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ABSTRACT 

Identifying natural groups within the caenogastropod family Vermetidae has proven challeng- 

ing. The sessile lifestyle of vermetids, with associated xenomorphically distorted, overgrown 

and corroded shells, has resulted in a long and confused taxonomic history based primarily 

on adult shell characters. In this study, we use morphological, anatomical and molecular 

data to clarify systematics and phylogenetic relationships within the genus Dendropoma $.1. 

We assess generic names previously used in the Dendropoma group for availability and 

recognize Veristoa Iredale, 1937, as a junior synonym of Dendropoma Mörch, 1861. We 

describe 21 species, eight of which are new, place them into four robustly supported genera 
(Dendropoma s.s.; Novastoa Finlay, 1926; Ceraesignum п. gen.; Cupolaconcha п. gen.), and 

outline the current state of knowledge of the distribution of these taxa. The genus Dendropoma 

s.s. is well supported in our phylogenetic analysis and is additionally supported by features 
of the operculum, reproductive traits and a novel mitochondrial gene order. Among the four 

genera, members of Dendropoma s.s. alone maintain unstalked egg capsules in the mantle 

cavity rather than attaching them to the shell via a slit in the female mantle. The opercula of 

examined species within the genus Novastoa are characterized by a well-developed mammilla 

on the internal surface and upright tightly packed spiral lamina on the external surface. In 

Ceraesignum n. gen., the operculum lacks a mammilla and displays a fingerprint-like texture 

on its inner surface. The genera Ceraesignum n. gen. and Novastoa form a well-supported 

monophyletic group with the genus Dendropoma s.s., although sister group relationships 

among these genera are not resolved. The fourth genus, Cupolaconcha n. gen. is more 

closely related to the vermetid genera Eualetes Keen, 1971a, Thylaeodus Morch, 1860, and 

Petaloconchus Lea, 1843, demonstrating that Dendropoma s.l. is not a monophyletic group. 

The calcified operculum of Cupolaconcha n. gen. is unique in the Vermetidae and examined 
species in this genus are also characterized by a translocation of the valine mitochondrial 

tRNA. Further study will encompass the full range of morphological diversity in the Vermetidae 

to clarify the major lineages within this remarkable family of snails. 
Keywords: Taxonomy, evolution, reef-forming organisms, protoconch morphology, gene 

sequence order, molecular phylogeny. 

INTRODUCTION 

The caenogastropod family Vermetidae com- 
prises at least 160 extant species of sessile, 
suspension-feeding, irregularly coiled marine 
snails found in warm temperate and tropi- 
cal oceans around the world. The taxonomy 
and nomenclatural history of this family of 
“worm-snails” is notoriously confused (Keen, 
1961; Bieler & Petit, 2011), however, in part 
because their uncoiled and attached tubes 

defy traditional classifications based on adult 
shell characters, in part because of a long 
and complex history that commingled nominal 
gastropod and polychaete taxa. Among the 
now recognized subgroups of Vermetidae is 
the genus Dendropoma Mörch, 1861, a name 

introduced by Mörch (1861: 153) as a Section 
of Siphonium (see below) and based on the 
type species, by subsequent designation of 
Keen (1961: 189), Siphonium (Dendropoma) 
lituella Mörch, 1861. 
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The Dendropoma group is thought to include 
a wide range of vermetid species and morphol- 
ogies, ranging from the large and conspicuous 
coral reef dweller Dendropoma maximum (G. 
В. Sowerby I, 1825) of the Indo-Pacific (with 
a concave, corneous saucer-shaped opercu- 
lum), to gregarious Dendropoma corrodens 
(d’Orbigny, 1841) ofthe Caribbean (with a coni- 
cal operculum constructed of a spiral corneous 
lamella), to Dendropoma meroclistum Hadfield 

& Kay, 1972, from the Hawaiian Islands (with a 
bi-layered, partly calcified operculum). 

Focusing on aspects of protoconch morphol- 
ogy, Bandel & Kowalke (1997: 260 ff.) sepa- 
rated Dendropoma s.l. (specifically including 
D. maximum and D. meroclistum) from the 
remaining Vermetidae in a new subfamily “Den- 
dropominae” (emended to Dendropomatinae 
by Bieler & Petit, 2011: 11). The new nominal 
subfamily was described as including “vermetid 
gastropods with irregular teleoconch and regu- 
lar protoconch with a cancellate sculpture”). 

There are probably at least a few dozen 
living species belonging to Dendropoma s.!., 
but their number cannot yet be estimated with 
any confidence for three reasons: (1) Historic 
under-sampling: these sessile and often cryptic 
organisms are rarely collected during gen- 
eral collecting efforts and often excluded from 
regional biodiversity studies. (2) Taxonomic 
uncertainty: original species descriptions (and 
type specimens that often consist of tube 
fragments from vaguely indicated localities) 
cannot always be clearly recognized and linked 
to living populations. Their sessile mode of 
life allows rafting on natural and man-made 
structures and thus potential dispersal across 
oceans, confounding regional revisionary stud- 
ies. Also, the past near-random allocation of 
generic names, including both gastropods and 
polychaetes (e.g., genus Serpula Linnaeus, 
1758, type of polychaete family Serpulidae) 
makes it extremely difficult to recognize subsets 
among the some 1,300 species-group names 
that have been in use for worm-snails (Bieler 
& Petit, 2011). (3) Hidden diversity in species 
complexes; recent molecular work by Calvo et 
al. (2009) has shown that the “well-recognized” 
reef building species Dendropoma petraeum 
(Monterosato, 1884) represents a species 
complex. Likewise, Faucci (2007) appears to 
have identified numerous cryptic species within 
her phylogeographic survey of six vermetid 
species across the Pacific. 

The lack of a reliable taxonomic infrastructure 
for the Vermetidae has proved particularly 
challenging for marine ecologists given that ver- 
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metids are a significant element of many marine 
warm temperate and tropical ecosystems. 
Within these environments, vermetids are well 

recognized for their role in habitat creation and 
modification, as well as interactions with other 
sessile animals. For instance, various species 
of Dendropoma are gregarious and form struc- 
turally complex platforms (“trottoirs”) and reefs 
in the subtropical and tropical waters of the 
Mediterranean, Bermuda, Brazil, Cape Verde 
Islands and Mexico (e.g., Antonioli et al., 1999). 
While otherwise poorly studied, these biogenic 
structures are known to greatly enhance region- 
al fish diversity and support a rich community 
of endolithic organisms, including crustaceans, 
polychaetes, sponges, sipunculids and bivalves 
(Thomas & Stevens, 1991; Goren & Galil, 

2001). Reef-building vermetids have thus been 
considered critical “ecosystem engineers” in 
the marine environment (Coleman & Williams, 

2002) — organisms that through morphologi- 
cal complexity have profound effects on local 
biodiversity. Changes in the abundance and 
distribution of reef-building vermetids can also 
have broader effects by influencing water flow, 
sedimentation and larval settlement patterns. 
Such responses have been noted with the 
loss of the rim of Dendropoma reefs along the 
rocky Mediterranean shores of Israel and the 
associated proliferation of invasive Red Sea 
mussels Brachidontes pharaonis (P. Fischer, 
1870) (Rilov et al., 2004). 

Vermetids, including Dendropoma s.l., are 
also well represented in sensitive and threat- 
ened marine habitats, including coral reefs 
(e.g., Peyrot-Clausade et al., 1992; Gischler 
& Ginsburg, 1996). Although their interactions 
with other coral reef organisms are poorly un- 
derstood, Dendropoma maximum and a guild of 
other vermetids including D. platypus, D. mero- 
clistum and D. gregarium, appear to negatively 
affect the growth, morphology and survival of 
reef building corals (Zvuloni et al., 2008; Shima 
etal., 2010, 2013). Such responses may be the 
direct or indirect effects of mucus “feeding nets” 
deployed by reef-dwelling vermetids (Zvuloni 
et al., 2008). Although such deleterious effects 
on corals can be ameliorated locally when 
protective guard crabs are present (Stier et al., 
2010), reefs in the Red Sea and South Pacific 
are currently experiencing marked increases 
in vermetid density, a possible byproduct of 
human activities in coastal waters (e.g., eu- 
trophication, species introductions, coastal 
development) (Zvuloni et al., 2008; Shima et 
al., 2013). This dramatic change in baseline 
community structure underscores the need 
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to understand more fully the complex set of 
interrelationships among vermetids, corals, 
and other reef-dwelling organisms. 

Knowledge of vermetid systematics and ecol- 
ogy is also becoming increasingly important 
to the field of paleoclimatology. Vermetids are 
extremely reliable tools for interpreting past 
sea-level, sea temperature and productivity 
(e.g., Schiaparelli et al. 2006; Vescogni et al., 
2008; Sisma-Ventura et al., 2009), and con- 
sequently, of great importance for predicting 
future climatic trends. For instance, Dendro- 
poma spp. and Petaloconchus varians, with 
their low intertidal distribution and purported 
narrow bathymetric ranges, have provided sea 
level estimates for the Brazilian coast span- 
ning the entire Holocene period (e.g., Laborel 
et al., 2000), with a hypothesized precision of 
0.40-1.00 m (e.g., Angulo et al., 1999, 2002). 
Similar paleoclimatological studies have been 
conducted in the Mediterranean based on D. 
petraeum (e.g., Morhange & Pirazzoli, 2005). 
Because of their often ubiquitous occurrence 
in temperate zones (in contrast to stony cor- 
als) and the possibility of performing 14С age 
determinations, vermetids are now formally 
used as Sea Surface Temperature (SST) prox- 
ies (Silenzi et al., 2004). Confusion regarding 
species’ identities and their true bathymetric 
ranges, however, is leading to concern over 
the widespread and uncritical use of vermetids 
as reliable paleoclimatic indicators, reinforc- 
ing the need for further systematic work (e.g., 
Schiaparelli et al., 2006). 

To date, a molecular approach has not been 
formally employed as part of a systematic 
revision of the Vermetidae or its component 
groupings. Molecular tools and techniques 
have been applied to vermetids over the past 
decade, however, in an effort to interpret spe- 
cies boundaries (Calvo et al., 2009; Weinberger 
et al., 2010), explore phylogeographic structure 
(Faucci, 2007), as well as to place the Ver- 
metidae within the context of caenogastropod 
evolution (e.g., Colgan et al., 2007; Criscione 
& Ponder, 2012). Such studies have convinc- 
ingly demonstrated the utility of fast evolving 
mitochondrial DNA (mtDNA) genes (COI, rrnS, 
rmL) and nuclear genes (H3, 28S rRNA, ITS) 
in helping to discriminate among populations 
and species of vermetids (Faucci, 2007; Calvo 
et al., 2009), to identify cryptic species (Faucci, 
2007; Calvo et al., 2009), to highlight cases 
of likely species introductions (Faucci, 2007; 
Weinberger et al., 2010), as well as to infer 
the role of physical processes on the pattern 
of speciation and divergence of vermetid taxa 

(Faucci, 2007). Evidence of multiple mitochon- 
drial gene order rearrangements within the 
Vermetidae has also suggested the possibility 
of using derived mtDNA gene order patterns 
to define monophyletic lineages of vermetids 
(Rawlings et al., 2001, 2010). A molecular ap- 
proach thus holds great potential for helping 
to build a stable taxonomic framework for this 
family. 

This study aims to examine the systematic 
diversity and evolutionary relationships of the 
group of worm-snails currently assigned to 
Dendropoma. The taxa included herein were 
chosen to represent the breadth of morphologi- 
cal diversity in this group, but this study does 
not yet provide a comprehensive systematic 
revision of all species in this complex. The 
primary aim of this study is to generate morpho- 
logical/anatomical data suitable for a genus- 
level revision of the group, sampling across the 
newly recognized morphological diversity. In 
order to re-evaluate the composition of genera, 
previously introduced genus-group taxa will be 
assessed. In addition to the development of a 
set of morphological characters to distinguish 
each group, we will use a molecular phylogeny 
to examine the monophyly of Dendropoma and 
other newly morphologically defined groups. 
We intend to develop a molecular framework 
and a set of morphological characters to 
distinguish each group and to allow for the 
accurate systematic placement of established 
and previously undescribed species of Den- 
dropoma s.!. 

MATERIALS AND METHODS 

Material 

The specimens examined during this study 
were sourced primarily from the collections of 
the Field Museum of Natural History (FMNH; 
based on numerous vermetid-focused expedi- 
tions, see below) and the Australian Museum 

(AM). Additional material was loaned by the 
Florida Museum of Natural History at the Uni- 
versity of Florida (UF), the California Academy 
of Sciences (CASIZ) and the Museum of New 
Zealand Te Papa Tongarewa (NMNZ). Further 
specimens for this study were donated to the 
Field Museum collections by M. Calvo and J. 
Templado (material from the Mediterranean); 
L. Gosselin (material from western Canada); 
M. G. Hadfield, A. Faucci, R. Strathmann and 
M. Strathmann (material from the Hawaiian 
Islands); I. Kappner (material from Jordan and 
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Cape Verdes); P. M. Mikkelsen (material from 
Bahamas, Barbados and Florida); J. Norenberg 
(material from California); A. Pacheco (mate- 
rial from mainland Chile); N. Phillips and S. 
Schiaparelli (material from French Polynesia); 
U. Safriel (material from Sinai); J. D. Taylor 
(material from the Maldives and Kenya); and 
J. Worsfold (Bahamas). The Material Exam- 
ined sections of the systematic descriptions 
presented here include specimen counts in 
some cases. However, where the examined lot 
comprises a chunk of “vermetid crust” (referred 
to here as an aggregate matrix) removed from 
the surface of the substratum, it was usually not 
possible to provide a precise specimen count 
and the count is estimated as “many”. 

Field Work 

The material and observations on which this 
study is based come from vermetid-focused 
field work in many locales, including: Bahamas 
(Grand Bahama, New Providence; April 1993, 
August 1994 [RB]; Andros, March 2004 [TR]; 
Abaco August 2012 [RB, TC]); Barbados (Au- 
gust 2010 [RG, TR]); Belize (Carrie Bow Cay; 
1986 [RB], 2011 [RB, RG, TC, TR]); Bermuda 
(Bermuda Biological Station/Aquarium; March 
1983, May 1988 [RB]); British Virgin Islands 
(Guana; August 2010 [RB, TC]); Cayman Is- 
lands (Grand Cayman; January 2011 [Lauren 
Dombowsky for this project]); Chilean offshore 
Islands (Juan Fernandez Archipelago and 
Desventuradas Islands; 1997 [RB]); Dominica, 
August 1978 [RB]; East Florida and the Florida 
Keys (Smithsonian Marine Station, Ft. Pierce; 
Summerland Mote Lab, etc.; 1985-2012 [RB]; 
Peanut Island; 1997 [TR]); Hawaiian Islands 
(Oahu; Kewalo Marine Laboratory, etc.; De- 

cember 1986, March 1988, June 1995 [RB]); 
Netherlands Antilles (Saba; August 1996, 
October 2010 [RB]; St. Martin, August 1996 
[RB]); St. Lucia, August 1978 [RB]; U.S. Virgin 
Islands (West Indies Laboratory, St. Croix; 

February 1987 [RB]); Venezuela (INTECMAR 
station, Puerto Cabello, etc.; 1986 [RB]); West- 
ern Australia (Houtman Abrolhos Archipelago; 
Мау 1994 [RB]). 

Worm-snails were collected during field 
work using a variety of specialized techniques 
tailored to maximize the success of locating 
and obtaining intact specimens. Intertidal or 
shallow subtidal vermetid habitat was accessed 
by snorkeling (Fig. 1) and deeper sites were 
surveyed using SCUBA (Fig. 2). In both cases, 
specimens were located by eye, and a ham- 
mer and chisel (or screwdriver) were used to 

remove either the specimen alone, a chunk of 
substratum with the vermetid attached, or a 
section of “vermetid crust” in the case of reef- 
forming species. Care was taken to retrieve the 
specimen with an intact shell whenever pos- 
sible. Dead worm-snail shells were obtained 
by collecting objects on the shoreline that had 
been utilized as substratum by vermetids (Fig. 
3), such as larger gastropod shells or echi- 
noderm tests. Key vermetid habitats include 
stones, coral rubble, living coral heads (Fig. 4) 
and gorgonian stems and holdfasts (Fig. 5). 

Anatomical and Morphological Studies 

Where possible, animals were collected alive 
and photographed to record coloration of the 
head-foot and mantle. In most cases, this was 
not possible, and only preserved material was 
available. The systematic anatomical descrip- 
tions below are based on both dry and wet 
(ethanol and formalin preserved) specimens. 
If only dry material was available, individual 
dried bodies were removed from their shells 
and rehydrated in distilled water to allow partial 
description of the soft tissue anatomy. 

Individual shells and clusters of shells at- 
tached to the substratum were photographed 
using a digital camera (attached to a stereo 
microscope if very small) or alive in the field us- 
ing a digital camera in an underwater housing. 
Shell measurements were made using digital 
calipers to record the following parameters: 
(1) maximum aperture diameter; (2) length of 
shell (i.e. greatest length in any direction); (3) 
diameter of last whorl (sometimes equal to 
length of shell, if concentrically coiled). The coil- 
ing pattern was categorized as: (1) concentric; 
(2) initially concentric but becoming off-center; 
(3) “Turritella-squeezed-sideways”, a recogniz- 
able pattern unique to some vermetids [a term 
first applied to a species of Petaloconchus by 
Carpenter (1857: 309)]; or (4) irregular. Proto- 
conchs were sometimes obtained directly from 
adult shells, but overgrowth by the postlarval 

shell often hindered obtaining a clean speci- 
men. In most cases, recently settled juveniles 
were removed from the substratum around 
adult worm-snails and — often after com- 
parison with hatchlings or adult protoconchs 
— presumed to belong to the same species. 
Intracapsular larval shells were also examined 
when found, and although they may not have 
reached settlement size they were clean and 
ideal for observing sculpture. Opercula were 
photographed using a digital camera attached 
to a microscope to record color. 
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Shells, protoconchs and opercula were 
cleaned of encrusting algae by immersion in an 
ultrasonic water bath and examined using SEM 
to observe sculpture and protoconch shape. 
Buccal masses were extracted manually from 
dissected specimens and radulae cleaned by 
soaking in 10% NaOH solution for about four 
hours at 60°C, then rinsed in distilled water and 

ethanol. At least two radulae were examined 
by SEM from each species and the maximum 
number of rows and length о the ribbon were re- 
corded. Specimens to be imaged by SEM were 
mounted on conductive carbon tabs, coated in 

gold and examined using a Leo EVO 60 SEM. 

The anatomical descriptions based on dis- 
sected specimens include aspects of the 
external morphology (including coloration in 
life, if possible, and in preserved specimens), 
pallial anatomy (including the pallial reproduc- 
tive system), and egg capsules recovered from 
brooding females. Specimens were dissected 
under a stereomicroscope and illustrated us- 
ing a drawing tube attachment. Anatomy was 
studied in two to ten specimens, except where 
only one specimen was available. 

Comparative descriptions of each genus and 
species in the Systematic Part are limited to 
characters that are informative for distinguish- 

FIGS. 1-5. Photographs of collecting methods employed and habitat utilized by Caribbean species of 
Dendropoma, Novastoa and Cupolaconcha at Carrie Bow Cay, Belize (April 2011). FIG. 1: Shallow subtidal 
reef where D. corrodens, С. диапа п. sp. and N. pholetor n. sp. occur on the exposed surfaces of living 
and dead coral heads; FIG. 2: Collecting D. nebulosum by SCUBA, using a hammer and screwdriver to 
remove specimens intact from the substratum in crevices between living coral tissue; FIG. 3: Empty shell 
of Pinna sp. collected from beach drift with shells of C. guana attached (arrows); FIG. 4: Dead coral head 
encrusted with coralline algae and dense aggregation of D. corrodens; FIG. 5: D. nebulosum (arrows) 
and D. corrodens co-occurring on the stems of a gorgonian covered with milleporid “fire coral”. 
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ing taxa atthe equivalent level. Characters that 
are variable within a population or consistent 
within a genus are not included in species-level 
descriptions. 

Molecular Systematics 

Specimens preserved in 70-95% ethanol 
or RNAlater were used for DNA extraction. A 
complete list oftaxa sampled, including locality 
details and collector information, is provided 
in Table 1. Whenever possible, tissue was 
sampled from the same lots as those examined 
for morphological and anatomical characters. 
Additional representatives of other vermetid 
genera (Eualetes, Petaloconchus, Thylacodes, 
Thylaeodus, Vermetus) were also included in 
our analysis to determine their relationship to 
focal Dendropoma s./. taxa. 

For most animals, DNA was extracted from 
pieces of the head/foot region; however, in 

cases of particularly small vermetids (e.g., 
Dendropoma corrodens and Cupolaconcha 
meroclista), the whole body was occasionally 
used. Two different methods of DNA extrac- 
tion were routinely employed: (1) the standard 
CTAB and phenol chloroform extraction proto- 
col described in Collins (1996) for molluscan 
tissue, and (2) QIAGEN’s silica gel membrane 
DNA-binding protocol as implemented in its 
DNeasy Tissue Kit (catalogue #: 69504) for 
animal tissues. 

For DNA amplification and sequencing, we 
targeted both mitochondrial (mtDNA) and 
nuclear gene regions. For mtDNA, we amplified 
а > 1.5 kb fragment spanning domains III-IV 
of the small-subunit rRNA (775), an interven- 
ing tRNA valine (trnV), and domains I-IV of 
the large-subunit rRNA (rrnL) (Rawlings et al., 
2001). Substantial interspecific variation ex- 
ists at the nucleotide level within this region of 
the genome, including changes in gene order 
within and among vermetid genera (Rawlings 
et al. 2001, 2010). In addition, we targeted a 

~1,100 bp portion of the nuclear 28S rRNA 
gene. While much less variable than mtDNA, 
we have documented up to 2.5% difference 
(uncorr.-P distances) in nucleotide sequence 
of this gene region within the Vermetidae 
based on sampling so far (Rawlings et al., 
unpublished data). 

We amplified the mtDNA region in 2-3 over- 
lapping chunks, since attempts at amplifying 
this region in one piece were rarely successful 
with standard PCR amplification kits. Given 
the gene order changes that have occurred 

within this region, the size of the total product 
amplified was highly variable across taxa, 
ranging from 1621-2505 bp in length. For 
two-piece amplifications, we typicallyemployed 
the following primer pairs, based on universal 
primers listed in Palumbi (1996): Fragment A 
— 12SA (5’-АААСТСССАТТАСАТАССССА- 
CTAT-3’) or 12Sai (5’-АААСТАССАТТАСА- 
TACCCTATTAT-3’) in association with 16SA 
(S’-ATGTTTTTGATAAACAGGCG-3’); and 
Fragment В — 12SF (reverse complement of 
Palumbi’s 12Sb’ primer; 5 -GCACACATCGC- 
CCGTCGCTCT-3’) in combination with 16SBr 
(5`-ССОСТСТСААСТСАСАТСАССТ-3’). In 
some instances, however, these primer com- 
binations were not successful; consequently 
additional primers were designed and different 
primer combinations attempted. A full listing of 
the primer combinations used and the sizes 
of the resulting amplification products can be 
obtained from the authors. 

The region of the 28S rRNA gene was 
amplified using primer pairs 28SD1F (5’-GG- 
GACTACCCCCTGAATTTAAGCAT-3’) and 
28SD6R (5 -CCAGCTATCCTGAGGGAAACT- 
TCG-3’) designed by Park & О Foighil, 2000. 
Amplifications of this gene region were relatively 
straightforward, although some taxa exhibited 
length heteroplasmy resulting in stutters/over- 
lapping chromatograms beyond a specific point 
in the sequence. In such instances, we typically 
cloned the PCR amplification and sequenced 
the resulting clonal products with good results; 
alternatively, to avoid cloning, we designed 
internal sequencing primers to bind on the 
downstream side of the variable region on both 
forward and reverse strands. 

Amplification of PCR products occurred in 
molecular labs spanning two different institu- 
tions (Florida International University, Cape 
Breton University) and utilizing different 
thermal cyclers and PCR chemistries. The 
general protocols for successful amplification 
of targeted gene regions, however, were as fol- 
lows. For each amplification, 1 ul of 1x or 1/10x 
dilutions of each genomic DNA extraction was 
used as the template in a 25-50 ul reaction 
volume that consisted of 1.5-2.0 mM MgCl, 

1х PCR buffer, 0.5 uM of each primer, 200 uM 
of each dNTP, and 0.5-1.5 units of Taq DNA 
polymerase (depending on reaction volume). 
PCRs were performed in MJ peltier thermal 
cyclers (MJ Research PTC-200, MJ Mini) or 
a Stratagene Robocycler Gradient 96 thermal 
cycler. PCR conditions followed the general 
procedures outlined in Mikkelsen et al. (2006). 



N
 

“
D
E
N
D
R
O
P
O
M
A
 

G
R
O
U
P
”
 

W
O
R
M
-
S
N
A
I
L
S
 

(сэпициоэ) 

[usas uauidads 29u819/91 оч — Ума pajeydioaJa] 2161 Aey 9 рецрен 

66££8SDM 6EFESSOM 7005 “JW  Ms162 251 'N.9Er La ‘пчео ‘Aeg ayosuey :lIeMeH “ys = unysuosossÁyl ewodompusg 

2161 By 9 рецрен 

86EE8SOM ZS7PZLWH HIN немен “W'S'N ZZZBLE HNWA wnuebalb ewodoipueq 

M.vZS'79 'Nol ¿1 '81 ‘PUEISI eueng 
16858597 SZVESSOM  OLOC ‘OL ‘au ‘Reg эичм 'SJ881 yojed ‘ш €—Z :spueisj UIBJIA чзвыа 6699ZE HNWA 

M.c2S' +9 ‘N-99ÿ'8L 'Pueisj ечепэ 
I6EESSOM LZZVE8SOM OLOZ‘OL gy ‘Лея энчм Julog Аэхчои| Jesu ‘ш 9-6 :SPUEJS] иблл чзвия ZL29ZE HNWS 

0.02 М.579`68 ‘N.897 EL 
G6EE8GOM YEVESSOM “NO Y Où se09 }5эм ‘eg Sue XIS ‘Jee BUIBUU :sopeqieg 960/ZE HNWA 

0.02 M.969'6S 'N.EZE'EL ‘ISE09 ]sey 
VELESSOM SEVESSOM “NO AL Où ‘Reg Jan1y ‘зщ JO эзеа pue SY201 эцо}зэщи :зоредаея G60/ZE HNNA 

LLOZ “Sd M.£80 88 'N.208'91 
S6EE8GOM FEVESSOM ‘OL Y ‘OY ‘Ey ‘Keg моя aed “youne] jeoq шо MS ‘ше :3Z1199 Zy1/Z€ HNWA 

(zr8L ‘AUBIqIO.P) 
ZEEESSOM PPLSCCAV 1661 “NINA ‘GY M.6EZL8 ‘N.G/9 72 ‘Shey eplio]4 ‘Aey HNOSSIN :ерно- “W'S'N LZLE6Z HN SU9pO1I09 ешоаолриэа 

(y881 ‘oYesoJs}uoN) 
16558695 8718$$3\ 6661 Г 3.669°0 'N.£€9'Z€ 'soled эр oged :еюлпи| ‘шед$ 15еле$ HNWS шпэедеа ешодолриеа 

[usas иэшюэ4$ ээиэлээл OU — VNA parel1di9814] (1981 ‘YdJOW) 

O6EE8GOM EZFESTOM 7005 “JW  Ms162 291 'N.9Er La ‘Aeg ayosuey 'nyeo иемен “Y'SN = sndfjejd ewodospueq 

M.ZE0 LL 'NoLy9'9Z ‘PUEISI ODeqy 32819 JO ЗМ SJ981 | 
6G8EE8GOM ZZVESSOM 2102 ‘Sd ‘au ‘OY S,JSMIEM YO Joos Jae эр!з]по ‘ш 1-01 :seweyeg 0/0S€€ HNWNH 

MoS1L0'18 'N.699 yz ‘Shey ерио|- ‘АзипоЭ эолиои| (2181 ‘UAMIIIQ) 
8855869) LrLSccdV 1661 :94 ‘еоел Aoy ‘иоцелеи! yo jos! чэзеа ‘ш 7 :ермо!- “WSN BESSLE HN winsojnqeu ewodospueq 

ho adAquAs |ембио WON] М.619`0/ 'S.0LF EZ 8002 ‘uelpne7 9 оээцэва 
L8EE8GOM LEVESSOM 9002 ‘dV ‘нем seuoweuy ‘w /| ‘зэцчоцИеи| einsuluad :a11yO ELLZLE HNWA esueuo]jfeu ewodo/pueg 

1981 ‘UJION ewodoupusq 

VNdIS8Z VNQHU  128\/1098[[09 Áyeso7] 4 Day seloeds 

# °99\ Yuegussg 

`иэлб эле eJep ис!$$а99е Yueg 
-U99 pue 10792/109 ‘Ашеэс| ‘(э1аепеле элэцм) SUBLUIDSdS JOYONOA 40} злэдшпи чоцед®бел wunssnyy Ausßojäyd ле|поэюш eu} ul pasn |емэеи| | FIGVL 



G
O
L
D
I
N
G
 

ET
 A

L.
 

(s
en

un
uo

s)
 

MovZS'v9 Мо ¿pb "81 PUEIS| 
ZLVESSOM 08EESSOM  0LOZ:D1 ‘EY eueno ‘Aeg oyu ‘SJ091 yojed ‘w z :spueis] иблл чзцыя 0049Z€ HNWA 

Ms29E0 LZ :N°.9£9 92 
LLVE8SOM BLEE8GOM LOC ‘Sd ‘GY ‘puejsj 092qY J2819 JO IN SJ281 ‘WU 8-9 :seweyeg 9/09£8€ HNN 

LLOZ “Sd 
OLFESSOM SLEEBSSOM ‘OL ‘ML ‘Où “ge M:002°88 ‘N.LGL'91 Ae) 329 9/97 ‘WU 2-1 :2Z1189 pSL/ZE HNWA ‘ds u виепб ey9uosejodno 

M.€ve PL ‘S.v09' LZ 
= LLEESGOM 2002 :SS ‘puejsj 11, edey ‘'ndejewej julog :eiseuÁjog UOU814 GLOZOS HNWS ‘ds eyouooejodng 

6OVE8GOM 9LEEBSIA 002 ‘MM 3.82 Frl 'N.zreL'spueisj eueuen ‘eg обед :шепэ — 009158 AN 'qwos ‘и (2/61 Key ® рецрен) 

SOVESSIM GLEEBSOM 8661 ‘HN  Mo164'2S! 'N:9Er Le nyeo eg ayosuey :llemeH ‘Y'S'N 9098$ HN e]s!j90Jauw ey9uosejodno 
`иэб ‘и ey9uogejodn:) 

Mo£78'82 ‘SLT EE ‘ds U 
10758469) ErLBEEFV ¿661 ‘Gy  “oBejediyoly zapueulay чепг ‘э0$п/9 UOSUIGOY EIS] :э!49 9069$ НМИ!- — юо$плоиозидол шпибэе) 

Мос`681 ‘SC LE 
9OVESSIM VIEESSOM LOOZ ‘NO “pue¡s¡ ебиозолеч 'ndeynyoyy ‘и 2-0 :spuels] 4009 = 6 VEL 6Z AN 

'quoo ‘и (gzg1 ‘| Áqiamos “y 9) 
GOVESSOM ESZHLLUNH 6661 MI [Ajuo ajdwes эп$$1] eqeby jo ¡ng :ueplor 12Z281€ HNINA шпиихеш шпиб!$эелэ) 

"usb ‘и unubiseela:) 

M.€ve vl ‘S.vO9LZ 6ÿc/z-000c-WI 
VOVESSIM ELEESSOM 2002 :SS “pue¡s| 1 edey 'ndejewej julod :elsauAjod youel4 dNHNW ‘ds eoJsenoN 

LLOZ “Sd 
SOVESSOM ZLEEBSDA “DL Y ‘Où ‘ay M.2Z80'88 ‘N.£08 91 ‘89 Mog alle) jo q uoobe| :3ZIJ98 721 27€ HNWNA ‘ds ‘u4o0jajoyd LOJSPAON 

M.€6Z ZZ 'NoS€Z pz ‘PUEIS| soJpuy 8819 US914 
ZOVESGOM LLEEBSOM 7005 ‘ML ‘зе маи JO JUIOd YO 210US810] ‘Jepieju! :seweyeg 05/25 HNWA ds ‘U $15иешецед EOJSEAON 

LOVE8SOM OLEE8SGOM $002 ‘Gy MI Mo€S'ZZ NSP 9L “es ‘эшпл eiped :SepleA ade) 8/6L0€£ НМИ- ‘ds u SISUSPI8AOGEI POJSEAON 
9Z6L ‘Aejul4 EOJsenoN 

[uses uewuiseds a9usajal OU — VNA pajeydioa.d] 2/6, Alq 9 ренрен 

0OFESSOM OEVE8SSOM 7005 “JW  Mo164'2S! 'No9€bv LZ ‘пчео ‘leg ayosuey :llemeH "V'S'N = wnjeydesolesd ewodoipusq 

VNdIS8Z  VNdIW  J82\/10798/[09 A12907 seweds 

++ "99 Yuequss) 
# Boy 

(penunuos) 



A
l
o
y
 

J
O
Y
C
E
 

= 
M
M
 

‘
з
б
и
н
м
е
ч
 

A
y
j
o
w
i
p
=
y
 1
 ‘SUi]09 

A
y
y
o
w
ı
L
=
9
L
 

‘yjeredeiyos 
oueJa]s 

= 
$
$
 

‘
и
и
е
ш
ц
е
д
с
 

р
л
е
ц
о
!
 

= 
S
y
 

:
'
б
и
р
ю
э
 

А
л
е
ш
э
з
о
ч
 

= 
O
Y
 

“Jajelg 

fe) 
J
e
b
i
p
n
y
 

=
9
Y
 

:plemusis 
21184 

= 
S
d
 

“
U
S
S
I
S
A
N
I
N
 

‘и 
e
i
n
e
d
 

= 
W
W
d
 

:
u
u
e
w
y
j
e
n
s
 
L
u
n
e
 

= 
S
W
 

:
р
е
ц
р
е
н
 

J
E
e
Y
d
I
 

= 
H
N
 

“Ulessos) 
sino7 

= 
9
7
 

:
S
U
I
0
9
 

э
ы
п
е
л
 

= 
9
7
 

‘uswyeg 
‘M 

= 
G
y
 

‘
о
р
е
а
ш
е
|
 

o
s
o
f
 

= 
I
F
 

¿
B
i
s
q
u
a
l
o
n
 

u
o
r
 

= 
М
Г
 

¿
J
e
u
d
d
e
y
 

е
|
э
а
е
з
|
 

= 
M] 

:
у
з
н
е
л
э
и
|
 

U
I
O
D
 

= 
I
N
D
 

“
S
k
a
y
 

1
э
4
9
0
}
$
и
4
ц
9
 

= 
W
O
 

‘
0
9
9
9
2
4
 

о
р
м
 

= 
d
V
 

:!loone4 
e
y
y
o
s
n
u
y
 

= 
4
V
 

:2JS09 
B
u
y
 

= 
O
V
 

:
S
U
O
I
J
E
I
A
S
I
A
 

M.SE9'0Z ‘N.8ES LY (86/1 ‘sneeuury) 

89609431 

YBEESSOM 

1661 

:91 

‘ypnowijeZ 

‘yoeeg 

SAG 

пб 

:spesnyoesse 

‘Y'S'N 

ZOG9EE 

HNWA 

взео!ило; 

ejnpIdalg 

M.8€0'09 

‘N.ZbZ 

97 

'pueisj 

Uoye1g 

adey 

(86/1 

‘sneeuury) 

219884 

1V 

GBEESSOM 

2102 

“ML 

“y9esg 

UOIUIWOG 

'[ePINEJUI 

:ецоэ$ 

BAON 

‘epeued 

90G9ES 

HN 

валози 

CULO] 

sdnoibino 
[6661 ‘J8/91g nsuas] ARI “¡p/1eulag BUOAIG 

(09) 
= 

 OZCYE8GOMH 

78888895 

6661 

:Э\ 

эпб!/| 

08S 

‘59107\ 

9058$ 

НМИЗ 

зпдепьи} 

"Jo 
зпеииел 

Е 

zes, 

‘IPIeuI8g 

euonig 

N 

GLrESSOM 

EIEESTOM 

6661 

Г 

3.669'0 

‘N.££9'ZS 

'soled 

эр 
Oged 

‘elon 

‘UIEdS 

66/25 

нми+ 

зпдепьи} 

зпэииед 

= 

0081 

‘ulpneq 

SNJBUUSBA 

О = 

2002 

Ms1L98°191 

‘NoL62 

LZ 

5 

8Lb£859M 

9GZY/INH 

“SW 

'SU'HN 

‘0121087 

suey 

оемэу 

'sejge} 

Joyemees 

:IEMEH 

“W'S'N 

72Z8LE 

HNINA 

‘ds 

snpose¡4y 

= 

0981 

‘YOO 

snposejAyL 

= 

M.GGEL'GCL'N.E9E8 

Er 
alu] 

рецшея 

aus) 

зэоцею$ 

EULEN 

6161 

‘lea 

< 

 ¿Ive8s9M 

ZBEESSIM 

1661 

:97 

рецшея 

eu] 

jo 
juoY 

ul 
“¡epruaju! 

mo] 

:EIQUNIO9 

чзцыя 

‘epeued 

P0GSZE 

HNINF 

S/SU8A8Jequou 

snyouoso/ejey 

à 

.810°08 

‘N.9S6'9Z 

(6581 

‘^ибю20.р) 

A 

91758695) 

185886). 

7661 

“NINA 

‘яч 

 MUNOZ 

yoesg 

Wied 

‘punos 

эаон 

‘пемеэз 

:ерно|- 

"W'S'N 

972/28 

HNWA 

SUBUEA 

SNY9U090JEJO4 

=. 

eyg| 

‘297 

SNU9U090/2194 

5 M.ZEVO'08 :N.6L22°9Z (erg) nueyo) 

= 

GLVESSOM 

PSZPZLWH 

1661 

‘HL 

‘AyunoD 

yoesg 

wed 

‘PUEISI 

зпиеэа 

:ерыо|- 

“W'S'N 

EZZBLE 

HNWA 

вап] 

sejsjenZ 

ы 

EL/6L 

‘u99Y 

sajajen=3 

M.100.18 

‘N.6S9'vz 

‘Shey 

рис! 

‘AjuNoD 

SOIN 

(1621 

‘инешо) 

7175869) 

PFSLBEEAV 

2661 

‘WWd 

‘ay 

‘e9eA 

Аэу 

‘uoygeleyy 

JO 
jes 

yoyed 

‘ul 
/ 
:epuol4 

"W'S'N 

680ZZE 

НМИ= 

SMJESSN28p 

‘Jo 
зэроэвИц1 

(1681 ‘ejuedie)) 
ELFESSOM SS7TPZLWH 2002 :NP M°28' ZLL ‘N.6G'ES JEW [SP EU0109 :ещлощео "W'S'N 16681$ HNWA snıobiwenbs зероэвиц/ 

022, 

‘piepeno 

зероэвиц1 

VNGIS8Z 

\машм 

 128\/10798[09 

Ay12907 

# 
Boy 

solsods 

++ '9IY Yueguss) 

(penunuos) 



10 GOLDING ET AL. 

Annealing temperatures were optimized for 
each primer pair combination and ranged from 
48°C-55°C. A5 ul aliquot of each PCR product 
was run out on a 1% agarose gel. When single 
bands of the appropriate size resulted from 
these amplifications, the PCR product was 
prepared for sequencing using Geneclean Ill 
(MP Bioproducts Inc.) or Qiagen’s QIA Quick 
PCR Purification Kit (Catalogue 28104). When 
supernumerary bands were present, the entire 
PCR product was run out on a 3% Nu-Sieve 
TAE agarose gel, the band of the correct size 
was excised under long wavelength ultraviolet 
light, and purified for sequencing following the 
protocols in Geneclean Ш (Catalogue 1001- 
600). Purified PCR products were either cycle 
sequenced using BigDye 3.0/3.1 chemistry and 
analyzed on an АВ! 3100 genetic analyzer or 
sent off campus for sequencing at GeneWiz 
(New Jersey, U.S.A.; www.genewiz.com). In all 
cases, the DNA sequence of both strands was 
obtained before a final consensus sequence 
was generated for each taxon. 

Data Editing and Phylogenetic Analyses 

Given that a close caenogastropod sister- 
group has yet to be identified for the Vermeti- 
dae, outgroup selection remains problematic 
for this family. Recent studies (Colgan et al., 
2007; Criscione & Ponder, 2012; Rawlings et 
al., unpublished data), in combination with the 

sperm morphological work of Healy (1988), 
however, support the evolution of vermetids 
from within the “lower” Hypsogastropoda, with 
possible ties to members of the Janthinoidea, 
Stromboidea, Calyptraeoidea, Xenophoroidea 
and Littorinoidea (Healy, 1988; Criscione & 
Ponder, 2012; Rawlings et al., unpublished 
data). In light ofthis, we chose representatives 
of two of these superfamilies, Littorina littorea 
(Littorinoidea) and Crepidula fornicata (Calyp- 
traeoidea) for rooting our phylogeny. DNA was 
extracted and amplified for the mtDNA regions 
for both outgroup taxa; 28S rRNA nucleotide 
sequences were obtained from NCBI. 

Because of substantial length differences in 
the amplified fragment of mtDNA across the 
taxa sampled, we first determined the comple- 
ment of genes present within these sequences. 
To begin, we searched all sequences for tRNA 
genes using tRNAscan-SE (Schattner et al., 
2005), using the settings for mtDNA and the 
invertebrate genetic code. Once tRNA genes 
were identified, and their boundaries deter- 
mined, we used MacVector (MacVector, Inc.) to 

find potential coding sequences of DNA in the 
intervening stretches of sequence, and BLAST 
(http://blast.ncbi.nim.nih.gov/Blast.cgi) to iden- 
tify these regions based on matches (in identity 
and length) of the derived amino acid sequence 
to homologous protein sequences from other 
gastropod mtDNAs. The start of coding se- 
quence was identified by a standard initiation 
codon (either ATG, ATA, or GTG). When pos- 
sible, the first proper stop codon (TAG or TAA) 
downstream of the initiation codon was chosen 
to terminate translation; however, to reduce 
overlap with downstream genes, abbreviated 
stop codons (T or TA) were selected in some 
instances. Ribosomal RNA sequences were 
also identified based on BLAST searches. The 
precise boundaries of rRNA genes, however, 

could not be determined due to the lack of 
sequence conservation at the 5’ and 3’ ends; 
therefore, the location of each rRNA gene was 
assumed to extend from the boundary of the 
upstream flanking gene to the boundary of the 
downstream flanking gene. 

Once gene identities and boundaries were 
determined within the sequenced mtDNA 
fragment, we built gene specific datasets 
based on identified sequences of rrnS, trnV, 

and rrnL; other genes that were identified in 
amplification products of select taxa, including 
tRNA genes, trnK, trnP, trnE, trnLcyn, and the 
protein-encoding gene, nad6, were not used 
in subsequent phylogenetic analyses. Gene 
specific datasets of the mtdna genes (rrnS, 
trnV, rrnL) and the nuclear gene sequence 
(28S rRNA gene) were individually aligned 
using the online version of MAFFT (version 7; 
http://mafft.cbrc.jp/alignment/server/ref) using 
E-INS-i — an alignment method recommended 
for sequences with multiple conserved domains 
and long gaps — characteristics which typify 
rRNA genes. Because of uncertainty in several 
areas of the aligned rrnS and rrnL dataset as- 
sociated with length variation among taxa, we 
created two versions of these alignments: one 
which included all sites (“complete”) and one 
in which areas of poor alignment (as identified 
by eye and through confidence evaluation us- 
ing T-Coffee, Di Tommeso et al., 2011) were 
excluded (“pruned”). We employed JModelt- 
est2 (Darriba et al., 2012) to determine the 
best model of sequence evolution based on 
log likelihood ratio tests for each data parti- 
tion, and exclusion set, as determined using 
the Akaike Information Criterion. Because of 
the short length of the trnV gene (70-80 bp in 
length) sequence from this gene was combined 
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with the rrnS dataset for model evaluation in 
JModeltest2 and subsequent phylogenetic 
analyses. Alignments of all data sets were 
incorporated into one data file partitioned into 
three gene regions: (1) rrnS and trnV, (2) rrnL 
and (3) 28S rRNA; this was done for both the 
complete and pruned datasets. 

Base compositional tests were implemented 
in PAUP* (Swofford, 2002) using chi-squared 
tests to ensure that there were no significant 
confounding differences in base composition 
across taxa. Parsimony-based phylogenetic 
analyses were also performed in PAUP*, with 
separate runs performed for each of the three 
data partitions and the combined dataset for 
both the pruned and complete alignment. 
Heuristic searches employed equal weighting 
of characters, TBR branch swapping, and 100 
random sequence additions of taxa. Bootstrap 
analyses to determine branch support were 
undertaken using 1,000 pseudoreplicates. 

Phylogenetic analyses were also under- 
taken using Bayesian inference as employed 
in MrBayes (v3.2.1; Ronquist & Huelsenbeck, 
2003). Evaluation of log likelihood ratio tests 
using the Akaike Information Criterion ranked 
the GTR + y + | model of molecular evolution 
as the best for all data partitions except for 28S 
rRNA, for which the TIM3 + y + | was ranked 
highest. Consequently, we applied model 
parameters “nst = 6, invgamma” to each data 
partition separately, and allowed parameters to 
vary independently for each partition. Default 
priors were used in all analyses. Posterior 
probabilities of phylogenetic trees were based 
on running 1.5-2x 106 generations of MCMC 
(depending on the dataset), which included two 
simultaneous runs of 4 chains (1 heated; h = 
0.2) starting with a random tree and sampling 
every 100 generations. Preliminary runs of the 
data output in Tracer (Rambaut & Drummond, 
2007) were used to determine the appropriate 
burn-in for the dataset and ensure stationar- 
ity of the dataset. In total, 1,000 trees (5-7% 
of the dataset) were excluded as burnin; the 
remaining 14,000-19,000 trees (depending 
on the dataset) were used to determine the 
50% majority-rule consensus phylogram and 
estimate Bayesian posterior probabilities. 

Synonymies/Chresonymies 

Vermetid shells are notoriously difficult to 
identify and, even when accompanied by a 
photograph, published records often are not 
interpretable to specific level. We were thus 

very selective in adding entries to our syn- 
onymy and chresonymy listings, limiting them 
to (1) those relevant to establishing available 
names and linking them to past monographs, 
(2) material personally studied, and (3) clearly 
recognizable literature data (e.g., pointing to 
good photographs or other available data). 

Terminology/Abbreviations 

Protoconch sculpture is referred to as axial 
or spiral in the traditional sense, but because 
adult vermetids rarely coil around a defined 
axis, teleoconch sculpture is described as 

transverse (= axial) or longitudinal (= spiral). 
The reproductive system displayed many 
differences between taxa, but the function of 
individual components is not well understood. 
This study did not explore the function of the 
reproductive system, and simple terms have 
been used to avoid inferring function. The glan- 
dular, pallial section of the reproductive tract is 
simply referred to as the pallial oviduct or vas 
deferens and is open in all species examined. 
Structures containing sperm in the pallial ovi- 
duct are referred to as seminal receptacle(s), 
even if more than one is present. 

The following abbreviations are used to label 
illustrated structures: 
ag accessory gland 
an anus 
cm columellar muscle 
co coelomic oviduct 
cr cartilaginous rod 
ct cephalic tentacle 
cvd coelomic vas deferens 
dv diverticulum of pallial oviduct 
ec egg capsules 
ep expanded distal pocket of pallial oviduct 
es esophagus 
fg food groove 
gi gill 
hg hypobranchial gland 
mo mouth 
ms mantle slit 
no notch in pallial oviduct 
op operculum 
os osphradium 
оу ovary 
ро раша! oviduct 
pt pedal tentacle 
pvd pallial vas deferens 
re rectum 
sr seminal receptacle 
sv seminal vesicle 
te testis 
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The following abbreviations are used for 
institutions: 
AM Australian Museum, Sydney, Australia 
BPBM Bernice Pauahi Bishop Museum, 

Honolulu, U.S.A. 
FMNH Field Museum of Natural History, 

Chicago, U.S.A. 
MNHNC Museo Nacional de Historia Natural 

de Chile, Santiago, Chile 
MNHNP Museum National d’Histoire Naturelle, 

Paris, France 

NHMUK Natural History Museum, London, 
United Kingdom 

NMNZ Museum of New Zealand Te Papa . 
Tongarewa, Wellington 

QM Queensland Museum, Brisbane, 
Australia 

UF Florida Museum of Natural History, 
Tallahassee, Florida, U.S.A. 

WAM Western Australian Museum, Perth, 

Australia 

ZMC Zoologisk Museum, Copenhagen, 
Denmark 

RESULTS 

Molecular Data 

PCR amplifications were successful for all 
target taxa and genes except in two instances. 
For Dendropoma mejillonense, we were only 
able to amplify a small 5’ portion (rrnS) of the 
mtDNA target region, approximately 400 bp 
in length, and were unsuccessful in amplify- 
ing the remaining downstream region even 
with different primer combinations, annealing 
temperatures, and increased MgCl, concentra- 
tions. In addition, we were unable to amplify the 

28S rRNA gene for Cupolaconcha sp. (FMNH 
302015). Both taxa were still included in our 
phylogenetic analyses even though their data- 
sets were not complete. 

PCR amplification lengths of our mtDNA data- 
set were indicative of gene order changes that 
have occurred within the vermetid mt genome 
and have been described partly elsewhere 
(Rawlings et al., 2001, 2010). Dendropoma 

corrodens, D. nebulosum, D. platypus, D. gre- 
garium, D. cf. petraeum, D. rhyssoconchum and 
D. psarocephalum, were all were found to share 
an indel consisting of trnk, trnP and nad6 posi- 

tioned between rrnS and trnV, relative to other 

taxa sampled. Given that D. mejillonense was 
nested within this clade, it is assumed that this 
taxon also shared this gene rearrangement, al- 

though we were not able to confirm this directly 
for the reasons described above. Members of 
the genus Cupolaconcha were also unique in 
lacking trnV between the rrnS and rmL. Align- 
ments with other taxa across the rrnS-trnV-rrnL 
region invariably resulted in a long gap in this 
region for Cupolaconcha suggesting that its trnV 
has been translocated to another region of the 
genome. Thylaeodus also presented a novel 
gene arrangement. For this taxon, an additional 
trnE was located between trnV and rrnL (Rawl- 
ings et al., 2010). Thylacodes squamigerus also 
exhibited a gene rearrangement in this region 
involving the presence of rrnS, rrnL and nad1 

pseudogenes, an extra trnV and trnL yy (Rawl- 
ings et al., 2010). For all other taxa included in 
our dataset, the standard gene order of rrnS- 
trnV-rrnL was present. 

Gene-specific alignments were 618 bp, 78 
bp, 1,577 bp and 1,123 bp in length for the 
rms, trnV, rrnL, and 28S rRNA gene regions, 
respectively, and 696 bp for the combined rrnS 
+ trnV dataset. The complete dataset thus con- 
sisted of 3,396 characters, of which 1,494 were 
parsimony informative. The pruned dataset for 
the rrnS + trnV partition was 530 bp in length, 
166 bp shorter than the complete alignment, 
while the pruned rrnL dataset was 737 bp in 
length, over 50% shorter. In total, the combined 
pruned dataset consisted of 2,390 characters, 
of which 765 were parsimony informative. Base 
compositional tests were not significant across 
taxa for the pruned mtdna datasets or the 28S 
rRNA dataset, but significant differences in 
base composition were evident in the complete 
rrnL dataset (x2 = 392.5, df = 105, P = 0.00). 
These differences did not persist in the pruned 
rrnL dataset (x2 = 92.9, df = 105, P = 0.79), in- 
dicating that these differences were confined to 
regions of poor alignment typically associated 
with sequence length variation across taxa. 

Phylogenetic Analyses 

The overall pattern of relationships among 
taxa was largely consistent across data parti- 
tions, pruned/complete datasets, and methods 
of analysis (Parsimony, Bayesian), with relative- 
ly few exceptions (Table 2). For clarity, we have 
presented only the 50% majority rule consensus 
phylogeny based on a Bayesian analysis of 
the combined rrnS + trnV, rrnL, and 28S rRNA 
pruned dataset with posterior probability values 
(where > 95%) and parsimony-based bootstrap 
values (where > 70%) mapped onto their ap- 
propriate clades (Fig. 6). Disagreements in the 
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TABLE 2. Clade support values (PP/BP, in %) resulting from Bayesian and Parsimony-based phyloge- 
netic analyses of individual and combined gene regions using the pruned dataset. 
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results of different data partitions are largely re- 
flected in those major clades with low posterior 
probability and bootstrap values (Table 2). 

Analyses of our molecular dataset, us- 

ing both parsimony and Bayesian methods, 
supported a phylogeny consistent with the 
new taxonomic framework for “Dendropoma 
group” taxa proposed herein. This was true 
for both the complete dataset and the pruned 
dataset, which excluded poorly aligned re- 
gions across data partitions. Each of the four 
genera, Dendropoma, Ceraesignum n. gen., 
Novastoa and Cupolaconcha n. gen., formed 
a strongly supported monophyletic grouping 
(Fig. 6). High bootstrap (96%) and posterior 
probability (100%) values also supported the 
placement of Dendropoma, Ceraesignum n. 
gen., and Novastoa, within their own clade, 
separate and distinct from members of the 
genus Cupolaconcha n. gen. (Table 2). Strong 
genetic differentiation among members of Den- 
dropoma, Ceraesignum п. gen., and Novastoa, 
as represented by long branch lengths in Figure 
6, and morphological differences (see below) 
were also consistent with recognition of these 
three groups at the generic level. Members of 
the genus Dendropoma were also defined by a 
novel pattern of mtDNA genes (rrnS-trnK-trnP- 
nad6-trnV-rrnL) not found in Ceraesignum and 
Novastoa. There was no strong evidence of 

a hierarchical pattern of relationships among 
these three genera, however: both Bayesian 
and parsimony analyses of the pruned dataset 
weakly supported a sister group relationship 
between Dendropoma and Ceraesignum, but 
this pattern was not consistent across data 
partitions and analyses (Table 2). 

Species of Cupolaconcha n. gen., in turn, 
were found to be more closely related to mem- 
bers of the vermetid genera, Petaloconchus, 

Thylaeodus, and Eualetes, than to Dendro- 

poma, Ceraesignum n. gen., and Novastoa. 
The translocation of trnV evident in Cupola- 
concha n. gen. mtdna, however, was confined 

to this genus alone and was not observed in 
any members of its sister clade. Thylacodes 
and Vermetus were strongly supported as 
closely related to the Cupolaconcha n. gen., 
Eualetes, Petaloconchus, and Thylaeodus 

clade in Bayesian analyses of the pruned and 
complete dataset, but not in parsimony-based 
results and isolated gene partitions (Table 2). 
In these analyses, one or both of these genera 
were more closely allied to the Dendropoma, 

Ceraesignum n. gen., Novastoa clade or al- 
ternatively no strong support was shown for a 
relationship with either clade. 

High levels of genetic differentiation were 
observed within genera and nominal species 
of vermetids sampled in our analysis. Within 
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D. corrodens, for instance, taxa differed up to 
18% (uncorr.-P) in nucleotide sequence based 
on our mtDNA dataset, with 15% difference 
recorded between two specimens collected 
from Barbados. Such high levels of genetic 
differentiation hint of cryptic species residing 
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within this grouping and highlight the need for 
further study of D. corrodens. Within genera, 
sequence divergence levels in mtDNA exceed- 
ed 30% (uncorr.-P) in pairwise comparisons of 
taxa within Dendropoma, Ceraesignum n. gen., 
and Cupolaconcha n. gen. 
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FIG. 6. Phylogenetic relationships among Dendropoma, Ceraesignum, Novastoa, and Cupolaconcha 
and other select vermetid genera, using Littorina littorea and Crepidula fornicata as outgroups. The 
phylogram illustrated represents the 50% majority-rule consensus tree from a Bayesian analysis of the 
combined gene (rrnS, trnV, rrnL, and 28S rRNA genes), pruned alignment, dataset based on a sampling 
of 19,001 trees (2,000,000 generations, sample frequency = 100, burnin = 1,000, heat = 0.2). Support 
values for clades are posterior probabilities (where 2 95%, above branches) from the Bayesian analysis 
and bootstrap percentages (where 2 70%; below branches) from a parsimony-based analysis of the 
same dataset (1,000 pseudoreplicates). Asterisks represent support values of 100%. 
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SYSTEMATIC PART 

Assessment of Genus-Group Names Previously 
Used in the Dendropoma Group 

Species now considered as belonging to 
Dendropoma sensu lato have been introduced, 
or subsequently placed, in a bewildering variety 
of genus-group names, some of which are now 
known or thought to belong to polychaete worm 
groups whereas others are technically unavail- 
able for nomenclatural reasons. Because the 
current study finds the clade diversity in Den- 
dropoma s.l. greater than previously expected, 
it will be necessary to analyze the availability 
of generic names in this complex. Keen (1961) 
assembled a list of assumed synonyms and 
subgenera of Dendropoma, which were further 
analyzed for availability — in the sense of the 
1.Z.C.N. [1999] Code — by Bieler & Petit (2011). 
Expanding on these works we find: 

(1) Names that are invalid and cannot be used: 

Siphonium “Browne, 1756” 

Siphonium “Browne, 1756”, is a pre-Linnean 
name included in the synonymy of Vermetus 
by Gray (1847: 156) but not made available 
thereby under 1.C.Z.N. (1999) Art. 11.5.2. It was 
also cited as of Browne, sometimes in a slightly 
different sense in Vermetidae, by numerous 
authors (e.g., H. Adams & A. Adams, 1854: 
356-357; Cossmann, 1912: 134). Gray (1850: 
82) can be credited with a formal introduction 
of the name (type species not designated), 
but Siphonium Gray, 1850, is invalid because 
preoccupied by Siphonium Link, 1807 [Ce- 
phalopoda]. For additional discussion of the 
name Siphonium, see Keen (1980). 

Spiroglyphus Daudin, 1800 

Spiroglyphus Daudin, 1800, was introduced 
(1800: 39) with two nominal species, Spirogly- 
phus politus Daudin, 1800, and Spiroglyphus 
annulatus Daudin, 1800. The name has been 
widely used since the 1840s as a molluscan 
genus and mostly applied to entrenching 
vermetids in today’s concept of Dendropoma. 
Hartman (1959: 47) included Spiroglyphus in 
her list of possible polychaete annelid genera. 
Keen (1961: 184, 191) stated that the included 
species “should probably classed as annelids” 
and for Spiroglyphus it is “advisable to set it 
aside as a genus dubium”; and subsequently 
(Keen, 1980; Keen & Hadfield, 1985) sought 

suppression of the name under I.C.Z.N. rules. 
Spiroglyphus was placed on the Official Index 
of Rejected and Invalid Generic Names in Zool- 
ogy in Opinion 1425 (1.C.Z.N., 1987). 

Bivonia Gray, 1842 

After describing the genus in 1842 (p. 90), 
Gray first provided a type species in 1847 (p. 
156), Vermetus glomeratus Bivona-Bernardi, 
1832 — a nominal species later renamed as 
Bivonia petraea Monterosato, 1884 (= Dendro- 
poma petraeum herein). Gray’s name is invalid 
because it is preoccupied by Bivonia Cocco, 
1832 [Crustacea]. lt has, however, remained in 

use until very recently for vermetid taxa (e.g., 
Bielokrys, 1999). Anominal species described 
as Bivonia exserta Dall, 1881, is discussed 
below, and its type specimen shown to be a 

polychaete worm. 

Stoa de Seres, 1855 

Stoa de Serres, 1855, was introduced (1855: 
238) with three new species, Stoa ammoniti- 
formis, S. spiruliformis and S. perforans, without 
any subsequent type designation. It was consid- 
ered a synonym of Spiroglyphus or subgenus of 
Siphonium in Vermetidae by Mörch (e.g., 1862: 
326), and largely fell into disuse. Keen (1961: 
184) suggested that Stoa species were annelids 
and subsequently (Keen & Hadfield, 1985) pro- 
posed that the name Stoa be suppressed under 
1.C.Z.N. powers. 1.C.Z.N. Opinion 1425 (1987) 
placed it on the Official Index of Rejected and 
Invalid Generic Names, suppressing it for the 
purposes of the Principle of Priority but not for 
those of the Principle of Homonymy. 

(2) Names previously considered synonymous 
but considered incertae sedis herein: 

Magilina Vélain, 1877 

First listed by Vélain (1876: 285) as a no- 
men nudum, Magilina was formally introduced 

in the following year (1877: 105-106) based 
on Magilina serpuliformis Vélain, 1877 (1877: 
106-107, figs. 16-18), and an unnamed 
Miocene species. Magilina serpuliformis was 
described and illustrated as an extremely small- 
shelled species, with the adult shells measuring 
3 to 4 mm in height and 1.25 mm in diameter. 
Keen (1961: 198) placed the nominal genus in 
tentative synonymy with Dendropoma. How- 
ever, the original description and illustration 
of a very small shell with long upright feeding 
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tube and a glossy and smooth protoconch do 
not match the conditions of the species treated 
herein. Magilina remains incertae sedis until 
type material can be investigated. 

Vermitoma Kuroda, 1928 

The genus-group name and its type (and 
only included) species Vermitoma luchuana 
Kuroda, 1928, was introduced in a catalog work 
by Kuroda (1928: 40) who credited the names 
to a manuscript by Hirase. The species was 
subsequently placed in Dendropoma by vari- 
ous authors (e.g., Hasegawa in Okutani, 2000: 
207), an action that synonymizes Vermitoma 
under Dendropoma. However, the original de- 

scription of V. luchuana by Kuroda (1928: 40, 
footnote in Japanese) described features that 
do not support this interpretation. Kuroda men- 
tioned that the living specimen does not show 
affinities with either vermetids or siliquariids, 
and in particular referred to a scissurellid-like 
shell slit that was being filled in as growth pro- 
ceeded but remained open as an elongated 
oval hole near the aperture. Vermitoma thus 
also remains incertae sedis until type material 
can be investigated. 

(3) Name based on an Upper Oligocene fossil 
species in need of further investigation: 

Elliptovermetus Cossmann & Peyrot, 1922, 

was introduced by its authors (1922: 69) with 
its type species by original designation, Ver- 
metus breigneti Cossmann & Peyrot, 1922, 

from Aquitanian fossil beds [Early Miocene] of 
France. The description and figure of the type 
species depict a tube that is ovate in cross- 
section, deeply immersed in coral, and showing 
lamellar growth striae and a raised mid-dorsal 
crest. Keen (1961: 200) considered it a subge- 
nus of Dendropoma. No extant species have 
been linked to this taxon. 

(4) Three available names that can be applied to 
extant taxa in this group: 

Dendropoma Mörch, 1861 

Mörch (1861: 153) introduced the genus as 
a “section” of Siphonium. Type species, by 
subsequent designation of Keen (1961: 189), 
is Siphonium (Dendropoma) lituella Mörch, 
1861, from California. The genus name was 
placed on the Official List in Opinion 1425 
(1.C.Z.N., 1987). 

Novastoa Finlay, 1926 

Finlay (1926: 386) based his new genus 
on the type species, by original designation, 
Siphonium lamellosum Hutton, 1873, from 
New Zealand. 

Veristoa lredale, 1937 

Iredale (1937: 254) based Veristoa, by origi- 
nal designation, on Veristoa howensis lredale, 
1937, from the Tasman Sea. 

Few formal attempts have been made to 
subdivide Dendropoma in a systematic man- 
ner. Early arrangements (e.g., Mörch, 1860) 
separated large and solitary forms into “Si- 
phonium” and “Bivonia,” respectively. One 
hundred years later, Keen (1961: 193-199) 
similarly recognized two subgenera for the 
extant species, Dendropoma s.s. (for “mainly 
solitary forms, minute to large”) and Novastoa 
(for “colonial forms, usually encrusting rocks 
in honeycomb-like sheets”). Keen (1961: 200) 
expressed uncertainty about the validity of this 
taxonomic distinction based on growth habit, 
stating in her treatment of Novastoa that this 
“group may be only situs forms, not a true ge- 
netic unit, for specimens in the dense clumps 
may be, to the eye, indistinguishable from 
solitary specimens as to operculum, nuclear 
whorls, and sculpture.” As will be shown below, 

the type species of Dendropoma and Novastoa 
indeed belong to different clades, although it is 
not the distinction of solitary versus gregarious 
life mode that distinguishes them. 

Based on analyses of shell morphological 
and anatomical characters, the studied taxa of 
the Dendropoma group fall into four separate 
units, here considered genera. The following 
section describes and arranges 21 species 
(eight of which are new) into four genera: 
Dendropoma (with Veristoa in synonymy), 
Novastoa, Ceraesignum n. gen., and Cu- 
polaconcha n. gen. Additional species, not 
morphologically studied in detail, are assigned 
to these groups based on literature and/or 
molecular data. 

TAXON DESCRIPTIONS 

Gastropoda 
Caenogastropoda 

Vermetoidea Rafinesque, 1815 
Vermetidae Rafinesque, 1815 




































































































































































