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Phylogenetic analysis of the mitochondrial cytochrome ¢ oxidase subunit 1 gene

from 13 sipunculan genera: intra- and inter phylum relationships
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Abstract. Sipunculans are a phylum of non-segmented, marine worms. Although they are well
characterized morphologically, relationships within the phylum and the relationship of Sipun-
culato other spiraian phyla have been strongly debated. | analyzed representatives of 13 of
17 described genera using a 654-bp fragment of the mitochondrial gene, cytochrome ¢ oxidase
subunit |, to construct the first intraphylum phylogenetic hypothesis for sipunculans based on
molecular sequence data. Within the phylum, tree topologies are loosely congruent with a
previoudy published morphological analysis, except that the monotypic genus Phascolopsis
occurred within the Golfingiaformes as a sister group to, or nested within, the Themistidae.
Phylogenetic analyses, including 30 sequences from additional invertebrate taxa, suggest that
sipunculans are most closely related to the Annelida (including Echiura). A previously proposed
sipunculan-molluscan relationship is not supported. While not universally accepted, this hy-

pothesisis consistent with other recent and past data on phylum-level relationships,
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Sipuncula (=peanut worms) is a phylum of non-
segmented worms that occurs in nearly every marine
environment, from the intertidal zone to hada
trenches. Sipunculans are filter- or deposit-feeding
burrowers or crevice dwellers that often tunnel through
marine sediment or bore into harder substrates ranging
from dead coral to a decaying whale's skull (Gibbs 1987).
Members of the phylum possess a complete, spirally
coiled, U-shaped gut and a simple body plan consist-
ing of two major regions: a fully retractable, anterior
introvert and a posterior trunk. The gut coils around a
central spindle muscle, and the introvert, which ter-
minates anteriorly in a tentacular crown, retracts en-
tirely into the trunk by means of long retractor
muscles.

The systematic relationship of the Sipuncula to oth-
er metazoans has been unresolved from the earliest
descriptions of these worms. Historicaly, sipunculans
were confused with sea cucumbers (=holothurians)
(Lamarck 1816), considered as a subgroup within the
segmented worms (=annelids) (Delle Chigje 1823),
and then as a component of the Gephyrea (Quatrefages
1847) along with echiuran worms, sternaspid annelids,
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and priapulan worms. Since their elevation to the level
of phylum by Sedgwick (1898), sipunculans have been
considered as spiralians either closely alied to the an-
nelids on the basis of biochemical similarities (Florkin
1976, Henry 1987), or as a sister group to molluscs on
the basis of developmental similarities (“the mol-
luscan cross' pattern of cleavage; Gerould 1903; Heath
1899; Rice 1975, 1985; Scheltema 1993) and
hypothesized homol ogous structures between larval si-
punculans and larval and adult molluscs: aventral buc-
ca organ homologized with the odontophore of mol-
luscs, the ciliated lip below the mouth of the
pelagosphera homologized with the foot of a pedive-
liger, and the lip glands homologized with pedal
glands of larva chitons and adult neomenioids
(Scheltema 1996).

Relationships among the 17 described genera, which
comprise 162 species and subspecies (Cutler 1994).
have received only limited attention. Subdivision of
sipunculans into families was first proposed over 130
years ago (Baird 1868) while they were still a part of
the Gephyrea inermia. Not until this century did Pick-
ford (1947) suggest dividing sipunculan genera into
four "groups" based on the occurrence and position of
ectodermal thickenings or "plates. "She considered
sipunculan generato be so closely related that attempts
at assigning genera to families were "doomed to fail-
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Fig. 1. Phylogenetic relationships of sipunculan genera based on morphologic traits (modified from Cutler & Gibbs 1985).
Numbers in parentheses denote the number of reported species and subspecies for each genusin Cutler (1994).

ure" (Pickford 1947: 718A). Akesson (1958) proposed
divison of sipunculans into 3 groups, different from
those of Pickford, based on characteristics of the ner-
vous system and epidermal organs. Neither author is-
sued formal taxonomic names for their groupings.
Stephen & Edmonds (1972) named 4 families with-
in the phylum Sipuncula, and Cutler & Gibbs (1985;
hereafter referred to as C&G) proposed the first phy-
logeny of sipunculan genera based on phylogenetic
analysis of 12 morphological characters (Fig. 1). Gibbs
& Cutler (1987) used the resulting phylogeny to erect a
classification scheme composed of six families dis-
tributed among four orders in two classes. Recently,
these classifications were further refined (Cutler 1994).
In the present study, | evaluate the morphology-
based phylogenetic hypothesis of C& G by comparison
to an analysis of a 654-bp region of the mitochondrial
cytochrome c oxidase subunit | gene (COL), which has
been used to resolve ambiguous relationships among
polychaete taxa (Black et al. 1997). The resulting mo-
lecular phylogeny, the first of its kind examining with-
in-phylum relationships for the Sipuncula, serves as an
independent assessment of evolution within the Sipun-
cula and a basis to evaluate the morphological char-
acters analyzed by C&G. | use avariety of taxafrom

previously published studies to identify a sister group
for the sipunculans.

M ethods

Molecular procedures

| isolated total DNA from sipunculans using a mod-
ified CTAB method described in Collins et al. (1996).
| used the primers of Folmer et a. (1994) to amplify
a 710-bp fragment of the CO1 gene for the following
14 species (representing 13 genera) of sipunculan
worms. Antillesoma antillarum (GRUBE & OERSTED
1858), Apionsoma misakianum (IKebA 1904), Aspido-
siphon laevis QUATREFAGES 1865, Golfingia elongata
(KerersTEIN 1862), Lithacrosiphon cristatus (SLUITER
1902), Nephasoma rimicola (Gisss 1973), Phascolion
cryptum Henprix 1975, Phascolopsis gouldii (Por-
TALES 1851), Phascolosoma nigrescens (KEFERSTEIN
1865), Sphonosoma cumanense (KEFERSTEIN 1865)
Spunculus nudus LINNAEUS 1766, Themiste alutacea
(GRUBE & OersteD 1858), Themiste lageniformis
(Bairp 1868), and Xenosiphon branchiatus (FiscHER
1895). Genera not treated here are Sphonomecus, Thy-
sanocardia, Cloeosiphon (see following paragraph)
and Onchnesoma.

Golfingia (12)*
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Polymerase chain reaction (PCR) was performed un-
der the following cycling conditions: 94°C for 30 s, 40-
47°C for 30 s, and 72°C for | min for a total of 40
cycles. [Mg*] varied, depending on species, from 1.5-
3.0 mM. Cycling was performed on either a Perkin-
Elmer 960000 or an MJResearch DNA Engineld. Man-
ual dideoxy-sequencing was performed on single
stranded products using individual PCR primers, mod-
ified T7 polymerase (Sequenasdl), and standard pro-
tocols. Products were labeled with [*S]dATPaS (1000
Ci/mmol; New England Nuclear) and separated on 60-
cm, 6% acrylamide gels. Some sequences were ana-
lyzed by cycle sequencing double-stranded fragments
using PCR primers and ABI PRISM dye terminator
chemistry according to manufacturers specifications,
with subsequent analysis on ABI 373 and 377 auto-
mated sequencers (ABI/Perkin-Elmer). In the case of
G. elongata and N. rimicola, reamplifications were car-
ried out on gel-purified products (using an annealing
temperature of 52°C) to eliminate smaller secondary
bands incurred during the initial amplification proce-
dure. One other species, Cloeosiphon aspergillus (QUA-
TREFAGES 1865), never yielded a distinct CO1 product,
despite repeated attempts and multiple CTAB extrac-
tions. Sequences produced for this work are deposited
in GenBank (Accession number AF374337 for P. goul-
dii, as reported in Boore & Staton (2002), and
AY161122-AY 161134).

Phylogenetic analyses

Nucleic acids were translated into amino acids using
the invertebrate mitochondrial genetic code and aigned;
the amino-acid alignment was then used to align corre-
sponding triplet nucleotide codons by eye. Another si-
punculan sequence previously published for CO1 (Phas-
colosoma sp. GenBank Accession No. U74071; Black et
al. 1997) was included in this phylogenetic analysis. Se-
guences from 30 non-sipunculan species were obtained
from GenBank for comparison as possible outgroup spe-
cies and to address issues of higher-level phylogeny,
which fall into annelid, echiuran, molluscan, arthropod,
and echinoderm groups. Previously published sequences
used in this study are as follows (Species name [Acces-
sion No.]): Anndids—Ridgeia piscesae [AF022235],
Tevnia jerichonana [U74075], Riftia pachyptila
[U74053], Galathealinum brachiosum [U74066], Par-
alvinella palmiformis [U74070], Tubifex tubifex
[U74076], Hirudo medicinalis [U74067], Piscicola geo-
metra [AF003280], Desserobdella phalera [AF003278],
Lumbriculus variegatus [AF003257], Pontodrilus ber-
mudensis [AF003256], Lumbricus terrestris [U24570];
Echiuran—Urechis sp. [U74077]; Molluscs—Rangia cu-
neata [U47652], Mercenaria mercenaria[U47648],
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Geukensia demissa [U56844], Mytilus californianus
[U68776], Calyptogena sp. [AF008297], Gyraulus albus
[Y14710], Solemya velum [U56852], Lepetodrilus ele-
vatus [U56846], Oliva sayana [U86333], Arctomelon
stearnsii  [U86334], Katharina tunicata [U09810];
Arthropods—Daphnia pulex [Z15015], Artemia francis-
cana [X69067], Anopheles gambiae [L20934], Drosoph-
ila yakuba [X03240]; and Echinoderms—Strongylocen-
trotus purpuratus [X12631], and Parastichopus
parvimensis [U32199].

The phylogenetic analysis was carried out using max-
imum parsimony (MP) for amino acids and neighbor-
joining (NJ; Saitou & Nei 1987) with Log-determinant/
paralinear distances (LD/P; Steel 1994, Lake 1994) on
first and second nucleotide positions using PAUP* ver.
4.0b4a (Swofford 2000). Searches for maximum like-
lihood (ML) trees of amino acid data were conducted
using PAML (Y ang 1997) with branch lengths estimat-
ed from a Jones-Taylor-Thorton (1992) substitution ma-
trix for amino acids. The procedure uses a heuristic tree
search by nearest neighbor interchange perturbations to
optimize the log-likelihood score to find the tree most
consistent with the model of evolution. Analytical pack-
age limited analysisto atotal of thirty taxa.

Tests of phylum-level relationships were investigated
using the Kishino-Hasegawa procedure (Kishino & Has-
egawa 1989) and a likelihood-mapping procedure
(Strimmer & von Haeseler 1997). A Kishino-Hasegawa
(1989) procedure compares the shortest trees (100 heu-
ristic searches using random addition) produced under
the constrained searches of ((annelid, sipunculan) re-
maining taxa) and ((mollusc, sipunculan) remaining taxa)
under maximum likelihood criteria in PAUP*. The mod-
el of evolution applied to these data was derived by MO-
DELTEST (ver. 105; Posada & Crandall 1998). Results
of that test (both AIC and likelihood ratio tests) described
the best-fit model of evolution to be a general time re-
versible model (reviewed in Yang 1994) with rate het-
erogeneity (GTR + I'; P < 0.000001) without imple-
menting a molecular clock constraint. Although recent
research has demonstrated that the application of the
Kishino-Hasegawa procedure recursively to likelihood-
derived trees is flawed (Goldman et al. 2000), the trees
compared here are the best-constrained trees derived
from MP methods. A likelihood mapping procedure was
implemented in PUZZLE (Strimmer & von Haeseler
1996, 1997; Strimmer et a. 1997). This procedure ran-
domly samples one taxon from each of four constrained
groups (Sipuncula, Annelida, Mollusca, and Arthropoda)
for a maximum-likelihood analysis of each sampled
quartet, in this case 10,000 random quartets. Level of
support for each of the three possible branch patternsis
noted by the percent of random quartets favoring each
arrangement.
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Results

Of the 219 inferred amino acids, 168 were variable
and 132 were assessed as parsimony informative for
the 45 CO 1 sequences analyzed. Within the Sipuncula,
58 amino-acid sites were parssimony informative. An
MP heuristic search (100 replicate searches with ran-
dom additions) using inferred amino acid data yielded
300 most parsimonious trees (952 steps, Cl =0.5431,
Cl excluding uninformative characters =0.5101), for
which a majority consensus tree is reported in Fig. 2.
In al trees, 14 of 15 sipunculan sequences form a sis-
ter group to either the Urechis sequence, alone, or to a
clade of Urechis and oligochaete sequences. In these
analyses, | aso note consistently the resolution of
monophyletic polychaete, arthropod, and leech clades
(Figs. 2, 3, & 4).

There was a strong base compositional bias found
when anayzing all 654  digned  nucleotides
(x?=671.44 for 132 d.f.; p<<0.001), which can produce
misleading phylogenetic analyses (Collins et al. 1994).
By excluding third positions, this bias was lessened
(x*=129.68 for 132 d.f.; p=0.541). Tree topologies
based on MP analysis of first and second nucleotides
produced 12 trees (208 parsimony informative char-
acters; 1412 steps; consistency index [Cl] =0.3548, CI
excluding uninformative characters =0.3 1 14); the con-
sensus topology (not shown) was similar to that of ML
analysis on amino-acid data within sipunculans and for
the major branching patterns where resolved (see Fig.
3). Analysis using all DNA data produced trees with
only 12 of 15 sipunculan genera clustered (tree not
shown), and therefore analyses with third positions
were not considered further.

A single sipunculan species, Phascolion cryptum,
clusters with several bivalve species: Rangia cuneata,
Mercenaria mercenaria, Geukensia demissa, Mytilus
californianus, and Calyptogena sp. (Fig. 2). The bi-
valves grouped with P. cryptum are, in turn, separate
from the other molluscan sequences as is a basal, iso-
lated pulmonate snail, Gyraulus albus (Fig. 2). In the
case of the bivalve/sipunculan group, G. demissa, M.
californianus, and Calyptogena sp. are inferred to
share an amino acid insertion, based on published se-
guences and those herein. R. cuneata and M. mercen-
aria are inferred to have lost an adjacent amino acid,
whereas G. albus isinferred to have lost 2 amino acids
in this region. All sequences in this clade have high
pairwise (uncorrected) distances from the remaining
ingroup taxa (Table I). Distances ranged from 0.296-
0.463 among these taxa and the sipunculan taxa, alone,
and from 0.258-0.463 among these taxa and al others.
Phascolion cryptum had the highest pairwise distances
among the sipunculans ranging from 0.325-0.402 be-
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tween it and other sipunculans, but slightly lower dis-
tances between it and the aforementioned, problematic
molluscan taxa (0.305-0.382). This resulted in large
corrected distances and produced a basal position in
NJ trees for P. cryptum joined with the bivalves and a
more distant G. albus (Table 1; trees not shown).
Under the assumption that sipunculans are monophy-
letic, | chose to eliminate Phascolion and the other
associated clustered sequences from subsequent anal-
yses as potential confounding factors.

The remaining 14 sipunculan taxa form a clade
which is supported by MP amino acid analysis (Fig 2),
ML analysis on amino acids (Fig. 3), and NJ to-
pologies on first and second nucleotide codon posi-
tions (Fig 4). The topology of NJ for mean distances of
amino acids is not shown but similar to the pattern in
Fig. 2 except that it places Antillesoma closer to the
two Phascolosoma species, places Themiste lagenifor-
mis as sister to the Phascolopsis-T. alutacea clade, and
places Sphonosoma cumanense basal to the Sipuncu-
lidea. Likewise, a ML tree based on first and second
codon positions (GTR + I' model, not shown), con-
straining monophyly within groups and omitting deu-
terostomes, produces a similar tree to the NJ topolo-
gy-except that Oliva groups with Arctomelon with
Katharina basal to them, and Urechis is basa to the
Polychaete/Hirudinea clade. Within sipunculans, the
Phascolosoma species are grouped as sister taxa, S-
phonosoma is basal to the Phascolosomatidea and
Phascolopsis is basal to the Themistidae/Golfingidae
clade.

Within the sipunculans, placement of S. cumanense
differs the most among methods as either being basal to
other sipunculans (Fig. 2, but note would be unre-
solved in a strict consensus tree and <50% bootstrap
support), basal to the Phascolosomatidea (Fig. 3), or
basal in the Sipunculidae (Fig. 4; again, <50% boot-
strap support). Its placement and the arrangement of
other sipunculan taxa resulting from NJ of LD/P dis-
tances (Fig. 4) coincides with the previous morpho-
logical hypothesis (C&G). The inconsistency of place-
ment of S. cumanense among other sipunculan genera
for different methods paralels the pattern noted pre-
viously for morphological data in the anaysis by
C&G.

In this analysis, sipunculans group with annelid
taxa. Although annelid groups appear as paraphyletic
with sipunculans (Figs. 2,4), bootstrap support for this
paraphyly is low for MP analysis of amino acids
(<55%) and neighbor-joining methods for first and
second codon positions <50%). If a strict consensus
tree is followed (i.e., poorly supported nodes are col-
lapsed), the sipunculan/annelid group is an unresolved
polytomy. However. support for the basal node group-
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ing the sipunculan/annelid clade is stronger for anal-
yses of both amino acids (67%; Fig. 2) and nucleotides
(74%; Fig. 4).

The Kishino-Hasegawa (1989) procedure using
maximum likelihood was performed on first and sec-
ond position nucleotide data, excluding putative long-
branch sequences in PAUP*. The searches (100 heu-
ristic searches using random addition) found 12 most
parsimonious trees (Ilength = 911) when constrained to
find ((sipunculan, annelid) other) trees and 4 most
parsimonious trees (Ilength = 918) when constrained to
find ((sipunculan, mollusc) other) trees. The most
parsimonious trees supporting the (sipunculan, anne-
lid) relationship had better maximum likelihood scores
(P ranging from 0.077-0.025) than the best-supported
(sipunculan, mollusc) trees.

As a further test of the sipunculan/annelid relation-
ship, results from likelihood mapping Strimmer &
von Haeseler 1997) were used. Here, previously men-
tioned problematic taxa as well as echinoderms were
excluded from the analysis, with 36 taxa remaining.
These taxa were constrained into 4 taxonomic groups
as sipunculans, annelids (including the echiuran), mol-
luscs, or arthropods. Using PUZZLE, | tested 10,000
guartets, randomly sampling one taxon from each of
the four groups per replicate. A gamma distribution
was used to approximate rate heterogeneities (4 cate-
gories) and the rate parameter was estimated by PUZ-
ZLE directly from the data set. While some sampling
bias is present in the numbers of taxa compared within
each group, >5 times as many quartets tested (70.4%
for sipunculan/annelid vs. 12.3% for sipunculan/mol-
luscan arrangements) favor a sipunculan/annelid rela
tionship over that of sipunculans and molluscs.

Discussion

Sipunculans have essentially no fossil record, so un-
derstanding their history has been problematic. The
morphologic hypothesis of C&G provides insight into
patterns of evolution without having the ability to ad-
dress the relative rate of their evolution. Although in-
terpretations based on a strict molecular clock are
highly suspect with the best of datasets, sipunculans
have similar levels of molecular diversity to those
found within annelids, molluscs, and arthropods (Fig.
4). Therefore, | conclude that the phylum Sipuncula is
not of recent origin. Its genera possess the same level
of molecular divergence among them as among groups
of the annelids or even among the arthropods in this
analysis, al of which have a substantial fossil record
supporting their age of divergence back to the Cam-
brian or earlier.

The analysis for the 219 amino acids of CO1 agrees
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with the morphological hypothesis of C&G, in large
part. All analyses performed produced a grouping of
Phascolosomatidea sister to all other sipunculans other
than Phascolion cryptum. The NJ topology based on
LO/P distances from first and second codon positions
produced a result that is most consistent with prior
results within sipunculans (C&G).

As noted in results, several mitochondrial sequences
were greatly divergent from related taxa, including
Phascolion cryptum and severa molluscan species.
Given this pattern in the mitochondrial gene sequence,
branches of these taxa are "attracted" to one another by
non-homologous, parallel similarities in their se-
guences (Felsenstein 1978, see Graybeal 1998 for dis-
cussion). However, a traditional solution of adding
more taxa to the dataset (Hendy & Penny 1989) may
not alleviate the problem. The mitochondrial gene or-
der reported for the bivalve Mytilus (Hoffmann et al.
1982) and other molluscan species is highly derived
relative to other members of the phylum and some
species possess a unique mode of mitochondrial in-
heritance (doubly uniparental inheritance; Zouros et a.
1994). | infer that certain molluscan taxa represent un-
usual gene evolution for members of their phylum that
precludes the use of COL1 to derive their evolutionary
relationships.

It may surprise some that topological results within
Sipuncula are largely congruent with the phylogeny
presented by C&G. Their morphological analysis con-
sisted of 12 characters, totaling 29 character states,
used to evaluate relationships among 17 genera. How-
ever, an outgroup to polarize morphological characters
within sipunculans was unknown. To overcome this
difficulty, C&G proposed a hypothetical ancestral si-
punculan to polarize characters into ancestral and de-
rived states. A refined set of ancestral character states
has since been discussed at length (Cutler 1994). The
high degree of similarity between these results and
C&G confirms that morphological characters, even if
few, can provide an accurate estimate of systematic
relationships among divergent taxa.

According to the NJ topology, this molecular phy-
logeny supports a grouping of the Phascol ostomatidae
and the Aspidosiphonidae to form the Phascolosoma-
tidea (Fig. 4), one of two major lineages within sipun-
culans (C&G). The sequences analyzed also support
the group Sipunculidea—with the Sipunculiformes sis-
ter to the Golfingiaformes (including Golfingiidae and
Themistidag). The mgjor difference between this anal-
ysis and that of C&G is the association of Phascol-
opsis gouldii within the Golfingiiformes as arelative of
the Themistidae, as well the inconsistent placement of
Sphonosoma cumanese (see later in discussion). In
their original analysis C&G. show P. gouldii to orig-
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Table 1. Pairwise distances between sipunculans and representative outgroup taxa for nucleotide data (including third
positions and gaps) (upper right half—genetic distances for first and second positions corrected by the LogDet/paralinear
method; lower left half—pairwise [uncorrected] distances). Columns and rows headed by bold numbers and containing

italicized numbers are those of long-branch taxa.

1 2 3 4 5 6 7 8 9 10
1 Rangia — 0220 0402 0418 0231 0353 0364 0358 0383 0.374
2 Mercenaria 0.268 — 0438 0482 0224 0388 0.362 0366 0351 0.375
3 Geukensia 0.379 0.385 — 0234 0495 0379 0393 0375 0.380 0.366
4 Mytilus 0410 0426 0.316 — 0510 0414 0399 0410 0.397 0410
5 Calyptogena 0297 0278 0391 0438 — 0368 0362 0378 0415 0.392
6 Gyraulus 0354 0349 0361 0383 0335 — 0287 0262 0.292 0.262
7 Paralvinella 0.402 0408 0415 0402 0.408 0.348 — 0173 0210 0.204
8 Urechis 0415 0411 0401 0397 0411 0.313 0.270 — 0170 0.175
9 Phascolosoma sp. 0424 0404 0413 0419 0424 0354 0333 0.283 — 0.058
10 P. nigrescens 0406 0410 0394 0406 0.392 0309 0315 0258 0224 —_
11 Spunculus 0428 0423 0410 0423 0418 0369 0328 0294 0294 0.284
12 Siphonosoma 0421 0417 0420 0421 0415 0325 0294 0267 0265 0.247
13 Xenosiphon 0463 0454 0448 0436 0.437 0389 0329 0297 0297 0.295
14 Apionsoma 0400 0419 0393 0407 0.398 0332 0307 0272 0242 0.231
15 Lithacrosiphon 0337 0368 0353 0376 0.355 029 0327 0308 0.293 0.259
16 Phascolion 0382 0357 0355 0365 0.345 0305 0381 0361 0370 0.365
17 Phascolopsis 0393 0392 0403 0413 0402 0340 0301 0266 0279 0.284
18 Them. alutacea 0417 0413 0433 0436 0431 0382 0311 0302 0.303 0.289
19T. lageniformis 0416 0430 0422 0437 0421 0358 0311 0302 0293 0291
20 Golfinigia 0.393 0403 0414 0424 0.390 0339 0301 0299 0313 0.286
21 Nephasoma 0380 0391 0399 0414 0381 0327 029% 0291 0305 0273
22 Aspidosiphon 033 0370 0351 0373 0.357 0299 0324 0303 0291 0.263
23 Antillesoma 0409 0436 0433 0434 0442 0362 0317 0290 0242 0.235

inate on their tree (C&G: p.170, their Fig. 3) between
the Sipunculidae and the rest of the Sipunculidea. The
presence of longitudinal muscles in a banded pattern
aong the body wall supports its placement in their
study with the Sipunculiformes. C&G note that if oc-
currence of this character is homoplasious, P. gouldii
would be considered more closely related to the Gol-
fingiiformes than the Sipunculiformes, which is more
similar to the present findings. The lack of coelomic
extensions in P. gouldii would support the exclusion of
Phascolopsis from the Sipunculidae on a morpho-
logical basis, which is consistent with this analysis. It
is adso of anecdotal interest that P. gouldii was for-
merly considered a species within Golfingia before its
placement in its monotypic genus.

Of morphological characters used previoudly to an-
alyze patterns within sipunculans (C& G, Cutler 1994),
the type of tentacular arrangement, presence/absence of
hooks in rings around the introvert, and character-
istics of the spindle muscle are further supported by
this analysis as synapomorphies separating the Phas-
colosomatidea from the Sipunculidea. In all Phasco-
losomatidea, there is a similar tentacular arrangement
with the mouth positioned ventral to an apical circle of
tentacles whereasin the Sipunculidea, the mouth is

encircled, wholly or partialy, by tentacles. Baltzer
(1931) was the first to use tentacular arrangement as a
systematically important taxonomic character to distin-
guish species of sipunculans.

All members of the Phascolosomatidea, except in-
dividuals of Antillesoma antillarum, possess complex
introvert hooks that are arranged in orderly rings
around the apical portion of the introvert, whereas in
the Sipunculidea, for the most part, hooks in rings
around the introvert are lacking. It is important to note
that, in A. antillarum, Phascolopsis gouldii, Phasco-
losoma meteori, and Themiste alutacea, hooks have
been found in early juveniles but do not persist in the
adults (Cutler 1994). In other polymorphic genera,
some species have papillae arranged in rings on the
introvert not unlike the pattern of hooks found in the
Phascol osomatidea (Cutler 1994). From these patterns,
Cutler (1994) hypothesized that introvert hooks in an
ordered array are plesiomorphic, citing the early ap-
pearance of similar hook structures in Ottoia, a fossil
from the Burgess shale, and living acanthocephalan
worms, kinorhynchs, and priapulan worms. However,
homology of anterior hooks in these widely divergent
taxa is questionable, as some view Ottoia as a stem-
group priapulan (e.g., Bruton 2001).
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Table 1. Extended.
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11 12 13 14 15 16 17 18 19 20 21 22 23
0381 0.397 0417 0366 0302 0378 0371 0369 0368 0357 0341 0300 0.394
0375 0362 0412 0378 0329 0369 0365 0349 0372 0361 0344 0344 0407
0370 0394 0394 0376 0333 0403 0397 0389 039% 0427 0402 0328 0407
0.389 0433 0412 0395 0383 0384 0412 0431 0428 0440 0422 0378 0457
0382 0374 0383 0379 0341 0394 0358 0343 0351 0350 0333 0341 0411
0269 0254 0284 0280 0253 0288 0294 0295 0288 0287 0269 0262 0.297
0197 0202 0210 0212 0208 0319 0194 019 0197 0209 0.187 0206 0.223
0.168 0.162 0172 0176 019 0276 0155 0174 0183 0207 0197 0191 0.181
0149 0124 0153 0078 0139 029 015 0159 0167 0195 0.181 0145 0.067
0148 0136 0149 0076 0115 0287 0165 0150 0171 0201 0.18 0115 0.062

— 0132 0044 0160 0164 0277 0117 0110 0121 0183 0159 0159 0.140
0261 — 0137 0142 0164 0332 0141 0139 0145 018 0177 0167 0.131
0225 0.274 — 0154 0186 0304 0130 0123 0120 019 0170 0.184 0.137
0.304 0.268 0.289 — 0135 0305 0158 0147 0170 0197 0187 0.130 0.081
0312 0300 0.337 0.269 — 0280 0182 0175 0194 0170 0157 0.007 0.136
0.377 0387 0402 0.366 0.326 — 0270 0287 0294 0265 0268 0.287 0.337
0241 0265 0267 0270 0323 0.339 — 0048 0061 0105 0.095 0.187 0.153
0261 0287 0288 028 0329 039 0.206 — 0049 0116 0100 0.170 0.146
0272 0278 0266 0291 0336 039 0210 0.200 — 0105 0.092 0194 0.156
0319 0293 0304 0292 0293 0345 0241 0252 0251 — 0034 0190 0.197
0307 0283 0286 0287 0282 0343 0230 0239 0245 0.034 — 0172 0.185
0309 0304 0334 0264 0012 0325 0323 0328 0332 029 0.286 — 0.139
0305 0268 0.292 0247 0290 0384 0275 0286 0275 0294 0289 0.290 —

The point of attachment for the spindle muscle, a

thin muscle that runs through the central axis of the U-
shaped gut, is on the posterior body wall in the
Phascolosomatidea. Most members of the Sipunculi-
dea lack this arrangement, except in Sphonosoma, the
monotypic genus Sphonomecus, and those possessing
athird arrangement (members of species in Phascolion
and Onchnesoma) where the spindle muscle is absent
except for aregion of posterior attachment (C&G). The
evolution of this arrangement cannot be addressed
further by this analysis, given the extreme divergence
of Phascolion from other sipunculans and the incon-
sistent placement of Sphonosoma.

Of the remaining 13 taxa, Sphonosoma is the least
consistent in phylogenetic placement among these
analyses (Figs. 2, 3, 4). Sphonosoma cumanense is
basal in the sipunculan tree as suggested in Fig. 2 and
by Cutler (1994). It possesses a mixture of traits apo-
morphic to both classes: tentacles that surround the
mouth partially or wholly (Sipunculidea), lack of com-
plex hooks in rings around the introvert (Sipunculi-
dea), and posterior attachment of the spindle muscle
(Phascolosomatidea). Only by examining other species
in this genus, sequencing other genes, and possibly

evaluating ultrastructural traits can we gain more in-
sight regarding this enigmatic sipunculan.

Other characters analyzed by C&G appear to have
limited ability to resolve smaller groups of sipunculans
(e.g., family-level; C&G; Cutler 1994). The off-center
junction of the trunk and introvert is characteristic of
the two species within the Aspidosiphonidae | se-
guenced, and indeed they are similar to one another
genetically. In part, this morphological character is
closely tied to the occurrence of an ana plate, or
shield, in the two genera (noted in C&G), which is
used to block the burrow opening in individuals of
Aspidosiphon spp. and supports a calcified horn in in-
dividuals of Lithacrosiphon spp. The deflection of the
introvert off-center may be a mechanical constraint of
this morphologic feature. Indeed, in a specimen of the
other aspidosiphonid genus that | could not amplify
(Cloeosiphon), ana plates exist but they surround the
introvert/trunk junction to arm this junction. When the
introvert is fully extended, they do not deflect the in-
trovert. A better representation of this character for the
Aspidosiphonidae may be the presence of anal plates.

Independent origins of several morphological fea-
tures are now supported (C&G, Cutler 1994, this
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Strongylocentrotus
Hirudo
Paralvinella
Urechis sp.
— Lumbricus
Pontodrilus
Siphonosoma
— Aspidosiphon
Apionsoma
Antillesoma
Phascolosoma sp.
P. nigrescens
— Sipunculus
- Xenosiphon
Golfingia
— Nephasoma
— Themiste alufacea
Fig. 3. A protein maximum likely- T. lageniformis
hood tree (-In likelihood score = '| .
2886.62) based on inferred amino Phascolopsis
acid sequences using PAML (Yang Solemya
1997). Tree excludes long-branch
taxon, Lithacrosiphon cristatus Katharina
(identical in amino acid sequence to .
Aspidosiphon laevis) and randomly Lepetodrilus
excludes members of outgroup Oliva 0.1
clades to accommodate program
[imits (maximum number of taxa = Arctomeion
30). The kappa parameter was esti- .
mated from the data set and no mo- Daphnia
lecular clock was assumed. The tree .
was subsequently rooted with the Artemia
Srongyl ocentrotus sequence. —— Anopheles
Drosophila

study). The body wall musculature of Phascolopsis is
not only misleading in suggesting affinities to the Si-
punculidea, but similar arrangements appear to have
evolved independently in Antillesoma, Phascolosoma,
Lithacrosiphon, and some Aspidosiphon species. Evo-
lutionary trends in the arrangement of introvert retrac-
tor muscles remain uncertain, although the plesiom-
orphic condition reported in C&G is supported (two
pairs, a ventral and dorsal set) by its occurrence in
Phascolosomatidea and Sipunculidea. However, one
cannot suggest a transformation series for the derived
conditions save that dorsal retractors appear to be lost
in some animals.

In this study, | have assumed that these species typ-
ify their respective genera. Yet, the sequences of S-
phonosoma cumanense and Phascolion cryptum leave
their positions at odds with either consistent placement
(in the case of S. cumanense) or a monophyletic Si-
puncula (in the case of P. cryptum). It is possible that
these species are not typical of their genera. Sphon-
osoma is a monospecific genus, so other representa-
tives are not available to compare. P. cryptum is noted
to be morphologically and ecologically quite different
from other members of the genus; it possesses unique
primary tentacles in the crown and secondary tentacles
where hooks are present in other species (Cutler 1994,

Tevnia

Galathealinum
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Fig. 4. Neighbor-joining tree calculated for 38 taxa (deleting presumed long branch taxa) using LD/P DNA distances on
first and second codon positions. Numbers at branches are support values reported for branches represented in greater than
50% of trees for 500 bootstrap replicates on DNA distances.

Hendrix 1975). Different species for these genera relationship between sipunculans and other coelomate
should be sampled and other genes analyzed to address (non-hemichordate) worms, including oligochaetes,
these limitations of the present study. leeches, polychaetes, pogonophorans, and an echiuran.

Excluding those problematic taxa, the results of MP  The latter two groups have been recently placed within
and ML analyses on amino acid data (Figs. 2, 3) and with the phylum Annelida by molecular methods
NJanalysis (Fig. 4) on LD/P distances support aclose (Black et al. 1997; McHugh 1997). The results of the
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Kishino-Hasegawa test and likelihood mapping using
CO1 data give statistical support for a sipunculan/an-
nelid relationship, rather than the alternative sipuncu-
lan/molluscan relationship. This is consistent with
analyses on elongation factor 1o (McHugh 1997) and
mitochondrial gene order (Boore & Staton 2002). The
broad pattern of association here is consistent also with
earlier published studies (Winnepenninckx et al. 1995;
Giribet et al. 2000 [their 18S rDNA tree, only]; Regier
& Shultz 2000), which group sipunculans more closely
with annelids than molluscs.

To be sure, this data is in conflict with myriad other
groupings resulting from the analyses on the small ri-
bosomal (I8S) subunit. Sipunculans can be basal to
annelids and molluscs (e.g., Giribet et a. 2000 [com-
bined treeg], sister to echiurans and pogonophorans to
the exclusion of a polychaete (Aleshin et al. 1998),
sister to a nemertine worm (Turbeville et al. 1992),
sister to entoprocts (Mackey et a. 1996; Winnepen-
ninckx et al. 1996), or grouped with an oligochaete and
a platyhelminth but excluding an echiuran and
polychaete (Mallatt & Winchell 2002). Such a list is
not exhaustive but a sampling of the diverse placement
of sipunculans under previous analyses using this sin-
gle gene.

The mitochondrial cytochrome c oxidase 1 gene may
only have limited utility in resolving higher-level
systematics. Indeed in this analysis, CO1 yields dif-
ferent paraphyletic assemblage of annelids at the ami-
no acid and DNA levels, although the support for these
nodes among annelid groups is low (Figs. 2, 4). The
paraphyly that has been reported for both morpholog-
ical (Rouse & Fauchald 1997) and elongation factor
la data (McHugh 1997) within the annelids suggests
possible rapid radiation within worm groups that may
prove difficult to resolve. Also note that, for these data,
intraphylum relationships of molluscs yield a paraphy-
letic gastropod and chiton assemblage for MP of ami-
no acids and first and second codon positions under NJ
(Fig. 4) and MP analyses (trees not shown), as well as
paraphyly for crustaceans and insects under NJ (Fig
4) and MP analyses (trees not shown). However, the
node grouping sipunculans (minus Phascolion) and
annelids is supported by bootstrap analyses of codon
positions | and 2 of DNA data by NJ for LD/P dis-
tances (Fig. 4), aso for NJ bootstrap for uncorrected
distances (77% support for 500 replicatesfirst and
second codon positions for 38 taxa, tree not shown)
and MP methods (61 % support for 500 replicates of
100 stepwise-additions per replicate—first and second
codon positions for 38 taxa, tree not shown).

These data strongly support the previous morpho-

logical analysis put forth in C&G and support similar
conclusions as some previous molecular systematic in-

Staton

vestigations at higher levels. Many investigators of
molecular systematics assume that only molecules can
provide rigorous results; this then demonstrates the
power of a careful morphological anaysis. Within the
phylum, this independent test demonstrates the overall
power of a careful morphological investigation within a
phylum (C&G). In the case of higher-level system-
atics, these data demonstrate that some molecular da-
tasets can potentialy provide inference at several lev-
els, smultaneously. Although the support of these data
is not strong in and of itself, these findings serve to
reinforce other findings (e.g., Boore & Staton 2002),
adding to the preponderance of evidence for a system-
atic relationship between sipunculans and annelids ex-
cluding molluscs.
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