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The position of the earliest-derived living molluscs, the Polyplacophora (chitons) and shell-less vermiform
Aplacophora, remains highly contentious despite many morphological, developmental and molecular
studies of extant organisms. These two groups are thought to represent either a basal molluscan grade or a
clade (Aculifera) sister to the ‘higher’ molluscs (Conchifera). These incompatible hypotheses result in very
different predictions about the earliest molluscs. A new cladistic analysis incorporating both Palaeozoic and
extant molluscs is presented here. Our results support the monophyly of Aculifera and suggest that extant
aplacophorans and polyplacophorans both derive from a disparate group of multivalved molluscs in two
major clades. Reanalysis of the critical Ordovician taxon ‘Helminthochiton’ thraivensis shows that this animal
lacks a true foot despite bearing polyplacophoran-like valves. Its position within our phylogenetic recon-
struction indicates that many fossil ‘polyplacophorans’ in the order Palacoloricata are likely to represent
footless stem-group aplacophorans. ‘H. thraivensis and similar forms such as Acaenoplax may be
morphological stepping stones between chitons and the shell-less aplacophorans. Our results imply that
crown-group molluscan synapomorphies include serial repetition, the presence of a foot, a mineralized
scleritome and a creeping rather than worm-like mode of life.
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1. INTRODUCTION
The shape of the molluscan family tree has been debated for
200 years. Evidence from embryology, palacontology,
molecular sequences and anatomy often yield contradictory
results (Ghiselin 1988; Salvini-Plawen & Steiner 1996;
Giribet ez al. 2006). A resolution of this debate would clarify
not merely the internal phylogeny of the Mollusca, but, by
determining the character-set plesiomorphic for molluscs,
would improve our understanding of the phylogeny of the
Lophotrochozoa as a whole (Conway Morris & Caron
2007). The great morphological disparity between extant
molluscan groups underlies much of this phylogenetic
confusion, and despite an extensive fossil record, fossil
molluscan taxa have not for the most part provided the
‘transitional’ morphologies required to fill in these gaps.
Aplacophorans (vermiform molluscs) and polyplaco-
phorans (chitons) are widely accepted as the earliest-
diverged living groups of molluscs. The two predominant
general models for molluscan phylogeny differ fundamen-
tally in the placement of these groups (see Haszprunar
1996) and have different implications for the character set
of the molluscan common ancestor. Both of these models
place the remaining ‘higher’ molluscan groups within a
single clade (Conchifera), although the monophyly of
this assemblage has also occasionally been questioned
(Lindberg & Ponder 1996; Giribet ez al. 2006).
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The ‘aculiferan’ model of molluscan phylogeny
(figure la) divides the group into two subphyla: Con-
chifera, the ‘shell-bearing’ molluscs, and Aculifera, ‘spiny’
molluscs including Aplacophora and Polyplacophora,
named for their calcareous armature or spiculi, and
evidence for an exterior cuticula (e.g. Scheltema 1993,
1996). In this model, aplacophorans, comprising the
epifaunal Neomeniomorpha (Solenogastres) and the
infaunal Chaetodermomorpha (Caudofoveata), form a
sister group to the chitons within Aculifera. This model
implies that the most recent common ancestor of the
crown-group Mollusca had a dorsal valve(s), a locomotory
foot and some degree of serial repetition (Lindberg &
Ghiselin 2003).

The alternative ‘testarian’ model (figure 15) has the
aplacophorans basal to the Testaria, a clade in which the
polyplacophorans form a sister group to the Conchifera
(e.g. Salvini-Plawen 1985; Haszprunar 2000). In this
model, Aculifera is a grade rather than a clade. The
differences between the two aplacophoran groups have
also raised questions about the monophyly of the
Aplacophora (Salvini-Plawen 1980), and adherents of
the testarian model have typically interpreted aplacophor-
ans as a paraphyletic group at the base of the molluscan
tree. This model implies a vermiform ancestral mollusc,
lacking both a foot and serial repetition.

Cladistic studies of living molluscs, using both
molecular (e.g. Passamaneck er al. 2004; Giribet ez al.
2006) and morphological (e.g. Salvini-Plawen & Steiner
1996; Haszprunar 2000) datasets, have failed to settle the
question of these two competing models. Anatomical
studies have been unduly influenced by the effects of
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Figure 1. Generalized topologies of two major competing
models of molluscan phylogeny. (a) Aculiferan and (&)
testarian models.

proximate out-groups on the internal topology of
molluscan trees; a testarian model arises from analyses
with annelid-like forms as sister to the Mollusca, while the
aculiferan model is associated with a turbellarian-like
sister group (see Haszprunar 1996). Molecular studies
present intriguing alternative topologies, but do not
resolve the placement of aplacophoran groups relative to
other molluscan classes (Passamaneck ez al. 2004; Giribet
et al. 2006).

From the divisive literature on this topic, it is clear that
the gross morphology of the ancestral mollusc cannot be
divined from anatomical studies of living molluscs. The
failure of molecular phylogenetic techniques to resolve this
problem conclusively may reflect a rapid radiation of the
group with relatively little time separating the divergences
in question. In view of this lack of resolution, we consider
morphological data from the fossil record, and the
otherwise undocumented character combinations that it
can reveal, to be a critical tool for the study of the
interrelationships of these groups. Available data on fossil
aculiferan-like animals have been significantly expanded
by the recent description of new forms (e.g. Sutton er al.
2001; Vendrasco et al. 2004; Conway Morris & Caron
2007) and the reinterpretation of existing taxa (e.g.
Scheltema et al. 2003; Vinther & Nielsen 2005; Caron
et al. 2006), showing a wide range of diversity in girdle
armature and shell arrangements that may shed light on
this early divergence of molluscan clades. The case for the
integration of these data into phylogenetic models is thus
increasingly pressing.

Although phylogenetic analyses have been included in
the initial discussions of some of these organisms (e.g.
Vendrasco er al. 2004; Conway Morris & Caron 2007),
they have been limited in scope, in terms of both characters
used and taxa included. No work has yet been done to
synthesize new palaeontological information i rozo and to
apply it to the problems of higher-level molluscan
phylogeny. In this study, we use cladistic methods to
analyse molluscan phylogeny using a combination of
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evidence from well-preserved fossil and living molluscs,
with the aim of testing competing phylogenetic models.

2. MATERIAL AND METHODS

(a) Taxon selection

The class Polyplacophora has a fossil record extending to the
lower Ordovician. Its members have traditionally been
divided into the orders Palaeoloricata and Neoloricata, the
former being diagnosed by the absence of modern shell
features. This concept has led to Palaeoloricata being treated
as a ‘bucket’ taxon used to contain a range of polyplaco-
phoran-like fossils. The system was recently revised by
Sirenko (2006) with a more thorough approach to shell
characterization in fossil forms, but this non-cladistic
classification excluded several Palaeoloricata sensu lato.
Recent discoveries of articulated and exceptionally preserved
material have expanded our knowledge of the animals on
which ‘palaeoloricate’ valves were borne, and demonstrated
character combinations not seen in extant molluscs. These
include the 17-plated multiplacophorans Strobilepis and
Polysaccos (Vendrasco et al. 2004), and the vermiform
Acaenoplax (Sutton et al. 2001, 2004).

Fossil polyplacophorans are typically represented by
isolated valves. Articulated fossils, while relatively rare
(Dell’Angelo et al. 2003), are more informative, and thus
more significant for phylogenetic studies. All polyplaco-
phoran-like articulated Palaeozoic fossils were included in
our study after an exhaustive review of the literature, with the
exception of two genera that, although represented by
articulated material, are too poorly preserved for meaningful
characterization. Plasiochiton curiosus is a fragmentary internal
mould of intermediate valves (Hoare 2000). Helminthochiton
griffithi, although recently redescribed from the holotype
(Sigwart 2007), is an external mould of the dorsal anterior
valves with no significant detail preserved; its supposed
congener ‘Helminthochiton’ thraivensis is included (see §3),
but the placement of this latter species in Helminthochiton is
not taxonomically meaningful. Two species of Glaphurochiton
are known from articulated fossils; as characters were coded
at genus level, both Glaphurochiton concinnus and Glaphur-
ochiton carbonarius are equally represented. Selected proble-
matic genera of palaeoloricate or palaeoloricate-like valves
(Matthevia, Heloplax, Enetoplax and Cobcrephora) known only
from disarticulated material were also included.

Several Palaeozoic fossils whose molluscan affinities are
less well established have also been included in the analysis.
Machaeridians (e.g. Adrain 1992) are elongate armoured
animals from the Lower Palaeozoic that bear two or four rows
of imbricating calcitic dorsal valves. Soft parts for these taxa
are unknown, but a molluscan affinity has been entertained by
several workers (e.g. Dzik 1994); they are represented here by
the genera Plumulites, Lepidocoleus and Turrilepas.

A number of exceptionally preserved problematic
Cambrian fossils have been interpreted as having molluscan
affinities, notably Halkieria, Wiwaxia, Odontogriphus and
Orthrozanclus. The affinities of these fossils have been the
subject of vigorous debate; Halkieria has, for example, been
interpreted as being more closely related to brachiopods (e.g.
Holmer ez al. 2002), and both Odontogriphus and, particu-
larly, Wiwaxia as putative annelids (Butterfield 2006).
Nonetheless, recent work (e.g. Scheltema ez al. 2003;
Vinther & Nielsen 2005; Caron et al. 2006; Conway Morris &
Caron 2007) has favoured a molluscan interpretation of
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Figure 2. ‘Helminthochiton’ thraivensis (a,b) BMNH G.47246, showing ventral spicular surface, marginally slightly
disarticulated, together with head and probably intermediate valve, X2.9. (¢,d) BMNH G.47253, showing (left) ventrolateral
surface and (right) dorsolateral surface with internal moulds of intermediate valves, X2.4.

these taxa on the basis of homologies of scleritome
arrangement and radula morphology, and we have included
them in our analysis.

The putative Precambrian mollusc Kimberella (Fedonkin &
Waggoner 1997) was excluded as it preserves very few
characters codeable in our analysis; in addition, we do not
consider its in-group status with respect to the brachiopod
out-group to be secure.

Additional representative extant genera were coded from
specimen material in museum collections, representing major
recognized taxonomic subgroups in the living species of
aplacophorans, polyplacophorans and monoplacophorans.

Wherever possible, published descriptions for fossil taxa
were supplemented by examination of specimens from the
National Museum of Ireland (Natural History) and the
Natural History Museum (London); table 1 in the electronic
supplementary material lists the sources used for each taxon.

(b) Phylogenetic methods

Forty-four morphological characters (see table 2 in the
electronic supplementary material) were coded into a matrix
across an in-group comprising 31 taxa (see appendix 1 in the
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electronic supplementary material). Characters are based on
both conchological and soft-tissue anatomy; characters not
potentially determinable in fossil material (e.g. those based on
embryology) were not used. Morphological features (char-
acters) were considered variable between, but not within,
individual genus-level taxa.

The nature of the characters used in our analysis excludes
the possibility of coding soft-bodied forms such as annelids or
other vermiform taxa that have been proposed as molluscan
sister groups. We instead used an out-group comprising three
brachiopods: two extant and one fossil. As valve-bearing
lophotrochozoan taxa, brachiopods are closely related to the
molluscs and possess an acceptable number of characters that
can be coded in our scheme. The interpretation of potential
homologies between molluscs and brachiopods is partially
dependent on the acceptance or rejection of the ‘brachiopod-
fold’ hypothesis (Cohen et al. 2003); this theory implies that
the ventral valve of the brachiopods is anatomically dorsal.
Brachiopod taxa were hence coded twice, and cladistic
analyses were repeated using out-group taxa coded under
the brachiopod-fold hypothesis and secondly using a more
traditional anatomical interpretation (Brusca & Brusca 2003).
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To test the molluscan affinities of Cambrian taxa under our
coding scheme, the analyses were repeated with the four taxa
we included considered as part of the out-group (figure 3).
The complete dataset was analysed using four out-group
permutations, resulting from the alternate (fold/non-fold)
sets of brachiopod codings, and inclusion/exclusion of these
Cambrian taxa in the out-group.

Several multistate characters are included in our analysis,
which represent transformational series. In each case, it is
difficult or impossible to conceive of an evolutionary
transition from one end-state to the other without traversing
the intermediate state(s). These characters are therefore
treated as ordered. As multistate characters have the potential
to unduly influence parsimony analysis, all multistate features
were down-weighted in proportion to the total number of
possible state changes, following the method used by Wills
(1997). To ensure integer-value tree lengths, binary char-
acters have a base weight of 6, whereas three-state characters
have a reduced weight of 3 and four-state characters have a
weight of 2. To evaluate and potentially correct for resulting
biases, analyses were run both with and without this a prior:
weighting scheme.

Data were subject to parsimony analysis using the heuristic
search algorithm implemented in PAUP* v. 4.0b10 (Swofford
2002). Eight configurations (two out-group hypotheses, with
and without additional Cambrian taxa included in the out-
group, and each with and without a priori weighting) were
analysed. For each, one hundred randomly seeded TBR
branch-swapping replicates were performed in each analysis
to determine a set of most-parsimonious trees (MPTs). We
investigated distribution of character-state changes as a
means of assessing node support.

3. RESULTS

A review of articulated ‘polyplacophoran’ material for the
purposes of this study led us to reinvestigate one
unexpectedly important taxon ‘H. thraivensis (Reed
1911), from the Ordovician of Girvan, Scotland. This
species, although included in the analysis of Cherns
(2004) and briefly mentioned by other workers (Smith &
Hoare 1987; Vendrasco & Runnegar 2004), has not been
fully restudied since its original description. Multiple
specimens in the collections of the Natural History
Museum (London) preserve impressions of the spicular
girdle. One three-dimensionally preserved specimen (not
illustrated) demonstrates a sub-circular cross section, little
wider than the valves. Other compressed specimens (two
of which are illustrated in figure 2) include spicular regions
that are too expansive to represent only a ventrolateral
girdle; these and other specimens examined demonstrate
that ‘H. thraivensis has a ventrally complete or subcom-
plete spicular scleritome with no space for a polyplaco-
phoran-like foot. Several specimens display a linear
disturbance in a position interpreted as medial prior to
compression; this structure may represent a neomenio-
morph-like reduced foot. The valves borne by this species
are of a typically palaeoloricate morphology, unlike those
of Acaenoplax (which also lacks a foot). A full redescription
and reclassification of ‘H.’ thraivensis will follow in a future
paper. ‘H. thraivensis lies outside the range of the
polyplacophoran Bauplan as previously conceived, and
represents a potential transitional morphology linking
aplacophorans with polyplacophoran-like forms. Our
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phylogenetic reconstruction (see below) and our new
interpretation of this species indicate that many palaeolor-
icate taxa known from isolated plates may represent
shelled, but vermiform, molluscs that lack a true foot.

Heuristic searches with PAUP™ on the permutations of
the analysis (see above) generated four alternative sets of
most-parsimonious trees (MPTs). Acceptance of the
brachiopod-fold hypothesis and the down-weighting of
multistate characters produced 101 MPTs of minimum
length 680 steps (figure 3). Alternative versions of the
analysis produced resulting consensus trees with topolo-
gies that are not substantially different (see electronic
supplementary material). In all cases, including the
Cambrian taxa within the out-group has no effect on the
resulting topology.

The halwaxiids (Halkieria, Wiwaxia and Orthozanclus)
are recovered as a clade in our preferred tree (figure 3).
Odontogriphus is a stem-group mollusc or part of a basal
molluscan polytomy in all permutations of our analysis.
None of these taxa are recovered consistently within the
molluscan crown group, and the relationships between
them are consistent with the results of Conway Morris &
Caron (2007).

Two major in-group clades are recovered in 100% of
MPTs in all permutations of the analysis: total-group
Polyplacophora and total-group Aplacophora, which
together form a monophyletic Aculifera. The total-group
Polyplacophora clade includes all neoloricate polyplaco-
phorans with the multiplacophorans in a basal position.
The total-group Aplacophora clade recovered by our
analyses includes machaeridians, and a number of
palaeoloricate polyplacophorans including Acaenoplax
and ‘H. thraivensis. Unambiguous synapomorphies that
support these clades are listed in figure 3.

4. DISCUSSION
The results of this analysis support a monophyletic
Aculifera and suggest that aplacophorans are derived
from chiton-like ancestors, as shown by the placement of
palaeoloricate taxa in the aplacophoran stem group.
Although our analysis included only one conchiferan
taxon to test the monophyly of total-group Aculifera, the
polyplacophoran and aplacophoran clades are each well
resolved. Taxa within the total-group Aplacophora show
that many fossil ‘chitons’ probably did not have a foot.
The critical taxon ‘H.’ thraivensis, the preserved speci-
men of which shows it had polyplacophoran-like valves
but lacked a well-developed foot, is a sister to the
remaining total-group aplacophorans; this transitional
morphology links the dorsoventrally flattened chitons
and the vermiform aplacophorans (figure 2). Sepremchiton
also resolves in the aplacophoran stem group; other
septemchitonids (e.g. Carnicoleus) have valves that meet
ventrally and cannot have possessed a functional foot.
This observation lead Dzik (1994) to suggest that
septemchitonids may have been ancestral to aplacophor-
ans, an inference that we consider prescient. Our analyses
imply that all palaeoloricate polyplacophoran taxa within
the total-group aplacophoran clade lacked a fully
developed foot. This result has serious implications for
the interpretation of any disarticulated polyplacophoran
material, as the presence or absence of a foot is unlikely to
be evident from shell valves alone.
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Figure 3. Strict consensus tree from parsimony analyses showing inferred relationships among Aculifera and related taxa based
on 101 most-parsimonious trees generated when brachiopod out-group characters were coded according to the brachiopod-fold
hypothesis (Cohen ez al. 2003). Lines in bold indicate living taxa; brachiopod (out-group) taxa are in grey; additional fossil out-
group taxa are indicated by asterisks. ‘Polyplacophoran’ groups Neoloricata, Palaeoloricata and Multiplacophora (Multiplac.)
are labelled; molluscan crown group is indicated by the surrounding box. Unambiguous synapomorphies are as follows (asterisk,
maximum consistency index; see electronic supplementary material for character descriptions): Aculifera 22*, 33; total-group
Aplacophora 20, 38, 39, 40™; total-group Polyplacophora 4, 15, 16; Halwaxiidae 19, 34™.

The recovery of a monophyletic Neoloricata is in
agreement with the non-cladistic taxonomic studies of
Sirenko (1997, 2006). Within this clade, the derived
positions of the extant taxa with respect to the Palaeozoic
fossils, and indeed the relative positions within the
extant taxa, are compatible with neontological studies
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(e.g. Okusu er al. 2003; Sirenko 2006). We consider
this a corroboration of the validity of our analysis and
in particular the application of down-weighting multistate
characters, since this topology is not resolved in
unweighted analysis (see electronic supplementary
material).
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The results from our analyses differ fundamentally from
the topology recovered in the only previous cladistic
analysis including palaeoloricate fossils (Cherns 2004).
The earlier analysis was primarily concerned with the
relationships among taxa known from disarticulated valves;
it was by necessity based on fewer characters than the
present study and did not include aplacophorans or
problematic Cambrian taxa. Some of the results of Cherns’
(2004) analysis seem problematic (for instance, the
placement of the multiplacophoran Strobilepis as a sister
group to the extant Chiton); however, it does concur with
our analysis at least in the recovery of a heloplacid clade
(Acaenoplax, Heloplax and Enetoplax). The cladistic analysis
of Conway Morris & Caron (2007) is concerned with
broader lophotrochozoan phylogeny; the molluscan por-
tion of their tree, while poorly resolved, is in agreement
with our findings.

The machaeridian genera in our analysis resolve close
to the aplacophorans; they do not however unambiguously
form a clade, possibly representing a grade of relatively
derived members of the aplacophoran stem group. This
suggested position remains speculative in the continued
absence of fossilized machaeridian soft tissues.

Our analyses include only two representative living
genera of aplacophorans and hence do not directly test the
monophyly of living Aplacophora. In view of the disparity
of total-group Aplacophora implied in our phylogeny, and
especially by the newly identified ‘H.’ thraivensis, it seems
plausible that the two aplacophoran groups Neomenio-
morpha and Chaetodermomorpha had separate origins
within this diverse assemblage.

The heterogeneous nature of the Palaeoloricata is
evident in trees resulting from our analyses; as suggested
by Vendrasco ez al. (2004) these fossils do not represent a
natural group, but are stem forms to extant clades. Most
palaeoloricate in our analysis resolve as stem-group
aplacophorans, while the multiplacophorans and the allied
Echinochiton resolve as stem-group polyplacophorans. The
Palaeoloricata is clearly non-monophyletic and we con-
tend that the use of this taxon should be discontinued.

Our analyses do not test the monophyly of the
Conchifera, as the only conchiferan included is the extant
monoplacophoran Neopilina. Partial sequence data for a
monoplacophoran led Giribet er al. (2006) to suggest a
sister-group relationship linking Polyplacophora and
Monoplacophora, ‘Serialia’. In their analysis, aplacophor-
ans appeared more closely related to scaphopods and
cephalopods, in a clade sister to the remaining Mollusca;
Aplacophora, Testaria and the Conchifera are not
recovered. These results, while intriguing, are not
supported by morphological homologies (Nielsen er al.
2007), run counter to all morphologically based phyloge-
netic analyses, ours included, and are not congruent with
other molecular phylogenies (e.g. Rosenberg ez al. 1997;
Passamaneck er al. 2004). A resolution of the discrepan-
cies between molecular and morphological signals is
clearly still required, but is beyond the scope of this paper.

The topologies of all of our recovered trees support the
aculiferan rather than the testarian model of molluscan
evolution. This debate is at the core of molluscan
phylogeny: what are the synapomorphies of the Mollusca,
and what did the most recent common ancestor of the
Mollusca look like? Our results imply a character set for
this animal that includes seven- to eightfold serial
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repetition, the presence of valves and a foot, and a
creeping rather than worm-like mode of life. The
consideration of informative fossil taxa in phylogenetic
analyses provides insights into the disparity and evolution-
ary history of groups that cannot be obtained from solely
neontological studies.

This project was funded by the Royal Society (UK) and Royal
Irish Academy Research Exchange Scheme. The authors
thank G. Giribet and a second anonymous reviewer for
suggestions that substantially improved this paper. L. Allcock
and G. Dyke offered useful comments on earlier versions of
this manuscript. N. Butterfield and L. Cherns provided
stimulating discussion on this work.
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