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A molecular analysis of the phylogenetic affinities of
Saccoglossus cambrensis Brambell & Cole (Hemichordata)

PETER W. H. HOLLAND, ADAM M. HACKER anxp NICOLA A. WILLIAMS
Department of Zoology, University of Oxford, South Parks Road, Oxford 0XI 3PS, U.K.

SUMMARY

Traditional approaches to phylogeny reconstruction have not allowed precise resolution of the
evolutionary relationships between the major deuterostome phyla (chordates, hemichordates, echino-
derms). Here we report the use of a molecular approach to investigate deuterostome phylogeny. We have
used a polymerase chain reaction-based strategy to amplify, clone and sequence parts of the genes coding
for 18S ribosomal RNA from Saccoglossus cambrensis (Hemichordata), Arbacia sp. (Echinodermata) and, for
comparison, Mytilus edulis (Mollusca). We report the results of phylogenetic reconstructions using these,
and homologous sequences from other eukaryotes. The results of our analyses are consistent with the
hypothesis that S. cambrensis and vertebrates share a common ancestor not shared by echinoderms.

1. INTRODUCTION

The phylogeny of the Animal Kingdom has been a
subject for vigorous discussion and investigation for
over a century. However, while there is general
agreement concerning the limits of most phyla, many
of the evolutionary relationships between these major
taxa remain unresolved. For example, there is little
dispute as to which living species comprise the
Chordata, Echinodermata and Hemichordata, or that
these deuterostome phyla are more closely related to
each other than they are to any other extant animals,
but there is controversy regarding their precise
evolutionary relationships. Thus many zoologists have
considered a chordate:hemichordate clade probable
(see, for example, Hyman (1959); Schaeffer (1987)),
while others have recently suggested a chord-
ate:echinoderm clade (see, for example, Inglis (1985);
Jefferies (1986); Willmer (1990)).

Molecular biology offers potential as an additional
source of comparative data for resolving such phylo-
genetic questions. However, while many RNA and
DNA sequences have been obtained from chordates
and echinoderms, only one sequence, that of 5S
ribosomal RNA (rRNA) has previously been reported
from a hemichordate (Ohama et al. (1984)). Un-
fortunately, 5S rRNA has generally proved of limited
use for elucidating metazoan relationships, primarily
because of its small size and its highly variable rate of
sequence divergence (Hendriks et al. (1986)). In
contrast, 18S rRNA sequences have proved much more
useful for phylogenetic inference (see, for example, Field
et al. (1988); Rafl et al. (1988); Abele ¢t al. (1989);
Lake (1990)). Here we use 18S ribosomal gene
sequences to examine the relationships between the
chordates, echinoderms and hemichordates. Complete
or partial 18S rRNA sequences have previously been
reported from several chordate and echinoderm
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species, but from no hemichordate (Dams et al. 1988;
Raff et al. 1988). Therefore, to allow a molecular
investigation of deuterostome phylogeny, we have
cloned part of the gene coding for 18S rRNA from the
hemichordate Saccoglossus cambrensis Brambell & Cole,
and the equivalent rDNA regions from the echinoderm
Arbacia and the mollusc Mytilus edulis L. The cloning
strategy we designed employed the polymerase chain
reaction (PCR; Saiki et al. 1988) to amplify 18S rDNA
to near purity, so that it could readily be cloned by
recombinant DNA techniques, and its exact nucleotide
sequence determined. Analysis of these sequences
provides tentative support for the hypothesis that the
hemichordates are the sister group of the chordates.

2. MATERIALS AND METHODS
(a) Specimen collection and DNA extraction

Saccoglossus cambrensis were collected by dredging
mudflats at a depth of 1l m in Whitsand Bay,
Cornwall, U.K. Fragmented tissue samples from
several individuals were preserved in 29, SDS,
250 mm EDTA, 50 mm Tris. Cl (pH 8) at ambient
temperature for 1 or 2-days, before refrigeration at
4 °C. Genomic DNA was isolated by digestion with
250 pg ml™ proteinase K in 1%, SDS, 100 mm NaCl,
5mm EDTA, 50 mm Tris. Cl (pH 8) (55 °C, over-
night) followed by multiple extractions with phenol,
phenol:chloroform and chloroform, and ethanol
precipitation. Arbacia sp. (punculata Lamarck?) DNA

. was kindly provided by Dr T. Hunt, Cambridge, U.K.

Laboratory bred 21-day larvae from Mytilus edulis were
used.

(b) PCR amplification of ribosomal DNA

By using published sequences from vertebrates, one
arthropod and yeast (Huysman & DeWachter 1986),
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we identified two highly conserved sequences flanking
a variable 500-550 b.p. section of 18S rDNA. Two
primers, complementary to the conserved flanking
regions, were synthesized on a Milligen/Biosearch
7500 DNA synthesizer, to enable PCR-mediated
amplification of metazoan 18S rDNA. The primer
sequences were (5 to 3'):

GCCAGTAGCATATGCTTGTCTC and
AGACTTGCCTCCAATGGATCC.

Preliminary experiments showed that a dramatic
increase in the efficiency of PCR-mediated ampli-
fication of Saccoglossus rDNA could be achieved if the
template DNA was first enriched for high molecular
fragments by preparative gel electrophoresis. 50—
500 ng of Saccoglossus or Arbacia genomic DNA, or a
single Mytilus larva (frozen after lysis in distilled
water), was added to 50 pl PCR buffer (10 mm Tris.
Cl, pH 8.3, 50 mm KCI, 1.5 mm MgCl,, 0.01 9, gelatin,
200 pM dATP, dCTP, dGTP, dTTP), 0.6 units Tag
DNA polymerase (Perkin-Elmer Ltd.), and 500 ng of
each of the two primers. Reactions were heated to
94 °C for 2.5 min and cycled 30-40 times through
94 °C (45s), 50°C (1 min), and 72°C (2 min),
followed by 10 min at 72 °C. Aliquots of each reaction
were analysed by electrophoresis through 1.59%, aga-
rose gels, to assess purity of the amplified products,
before cloning.

(¢) Cloning and sequencing of PCR products

The rDNA fragments amplified from Saccoglossus and
Mytilus were blunt-ended with Klenow fragment,
isolated by preparative gel electrophoresis, phosphoryl-
ated with T4 polynucleotide kinase, digested with
BamHI, ligated into pUC13 vector digested with either
Smal and BamHI (Saccoglossus) or HincIl and BamHI
(Mytilus), and transformed into competent E. coli
DHb5e.

The Arbacia rDNA fragment was cloned by a simpler
strategy. The reaction products were phosphorylated
by using T4 polynucleotide kinase, blunt-ended with
Klenow fragment, and size fractionated by gel electro-
phoresis. The single band was isolated by electro-
phoresis onto DEAE-cellulose paper (Schleicher and
Schuell NA45 paper; Dretzen et al. 1981), ligated into
phosphatased Smal-digested pUC13 vector (Pharm-
acia), and transformed into competent E. coli DH5a.

For each species, only inserts of the predicted size
were present in recombinant plasmids selected by
blue/white screening. Inserts were sequenced by using
T7 DNA polymerase and 7-deaza dGTP sequencing
mixes (Pharmacia), following the manufacturer’s
instructions. Four independent Saccoglossus clones, two
independent Arbacia clones and one Mytilus clone, were
sequenced.

(d) Sequence analysis

Phylogenetic analyses were performed by using 18S
rDNA sequences from Saccoglossus, Arbacia, Mytilus and
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representatives from two other animal phyla for which
complete RNA or DNA sequence is available over the
entire amplified region. These were two arthropods
(Artemia salina (L.) and Tenebrio molitor (L.)) and
three chordates (human, mouse and Xenopus laevis
(Daudin)). To ensure that homologous sites were used
for phylogenetic inference, only regions that could be
clearly aligned between all species were analysed.
These were identified by using the multiple sequence
alignment programme crLusTAL (Higgins & Sharp
1988; kindly provided by Dr P.Sharp, Dublin,
Ireland), followed by manual adjustment based on the
18S rRNA secondary structure models of Dams et al.
(1988). Regions of ambiguous alignment were then
removed, the cLUSTAL analysis repeated, and minor
adjustments again made manually to optimize
sequence similarities. One difficulty encountered was
in defining the precise limits of the regions of uncertain
alignment. A rule we employed was that the regions of
putative homology to be used in phylogenetic recon-
structions were flanked by at least one invariant site.
This resulted in 457 conserved and semi-conserved sites
being available for phylogenetic analyses. Previously
reported partial 18S rRNA sequences (Field et al.
1988) were not used in the analyses, since they overlap
incompletely with this region.

Regions putatively capable of forming double-
stranded helices were identified by comparison with
the secondary structure model of Dams et al. (1988).

Phylogenetic reconstruction was performed by using
maximum likelihood (Felsenstein 1981), the distance
method of Fitch & Margoliash (1967) and maximum
parsimony (Eck & Dayhoff 1966). The programmes
used were DNAML87 and FITCH87 (from the
PHYLIP 3.2 and 3.3 packages, respectively; kindly
provided by Dr J. Felsenstein, University of Washing-
ton, Seattle, U.S.A.) and PAUP 3.0 k (Swofford 1990).
In DNAMLA87, a transition: transversion ratio of 2 was
used, the ‘frequencies’ option selected and ‘global
optimization’ was used. The robustness of the trees
produced by the Fitch-Margoliash and parsimony
methods was assessed by bootstrapping with 500
replicates (Felsenstein 1985).

3. RESULTS
(a) Amplification, cloning and sequencing of
188 rDNA

PCR-mediated amplification of 18S rDNA was
performed on genomic DNA extracted from Saccoglossus
cambrensis and Arbacia sp., and on a single Mytilus edulis
larva. Pure products were produced from each species,
and cloned into plasmids as described.

Preliminary DNA sequencing analyses revealed
heterogeneity between Saccoglossus clones; this was
therefore investigated by completely sequencing four
independent clones. Two clones had identical
sequences (shown in figure 1), differing from a third
clone by a single nucleotide over the 534 b.p. internal
to the primers (G at site 21 of figure 1). It is possible
that this difference simply reflects a copying error
introduced by 7Tag DNA polymerase during PCR
amplification; an event which we estimate occurs less
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60

Saccoglossus MAGATTAAGCCATGCMGTCTMGTACGAGCCTCGATACACGGTGAAACTGCGMTGGC
Arbacia AAAGATTAAGCCATGCATGTCTAAGTACAAGCTCTC- --CG-AGCGAAACTGCGGATGGC
Mytilus AAAGATTAAGCCATGCATGTCTAAGTACATACTTTTA-CAT-AGTGAAACCGCGAATGGC
Human AAAGATTAAGCCATGCATGTCTAAGTACGCACGGCCG-GTACAGTGAAACTGCGAATGGC
Mouse AAAGATTAAGCCATGCATGTCTAAGTACGCACGGCCG-GTACAGTGAAACTGCGAATGGC
Xenopus AAAGATTAAGCCATGCACGTGTAAGTACGCACGGCCG-GTACAGTGAAACTGCGAATGGC
Artemia AAAGATTAAGCCATGCATGTCTAAGTACAAGCCCCCA-GTG-GGCGAAACCGCGAATGGC
Tenebrio AAAGATTAAGCCATGCATGTCTCAGTACAAGCCGAAT -TM-GGTGMA(;??(EGMAGGC
61 120
Saccoglossus TCATTAAATCAGTTATGGTTCCTTTGATCG-~~- -~ TTACCCCTTACTTGGATAACTGTGG
Arbacia TCATTAAATCAGTTATGGTTCATTGGATCGAGT - - -CC-C~CCGACATGGATAACTGTGG
Mytilus TCATTAAATCAGTTATGGTTCCTTAGATCGTAC- -~~~ AATCCTACTTGGATAACTGTGG
Human TCATTAAATCAGTTATGGTTCCTTTGGTCGCTCGCTCCTCTCCTACTTGGATAACTGTGG
Mouse TCATTAAATCAGTTATGGTTCCTTTGGTCGCTCGCTCCTCTCCTACTTGGATAACTGTGG
Xenopus TCATTAAATCAGTTATGGTTCCTTTGATCGCTC--~-CATCTGTTACTTGGATAACTGTGG
Artemia TCAATAAATCAGTTATGGTTCCTTAGATCGTAC- - -TATATCCTACTTGGATAACTGTGG
Tenebrio TCATTAAATCAGTTATGGTTCCTTAGATCGTAC-~ -CCACATTTACTTGGATMCTGTGG
121
Saccoglossus CAATTCTAGAGCTAATACATGCCTACCTCGGCGCTGACCTC - == ==~ ~ ==~
Arbacia TAATTCTAGAGCTAATACATGCGTCCA - -AGCGCCGACTCCC-
Mytilus TAATTCTAGAGCTAATACATG-AAGCAC-GGCTCTGACCTC -~ =~~~ ~-~~
Human TAATTCTAGAGCTAATACATGCCGACG--GGCGCTGACCCCC~TTCGCG-GGGGGGATGC
Mouse TAATTCTAGAGCTAATACATGCCGACG--GGCGCTGACCCCCCTTCCCGGGGGGGGATGC
Xenopus TAATTCTAGAGCTAATACATGCCGACG--AGCGCTGACCCCC-==~=~===~, AGGGATGC
Artemia TAATTCTAGAGCTAATACATGCACA-AT-AGCCCCAACTTCA -~~~ --CGGAAGGG
Tenebrio TMTTCTAGAGCTMTACATGCAMCAG AGCTCCAACCGGA=~--=-=-~~~ AACGGAAGGA
181 240
Saccoglossus GTGCTTTTATTAGGACCAAGACCTTCCCGGT -~GTCCCGTC- - -GCCTTCGCGGGTTGGC
Arbacia GTGCTTTTATT AAGACCAGCCCGGTT~====~=~~ TCGGCCGGCACCA~~~-==~
Mytilus GCGCGTTTATTAG-ATCAAAACCAGTC~GG-G~ === == ==~ TTCGCAAGGGCC--~~--~
Human GTGCATTTATCAG-ATCAAAACCAACCCGGTCAGCCCCTCTCCGGCCCCGGCC
Mouse GTGCATTTATCAG-ATCAAAACCAACCCGGTGAGCTCCCTCCCGGCTCCGGCCGGGGGTC
Xenopus GTGCATTTATCAG-ACCAAAACCAATCCGG: CGC
Artemia GTGCTTTTATTAG-ATCAAGACCAATC-GG: TTCGGC:
Tenebrio GCGCTTTTATTAG-ATCAAAACCAATC-GGTG-~ GGTCTCCGTC.
241
Saccoglossus GGGC-CCGGTCCTCCTGGTGAACTCTGGATAAC-TT - -GGCGGATCGCACGGCCTCGGCG
Arbacia = o ~-eeeseemeeeeo CTGGTGAACTCTGGATAAC~AC-~AGCCGATCGCACGGTCCTCGCA
Mytilus = —e--ee CGTCGGA-TTGGTGA-GACTGGATAAC-TTTGTGCTGATCGCACGGCCCTCGCG
Human GGGCGCCGGCGGCTTTGGTGA-CTCTAGATAACCTC -GGGCCGATCGCACGCCCCCCGTG
Mouse GGGCGCCGGCGGCT-TGGTGA-CTCTAGATAACCTC-GGGCCGATCGCACGCCCCCCGTG
Xenopus ~=GCCCCGGCCGCTTTGGTGA-CTCTAGATAACCTC-GGGCCGATCGCACGTCCCC-GTG
Artemia ~===-TCGTCT--CTTGGTGA~CTCTGAATAAC-TATA-GCCGATCGCACGGTC-TCGCA
Tenebrio = ----- TCGTACAACTTGGTG. ‘TCTGAATAAC~TTTACGCTGATCGCACGGTC-TTGCA
301
Saccoglossus CCGGCGACGAATCTTTCGAGTGTCTGCCCTATCAACTTTCGACGGTACGTTATGCGCCTA
Arbacia CCGGCGACGGATCCTTCGAATGTCTGCCCTATCAACTTTCGATGGTACGTTATGCGCCTA
Mytilus CCGGCGACGTATCTTTCAAATGTCTGCCCTATCAACTTTCGATGGTACGTGATATGCCTA
Human GCGGCGACGACCCATTCGAACGTCTGCCCTATCAACTTTCGATGGTA GCCGTGCCTA
Mouse GCGGCGACGACCCATTCGAACGTCTGCCCTATCAACTTTCGATGGTAGTCGCCGTGCCTA
Xenopus ACGGCGACGATACATTCGGATGTCTGCCCTATCAACTTTCGATGGTACTTTCTGCGCCTA
Artemia CCGGCGACGTGTCTTTCAAATGTCTGCCTTATCAACTTTCGATGGTAGGCTATGCGCCTA
Tenebrio CCGGCGACGCATCTTTCAAATGTCTGCCTTATCAACTGTCGATGGTAGGTTC! TGCGCCTA
361 420
Saccoglossus CCGTGGTGGCAACGGGTAACGGGGAATCAGGGT TCGATTCCGGAGAGGGAGCCTGAGAAA
Arbacia CCATGGTCGTCACGGGTAACGGAGAATCAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAA
Mytilus CCATGGTTGTAACGGGTAACGGGGAATCAGGGTTCGATTCCGGAGAGGGAGCATGAGAAA
Human CCATGGTGACCACGGGT GGGGAATCAGGGTTCGATTCC! GAGGGAGCCTGAGAAA
Mouse CCATGGTGACCAC! T4 ‘GGGGAATC: 'TCGATTCC CTGAGAAA
Xenopus CCATGGTGACCACGGGTAACGGGGAATCAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAA
Artemia CCATGGTTGCAACGGGTAACGGGGAATCGGGGTTCGATTCCGGAGAGGGAGCCTGAGAAA
Tenebrio CCATGGTTGTAACGGGTAACGGGGAATCAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAA
421 480
Saccoglossus CGGCTACCACATCCAAGGAAGGCAGCAGGCGCGCAAATTACCCATTCCCGACACGGGGAG
Arbacia CGGCTACCACATCCAAGGAAGGCAGCAGGCGCGCAAAT TACCCACTCCCGACACGGGGAG
Mytilus CGGCTACCACATCCAAGGAAGGCAGCAGGCGCGCAAATTACCCACTCCTGGCACGGGGAG
Human CGGCTACCACATCCAAGGAAGGCAGCAGGCGCGCAAATTACCCACTCCCGACCCGGGGAG
Mouse CGGCTACCACATCCAAGGAAGGCAGCAGGCGCGCAAATTACCCACTCCCGACCCGGGGAG
Xenopus CGGCTACCACATCCAAGGAAGGCAGCAGGCGCGCAAATTACCCACTCCCGACGCGGGGAG
Artemia CGGCTACCACATCCAAGGAAGGCAGCAGGCGCGCAAATTACCCACTCCCAGCACGGGGAG
Tenebrio CGGCTACCACATCCAAGGAAGGCAGCAGGCGCGCAAATTACCCACTCCCGGCACGGGGAG
481 540
Saccoglossus GTAGTGACGAAAAATAACGATACGGGACTCTTTGGAGGCCCCGTAATCGGAATGAGCACA
Arbacia GTAGTGACGAAAAATAACAATACAGGACTCTTTCGAGGCCCTGTAATTGGAATGAGTACA
Mytilus GTAGTGACGAAAAATAACAATACGGGACTCTTTCGAGGCCCCGTAATTGGAATGAGTACA
Human GTAGTGACGAAAAATAACAATACAGGACTCTTTCGAGGCCCTGTAATTGGAATGAGTCCA
Mouse GTAGTGACGAAAAATAACAATACAGGACTCTTTCGAGGCCCTGTAATTGGAATGAGTCCA
Xenopus GTAGTGACGAAAAATAACAATACAGGACTCTTTCGAGGCCCTGTAATTGGAATGAGTACA
Artemia GTAGTGACGAAAAATAACGATGCAGGACTCATCCGAGGCCCTGTGATTGGAATGAGTACA
Tenebrio GTAGTGACGAAAAATAACGATACGGGACTCATCCGAGGCCCCGTAATCGGAATGAGTACA
541
Saccoglossus GTCCAAATCCTTTAGCGA
Arbacia CTTTAAATCCTTTAACGA
Mytilus CTTTAAACCCTTTAACGA
Human CTTTAAATCCTTTAACGA
Mouse CTTTAAATCCTTTAACGA
Xenopus CTTTAAATCCTTTAACGA
Artemia CTTTAAATCCTTTAACGA
Tenebrio CTCTAAACCCTTTAACGA

Figure 1. DNA sequences of Saccoglossus, Arbacia and Mytilus
18S rDNA clones, aligned with homologous sequences from
vertebrates and arthropods. Dashes indicate gaps, arrow-
heads indicate sites used in phylogenetic analyses.

than once per 1000 bases (P.W.H.H. and N.A.W.,
unpublished observations). A fourth clone had four
differences from the consensus (C at site 51, G at site
62, A at site 181, T at site 200); too many to be
attributed to PCR errors. Although this level of
divergence is approximately that which might be
expected between two species within a genus, we do
not believe that our sequences represent two species
since (i) S. cambrensis is the only enteropneust species

Phil. Trans. R. Soc. Lond. B (1991)

Human
__ 100%
100% "i
9% _| Xenopus
57%
84% Saccoglossus
%%
Arbacia
Mytitus
84% ] .
96% Terebrio

L 75% _l
70% .

Figure 2. Consensus phylogenetic tree for 18S rDNA
sequences from seven metazoan species. The figures denote
the percentage of times the taxa to the right of each node
were grouped into a monophyletic assemblage from 500
bootstrap resamplings (upper figure, Fitch-Margoliash
method; lower figure, maximum parsimony). The tree is
rooted by reference to classical and molecular phylogenies
(Barnes et al. 1988; Field et al. 1988).

recorded from Whitsand Bay, and (ii) three of the
differences result in substitution at sites otherwise
highly conserved throughout the Metazoa. The ex-
planation we currently favour for the origin of the
divergent clone is that it represents sequence from a
non-functional 18S rDNA gene from S. cambrensis.
Two independent rDNA clones from Arbacia were
also completely sequenced. These differed by only a
single substitution over the 505 b.p. internal to the
primers (C at site 466 in figure 1). We suggest that the
difference reflects a PCR error, and have used the
sequences shown in figure 1 in phylogenetic analyses. A
previously reported partial 18S rRNA sequence from
Arbacia punctulata (Field et al. 1988) differs from the
sequence reported here at seven sites within a 406
nucleotide region of overlap. A single rDNA clone from
Mpytilus edulis was obtained and sequenced (figure 1).

(b) Phylogenetic affinities of Saccoglossus

To investigate the phylogenetic relationships be-
tween chordates, hemichordates, and echinoderms,
the Saccoglossus and Arbacia 185 rDNA sequences
obtained in this study were aligned with rRNA
sequences from three vertebrates, and for outgroup
comparison, two arthropods and Mytilus edulis. 457
homologous sites were identified in the eight species,
although mouse and human were identical at these
sites. Phylogenetic analyses were performed using the
sequences, by maximum likelihood, maximum par-
simony and the distance method of Fitch—-Margoliash.
The three methods yielded trees of identical topology,
within which Saccoglossus shares a common ancestor
with the vertebrates, not shared by Arbacia (figure 2).
To investigate the robustness of the trees produced by
parsimony and distance methods, bootstrap resampling
was performed (500 replicates for each method). As
shown in figure 2, bootstrapped distance analysis
clearly supports a Saccoglossus: vertebrate clade over
alternative phylogenies (929, of trees), but boot-
strapped parsimony analysis does so only marginally
(57%,). Differential weighting of transversions over
transitions (10:1), or of putative single-stranded
regions over helical regions (2:1), altered the boot-
strapped parsimony confidence limits by 29, or less.

13-2
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4. DISCUSSION

Comparison between the primary structures of
homologous genes or proteins has been widely used for
investigation of phylogenetic relationships. The larger
ribosomal RNA molecules (18S and 28S rRNA in
Metazoa) are useful sources of data for revealing
distant evolutionary relationships, primarily due to the
conserved nature of their sequences. Most studies that
have utilized rRNA for investigating metazoan phy-
logeny have determined these sequences by direct
sequencing from total cellular RNA (see, for example,
Field et al. (1988); Raff et al. (1988); Abele et al.
(1989)).

Here we report the use of an alternative strategy
involving PCR to amplify DNA sequences coding for
rRNA, before cloning by recombinant DNA tech-
niques. We used this strategy to overcome several
technical problems inherent in the direct rRNA
sequencing approach. First, direct rRNA sequencing
rarely yields unambiguous sequences, whereas recom-
binant DNA can easily be purified for optimal, exact,
sequence determination. Second, it has been reported
that purification of RNA is extremely difficult from
some species, including a hemichordate (Ghiselin
1988). In contrast, DNA extraction is easily optimized,
and PCR is tolerant to variations in DNA quality. Two
further advantages of PCR and cloning not essential to
this study, but potentially of great importance, are
applicability to heterogeneous samples and to minute
amounts of tissue. The PCR strategy described allowed
us to amplify and sequence approximately one-third of
the 18S ribosomal RNA gene (spanning helices 1-9,
and the variable V1, V2, and V3 regions; Dams et a/.
1988), from one hemichordate, one echinoderm and
one mollusc species. Three alternative phylogenetic
reconstruction strategies were performed on these
sequences, plus homologous regions from three verte-
brates to represent the chordates, and two other
invertebrates as outgroups. Maximum likelihood,
maximum parsimony and Fitch—-Margoliash analyses
produced congruent results, each suggesting that the
hemichordates are the sister group of the chordates.
However, the low confidence level given by boot-
strapped parsimony analysis indicates that this con-
clusion must be treated as tentative.

It is interesting to consider whether a chord-
ate:hemichordate clade, as suggested by our data, is
compatible with other evidence (reviewed by Barnes
et al. (1988) and Willmer (1990)).

Larval morphology is strikingly similar between
enteropneusts and some echinoderms, perhaps re-
flecting common ancestry. However, since the tadpole
larva of urochordates clearly has a specialized, derived
morphology, the similarity is not evidence for a sister
group relationship between echinoderms and hemi-
chordates.

Several morphological features supposedly shared
by hemichordates and chordates have been proposed
by earlier workers, but many are now thought to be
either fallacious or superficial. These include supposed
homology between a gut diverticulum in hemi-
chordates and the notochord of chordates, and simi-

Phil. Trans. R. Soc. Lond. B (1991)
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larity in dorsal nervous tissue organization. However,
serially repeated gill slits and gill bars are present in
hemichordates and chordates, but not echinoderms. In
contrast, some palaeontological evidence has been
interpreted as supporting an echinoderm:chordate
clade (Jefferies 1986).

In summary, we have presented molecular evidence
to tentatively support the hypothesis that the lineage
leading to the echinoderms diverged before the
separation of hemichordates and chordates. This
suggestion is consistent with many classical accounts,
but does contradict some palacontological evidence
(Jefferies 1986). Further insight into deuterostome
phylogeny could be obtained by determining ad-
ditional, or more extensive, 185 rDNA sequences from
hemichordates and from potentially related inverte-
brates, such as lophophorates and chaetognaths. These
experiments are currently under way.

We thank Jeremy Lanfear, Quentin Bone, F.R.S., David
Dixon and Tim Hunt for specimens and DNA samples, John
McVey for primer synthesis, Max Telford, Jeremy Lanfear,
Richard Griffiths, Colin Patterson and Clint Turbeville for
advice on phylogeny reconstruction, Paul Sharp, Joe Felsen-
stein and David Swofford for computer programmes, and
Jon Bartlett for assistance. This research was funded by
SERC, NERC, The E.P.A. Cephalosporin Fund, and The
Queen’s College, Oxford.
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