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MOLECULAR SYSTEMATICS 
OF THE MAJOR LINEAGES OF 
THE GASTROPODA 

Gastropod mollusks are among the oldest and most evolutionary successful 
groups of animals to inhabit the earth. With origins in the Cambrian (Erwin and 
Signor 1991; Tracey et al. 1993), gastropods have come to inhabit nearly all ma- 
rine, freshwater, and terrestrial habitats and have achieved a diversity at all taxo- 
nomic levels that is exceeded only by the Insecta. Because of their long and 
extensive fossil record, Gastropoda have figured prominently in paleontologi- 
cal studies spanning the entire Phanerozoic. By virtue of their abundance and 
diversity in the Recent fauna, gastropods have been used in studies spanning 
numerous biological disciplines, including ecology, physiology, developmen- 
tal biology, population genetics, biodiversity, biomechanics, biogeography, and 
molecular evolution. Gastropods are also of considerable economic importance 
as sources of food, ornament, and pharmacological compounds, and as agri- 
cultural and mariculture pests and vectors of disease (see Cheng 1967; Faust 
et al. 1968; Abbott 1972; Olivera 1997, and references therein). 

The higher classification of gastropods had become entrenched for much of 
the twentieth century, being based on an arrangement advanced by Thiele 
(1929-31) and only slightly modified by subsequent authors (Wenz 1938-44; 
Moore i960; Boss 1982; Brusca and Brusca 1990). Thiele (1929-31) adopted 
Milne-Edwards's (1848) division of Gastropoda into Prosobranchia, Opistho- 
branchia, and Pulmonata, but further subdivided the Prosobranchia into the ana- 
genic series Archaeogastropoda, Mesogastropoda, and Stenoglossa (renamed 
Neogastropoda by Wenz 1938-1944). Thorough, historical reviews of gastropod 
classification are provided in Bieler (1992) and Ponder and Lindberg (1997). 
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The dramatically divergent classification of prosobranch gastropods pro- 
posed by Golikov and Starobogatov (1975) catalyzed a renewed interest in gas- 
tropod phylogeny. This interest was fueled by the discoveries of numerous new, 
higher taxa, especially at hydrothermal vents and sulphide seeps; the rapid 
increase in the amount of new data provided by new morphological and molecu- 
lar techniques; and, perhaps most importantly, by the application of increasingly 
rigorous methodologies for analyzing the data and generating phylogenetic hy- 
potheses. Although discrepancies remain among phytogenies based on mor- 
phological (e.g., Salvini-Plawen 1980; Haszprunar 1988; Ponder and Lindberg 
1996,1997), DNA-RNA sequence (e.g.,Tillieretal. 1992,1994; Rosenberg et 
al. 1994, 1997; Winnepenninckx et al. 1994,1998; Harasewych et al. 1997a, 
b, 1998; McArthur and Koop 1999; Colgan et al. 2000; Harasewych and 
McArthur 2000), and paleontological (e.g., Wagner 1995; Bandel 1997) 
datasets, these recent studies converge on a broad outline of gastropod evolu- 
tion that differs significantly from those advocated by Thiele and Wenz. Virtu- 
ally all modern classifications divide the Gastropoda into the following mono- 
phyletic groups: Patellogastropoda, Cocculinoidea, Lepetelloidea, Neritopsina, 
Neomphalina, Vetigastropoda (generally, but not always including the Pleuro- 
tomarioidea), Caenogastropoda, and Heterobranchia. However, differences arise 
regarding the rank and relationships among these clades (see Figure 6.1). 

Some features, such as the basal position of the patellogastropod limpets 
within Gastropoda, which had been recognized in earlier classifications (e.g., 
Lister 1678; Troschel 1861; Pelseneer 1906), have been reaffirmed by mor- 
phological (e.g., Golikov and Starobogatov 1975; Haszprunar 1988; Ponder and 
Lindberg 1997; Sasaki 1998) and molecular (e.g., Harasewych et al. 1997a; 
Harasewych and McArthur 2000) studies. Similarly, the monophyly of the 
Apogastropoda and the sister-group relationship of Caenogastropoda and 
Heterobranchia are strongly confirmed by multiple datasets. However, the re- 
lationships of a number of basal taxa, among them the cocculiniform super- 
families Cocculinoidea and Lepetelloidea, the vetigastropod superfamily Pleu- 
rotomarioidea, and the order Neritopsina, are poorly resolved. Their positions 
have been strongly influenced by such factors as data type (morphological ver- 
sus molecular), taxon sampling, and outgroup selection. 

Over the last decade, many studies have been published in which sequence 
data have been used to investigate phylogenetic relationships within Gastropoda 
at varying hierarchical levels (e.g., Tillier et al. 1992, 1994; Rosenberg et al. 
1994,1997; Winnepenninckx et al. 1994,1996,1998; Harasewych et al. 1997a, 
1997b, 1998; Colgan et al. 2000; Harasewych and McArthur 2000). In general, 
these studies have readily identified the major gastropod lineages (outlined 
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Figure 6.1. Morphology-based classifications of Gastropoda, with trees drawn to rep- 
resent relationships among the nine clades (see text). Taxon names and ranks have 
been modified for the sake of uniformity and clarity. Hypothesis of nonmonophyly for 
the modem major groupings are marked with an asterisk. (A) Thiele (1929-31), repre- 
sented as a phylogenetic tree (modified from Ponder and Lindberg 1996). (B) Goltkov 
and Starobogatov (1975). (C). Haszprunar (1988). (D). Ponder and Lindberg (1997). 

above), but have had much difficulty in resolving basal relationships. In this 
chapter, we examine the growing consensus concerning the major lineages of 
the Gastropoda and use the largest alignment of 18S (small subunit) ribosomal 
RNA sequences yet assembled as an independent assessment of confidence. 
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EXAMINING CONSENSUS USING 
SUPERTREE ANALYSIS 

With so many independent studies, each using a different dataset, it is difficult 
to obtain an overall view of our current understanding of gastropod phylogeny. 
In particular, it is often hard to compare the results of molecular phylogenetic 
investigations (based on sequences from individual specimens) and parsimony 
analysis of anatomical characters (often based on summaries of character states 
for higher-order taxonomic groups). Even among studies using the same kind 
of data, differences in taxonomic sampling, the exact characters considered, and 
how the analysis was performed can make comparison difficult. Table 6.1 shows 
the data used by a metaanalysis of 11 studies of gastropod phylogeny, ranging 
from the precladistic hypotheses of Thiele (1929-31) and Golikov and Staro- 
bogatov (1975) to the recent molecular phylogenetic investigation of Colgan et 
al. (2000). We used the supertree method of Baum (1992) and Ragan (1992) 
(for a review, see Sanderson et al. 1998), in which the phylogenetic trees of each 
study are receded as new metadata by the matrix representation using parsi- 
mony (MRP) method. In essence, the new metadata matrix reflects the presence 
or absence (or lack of data) of all of the possible clades of gastropod groups 
found in these studies. The resulting matrix was subjected to a cladistic analy- 
sis under parsimony to provide a consensus supertree in which shared results 
among original studies are recovered and differences in branching order among 
the original studies are resolved using the most parsimonious explanation. The 
advantage of this method is that the studies do not have to be compatible—each 
can use a different selection of taxa. For example, the detailed neontological 
study of Ponder and Lindberg (1997) includes the architaenioglossan families 
Cyclophoridae and Ampullariidae, whereas the molecular study of McArthur 
and Koop (1999) includes representatives of Ampullariidae and Viviparidae. 

The metadata were compiled by receding each of the original phylogenetic 
hypotheses to the taxonomic names used by Ponder and Lindberg (1997), with 
the addition of a few taxa present in one or more of the other studies and some 
changes to more inclusive higher-order taxa. Because some molecular studies 
had multiple representatives of a single taxonomic group (e.g., multiple repre- 
sentatives of the Trochidae), we trimmed these phylogenetic trees to single rep- 
resentatives, albeit with some difficult choices, when molecular trees did not 
support monophyly. Some taxonomic groups were not included because they 
were not informative about overall gastropod phylogeny. The resulting dataset 
included 33 taxa and 151 parsimony-informative characters. Because not all 
of the original studies included bootstrapping or other measures of internal con- 
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Table 6.1 
Sources of data used for the supertree metaanalyses 

Number 
of MRP 

Source Type of Data Type of Analysis Characters 

Thiele (1929-31) Morphology Nonphylogenetic 16 
Golikov and Starobogatov (1975) Morphology Nonphylogenetic 19 

Haszprunar(1988) Anatomy Cladistic 17 
Ponder and Lindberg (1997) Anatomy and Morphology Phylogenetic 30 
Tillieretal.(1994) 28S rDNA Phylogenetic 9 
Harasewych et al. (1997 a) 18S rDNA Phylogenetic 12 

Harasewych et al. (1998) 18S rDNA Phylogenetic 11 
Winnepenninckx et al. (1998) 18S rDNA Phylogenetic 6 
McArthur and Koop (1999) 28S rDNA Phylogenetic 14 

Colganetal.(2000) 28S rDNA and Histone H3 Phylogenetic 16 
Harasewych and McArthur (2000) 18S rDNA Phylogenetic 11 

Note: Trees were recoded as binary characters by the matrix representation using parsimony (MRP) method 

(Baum 1992; Ragan 1992). 

fidence, each of the new metadata characters was given equal weight in the final 
analysis. 

We subjected the metadata to analysis under the parsimony optimality cri- 
teria using the computer program PAUP* (Swofford 2001). We used 100 ran- 
dom taxa addition replicates with tree bisection and reconnection (TBR) branch 
swapping to find the set of most parsimonious trees. We assessed confidence 
of the results by performing bootstrap analysis on 100 random bootstrap repli- 
cate datasets, with 10 random taxa addition replicates per bootstrap dataset and 
a limit of 100 trees in memory for TBR swapping. Eighty equally parsimonious 
reconstructions of the metadata were found; the majority-rule consensus tree 
is presented in Figure 6.2. The resulting phylogenetic hypothesis was quite con- 
ventional, with Ponder and Lindberg's (1996) hypothesized basal position of 
the Patellogastropoda and monophyly of all of the major groups, although this 
was assumed for the Patellogastropoda (based on Harasewych and McArthur 
2000), Neritopsina (consistent with all of the studies), Neomphalina (based on 
McArthur and Koop 1999), and Pulmonata. As with recent studies, bootstrap- 
ping revealed negligible support for the basal branching order of the Gas- 
tropoda. Monophyly of groups such as the Cocculiniformia (Cocculinoidea + 
Lepetelloidea), Caenogastropoda, Vetigastropoda, and Heterobranchia was not 
statistically supported. However, there was strong support for monophyly of the 
Apogastropoda (Caenogastropoda + Heterobranchia) and a clade containing the 
Architectonicoidea, Pulmonata, and a monophyletic Opisthobranchia. Resolu- 
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Figure 6.2. Majority-rule consensus tree of the 80 most parsimonious supertrees 
found using all of the studies listed in Table 6.1. Bootstrap proportions where higher 
than 50% are shown. 

tion of evolutionary relationships within the Prosobranchia did not improve 
when the studies of Thiele (1929-31), Golikov and Starobogatov (1975), and 
Haszprunar (1988) were excluded and the data reanalyzed (Figure 63). This 
second result reflected common themes found in molecular studies: unexpected 
placement of the root of the Gastropoda (Neritopsina as the basal clade?), lack 
of resolution of the prosobranch grade, yet good support for monophyly of the 
Apogastropoda, Caenogastropoda, and Heterobranchia. As did the molecular 
studies, this method suggested shared ancestry of the Cocculinoidea, Lepetel- 
loidea, and Patellogastropoda. 
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Figure 6.3. Majority-rule consensus tree of the 20 most parsimonious supertrees 
found using all the studies listed in Table 6.1, except those of Thiele (1929-31), 
Golikov and Starobogatov (1975), and Haszprunar (1988). Bootstrap proportions 
where higher than 50% are shown. 

A PRELIMINARY BAYESIAN PERSPECTIVE 

Molecular investigations of gastropod phylogeny have mainly used the 
DNA-RNA sequences of the small (18S) and large (28S) subunits of ribosomal 
RNA genes. Every gene examined in molecular systematics has its limits. The 
consistently poor resolution of early gastropod phylogeny suggests that ribo- 
somal sequences have a difficult time "reaching back" to the early Paleozoic 
and Cambrian. This is contrary to expectation, because these gene sequences 
have been used successfully to examine the Tree of Life and have helped elu- 



Systematics of Gastropoda     •     147 

cidate the existence of the three domains of life—the Bacteria, Archaea, and 
Eukaryota (Woese et al. 1990; Embley et al. 1994). Our lack of significant 
progress in the Gastropoda is more likely a reflection of sampling effort. Out- 
side of the Euthyneura, most gastropod rRNA sequences are partial. Statistical 
resolution improves with the number of characters sequenced. Similarly, rep- 
resentative taxon sampling can be very important in resolving major phyloge- 
netic patterns because crucial taxa can split long internal branches, reducing ar- 
tifacts and providing more phylogenetic signal about early evolutionary events. 
We have attempted to address these concerns by building as large an 18S rDNA 
dataset as possible. To that end, an 18S rDNA alignment of 163 gastropod taxa 
has been constructed (available on request, including source information). This 
alignment includes all partial and full-length 18S rRNA sequences available in 
GenBank, aligned according to the secondary structure model of the Ribosomal 
Database Project (Olsen et al. 1992) using an iterative application of ClustalW 
(Thompson et al. 1994) and subsequent manual editing using MacClade (Mad- 
dison and Maddison 2000). The alignment also includes 21 new sequences 
(Table 6.2) determined using the methods outlined in Harasewych and 
McArthur (2000). These new sequences attempt to improve the taxon sampling 
throughout the Prosobranchia, although most were partial sequences because 
preserved specimens were used. 

To incorporate maximum likelihood, phylogenetic uncertainty, and easy ex- 
amination of competing hypotheses, we analyzed this large alignment using a 
Bayesian statistical procedure, as implemented by the computer program 
MrBayes (Huelsenbeck and Ronquist 2001). MrBayes performs a Metropolis- 
coupled Markov chain Monte Carlo (MCMCMC) estimation of posterior prob- 
abilities (see Shoemaker et al. 1999; Huelsenbeck et al. 2001; Lewis 2001b). 
Bayesian methods have the advantage of incorporating maximum likelihood, 
complex substitution models, and fast analyses. Their goal is not to find the best 
tree, but to instead sample the "cloud of best trees." Bayesian methods recog- 
nize that there is uncertainty in phylogenetic analyses owing to the finite amount 
of data sampled. Instead of finding the single best tree (a very difficult proce- 
dure), Bayesian methods instead use their sampling of "best trees" to estimate 
posterior probabilities of relationships between taxa. Any possible clade can be 
assigned an easy-to-interpret posterior probability. For example, Bayesian meth- 
ods make it easy to ask, "What is the probability that the sister taxon to the 
Caenogastropoda is the Heterobranchia versus the probability that it is the 
Neritopsina?" The consensus of all trees sampled from the "cloud of best trees" 
provides an overview of the most probable phylogeny. In practice, this is often 
the same tree found using maximum likelihood heuristic searches. As our dataset 
was too large for maximum likelihood heuristic searching, we performed 
MCMCMC estimation of posterior probabilities using noninformative prior 
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Table 62 
New 18S rDNA sequences included in this study, localities, preservation means, 
vouchers, sequence lengths, and GenBank accession numbers 

Taxon Specimen Details 
GenBank 

Accession No. 

Caenogastropoda 

Viviparus georgianus 

Cocculinoidea 
Coccopigya hispida 

Cocculina messingi 

Heterobranchia 

Rissoella caribaea 

Lepetelloidea 
Caymanabyssia fosteri 

Copulabyssia gradata 

Mesopelex zelandica 

Pyropelta musaica 

Tentaoculus haplricola 

Neomphalina 
Cyathermia naticoides 

Depressigyra globulus 

Melanodrymia 

aurantiaca 

Neomphalus frelterae 

Pellospira operculala 

Symmetromphalus 

regularis 

Pleurotomarioidea 
Entemnotrochus 

adansonianus 

Lake Talquin, Tallahassee, Florida (Frozen, AY090794 

USNM 1003901) (1797 bp) 

On wood, off Cape Palliser,4r45.2'S 175°26.8'E, AY090795 
1,039-1,077 m (EtOH, Marshall 87048) (537 bp) 

On deployed wood, Bahamas, 26°37.30'N AY090796 
78°58.55'W, 1,372 ft. (Frozen, USNM 888655) (1752 bp) 

Fiesta Key, Florida (Frozen, USNM 881221) AY090797 
(2123 bp) 

On deployed wood, 11°51.00'N 103°50.00'W, AY090798 
East Pacific Rise, 2,700 m (EtOH, (145 bp) 
USNM 784765) 

On wood, off Cape Egmont 38°58.5'S 172°10.2'E, AY090799 
1,045-1,055 m (EtOH, USNM 888730) (530 bp) 

On kelp holdfast, Chatham Rise, 42°53'S 176°04'E, AY090800 
370^120 m (EtOH, Marshall 118916) (547 bp) 

Hydrothermal vents, 45°57,00'N 130°01.00'W, AY090801 
Juan de Fuca Ridge, 1,546 m (EtOH, (149 bp) 
USNM 858229) 

On algal holdfast, off Chatham Island, 42°50'S AY090802 
176°30'W, 945 m (EtOH, USNM 888731) (141 bp) 

Hydrothermal vents, 20°49.9'N 109°06.0'W, AY090803 
East Pacific Rise, 2,615 m (Frozen, Lutz A2232) (526 bp) 

Hydrothermal vents, 44°59.43'N, 130°12.08'W, AY090804 
Juan de Fuca Ridge, 2,249 m (Frozen, Tunn. (561 bp) 
HYS202) 

Hydrothermal vents, 20°47.0'N 109°08.9'W, AY090805 
East Pacific Rise, 2,577 m (Frozen, Lutz A2233) (490 bp) 

Hydrothermal vents. Oyster Bed and Garden of AY090806 
Eden, Galapagos Rift (EtOH, USNM 784638) (576 bp) 

Hydrothermal vents, 00°48'N 86°13"W, AY090807 
Galapagos Rift, 2,462 m (Frozen, Lutz A2010) (538 bp) 

Hydrothermal vents, 18°12.36'N 144°42.24'E, AY090808 
Mariana back-arc basin, 3,640 m (538 bp) 
(EtOH, USNM 784763) 

Guadeloupe (Frozen, USNM 888647) AY090809 
(1993 bp) 
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Table 6.2 continued 

Taxon Specimen Details 
GenBank 

Accession No. 

Vetigastropoda 
Bathymargarites 

symplector 

Cittarium pica 

Lepetodrilus fucensis 

Sinezona confusa 

Temnocinclis euripes 

Hydrothermal vents, 20°49.9'N 109o06.0'W, 

East Pacific Rise, 2,615 m (Frozen, Lutz A2232) 
Jamaica (Frozen, USNM 888661) 

Hydrothermal vents, 40°58'N 129°05.5'W, 
Juan de Fuca Ridge, 2,125 m (Frozen, Tunn. 
F20-A2413) 

Long Key, Florida (Frozen, USNM 888716) 

Hydrothermal vents, 44°56'N 130°15'W, 
Juan de Fuca Ridge, 2282 m. (EtOH, Turin. 
A2078-1452) 

AY090810 
(534 bp) 

AY090811 
(403 bp) 

AY090812 
(529 bp) 

AY090813 
(530 bp) 

AY090814 

(541 bp) 

Note: Sequences for Cocculina messingi, Rissoella caribaea, and Entemnotrochus adansonianus are exten- 
sions of previously published sequences. 

Preservation method: EtOH = fixation in formalin, followed by storage in ethanol. 

Source codes: Lutz = collection of R. Lutz, Rutgers University, U.S.A.; Marshall = collection of B. Marshall, 
Museum of New Zealand, New Zealand; Tunn. = collection of V. Tunnicliffe, University of Victoria, Canada; 
USNM = Mollusk collection, National Museum of Natural History, Smithsonian Institution. 

probabilities, the TrN+I+r substitution model with inclusion of unequal nu- 
cleotide frequencies (see Swofford et al. 1996), and four incrementally heated 
Markov chains. The TrN+I+r substitution model was selected using the Like- 
lihood Ratio Test as implemented in the computer program ModelTest (Posada 
and Crandall 1998). The Markov chains were run for 150,000 generations, with 
sampling of topologies every 100 generations. Posterior probabilities of topolo- 
gies, clades, and parameters were estimated from the sampled topologies after 
removal of MCMCMC burn-in. We included all tax a in the alignment, except 
that we used representative taxon sampling for the Caenogastropoda and Het- 
erobranchia, because both of these groups included a heavy sampling of closely 
related genera. Regions of poor or uncertain alignment were excluded from 
analyses and the final dataset included 81 taxa and 1,431 characters (899 of 
which were constant). Based on our experience with these data, we did not in- 
clude a nongastropod outgroup because the preponderance of partial sequences 
at the base of the Gastropoda make rooting extremely unreliable. Instead, we 
used the Patellogastropoda as a visual root when presenting trees. As such, all 
discussion of monophyletic and sister relationships from our results should be 
treated as conditional on the final placement of the root of the Gastropoda. 

A consensus of posterior probabilities as determined by Bayesian analysis 
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Figure 6.4. Majority-rule consensus tree of trees sampled from the "cloud of best 
trees" by MCMCMC (after removal of burn-in). Such a sampling is representative of 
posterior probabilities, which are given in parentheses for the major clades and a few 
internal nodes related to the placement of the Cocculinoidea and Lepetelloidea. 
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of the 81 taxa alignment is shown in Figure 6.4. Monophyly of the Hetero- 
branchia, Caenogastropoda, Apogastropoda, Neritopsina, and Patellogastropoda 
was supported. In contrast, the Cocculiniformia was divided into two groups— 
a monophyletic Cocculinoidea appeared as a member of the hydrothermal vent 
Neomphalina and a monophyletic Lepetelloidea appeared as a member of the 
Vetigastropoda. Both of these results had strong support. As found previously, 
the Pleurotomarioidea branched separately from the Vetigastropoda. Unfortu- 
nately, the sampling used to determine these posterior probabilities was very 
small. The MCMCMC was only able to run for 150,000 generations before 
MrBayes ran out of memory, and the first 100,000 generations had to be dis- 
carded as burn-in. Only 500 trees were sampled. As in heuristic searching, in 
which the number of random addition replicates needed to find the best tree is 
unknown, the number of generations needed by MCMCMC to obtain an unbi- 
ased estimate of posterior probabilities is also unknown. However, because our 
sampling ran only half as long as the burn-in, the posterior probabilities pre- 
sented in Figure 6.4 are almost certainly inaccurate estimates. As such, we must 
view Figure 6.4 as a preliminary Bayesian estimate of gastropod phylogeny. 

REPRESENTATIVE TAXON SAMPLING 

Although our goal in using Bayesian methods was to obtain an estimate of gas- 
tropod phylogeny using the largest possible sampling of taxa, we ran aground 
of computational limits. As such, we decided to take a smaller, representative 
sampling of gastropod phylogeny from our 163 taxon alignment and examine 
gastropod phylogeny under maximum parsimony, minimum evolution, maxi- 
mum likelihood, and Bayesian perspectives. Based on our broader Bayesian 
analysis (Figure 6.4), we sampled representative sequences from the Patel- 
logastropoda, Vetigastropoda, and Apogastropoda and included all sequences 
available for the Lepetelloidea, Pleurotomarioidea, Neomphalina, Cocculi- 
noidea, and Neritopsina. In all, 33 taxa and 1,431 characters (1,070 constant) 
were included. We searched for the best tree under the maximum likelihood op- 
timality criterion using 10 random taxon addition replicates,TBR branch swap- 
ping, and the TrN+I+r substitution model with inclusion of unequal nucleotide 
frequencies (determined by ModelTest). Bootstrap measures of internal confi- 
dence were determined using 100 bootstrap replicates with 10 (maximum par- 
simony / minimum evolution) or 2 (maximum likelihood) random addition 

Figure 6.4 continued 
Branch lengths represent the amount of evolutionary change. The posterior probabili- 
ties shown are probably inaccurate estimates caused by the overly short Markov chain 
lengths (see text). 
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replicates each. All searches and bootstrapping were restricted to 20 trees in 
memory during branch swapping. In addition, we performed Bayesian estima- 
tion of posterior probabilities using noninformative prior probabilities, the 
TrN+I+r substitution model with inclusion of unequal nucleotide frequencies, 
and four incrementally heated Markov chains. The Markov chains were run for 
a million generations, with sampling of topologies every 100 generations. Pos- 
terior probabilities of topologies, clades, and parameters were estimated from 
the sampled topologies after removal of MCMCMC burn-in. 

The best tree found under maximum likelihood (Figure 6.5) agreed in gen- 
eral with the tree found with the broader Bayesian analysis. There was strong 
bootstrap and posterior probability support for the major clades, with the ex- 
ception of the Vetigastropoda/Lepetelloidea grouping. All analyses found strong 
support for the Apogastropoda, but disagreed on the Neritopsina being its sis- 
ter taxa (the maximum likelihood bootstrap value was low). There was strong 
support under maximum likelihood and by posterior probabilities that the Coc- 
culinoidea shared common ancestry with the hydrothermal vent Neomphalina. 
The placement of the Lepetelloidea within the Vetigastropoda is merely an un- 
supported suggestion because bootstrap values and posterior probabilities were 
negligible for the placement of vetigastropod taxa, although support was strong 
for independent origins of the Pleurotomarioidea. 

The combination of new discoveries such as the novel Neomphalina from 
hydrothermal vents, new tools such as electron microscopy and DNA sequenc- 
ing, and new perspectives such as parsimony and maximum likelihood have all 
combined to revolutionize our understanding of gastropod phytogeny. As shown 
in our metaanalyses, neontological and molecular data do not conflict for much 
of gastropod phylogeny. We have clear evidence that traditional groupings such 
as the Prosobranchia, Archaeogastropoda, Mesogastropoda, and Streptoneura 
are phylogenetically meaningless or are grades of organization. We now un- 
derstand that a great deal of gastropod diversity, including marine, terrestrial, 
and aquatic forms with a variety of lifestyles is the product of a single phylo- 
genetic lineage—the Apogastropoda. This clade, with its internal sister rela- 
tionship between the Heterobranchia and Caenogastropoda, finds strong sup- 
port in all neontological and molecular studies. However, neontological and 
molecular studies are not in agreement on the remainder of gastropod phy- 
logeny. The most notable difference is that neontological studies find resolved 
(i.e., bootstrap support) branching patterns for basal gastropod phylogeny (e.g., 
Ponder and Lindberg 1997), whereas molecular studies often resolve the major 
clades, but cannot resolve the relationships among them. The differences in 
basal branching pattern and consistent poor basal bootstrap support in our two 
supertrees (Figures 6.2 and 6.3) are due in part to introduction of basal phylo- 
genetic noise by molecular studies. This noise, within the molecular studies 
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Figure 6.5. Best maximum likelihood tree found for the representative sampling of 
the Gastropoda. Bootstrap values are shown where higher than 50% (maximum parsi- 
mony / minimum evolution / maximum likelihood). Bayesian posterior probabilities 
are given in parentheses where higher than 50%. * represent bootstrap values lower 
than 50%. Branch lengths represent amount of evolutionary change. 
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themselves or in our supertree analyses, produces phylogenetic artifacts such 
as the basal placement of the Neritopsina (Figure 6.3). Most notably, basal po- 
sition of the Patellogastropoda finds considerable, very believable support in 
studies of gastropod anatomy and ultrastructure (e.g., Ponder and Lindberg 
1996,1997), but long branch problems essentially make the Patellogastropoda 
a rogue taxon in ribosomal sequence investigations (McArthur and Koop 1999; 
Harasewych and McArthur 2000). Thus, molecular investigations of gastropod 
phylogeny need to pay careful attention to sources of variation, noise, and bias. 

Molecular investigations of gastropod phylogeny provide a very powerful 
tool for independent assessment of neontological hypotheses. Our preliminary 
Bayesian investigation and thorough maximum likelihood analysis confirm the 
monophyly of the Patellogastropoda, Neritopsina, Cocculinoidea, Lepetel- 
loidea, Pleurotomarioidea, Caenogastropoda, Heterobranchia, and Apogas- 
tropoda. Use of 18S rDNA sequences confirms the earlier finding of McArthur 
and Koop (1999) that the hydrothermal vent endemic Neomphalina represents 
a major gastropod lineage, but additionally supports common ancestry with the 
Cocculinoidea, another group of deep-sea sulphophiles known from hy- 
drothermal vents, hydrocarbon seeps, whale falls, and sunken wood. We also 
find considerable evidence for origins of the Lepetelloidea independent of the 
Cocculinoidea, with a statistically unsupported association of the Lepetelloidea 
with the Vetigastropoda. The lack of support for monophyly of the Vetigas- 
tropoda (less the Pleurotomarioidea) contrasts with previous molecular inves- 
tigations and illustrates some concerns with these data. Long internal branches 
separate the Patellogastropoda, Cocculinoidea, and Lepetelloidea from their 
closest relatives. Long branches can obscure phylogenetic history through 
introduction of localized noise, although maximum likelihood handles this ar- 
tifact quite well (Swofford et al. 1996). Although the Cocculinoidea does not 
appear to be acting as a rogue taxon (i.e., high support for monophyly of Neom- 
phalina + Cocculinoidea), the combination of very long branches in the Lep- 
etelloidea and drastic loss of support for the Vetigastropoda makes the associa- 
tion of these two taxa suspect. The separation of the Pleurotomarioidea from 
the Vetigastropoda has been found in previous molecular investigations (e.g., 
Harasewych and McArthur 2000). The Pleurotomarioidea has novel 18S rDNA 
inserts of considerable size associated with elevated sequence variation in con- 
servative regions of the alignment (Harasewych et al. 1997a; Harasewych and 
McArthur 2000). On a smaller scale, the same is true for the Patellogastropoda 
and Lepetelloidea (Harasewych and McArthur 2002; alignment used in this 
study). Models of nucleotide substitution used by maximum likelihood analy- 
ses assume that the rules of evolution are homogeneous for all lineages within 
the sampled phylogenetic tree (Swofford et al. 1996). The opposite-elevated 
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or differing patterns of variation in some of the sampled lineages (covarion 
pattern of variation) can confuse tree reconstruction considerably (Lockhart et 
al. 1998). Thus, although the Pleurotomarioidea does not exhibit long branches, 
examinations of the rDNA alignments suggest it may be contributing a covarion 
structure to the data (as may be the Patellogastropoda and Lepetelloidea in as- 
sociation with long branch problems). Although Ponder and Lindberg's (1997) 
detailed investigation of gastropod anatomy supported a monophyletic Veti- 
gastropoda that included the Lepetelloidea and Pleurotomarioidea, a covarion 
structure in the rDNA data may be degrading our ability to accurately examine 
the Vetigastropoda and its relatives. 

Consistent with other molecular investigations, we do not find a clear reso- 
lution of basal gastropod phylogeny. Although Bayesian methods hold promise 
for future resolution of basal gastropod phylogeny, we were unable to run suf- 
ficiently long Markov chains in our dataset with a large taxon sampling (Figure 
6.4). We suspect that the lack of support for the Vetigastropoda + Lepetelloidea 
in the maximum likelihood analysis (Figure 6.5) could also in part be the prod- 
uct of restricted taxon sampling. Overall, there was a general agreement be- 
tween maximum likelihood bootstrap values and Bayesian posterior probabili- 
ties in the smaller taxon sampling (Figure 6.5), with the exception of two of the 
deeper nodes in the tree (position of the Neritopsina and placement of the 
Neomphalina + Cocculinoidea). Posterior probabilities support a sister rela- 
tionship between the Neritopsina and the Apogastropoda, with this grouping 
in a sister relationship with the Neomphalina + Cocculinoidea clade. There is 
no current understanding of the relationship between bootstrap values and pos- 
terior probabilities. That the two are in conflict for these two hypothetical sis- 
ter relationships means these relationships should be taken as preliminary hy- 
potheses testable by additional data and future advances in our understanding 
of the bootstrap-posterior probability relationship. 

Instead of focusing on the search for the best tree, molecular systematic in- 
vestigations can often be more fruitful if they are considered opportunities to 
examine important hypotheses. One of the advantages of Bayesian methods is 
that posterior probabilities can be determined for any number of phylogenetic 
hypotheses. A series of important hypotheses and their associated posterior 
probabilities are presented in Table 6.3. These data do not support monophyly 
of the Cocculinif ormia (Cocculinoidea + Lepetelloidea; p = 0.00), nor their joint 
association with another major lineage, such as the Patellogastropoda (p = 0.00) 
or Neomphalina (p = 0.00). Although the Cocculinoidea appear to share com- 
mon ancestry with the Neomphalina (p = 1.00), the data are equivocal on 
whether this could be a sister relationship (p - 0.38). These data also reject com- 
mon ancestry of the Neomphalina and Vetigastropoda (p = 0.00). In fact, any 
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Table 63 
A Bayesian look at several alternative phylogenetic hypotheses 

Posterior 
Hypothesis Probability* 

Monophyly of Cocculinoidea + Lepetelloidea 0.00 
Monophyly of Cocculinoidea + Neomphalina (exists in Figure 6.5) 1.00 
Cocculinoidea as sister taxon to the Neomphalina only 0.38 

Monophyly of Lepetelloidea + Vetigastropoda (exists in Figure 6.5) 0.30 
Lepetelloidea as sister taxon to the Vetigastropoda only 0.17 
Monophyly of the Vetigastropoda (regardless of Lepetelloidea) 0.17 
Monophyly of Vetigastropoda + Pleurotomarioidea 0.00 
Monophyly of Patellogastropoda + Cocculinoidea + Lepetelloidea 0.00 
Monophyly of Neomphalina + Vetigastropoda 0.00 
Monophyly of Cocculinoidea + Neritopsina 0.00 
Monophyly of Neomphalina + Cocculinoidea + Lepetelloidea 0.00 

Posterior probabilities are from the Bayesian analysis shown in Figure 6.5. 
bRounded to two decimal places. 

hypothesis that does not place the Lepetelloidea, Vetigastropoda (not including 
Pleurotomarioidea), and Patellogastropoda basal to all other gastropod lineages 
is strongly rejected (p - 0.97, maximum likelihood bootstrap = 81). However, 
because Bayesian approaches are a recent introduction to molecular systemat- 
ics and many aspects of their strengths, weaknesses, and biases have yet to be 
investigated, we should exercise some caution in interpreting these results. 

It should be noted that the long branches associated with the Lepetelloidea 
in our analyses are in part due to use of some very short sequences (Table 6.2). 
Short sequences increase error in branch length estimates. Resolution of the po- 
sition of the Lepetelloidea, plus improved resolution of basal relationships, 
could improve with use of longer sequences. Overall, our large 18$ rDNA 
alignment contained little variation for the tax a studied (532 variable sites for 
Figure 6.4,361 variable sites for Figure 6.5). Given the dramatically decreased 
cost of DNA sequencing and development of long PCR techniques, future stud- 
ies should attempt to amplify and sequence the entire ribosomal operon when 
examining overall gastropod phylogeny. Combined analysis of both large and 
small subunit ribosomal sequences is proving quite powerful in resolving deep 
animal relationships (Medina et al. 2001; Mallatt and Wine he 11 2002), so am- 
plifying the entire operon would be the most efficient and cost effective way 
to obtain these data. Statistical and probabilistic approaches to gastropod phy- 
logeny are proving to be powerful and, as our emphasis shifts from finding the 
very best tree to recognizing phylogenetic uncertainty, we are certain to expand 
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our use of morphological and molecular data for phylogenetic hypothesis test- 

ing. For example, Lewis (2001a) recently described a maximum likelihood 

method for discrete morphological characters that could be applied to our rich 

knowledge of gastropod morphology, anatomy, and ultrastructure. Because 

statistical and model-based methods have associated error, it will be important 

to minimize random error by using the longest sequences and largest data sets 

possible. Given the expanding use of diverse approaches such as electron mi- 

croscopy, examination of development, DNA sequencing, comparative ge- 

nomics, and broad tax on sampling, the vigorous malacologica! research com- 

munity is sure to rise to the challenge. 
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