molecular evolution and reptilian phylogeny. Mol. Biol. Evol. 2:484-493.

DENE, H., J. SAZY, M. GOODMAN, and A. E. ROMERO-HERRERA. 1980. The amino acid sequence
of alligator (Alligator mississippiensis) myoglobin: phylogenetic implications. Biochim. Bio-
‘phys. Acta 624:397-408.

DICKERSON, R. E., and I. GEIS. 1983. Hemoglobin: structure, function, evolution, and pathology. -
Benjamin/Cummings, Menlo Park, Calif.

DuBois, A. 1983. Classification et nomenclature supragénérique des amphibiens anoures. Bull.
Men. Soc. Linnéenne Lyon 52:270-276. ‘ '

FELSENSTEIN, J. 1985. Confidence limits on phylogenies: an approach using the bootstrap.
Evolution 39:783-791.

. 1988. Phylogenies from molecular sequences: inference and reliability. Annu. Rev.
Genet. 22:521-565.

GARDINER, B. G. 1982. Tetrapod classification. Zool. J. Linnaean Soc. 74:207-232.

GAUTHIER, J., A. G. KLUGE, and T. ROWE. 1988. Amniote phylogeny and the importance of
fossils. Cladistics 4:105-209.

GONZALEZ, 1., J. GORSKI, T. CAMPEN, D. DORNEY, J. ERICKSON, J. SYLVESTER, and R.
SCHMICKEL. 1985. Variation among human 28S ribosomal RNA genes. Proc. Natl. Acad.
Sci. USA 82:7666-7670.

GOODMAN, M., M. M. MIYAMOTO, and J. CZELUSNIAK.. 1987. Pattern and process in vertebrate
phylogeny revealed by coevolution of molecules and morphologies. Pp. 141-176 in C. PAT-
TERSON, ed. Molecules and morphology in evolution: conflict or compromise? Cambridge
University Press, Cambridge.

GOODMAN, M, A. E. ROMERO-HERRERA, H. DENE, J. CZELUSNIAK, and R. E. TASHIAN. 1982.
Amino acid sequence evidence on the phylogeny of primates and other eutherians, Pp. 115~
191 in M. GOODMAN, ed. Macromolecular sequences in systematic and evolutionary biology.
Plenum, New York.

HASSOUNA, N., B. MICHOT, and J.-P. BACHELLERIE. 1984. The complete nucleotide sequence
of mouse 28S rRNA gene: implications for the process of size increase of the large subunit
rRNA in higher eukaryotes. Nucleic Acids Res. 12:3563-3583.

HiLLis, D. M., and M. T. DIXON. 1989. Vertebrate phylogeny: evidence from 28S ribosomal

. DNA sequences. Pp. 355-367 in B. FERNHOLM, K. BREMER, and H. JORNVALL, eds. The
hierarchy of life. Elsevier Science, Amsterdam.

JAEGER, J.-J., H. TONG, and C. DENYS. 1986. Age de la divergence Mus-Rattus: comparaison
des données paléontologiques et moléculaires. Comptes Rendus Acad. Sci. Paris 302 (ser.
2): 917-922.

JARVIK, E. 1968. Aspects of vertebrate phylogeny. Pp. 497-527 in T. ORVIG, ed. Current problems
of lower vertebrate phylogeny. John Wiley & Sons, New York.

. 1980, Basic structure and evolution of vertebrates. Academic Press, London.

Koop, B. F., D. A. TAGLE, M. GOODMAN, and J. L. SLIGHTOM. 1989. A molecular view of
primate phylogeny and important systematic and evolutionary questions. Mol. Biol. Evol.
6:580-612.

LANCE, V., J. W. HAMILTON, J. B. ROUSE, J. R. KIMMEL, and H. G. POLLOCK. 1984. Isolation
and characterization of reptilian insulin, glucagon, and pancreatic polypeptide: complete
amino acid sequence of alligator (Alligator mississippiensis) insulin and pancreatic poly-
peptide. Gen. Comp. Endocrinol. 55:112-124.

LANE, D. J., B. PACE, G. J. OLSEN, D. A. STAHL, M. L. SOGIN, and N. R. PACE. 1985. Rapid
determination of 168 ribosomal RNA sequences for phylogenetic analyses. Proc. Natl. Acad.
Sci. U.S.A. 82:6955~6959. o

LARHAMMAR, D., and R. J. MILNER. 1989. Phylogenetic relationships of birds with crocodiles
and mammals, as deduced from protein sequences. Mol. Biol. Evol. 6:693-696.

LARSON, A., and A. C. WILSON. 1989. Patterns of ribosomal RNA evolution in salamanders.
Mol. Biol. Evol. 6:131-154.




632 Hedges et al.

LAURENT, R. F. 1979. Esquisse d’une phylogenése des anoures. Bull. Soc. Zool. Fr. 104:397-
422,

L&vTRUP, S. 1985. On the classification of the taxon tetrapoda. Syst. Zool. 34:463-470.

MAEDA, N., and W. M. FITCH. 1981. Amino acid sequence of a myoglobin from lace monitor
lizard Varanus varius, and its evolutionary interpretations. J. Biol. Chem. 256:4301-4309.

MILNER, A. R. 1988. The relationships and origin of living amphibians. Pp. 59-102 in M. J.
BENTON, ed. The phylogeny and classification of the tetrapods. Vol. 1. Clarendon, Oxford.

NANNEY, D. L., R. M. PREPARATA, F. P. PREPARATA, E. B. MEYER, and E. M. SIMON. 1989.
Shifting ditypic site analysis: heuristics for expanding the phylogenetic range of nucleotide
sequences in Sankoff analyses. J. Mol. Evol. 28:451-459.

OCHMAN, H., and A. C. WILSON. 1987. Evolution in bacteria: evidence of a universal substitution
rate in cellular genomes. J. Mol. Evol. 26:74-86.

PANCHEN, A. L., and T. R. SMITHSON. 1988. The relationships of the earliest tetrapods. Pp. 1-
32 in M. J. BENTON, ed. The phylogeny and classification of the tetrapods. Vol. 1. Clarendon,
Oxford.

PARSONS, T. S., and E. E. WILLIAMS. 1963. The relationships of the modern Amphibia: a
reexamination. Q. Rev. Biol. 38:26-53.

PERUTZ, M. F. 1983. Species adaptation in a protein molecule. Mol. Biol. Evol. 1:1-28.

RAIRKAR, A., H. M. RUBINO, and R. E. LOCKARD. 1988. Revised primary structure of rabbit
18S ribosomal RNA. Nucleic Acids Res. 16:3113.

RAYNAL, F., B. MICHOT, and J. P. BACHELLERIE. 1984. Complete nucleotide sequence of
mouse 18S rRNA gene: comparison with other available homologs. FEBS Lett. 167:263-
268.

RIBLET, R., P. BRODEUR, A. TUTTER, and M. A. THOMPSON. 1987. Strucure and evolution of
the mouse /gh locus. Pp. 53-62 in G. KELSOE and D. SCHULZE, eds. Evolution and vertebrate
immunity: the antigen-receptor and MHC gene families. University of Texas Press, Austin.

ROMER, A. S. 1966. Vertebrate paleontology. University of Chicago Press, Chicago.

SArTou, N., and M. NEI1. 1987. The neighbor-joining method: a new method for reconstructing
phylogenetic trees. Mol. Biol. Evol. 4:406-425.

SALIM, M., and B. E. H. MADEN. 1981. Nucleotide sequence of Xenopus laevis 18S ribosomal
RNA inferred from gene sequence. Nature 291:205-208.

SARICH, V. M. 1985. Rodent macromolecular systematics. Pp. 423-452 in W. P. LUCKETT and
J. L. HARTENBERGER, eds. Evolutionary relationships among rodents: a multidisciplinary
analysis. Plenum, New York.

SMITH, A. B. 1989. RNA sequence data in phylogenetic reconstruction: testing the limits of
resolution. Cladistics 5:321-344.

SMITHSON, T. R. 1989. The earliest known reptile. Nature 342:676-678.

STAPEL, S. O., A. ZWEERS, H. J. DODEMONT, J. H. KAN, and W. W. DE JONG. 1985. e-Crystallin,
a novel avian and reptilian eye lens protein. Eur. J. Biochem. 147:129-136.

STOoCK, D. W., K. D. MOBERG, G. S. WHITT, and L. R. MAXSON. Phylogenetic implications
of the 18S ribosomal RNA sequence of the coelacanth Latimeria chalumnae (Smith). Environ.
Biol. Fishes (accepted).

TAJMA, F., and M. NEI1. 1984. Estimation of evolutionary distance between nucleotide sequences.
Mol. Biol. Evol. 1:269-285.

TORCZYNSKL R., A. P. BOLLON, and M. FUKE. 1983. The complete nucleotide sequence of rat
18S ribosomal RNA gene and comparison with the respective yeast and frog genes. Nucleic
Acids Res. 11:4879-4890.

TORCZYNSKI, R. M., M. FUKE, and A. P. BOLLON. 1985. Cloning and sequencing of a human
188 ribosomal RNA gene. DNA 4:283-291.

TUTTER, A., and R. RIBLET. 1989. Evolution of the immunoglobin heavy chain variable region
(Igh-V) locus in the genus Mus. Immunogenetics 30:315-329.

WARE, V., B. TAGUE, C. CLARK, R. GOURSE, R. BRAND, and S. GERBI. 1983, Sequence analysis
of 28S ribosomal RNA from the amphibian Xenopus laevis. Nucleic Acids Res. 11:7795-
7817.




