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Vertebrate phylogeny: evidence from 28S
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Introduction

The higher relationships of vertebrates have been more extensively studied than have
the relationships of any other comparable group of organisms. Vertebrate phylogeny
has been the bastion of comparative anatomy; in fact, many people equate the field
ol comparative anatomy with zertebrate {or at least chordate) comparative anatomy.
Although several molecular data sets have heen collected on the higher relationships
of vertebrates [e.g., 3,8,11- 14], these studies have almost uniformly treated the mor-
phological status quo as a yardstick against which the value of the molecular data set
under study could be measured. Given the minuscule size of the total molecular data
set for vertebrates {collected over the past few decades for proteins and aver the past
few years for nucleic acids) when compared to the breadth of the morphological data
set {collected over the past few centuries), it is clear that the phylogeny of vertebrates
as deduced from morphology will continue to be the standard 1o which molecular
studies aspire, at least for the near future. However, this does not mean that molecular
studies cannot make immediate contributions to our knowledge of higher vertebrate
relationships. A number of problems of vertebrate relationships have proven recalci-
traut to morphological systematists, despite extensive study, For instance, the refa-
tionship of the coelacanths to the rest of the vertebrates is extensively debated by
morphologists [13,22,29,30,33,39,41], and the relationship of the birds to the other
amniotes has recently become controversial [9, 10]. Tt is likely that molecular data
sets can immediately add new insights to these debates.

The long-term outlook for molecular resolutions of vertebrate relationships is even
brighter. Although there will always be limitations on the molecular data set that do
not apply to the morphological data set {the greatest being the inaccessibility of fossils
to the vast majority of molecular methods), molecular techniques also have clear ad-
vantages [16]. The most important advantage of the molecular data set is simply one
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of size: all heritable information is potentially accessible to molecular techniques,
whereas only a small fraction of this information can be garnered from the study of
morphology. In this sense, morphological information is a subset of molecular infor-
mation. However, we do not suggest that molecular techniques give ultimate answers.
If one considers the taxonomic breadth of the data sets, the taxa that can be studied
by molecular methods are a subset of the taxa that can be studied by morphology.
The importance of this latter point is demonstrated by the differences that are ob-
tained if one excludes fossils from objective morphological studies of vertebrate phylog-
eny [10]: the inferred relationships of the extant taxa can shif markedly. Both mor-
phological and molecular techniques have a number of other advantages and disad-
vantages [16,25], so that a combined approach of molecules plus morphology is not
only desirable but necessary for a comprehensive view of phylogeny.

The preceding discussion suggests that molecular studies of phylogeny are in their
infancy and cannot yet challenge most of the framework of higher vertebrate phylog-
eny. However, progress from molecular studies on reconstructing the relationships of
more closely related groups has been remarkable. ‘I'his is undoubtedly a function of
the high variability of most of the molecules studied to date (particularly proteins and
mitochondrial DNA). Thus, for many groups of morphologically similar organisms,
our only knowledge of phylogenetic relationships comes from molecular data. Even
large groups of morphologically cryptic species often yield their phylogenetic history to
molecular studies [20,24]. But until recently, evolutionarily conserved genes have re-
ceived far less attention than have evolutionarily variable regions of the genome. Al-
though swudies of amino acid sequences of several relatively conserved proteins have
been applied to problems in higher phylogeny for more than two decades [e.g.,
4,8,11-14], only within the last decade has it become technicaily practical to sequence
the primary structure of highly conserved genes shared by all living organisms.

Ribosomal DNA

Many studics of higher phylogeny have recently been conducted on the ribosomal
RNA genes and spacer regions (rDNA) (7,1 7,18,21,34,42]. There are several rcasons
for this emphasis. Perhaps the most important reason is the great diversity of rates of
evolution within the rDNA arrays. The three rRNA gencs in the array (in verte-
brates, the 188, 5.85, and 28% genes) contain the most highly conserved sequences
that occur in living organisms, and portions of these genes have been used to recon-
struct the phylogeny back to the origin of life nearly four billion years ago [43]. The
genes contain regions that show greater variation as well; these regions {called diver-
gent domains or expansion segments) often show both length and sequene differences
among relatively closely related taxa that have diverged for only a few hundred mil-
lion years [5,15,17,18]. The three rRNA genes are separated by transcribed spacers
(Fig. 1) that evolve at a considerably more rapid rate than the genes [2,17]. Finally,
the adjacent arrays are separated by non-transcribed spacers (Fig, 1} that evolve even
more rapidly [2,17]. The wranscribed and non-transcribed spacer sequences have been
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— Cloned region
EcoRI 585 EcoRI
NTS ETS 185 T 1 ATS2 285

L58b 280 28I 28i 28f 28c _mi3

kb (8a 28p _28m  _2Bj 281__28d _28a
mi3 28q  2Bn__28k _26h _2Be _28Bb
58a 28 28s 281

Fig. 1. The ribosomal repeat unit of vertebrates and the cloned EqoRI-ErsR1 fragment sequenced in this
stucly. Primers are indicated below the cloned fragment; arrows indicate direction of sequencing. Abbrevia-
tions: KT8 external transeribed spacer; I'I'S: internal transcribed spacer; N'F'S: non-transcribed spacer.

used to reconstruct the phylogeny of taxa that have not shared a commeon ancestor
in 1-50 million years [17,35]. Therefore, the various regions of the rDNA arrays can
be used to reconstruct phylogeny over virtually the entire history of life.

Several other reasons make rDNA arrays amenable and desirable to study. The
rDNA array consists of dozens to hundreds of copies in most eukaryotes, so probing
by Southern blotting, amplification, and cloning procedures are all facilitated, and
the highly conserved nature of the ribosomal genes makes possible the use of cloned
probes from relatively distantly related species [17]. The mature rRNAs account for
a large percentage of cellular RNA, and are present in high enough copy number that
they can be scquenced directly [2]1]. The numerous copies of rDNA evolve in a con-
certed fashion [6], so intraspecific variation in sequence is low; this enables the use
of small sample sizes in phylogenetic studies [17,19]. These reasons combine to pro-
duce a molecular probe of evolution that can be applied relatively ecasily to a large
diversity of problems.

Direct sequencing versus cloning

Much of the sequence information that has been collected from rDNA arrays has been
produced by directly sequencing rRNA using reverse transcriptase [21]. With the de-
velopment of new methods in DNA amplification (especially the use of a thermostable
DNA polymerase in the polymerase chain reaction, or PCR, technique [31]), many
laboratories are beginning to amplify and sequence rDNA directly. Because we have
deliberately chosen to clone and sequence rDNA rather than use the more common
direct sequencing methods, some comment on this point is nccessary. The direct
methods have the distinct advantage of very rapid collection of data, which is why
they are widely used. However, there are also some disadvantages. Compared to clon-
ing or PCR amplification, direct RNA sequencing has the disadvantages of providing
access only to the transcribed portions of the array, of being limited to the single
transcribed strand (so two-strand verification is not possible}, and of being limited to
relatively high quality tissue samples. PCR amplification eliminates these problems,
but requires highly conserved flanking regions so that large variable regions are inac-
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cessible. Because our interests concern all parts of the rDNA array, cloning provides
the only sure means of obtaining the relevant information. Direct RNA sequencing
involves higher error rates than does sequencing of cloned DNA (as a function of both
the error rate of reverse transcriptase and of single-strand sequencing). Finally, the
primary reason we chose to clone and sequence was repeatability and extension of the
work. Our clones and gene libraries are available in essentially inexhaustable supply
for other laboratories to use. Therefore, our rDNA clones can be used as probes for
further studies or rescquenced to verify our results, and our libraries can be screened
for any other genes of interest. We have prepared gene libraries of most major groups
of vertebrates, and plan to prepare such libraries from at least one specics in each fam-
ily of vertebrates that becomes accessible to us. As this gene library collection pro-
gresses, it will be possible to screen for virtually any gene from a species in the same
family as any vertebrate of interest.

Maierials and methods

DNA from Latimeria chalumnae (Actinistia), Rhineura floridana (Squamarta), and Cacalua
alba (Aves) was extracted and restricted with EcoR 1 according to standard methods
[23]. Cleaved DNA was used to construct EcoRI partial libraries in bacteriophage
lambda ZAP 11 (Stratagene Cloning Systems}. Approximately  50,000-250,000
plaques were screened by hybridizing nylon filter lifes with the cloned 288 rDNA gene
ol Rana catesbeiana {pF2528) described by Hillis and Davis [18]. Positive plaques were
isolated and purified, and the cloned inserts were subcloned into pBluescript (Strata-
genep. In addition o the species listed above, an orthologous clone of Netropis lutrensis
{Actinopterygii) was provided by John Gold and Scott Davis {in pUCIL9}, The resuli-
ing plasmids, containing an approximately 5-6 kb insert with a portion of the 188
gene, the internal transcribed spacers, all of the 5.88 gene, and most of the 288 gence
(Fig. 1), were verificd by restriction endonuclease digestion. Plasmid DNA was isolat-
ed by cesium chloride centrifugation [23] and sequenced by the base-specific dideoxy-
nucleonide chain termination method [32] using the modified bacteriophage 17
DNA polymerase described by Tabor and Richardson [36] and 535 c¢m field gradient
gels [1] of 469 acrylamide. Primers arc given in Table T and sequencing strategy
is shown in Fig. 1.

Sequences were aligned using the alignment subroutines of the IBI/Pustell sequence
analysis software described by Pustell and Kafatos [26-28], with adjustments made
manually to increase similarity, Two previously sequenced vertebrate 285 genes {Afus
musculus, Mammalia [15], and Xenopus laevis, Amphibia [40]} were also aligned with
the new sequences, as was the 288 rDNA sequence of Drosephila melansgaster (Insecta
[37]), which was used as the outgroup. Regions with unambiguous alignments were
anaiyzed for phylogenetic information using the software package PAUP (D. Swol-
ford, University of Illinois). Analyses were performed on both unweighted and
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TABLL |

Primers nsed (o sequence the 188288 rDNA EroR1 - FeoR]1 cloned region isee Fig, 13, Primers marked with
an asterisk were used in this study. Positions ol the primers in the Mus sequence correspond to the positions
of the RNA nucicotides in the mature transeripts [15]. *8° stands for the strand synonymous to RNA; (0

stands [or the complementary strand.

Primer Muy position Strand Sequence

5.8a 317 C 3-CTCTTAGCGGTGGAT-3
5.8b A0-64 b S-AATTCTCGCAGCTAG-Y
18a 18441838 C -CGTAGGTGAACCTGC-Y
28a* 3913 3927 5 5-CCTTCTGLOTCCACGG-Y
28h* 3695 3709 S 5-AGAGTAGTGGTATTT-%
28c* 3481-3495 S 5-ACAGTGGGAATCTCG-¥
28d* 3204--3298 s S-TTAAACAGTCGGATT-%
28c* 2976 2990 b -GTCCAGAGTLGCCGC-Y
281 2617 2631 b 3-TCCCGAAGTTACGGA-Y
28g* 2386-2100 5 -CTGCCCTTCACAAAG-Y
28h* 2101 2115 S F-CTACCACCAAGATCT-¥
28i* 1840- 1854 b 5-GCGCCATCCATTTTC-3
28)* 1665-1679 5 5-CCAGTTCTGCTTACC-3
28k* 1402 1416 S 5-CGATTTGCACGTCAG-3
281 11301-1145 S 5-GGTCCGTGTTTCAAG-3
28m 824 838 S 5-CGGCGAGTGCTGCTG-3
28n 381-395 [®] 5-TGAAAAGAACTTTGA-3
280 426 440 S 5-ACCCGTTTACCTCTT-3
28p 197 211 5 5-CGATCAGAAGGACTT-%
28 4+-18 S 5-GTCTGATCTGAGGTC-3
I8y 3828 3842 C F-CAGGTGGGGAGTTTG-%
28s 2559 2573 C F-AGGTGAACAGCCTCT-3
2t 23382352 ¢ 3-ACCGATCCCGGAGAA-3
ml3 forward * NA 5C 5-GTTTTCCCAGTCACGAC-%
ml3 ireversei® NA 50 3

-CAGGAAACAGCTATGAC-Y

weighted character sets. For the latier, transversions were weighted as two steps,
whereas transitions, insertions, and deletions were weighted as one step. Analyses were
also conducted will all inseruon/deletion characters removed {or both weighted and
unweighted character sets. All possible trees were examined using the ALLTREES
command of PAUP, and strict and majority consensus trees were constructed from
the shortest cladograms. Previously proposed hypotheses were tested against the most
parsimonious cladograms using the Wilcoxon matched-pairs signed-ranks test de-
scribed by Templeton [38], under the assumption that transversions are less likely to

occur than are transitions.
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Mus
Rhineura
Cacatua
Xenopus
Latimeria
Notropis
Droscphila

1111111111
3333444444
2999011222
1468179356
+

M GACCGCGEOG
R GACCGOGGOG
C TACCGCGGOG
X GACCGCGGOG
L -ACCGCGGTG
N GGCCGCEGOG
D GTTTATATTO

1111111111

TINITIITI

2233344455

5616712879
+

GCOGGCTATT
GCOGGCTATT
GCOCGCTATG
GCOGGCTATT
GCOGGCTATT
GCOGGCTATT
TOCATACGGA

UEHNODE

2222222233
3333339900
4444458900
3567852407

M BGGCCGGTCG
R AGGCCGGTCG

1111111111
1111111111
5555666677
6789013601

TGCGCAGCGT
TGTGCGGCGT
CGTGCAGCGT
TGCGCGGCGL
TGCGCAGCGT
TCGEIGECGT
TGTATAATAT

1111111111
4444445555
2233470000
78038523546

GACTAGGCAG
GRCTAGGCARG
GGCGAGGTRG
GACTCGGCA-
GACTAGACAG
GACTAGGCAG
AATTGAACTA

1111111111
T1IITIT768
6677889233
0278180856

ACCGAGCACS
ACCGRACACG
ACCGAGCACG
ACCGARCACG
ACCGAGCACG
ACCGARGCACG
TTTATGTCGC

3333333333
000000000
0111233333
8069501256

GRCACCCCAG
AACGOGCAGG

1111111111
1111111111
7177718888
2367893457

CCGAGCCTTC
CTGAGCCTTC
CCGOGCCTTC
CTCTGACTTS
CTCGTCCTTC
CTCAOCTGCC
AACTAT————

1111111113
55555555655
2222334556
1257138593

G+CAAGRACG
G+CARARACG
C+CRAGGAACG
G+CAAGAACG
G+CARAGACG
GH+CAAGGGCG
COTGAAAGTA

1121111111

8868888888

3345566666

7806700345
+

GGCCCGOGLC
GGCCCGOGCC
GGCCCGOGLT
GGCCCGOGCT
GGCCLGOGCC
GGCCCGOGCC
CCAATAATAT

3333333333

0022222222

3355556677

7867890212
+

CGGGCTGOAC
GCGACTGOAC

o D —— GGCCGROAC

X AGGCCGGGECG
L AGGCCGGTTG
N TGACCAATCA
D GTATTG--——

Fig. 2. Data matrix of variable 285 rDNA sites in vertebrates and Drosaphila (omgroup).
to the nucleotide positions in the mature RNA transcript of Mus [15]. A ‘4

AACGCCGCGA
ARCACCGCGC
GGACTAGCAG

GAGACTGOAC
CCGACTGOAC
CCGGCCGOAC
——TAGITGGT

1111111111
1111122222
8999903344
9023460245

GCGCACGTCT
GOGCACGTCT
Q0GCGCATCC
OOACACATCG
GOGTATATGT
GGGTGCGOGA

1111112311

2222222222

4444666667

6788012347
+

COG+HCGECTC
CCG+CGCCTC
CCG+CGGGEC
GCG+GGCCEC
GCG+CGCCCT
GGCOCTCCCC

1111111111
5555666666
6775000001
8154567890
o+

COGTTTCGGG
OQOGTTTGGCG
00GGCCCCGE
ATGTTTCGGG
OQGTTTCGGG
QOGTTTCGGG
OQOATTTGGRA

1111111111
8885888888
6677777888
6934567123

CGGGGCCAGC
CGCGGCCAGT
CGCGGCCAGE
CGGGGCCAGC
CGGGGCCAGC
CGGGGCCAGC
OAGTAATGAT

3333333333
2233333333
7711122222
8946925679

GTGGTGCGLG
GTGGTGCGCA
GTGGTGCGCG
—TGGTGCTCG
GTGGTGCGCG
GTGGTGCGCG
AABAACATOG

1111111113
BEBLEHEREE
1111122222
1256912347

CCGCCGCACC
CCGCCGCACC
CCGCCGCACC
CCGCCGAACC
CCGCCGAACC
CCGCCGRACT
TTAAATATAD

1122222222
8801111122
B890333900
4552167525

+ o+t

GGTCOTCOCT
GGTAOTCOTT

GGCCOTOOTT
GCCCOTOOTT
TTCCCCCTTO

3333333333

3333444455

3489007900

9190078014
+

CCACTCCGGT
CCACTCCGGT
CCRCTGCGGT
CCACTOCGGET

CCACTOCGEGC
TTCAGOARAT

1111111112

2222222333

8999995111

7234799237
+

CGGCGCOTGG
CGGORCOCAG
CACGGGHCAG
CGGGACOCAG
TGTCACOTAG
TCAGGCO00T

1111111111
6666666666
3334444445
1226667990
+ o+ o+

CCOAQCCGOA
CCOGOGCGOA
GCGAQQCAOG
CCCGTGCGTA
CCOACOCGOA
CCOTOCGEOG
CO0C00CGOG

2222222222

2222222222

0111233455

9569425946
+

CCAOGGCAAC
TCGOGGCARC
TCGOCGCAAT
CCGOCGCGAC
CTGOGGCGAT
CGGTCOGEGE

3333333333

5535555555

1444456859

0234898490
+

GGCCGOCCLE
AGTCGCCCCG
GGCCGOCCCE
AGCCGOCCET

AGTCGOCCCG
ATTAAOATCG

1111111111

3333333333

1222222255

2034578913
+

ATGOATCCCA
GCAGOTCCCG
AGRGOTCCCG
GCGTATCCCG
ACATOTCCCG
GCGTOCCACG
—=———CACTA

1111111111
6666677777
5899900000
9501612348

TGACCGGCCT
TGACCGGCCT
TGACCGGCCT
TGACCGGCCT
TGACCGGECCC
CGACCGGCCT
TACATATTAT

2222222222

2223333333

7990111222

4288015125
+

GACAC+OCGC
GACGC++AGC
GACGG++GGC
GGCGC++AGC
AATCC++AGC
GGCGOO+GGC

333333333
555556666
999390002
123684657

TGCCTTCTT
GGACTTCTT
CGACTTCTT
TGACTTCTC

IGACTTCCT
TCATCTTTT

1111111111
3333333333
5566677889
6723829380

CCCGGTACCA
CCCGGTACCA
CCCG--ACCA
CCCGGTACCA
CCCGGTACCA
CCCGGTACCO
TAARACGTTT

1111111111
TN
0111112222
9123670123

TCGCGCCGGC
TCGCGCCGGL
TCGCGCCGEL
TCGCGLCGET
ACGCGCCEEC
TCGCECCGE
GACGITATTG

2222222222
3333333333
2223333334
6781256790

BCGATCGCGG
ACGATCGCGG
ACGGCCGETCG
ACGGCCGLEG
ACGGTCGTEC
ACGATCGTIG
GGAGTTCCTG

The numbers refer

indicates an insertion of one

ur more specific bases after the correspending Mus positions; an ‘()" indicates that the insertion does not

occur in the species. Dashes indicate missing data for vertebrates or non-aligned arcas of the Drosophila sc-

quence.




Results

Sequences were obtained for the 288 rDNA genes of each of the study specics from
the position equivalent to Mus 1117 to the EcoRT site at Mus 3628 [15], except for
a 400 bp region in divergent domain 8 [18]. Sequences were not aligned in divergent
domains 4-10, because of considerable sequence differences among the species. It was
also not possible to align the Drosaphila sequence to the vertebrate sequences over the
region from Mus 1183-1325, 2056-2310, and 2970-3255, so Drosophila was scored as
missing data for these regions. We located 299 substitutions, deletions, and insertions
among the aligned sequences (Fig. 2). Identical insertions of several adjacent basc
pairs were treated as a single character, and the insertion was scored as present or ab-
sent.

The distribution of lengths of all possible cladograms from the unweighted data set
is shown in Fig. 3. Three shortest trees were obtained; the strict consensus of these
three trees is shown in Fig. 4A. The three trees all placed Latimeria in a group with
the tetrapods, clustered the amniotes in a monophyletic group, and grouped the bird
(Cacalua) with the mammal {Mus) rather than with the squamate (Rhneura). One of
these trees and the number of supporting character changes along each branch is
shown in Fig. 5.

The weighted character sct produced similar results. The distribution of lengths of

120
100
BO
w
[
Y
+~ B0
k-]
-é E: Majority
E 30
=
20 )
E: Strict
A B
| ]
&
395 399 403 407 a1l 415 419
Tree length

Fig. 3. Distribution of tree lengths of all possible trees in the unweighted analysis {under the constraint of

oulgroup rooting). Letters reler 1o the length class of partcular trees shown in Fig. 4.

oy




362

Mus Mus
Cacatua Cacatua
Rhineura Rhineura
Xenopus Xenapus
Latimeria Latimeria
Notropis Notropis
Drosophita Drosophila

A: 385 steps C.1.=0.88 B: 397 steps C.1.=0.87

(e

Mus Mus
Cacatua —EE Cacatua
Rhineura Rhineura
Xenopus ‘'——— Xenopus
Notropis Latimeria
Latimeria __-I: Natrapis
Drosophifa Drasophila
C: 403 steps C1.=0.86 D: 404 steps C.1.=0.86
Mus Mus
Cacatua Cacatua
Rhineura RAhineura
Xenopus Xenopus
Latimearia Latimeria
Notropis Notropis
Drosophiia Drasophila
E: Consensus (159 trees) F: Consensus (3 trees)

Fig. +. Topologics, lengths. wnd consisteney indices TG L1 of various hypotheses of vertebrawe relationships.
Lengths and consisteney indices refer 1o the unweighted analysis. A Consensus tree of three shortest clado-
grams in the unweighted analvsis, Bi Hypothesis of Romer [29], ¢ Hypothesis of Lovirup [22], von
Wahlert [39], and Wiley [41]. .1 Ahernate hypothesis of non-sister group relationship between Latimeriq
and tetrapods. B} Consensus tree of unweighted and weighted analyses. This is the strict consensus tree
ol the shortest 21 unweighted trees and the shortest 18 weighted trees, as well as the Majority consensus
tree of the shortest 159 trees in both analyses, (1 Majority consensus wree of the shortest three trees in the

weighted analysis. Numbers above branches indicace the percent of trees that agree with the topology.

all possible biturcating trees for the weighted data set is shown in Fig. 6. The majority
comsensus tree for the three shortest trees is shown in Fig, 4F. As with the unweighted
data set, Latimeria is placed with the tetrapods. Two of the three trees also place Mus
with Cacatua; the remaining resolution places Mus with Rhinenra,

17 7 fMus

14 O cacatua
2| Uz Rhineura
0/ [25 Xenopus
Latimeria

Notropis

165

Drosophila

Fig. 5. One of the three shories cladograms from the unweighted analysis. Numbers above the branches

indicate the number of character changes,
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70

60

40

30

20 E: Majority

Number of trees

0
538 542 548 550 554 558 562 566 570 574 578
Tree length

Fig. 6. Disteibntion of tree lengehs of all possible trees in the weighted analysis vander the constraint of out-

group rooting . Lewers refer 1o the lenga elass of particular trees shown in Fig, 4.

The strict consensus tree of the 21 shortest trees in the unweighted analysis and of
the 18 shortest trees in the weighted analysis places Latimeria in a group with the tet-
rapods 10 the exclusion of Nofreges (see Figs. 3, 4E, 6). This is also the majority consen-
sus tree if the shortest 159 trees in either analysis are included.

Removal of the insertonfdeleton events from the character matrix had little effect
on the results. Tn the unweighted analysis, removal of insertion/deletion characters re-
sulted in the same three shortest trees as were found when these characters were in-
cluded (length 319 steps, no other trees at 320 steps; consensus tree is Fig. 4A). In the
weighted analysis, only two shortest trees result if the insertion/deletion cvents are ex-
cluded; these two trees are the two resolutions of Fig. 4A that do not place Latimeria
and Xenropus as sister taxa {length 453 steps, no other trees at 454 steps).

Discussion

The relationship of the coelacanths 1o the rest of the vertebrates has been the subject
of considerable debate among morphologists [13,22,29,30,33,39,41]. The traditional
view [29] is that the coelacanths are closely related 1o the tewrapods (Fig. 4B). Al-




364

though some debate exists as to whether Latimeria or lungfishes are the closest living
relatives of tetrapods, the close relationship of coclacanths to tetrapods is still held by
many authors [30, 33]. However, many authors place the Actinistia as the sister
group to tetrapods plus uctinopterygian fishes, either including [41] or excluding [39]
the lungfishes from the tetrapod line (Fig. 4C). This suggested relationship has been
the basts for two formal classifications of the vertebrates [13,41]. Other authors com-
pletely exclude Latimeria from Osteichthyes {sensu Wiley [41]}, and place the Actin-
istia with Chondrichthyes [22].

Until now, few molecular phylogenetic data have been collected for the only living
coelacanth, Lafimeria chalumnae (primarily because of the difficulties of obtaining
tissues from this species?, so the debate over the relationships of coelacanths has been
limited to morphologists. However, the 288 rDNA data provide a strong statement
about Lalimeria relationships. The most robust finding of our analysis places Lalimeria
with the tetrapods (Figs. 4, 5). Not only do the most parsimonious trees of the un-
weighted data set suggest this relationship, all 21 trees within four steps of the shortest
trees and a majority of the 159 trees within 10 steps of the shortest trees also place
Latimeria with the tetrapods (Figs. 3, 4). With the weighted data set, all 18 trees within
four steps of the shortest trees and a majority of the 159 trees within 10 steps of the
most parsimonious cladograms group tetrapods and Latimeria together. The sugges-
tion of Levtrup [22], von Wahlert [39], and Wiley [41] that Latimeria belongs outside
of Tetrapoda plus Actinopterygii requires cight additional steps in the unweighted
analysis and 11 additional steps in the weighted analysis (Figs. 3, 4C, 6). The other
possible placement of Latimeria as a non-sister group to the tetrapods, namely as a sis-
ter group 1o actinopterygian fishes (Fig. 4D), requires even more steps in both the un-
weighted (Fig. 3) and weighted (Fig. 6) analyses. A comparison of trees that differ
only in the position of Latimeria (i.c., Fig. 4B versus 4C or 41)) using a Wilcoxon
matched-pairs signed-ranks test [38] shows that the trees with Latimeria as the sister
group to the tetrapods are significantly better descriptions of the data than the other
possibilitics (4B versus 4C: n=19, = 16.5, P<00.05; 4B versus 4D: n=10, t=4.5,
P<0.01;.

Another major controversy of: the phylogeny of vertebrates concerns the relation-
ships of birds to the rest of the amniotes. The traditional view is that in order for the
Reptilia to be monophyletic, it must include the birds [29]. Recently, however, Gar-
diner [9] has suggested that the neontological evidence places Aves as the sister group
to Mammalia. Gauthicr et al. [10] expanded and reevaluated the available data set,
and found that if fossil taxa were not included, birds plus crocodiles did in fact cluster
with mammals. However, they then showed that the inclusion of fossil taxa resulted
in the traditional view of a monophyletic Reptilia (including birds).

At present, the 288 rDNA data set provides only a very weak resolution of the am-
niote relationships. Although all three of the most parsimonious unweighted clado-
grams and two of the three most parsimonious weighted cladograms place the bird
(Cacatua) with the mammal (Mus) rather than with the squamate reptile (Rhineura)

k]
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the traditional view (Fig. 4B) is only two steps longer in the unweighted analysis and
a single step longer in the weighted analysis. These two trees (Fig. 4F versus 4B) are
not significantly different in a Wilcoxon matched-pairs signed-ranks test {(n=10,
t=22, P>0.05). Therefore, no strong statement can be made about amniote relation-
ships from these data as can be made for the relationship of Latimeria.

A greater resolution of the amniote relationships may be obtained from rDNA se-
quences in several ways. First, we only aligned the more conserved portions of the
gene, so that we could examine relatively ancient events. Although sequences within
the divergent domains are too dissimilar between the amniotes and anamniotes to
align, portions of these regions appear to be informative about amniote relationships,
and we are currently pursuing this line of investigation as well as expanding the anal-
ysis into the transcribed spacer regions (Fig. 1). Second, Gauthier et al. [10] have
shown that the exclusion of taxa can have a dramatic effect on phylogenetic relation-
ships, Although we cannot sequence the genes of fossil taxa, inclusion of additional
amniote lineages in the analysis may help clarify the analysis, Finally, the most closely
related outgroup sequence available for this analysis (Drosephila) is highly divergent
from the vertebrate sequences; inclusion of invertebrate chordates as outgroup taxa
may also result in a clearer picture of the relationships of vertebrates as recorded in
the rihosomal genes.

Conclusions

The sequences of rRNA genes are useful for resalving some controversies of phyloge-
netic relationships of the major vertebrate groups. The rDNA data clearly suggest that
Latimeria is related o the tetrapod lineage, rather than a sister group to the tetrapods
plus actinopterygian [fishes as suggested by several previous authors, However, over
2000 base pairs of sequence information was insufficient to unambiguously infer the
relationships of several major amniote lineages. Although the rDNA data weakly sup-
port a relationship between birds and mammals as suggested by Gardiner [9], the re-
sults are not sufficiently robust Lo reject the traditional relationships between hirds
and the other reptiles. Inclusion of additional taxa, additional sequence data, and
alignment within the divergent domains may extend these findings.
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