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ABSTRACT

The evolution and diversification of euthyneuran slugs and snails was likely strongly
influenced by habitat transitions from marine to terrestrial and limnic systems. Well-
supported euthyneuran phylogenies with detailed morphological data can provide information
on the historical, biological and ecological background in which these habitat shifts took place
allowing for comparison across taxa. Acochlidian slugs are ‘basal pulmonates’ with uncertain
relationships to other major panpulmonate clades. They present a unique evolutionary history
with representatives in the marine mesopsammon, but also benthic lineages in brackish water,
limnic habitats and (semi-)terrestrial environments. We present the first comprehensive
molecular phylogeny on Acochlidia, based on a global sampling that covers nearly 85 % of
the described species diversity, and additionally, nearly doubles known diversity by
undescribed taxa. Our phylogenetic hypotheses are highly congruent with previous
morphological analyses and confirm all included recognized families and genera. We further
establish an ancestral area chronogram for Acochlidia, document changes in diversification
rates in their evolution via the birth-death-shift-model and reconstruct the ancestral states for
major ecological traits. Based on our data, Acochlidia originated from a marine,
mesopsammic ancestor adapted to tropical waters, in the mid Mesozoic Jurassic. We found
that the two major subclades present a remarkably different evolutionary history. The
Microhedylacea are morphologically highly-adapted to the marine mesopsammon. They show
a circum-tropical distribution with several independent shifts to temperate and temperate cold-
habitats, but remained in stunning morphological and ecological stasis since the late
Mesozoic. Their evolutionary specialization, which includes a remarkable and potentially
irreversible ‘meiofaunal syndrome’, guaranteed long-term survival and locally high species
densities but also resembles a dead-end road to morphological and ecological diversity. In
contrast, the Hedylopsacea are characterized by morphological flexibility and ecologically by

independent habitat shifts out of the marine mesopsammon, conquering (semi-)terrestrial and
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limnic habitats. Originating from interstitial ancestors with moderate adaptations to the
mesopsammic world, they reestablished a benthic lifestyle and secondary ‘gigantism’ in body
size. The major radiations and habitat shifts in hedylopsacean families occured in the central
Indo-West Pacific in the Paleogene. In the Western Atlantic only one enigmatic representative
is known probably presenting a relict of a former pan-Tethys distribution of the clade. This
study on acochlidian phylogeny and biogeography adds another facet of the yet complex
panpulmonate evolution and shows the various parallel pathways in which these snails and
slugs invaded non-marine habitats. Given the complex evolutionary history of Acochlidia,
which represent only a small group of Panpulmonata, this study highlights the need to
generate comprehensively-sampled species-level phylogenies to understand euthyneuran

evolution.
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1. Introduction

Habitat transition from sea to land or freshwater and vice versa are considered infrequent
across all metazoan clades, except for tetrapod vertebrates (Vermeij and Dudley, 2000). The
general rarity of habitat shifts in the evolution of the animal kingdom is likely due to the
adaptive costs that a new physical environment demands, for example concerning respiration,
osmoregulation, reproduction and defensive features, and the competitive disadvantage of the
new invaders against well-adapted incumbents (Vermeij and Dudley, 2000; Vermeij and
Wesselingh, 2002). The evolution of euthyneuran gastropods, however, defies such
generalizations: euthyneuran snails and slugs inhabit all aquatic and terrestrial habitats and
pulmonate taxa especially have shown numerous independent shifts between habitats (Barker,

2001; Dayrat et al., 2011; Klussmann-Kolb et al., 2008; Mordan and Wade, 2008). The
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invasion of new habitats (especially terrestrial ones) played a key role in the diversification of
euthyneuran gastropods leading to highest species richness and ecological diversity among
this class of Mollusca (Mordan and Wade, 2008). Studying the historical context and the
ecological and biological precursors, which facilitated habitat shifts in euthyneuran
gastropods, should allow for comparative evaluation to other taxa in the future. Why can
barriers preventing habitat transition be overcome more easily by some groups of
invertebrates than by others?

To study the evolution of features such as habitat transitions, a robust phylogenetic hypothesis
on the sister group relationships among major clades and between taxa inhabiting different
environments is required. Unfortunately, until recently, the phylogeny of Euthyneura could
not be resolved satisfactorily (Brenzinger et al., 2013; Waégele et al., 2014) via cladistic
analyses of morphological markers, probably due to a high degree of homoplasy (Dayrat and
Tillier, 2002). Molecular phylogenetics has contradicted the traditional division of Euthyneura
in ‘Opisthobranchia’ and ‘Pulmonata’ (Grande et al., 2004; Klussmann-Kolb et al., 2008) and
retrieved some former opisthobranch and ‘lower heterobranch’ clades in pulmonate
relationships (Jorger et al., 2010b; Klussmann-Kolb et al., 2008; Schrodl et al., 2011a). For
continuity in terminology, these newly allied groups are recognized with traditional
pulmonates using the taxon name Panpulmonata (Jorger et al., 2010b). The new classification
of Euthyneura is consistently retrieved based on molecular ‘standard markers’ (nuclear 18S
and 28S rRNA and mitochondrial 16S rRNA and cytochrome oxidase subunit 1) (e.g., Dayrat
et al., 2011; Dinapoli and Klussmann-Kolb, 2010; Dinapoli et al., 2011; Jorger et al., 2010b;
Klussmann-Kolb et al., 2008), but none of these molecular studies provides well-supported
sister group relationships among the major panpulmonate taxa. The new classification was not
supported by combining data from mitochondrial genomes analyzed for ‘Opisthobranchia’
(Medina et al., 2011) and ‘Pulmonata’ (White et al., 2011). However, mitogenomics does not

seem suitable to resolve basal euthyneuran relationships (Bernt et al., 2013; Stdger and
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Schrédl, 2013). The first phylogenomic approaches support the new classification into
Euopisthobranchia and Panpulmonata but also still lack support for inner panpulmonate
relationships (Kocot et al., 2013; Zapata et al., 2014). Although considerable advances have
been achieved in regards off well-supported monophyly of many major euthyneuran clades,
ambiguities in the phylogenetic relationships among the major panpulmonate taxa still hinder
overall evolutionary approaches, e.g. to address the transitions between aquatic and terrestrial
habitats (Dayrat et al., 2011). Thus, at the current stage of knowledge, the evolution of
panpulmonates can only be traced via focusing on well-supported, undisputed clades, adding
step-by-step to the complex picture.

The Acochlidia form one of the suitable panpulmonate clades to study habitat transitions. This
slug lineage mainly inhabits the interstitial spaces of the marine intertidal and shallow
subtidal sands. Based on the current phylogenetic hypothesis on Acochlidia (JOrger et al.,
2010Db; Schrodl and Neusser, 2010), their evolution comprises several habitat shifts 1) into the
mesopsammon (i.e., the habitat of the interstitial spaces of sands sensu Remane (1940)) in the
putative marine, benthic ancestor and 2) out of the mesopsammon - uniquely for interstitial
gastropods - reestablishing a benthic lifestyle in a brackish environment in Pseudunelidae
(Neusser and Schrddl, 2009), limnic habitats in Acochlidiidae (see e.g., Brenzinger et al.,
2011b; Bicking, 1933; Haynes and Kenchington, 1991; Wawra, 1974, 1979) and Tantulidae
(Neusser and Schrodl, 2007; Rankin, 1979) and (semi-)terrestrial habitats in Aitengidae
(Neusser et al., 201l1a; Swennen and Buatip, 2009). In the past years, detailed
microanatomical redescriptions from representatives of all seven acochlidian families and
most of the 13 genera were conducted (Brenzinger et al., 2011a; Brenzinger et al., 2011b;
Eder et al., 2011; Jorger et al., 2010a; Jorger et al., 2008; Jorger et al., 2007; Kohnert et al.,
2011; Neusser et al., 2011a; Neusser et al., 2006; Neusser et al., 2009a; Neusser et al., 2011b;
Neusser et al., 2009b; Neusser and Schrddl, 2007, 2009). In combination with a cladistic

approach towards the phylogeny of Acochlidia based on a comprehensive matrix of
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morphological and ecological characters (Schrodl and Neusser, 2010), these studies provide a
reliable morphological dataset to study morphological adaptations preceding or resulting from
habitat shifts and compare different evolutionary strategies across Acochlidia. Integrative
approaches also demonstrated the limits of morphology, however, revealing a high degree of
pseudocryptic or fully cryptic speciation in mesopsammic lineages (Jorger et al., 2012;
Neusser et al., 2011b). Moreover, convergent adaptations to the mesopsammic habitat were
critically discussed as potentially misleading signal in morpho-anatomical phylogenetic
analyses (Schrodl and Neusser, 2010).

In the present study, we aim to establish a molecular phylogeny of Acochlidia with a
comprehensive panpulmonate outgroup sampling and including all valid acochlidian species.
Over the past years and with the support of a series of international collaborators (please see
Acknowledgements for details) we successfully recollected at type localities worldwide (see
Fig. 1) and are currently able to cover approx. 85 % of the described acochlidian diversity and
adding another 50 % previously unknown lineages. In addition to generating this phylogeny,
we also aimed to combine carefully calibrated molecular clock analyses and model-based
ancestral area reconstruction analyses to retrieve ancestral area chronograms as basis for
hypotheses on vicariance events and dispersal in Acochlidia. Moreover, we wanted to
reconstruct the history of major ecological traits (habitat, lifestyle and climate) by inferring
ancestral states. Based on phylogenetic trees the rate of evolution that created present-day
diversity can be evaluated. Typically, rates of diversification changes (speciation minus
extinction) are detected via slope changes in lineage-through-time plots (LTT). We also
wanted to implement a recent powerful likelihood approach that can detect shifts in the rate of
diversification and avoid stochastic errors e.g. when only a small number of specimens is
available (Stadler, 20114, see material and methods for details). Moreover, it can account for

incomplete taxon sampling (Stadler, 2011a), a fact which needs to be considered in
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acochlidian evolution with the vast majority of the world’s mesopsammic habitat still
unsampled (Jorger et al., 2012; Neusser et al., 2011b).

With this combination of phylogenetic approaches to reconstruct the evolutionary history of
Acochlidia, we aim to provide knowledge on the biogeographic background of habitat shifts
in Acochlidia and reevaluate morphological, biological and behavioral traits which might
have triggered or resulted from these transitions. The role of progenesis in the evolution of
this meiofaunal taxon is discussed, as is the impact of secondary ‘gigantism’ to cope with the
physical requirements in freshwater and terrestrial habitats. The conclusions on the
evolutionary history of Acochlidia aim to add a piece to the complex puzzle of the evolution
and radiation of hyperdiverse panpulmonates and provide insights on requirements and

consequences of habitat shifts in marine invertebrates.

2. Material and methods

2.1. Sampling and fixation

Sampling effort for Acochlidia was conducted in intertidal and subtidal sands worldwide,
whenever possible covering type localities of nominal species (see Fig. 1 and Additional
material 1 for collecting sites). In total, 36 described and 30 undescribed lineages (identified
as molecular operational taxonomic units —-MOTUs) are included here. Limnic specimens
were collected by hand from the undersides of stones in rivers and streams. All material was
observed alive and whenever possible photographed in the field. Limnic specimens were
anesthetized prior to fixation using menthol crystals. Meiofaunal specimens were extracted
from sand sampled using a MgCl,-seawater solution and careful decantation technique (Jérger
et al., 2014; Schrodl, 2006) and again anesthetized with MgCl, prior to fixation to prevent
retraction of the head-foot complex. Material was fixed in 75 % ethanol (for preparation of

hard structures, such as radulae, spicules and copulatory stylets), 96-99 % ethanol (molecular
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analyses) and 2.5-4 % glutardialdehyde buffered in cacodylate (for histology and
ultrastructure).

Unfortunately, our analyses lack one family of Acochlidia: monotypic Tantulidae. Tantulum
elegans Rankin 1979 was discovered by Rankin (1979) in the muddy interstices of a
freshwater mountain spring of the Caribbean Island of St. Vincent. The original type material
is unsuitably fixed for sequencing attempts and was not obtained from the Royal Ontario
Museum. New recollection attempts at the type locality (by KMJ) in February 2009 failed.
The described locality could be localized precisely based on the available literature (Harrison
and Rankin, 1976; Rankin, 1979), but has changed considerably probably due to agriculture
and the (only) spring where Tantulum occurred had disappeared at least during that time of

year.

2.2. DNA extraction, amplification and sequencing

DNA was extracted from entire specimens (in minute meiofaunal taxa) or from foot tissue
(limnic taxa) using the DNA Qiagen Blood and Tissue Kit or the Macherey-Nagel
NucleoSpin Tissue Kit. We followed the manufacture’s extraction protocol, with overnight
tissue lysis. We amplified four genetic standard markers via polymerase chain reaction (PCR):
mitochondrial cytochrome c¢ oxidase subunit I (COI) and 16S rRNA, and nuclear 18S rRNA
and 28S rRNA using the same protocols and primers as listed in Jorger et al. (2010Db).
Successful PCR products were cleaned up using ExoSap IT (Affymetrix Inc.) (COI, 16S
rRNA) or Macherey-Nagel NucleoSpin Gel and PCR Clean Up (28S rRNA). Cycle
sequencing and sequencing reactions were performed by the Sequencing Service of the LMU
using the PCR primers, Big Dye 3.1 and an ABI capillary sequencer. Voucher specimens are
deposited at the Bavarian State Collection of Zoology (ZSM, Munich), DNA aliquots are

stored and publicly available through the DNAbank network (http://www.dnabank-
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network.org) and all sequences are deposited to GenBank at NCBI

(http://www.ncbi.nlm.nih.gov/genbank/) (see Table 1 for accession numbers).

2.3. Phylogenetic analyses

Sequences were edited with BioEdit (Hall, 1999) and Geneious 5.2 (Drummond et al., 2010).
All sequences generated in this study were checked for putative contamination using BLAST
searches (Altschul et al., 1990) to compare our sequences with published sequences in
GenBank (http://blast.ncbi.nim.nih.gov). Outgroup selection followed the latest phylogenetic
hypothesis on the origin of Acochlidia (Jorger et al., 2010b), aimed to cover all major lineages
of Panpulmonata and also included more distantly related Euopisthobranchia and a ‘lower
heterobranchs’. Outgroup sequences were retrieved from GenBank (see Table 2 for accession
numbers). Alignments for each marker were generated using MAFFT (E-ins-I- option) (Katoh
et al., 2005). Ambiguous positions in the alignment were removed using Aliscore (Misof and
Misof, 2009). Comparative masking with Gblocks (Talavera and Castresana, 2007) (options
for a less stringent selection) resulted in the removal of 300 more nucleotide positions but the
topology of the final ML-tree was not affected. The COI alignment was checked manually
and by translation into amino acids for potential shift in the reading frame and for stop
codons. Sequences were concatenated using Sequence Matrix (Meier et al., 2006), and
BioEdit (Hall, 1999) for the translated COI alignment.

Models were selected using jModeltest (Posada, 2008) from 5 substitution schemes and 40
models for each individual marker and the concatenated dataset. This resulted in the
GTR+gamma+Il-model for all four markers. We conducted maximum-likelihood analyses of
the concatenated for-marker dataset, analyzed in four partitions corresponding to each marker.
In our RAXMLV7.2.8 analyses we followed ‘the hard and slow way’ in RAXMLv7.0.4 Manual

and generated five parsimony starting trees, applied 10 different rate categories, 200 random
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starting trees and non-parametric bootstrapping on 1000 trees. Orbitestella vera (Powell

1940) (Orbitestellidae, ‘lower Heterobranchia”) was defined as the outgroup.

2.4. Molecular dating

Molecular clock analyses — To estimate divergence times in Acochlidia we conducted relaxed
molecular clock analyses using BEAST v1.6.1 (Drummond and Rambaut, 2007) on our
concatenated four marker dataset. All analyses were run with the relaxed uncorrelated
lognormal model in four partitions corresponding to each marker and under the Yule process
using the GTR+Gamma-+I substitution model for each marker. We selected calibration points,
which we considered most reliable (i.e. taxa with a decent fossil record and comparably
reliable assignation to present day taxa) and most conservative (i.e. potential older
representatives with controversial assignment were ignored). A gamma-shaped distribution
prior was selected setting a hard prior on the minimum age of the respective node, highest
probability was assigned to the ages selected from literature and a 10 % range was chosen for
the distribution curve. Fossil timing follows Tracey et al. (1993) and Bandel (1994) using five
calibration points: the minimum age of the Anaspidea was set to 190 mya, Ellobiidae to 145
mya, Siphonariidae to 150 mya and Lymnaeidae to 140 mya. Moreover, we calibrated the
closure of the Isthmus of Panama to 2.1 mya, accommodating the possibility of subsequent
submersion after the closure about 3.4 mya (Cox and Moore, 2010). Analysis with all five
calibration points was run for 100 000 000 generations. Results were analyzed in Tracer v1.5,
and all values reached good effective sampling sizes. To produce a consensus tree, all trees
were combined in TreeAnnotator v1.6.1, with the first 10 000 trees discharged as burn-in. To
evaluate the impact of each calibration point on the time estimations, we performed sensitivity
analyses and ran five additional BEAST analyses (30 000 000 generations each) omitting one

calibration point in each of the analyses.
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Rate of evolution — we applied two different methods to detect changes in the rate of
evolution of Acochlidia. As input tree we used the ultrametric tree from our molecular clock
analyses in BEAST and removed outgroups and multiple individuals of one species prior to
analyses in R. We generated lineage-through-time plots (LTT) in R using the ape package
(Paradis et al., 2004). Additionally, we conducted maximum-likelihood analyses applying the
birth-death-shift process (Stadler, 2011a) to infer diversification rate changes in TreePar
(Stadler, 2011b). As described by Stadler (2011a) the likelihoods of the model allowing m
rate shifts were compared to the model allowing m+1 rate shifts via the likelihood ratio test,

applying a 0.99 criterion.

2.5. Ancestral area reconstruction

We used two different algorithms of ancestral area reconstruction: Statistical Dispersal-
Vicariance analysis (S-DIVA) in RASP 2.1b (Yu et al.,, 2012) and dispersal-extinction-
cladogenesis model (DEC) implemented in Lagrange (Ree et al., 2005; Ree and Smith, 2008).
We coded the areas based on the biogeographic realms of the Marine Ecosystem of the World
(MEOW) system designed for the world’s coastal and shelf areas (Spalding et al., 2007). In
general, meiofaunal Acochlidia lack a planktonic larval stage, thus dispersal abilities are
considered low (Jorger et al., 2012; Neusser et al., 2011b; Swedmark, 1968). Additional to the
MEQOW realms, we further subdivided Eastern/Western regions of the Atlantic and Pacific,
and separating the Pacific and Atlantic Coast of temperate South America, which resulted in
12 coded areas for the included material: Western Indo-West Pacific (WIP), central Indo-
West Pacific (CIP), Eastern Indo-West Pacific (EIP), tropical Eastern Pacific (EPT),
Southeast Pacific (SEP), Northeast Pacific (NEP), Northwest Pacific (NWP), tropical Western
Atlantic (WAT), Northwest Atlantic (NWA), Southwest Atlantic (SWA), tropical Eastern
Atlantic (EAT), Northeast Atlantic (NEA) (see Figure 1). No subdivisions into provinces of

the MEOW were adopted, as they contradict distribution ranges based on molecular analyses
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and haplotype networks in comparably wide spread microhedylacean Acochlidia (see Eder et
al., 2011; Jorger et al., 2012). Ranges of ancestral areas should resemble those of recent
representatives (Clark et al., 2008, Hausdorf, 1998), we thus allowed for a maximum of two
areas at each ancestral node. For the input tree in both analyses, we used our chronogram
generated with BEAST using all calibration points discussed above, with outgroups removed.
Multiple individuals from one species distributed in the same area were removed for ancestral
area reconstruction. In Lagrange analyses, we included five dispersal matrices to
accommodate differences in dispersal probabilities during the changing geological history of
Earth: 1) from mid Jurassic (175 mya) to early Cretaceous (120 mya) prior to the breakup of
Gondwana; 2) Early Cretaceous (120 mya) to late Cretaceous (90 mya) as the circum Tethyan
Seaway allowed worldwide exchange of tropical coastal faunas, and the South Atlantic
formed; 3) late Cretaceous (90 mya) to Miocene (20 mya) characterized by the ongoing
Tethyan Seaway and completed formation of the Atlantic and Beringia prohibiting exchange
between Northwest Pacific and North Atlantic fauna; 4) Miocene (20 mya) to Pliocene (3.5
mya): closure of Tethyan Seaway isolates Indo-West Pacific from Atlantic/ Pacific fauna,
Bering Strait opens; 5) Pliocene (3.5 mya) to present: closure of the Panamanian Isthmus
separates Western Atlantic from Eastern Pacific. Dispersal probabilities range from 0.1
between disconnected, separated areas and 1.0 between directly adjacent coastal areas.
Dispersal between areas separated by one intermediate realm was set to 0.25, as were adjacent
areas with supposed dispersal barriers for Acochlidia (e.g. trans-oceanic ranges or present day
East Pacific barrier). For comparison, we ran a more constrained analyses restricting dispersal

to (directly) adjacent regions.

2.6. Transitions in ecological traits

We reconstructed ancestral states of ecological traits (climate: tropical, temperate, temperate-

cold; habitat: marine, amphibious-marine, brackish, limnic; life style, interstitial, benthic)
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using MESQUITE 2.75 (Maddison and Maddison, 2011) on our fully resolved maximum-
likelihood topology. For comparison, we also repeated analyses using the slightly different
topology generated in Bayesian analyses conducted with BEAST. To assess ancestral states,
we performed maximum-parsimony and maximum-likelihood analyses, in the latter applying
the Mk1 model (assuming all changes between states are equally probable). The selection of a
more complex model was not supported using the likelihood ratio test from results in Bayes

Traits (Pagel and Meade, 2006).

3. Results

3.1. Phylogenetic analyses

We retrieved our hypothesis on the phylogeny of Acochlidia from a maximum-likelihood
analysis conducted with RAXML 7.2.8 on the concatenated four marker dataset (nuclear 18S
rRNA, 28rRNA and mitochondrial 16S rRNA and COI) analyzed in four partitions
corresponding to each marker. An overview of the topology with the sister group relationships
of Acochlidia and the relationships among acochlidian families, is provided in Fig. 2. We
included 57 outgroup taxa resembling a broad range of panpulmonate taxa to resolve the
origin of Acochlidia within Panpulmonata. Unfortunately, as in previous analyses (Jorger et
al., 2010b; Klussmann-Kolb et al., 2008) none of the sister group relationships of major
panpulmonate subgroups is statistically supported (i.e. receives bootstrap values (BS) > 75).
But in all analyses conducted herein Acochlidia are monophyletic and are sister to a clade
comprised of Hygrophila+(Pyramidelloidea+(Glacidorboidea+Amphiboloidea)). We included
36 out of 43 valid acochlidian species and 30 individuals belonging to roughly 20 or more
putatively undescribed species, identified here as molecular operational taxonomic units
(MOTUs) (see Fig. 3). The included taxa represent all recognized acochlidian families and
genera, apart from the monotypic Tantulidae, with Tantulum elegans Rankin, 1979 being

unavailable for molecular analyses. All acochlidian (super-)families inferred from cladistic
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analyses of morphological characters (Schrédl and Neusser, 2010) resulted monophyletic. In
concordance with morphological analyses, Acochlidia split into Hedylopsacea (comprised of
Hedylopsidae+(Aitengidae+(Hedylopsacea incertae sedis+(Pseudunelidae +Acochlidiidae))))
and Microhedylacea (comprised of Asperspinidae+Microhedylidae s.l. (i.e. including
paraphyletic Ganitidae)). Neither the sistergroup relationship of Hedylopsacea and
Microhedylacea, nor the deep splits within these clades, however, are supported by BS> 75.
Most recognized acochlidian families receive high statistical support (BS 75-100), but not
Pseudunelidae and Acochlidiidae (see Fig. 3). One undescribed species of Hedylopsacea,
which also unites a unique combination of morphological characters (KMJ unpublished data),
resulted as the sister clade of Pseudunelidae+Acochlidiidae and thus formed a still unnamed
‘family-level’ clade (Hedylopsacea MOTU Moorea in Fig. 3). The topology of our analyses
was concordant between the different phylogenetic approaches (maximum-likelihood, Figs.
2,3; Bayesian inference, Fig. 4) with the exception of amphibious Aitengidae, either being
sister to all remaining hedylopsacean taxa (Fig. 4) or sister to Pseudunelidae+(Hedylopsacea
sp.+Acochlidiidae) (Figs. 2,3). In our analyses all recognized acochlidian genera were
monophyletic, apart from Microhedyle, which is paraphyletic due to the inclusion of
Paraganitus, a result concordant with morphological analyses, but in the latter it is
paraphyletic due to inclusion of Ganitidae (Paraganitus+Ganitus) (Schrédl and Neusser,
2010). With the exception of the genus Pseudunela, all monophyletic acochlidian genera are
statistically highly supported (see Fig. 3). Next to the undetermined clade ‘Hedylopsacea sp.’,
another undescribed species ‘Acochlidiidae sp.’, forms a separate ‘genus-level’ clade sister to

Palliohedyle+Acochlidium. All remaining MOTUs cluster within recognized genera.
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3.2.Molecular dating and rate of evolution

We performed sensitivity analyses by six independent molecular clock analyses to test the
effect of different calibration points to our dataset (see material and methods for details).
Differences for our time estimates on acochlidian evolution only vary slightly among the
different analyses and no general pattern could be observed that one calibration point
rejuvenates or artificially ages the recovered time estimates (see Additional material 2 for
resulting node ages and ranges of 95 % highest posterior densities (HPD)). The values
reported below and presented in Fig. 4 refer to our main molecular clock analyses using all
calibration points listed in the material and method section. For the entire chronogram with
uncollapsed outgroups see Additional file 3. According to our data, most major panpulmonate
clades originated in the Mesozoic Jurassic (i.e. Siphonarioidea, Sacoglossa,
Stylommatophora, (Systellommatophora+Ellobioidea), Hygrophila,
(Glacidorboidea+Amphiboloidea), Pyramidelloidea and Acochlidia), the split between
Systellommatophora/Ellobioidea and the split between Glacidorboidea/Amphiboloidea are
dated to the early Cretaceous (see Additional file 3). The origin of Acochlidia is dated to the
mid Jurassic 176.6 mya (HPD: 207.9-171.0 mya). The diversification into the two major
acochlidian clades — Hedylopsacea and Microhedylacea — occurred shortly after but still in
Jurassic times 169.2 mya (HPD: 200.9-159.9 mya). The diversification of the Hedylopsacea
into the recent families started in the late Jurassic to early Cretaceous with the origin of
Aitengidae estimated to 144.4 mya (175.4-97.0 mya), the origin of Hedylopsidae to 121.8
mya (HPD: 160.1-83.5 mya) and the split between Hedylopsacea incertae sedis and
(Pseudunelidae+Acochlidiidae) estimated to 88.9 mya (HPD: 113.0-48.5mya). Pseudunelidae
and Acochlidiidae originate in the Paleogene 33.7 mya (HPD: 58.3-32.0 mya). Genera of
Acochlidiidae originate during late Paleogene/early Neogene: the origin of Strubellia is

estimated to 29.6 mya (HPD: 50.6-27.1 mya), the origin of undescribed Acochlidiidae sp. to
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24.3 mya (HPD: 40.5-19.9 mya), and the origin of Palliohedyle and Acochlidium to 20.6 mya
(HPD: 34.4-16.2 mya). The valid microhedylacean families Asperspinidae and
Microhedylidae are estimated to have a Mesozoic origin at 165.8 mya (HPD: 193.3-150.4
mya), with the radiation of Asperspina and Pontohedyle starting in the Cretaceous 84.5
mya/104.3 mya (HPD: 113.7-71.3 mya/133.5-83.5 mya). The origin of Parhedyle is
estimated to the late Cretaceous/early Paleogene (56.3 mya; HPD: 87.5-44.6 mya). The origin
of Ganitus and Paraganitus is estimated to the late Paleogene 43.2 mya resp. 26.6 mya (HPD:
no estimate for Ganitus resp. 41.7-20.2 mya for Paraganitus).

To detect changes in the rate of diversification of Acochlidia we reconstructed a lineage-
through-time (LTT) plot. Ignoring the time period prior to 100 mya (because the log number
of lineages is too low), the LTT showed a continuous slope with no major changes (see Fig.
5A). One minor period of stasis was present at 40-35 mya followed by a slight increase in
diversification, abating again slightly at 10 mya till present. Additionally, we used the
likelihood approach with the birth-death-shift process described by Stadler (2011a) on our
phylogeny to determine rate changes in the diversification of Acochlidia through time. In all
tested scenarios, diversification rates were low with minimum 0.02 and maximum 0.12 per
million years. Testing sampling intensities between 90-25 % the likelihood ratio test
supported no shifts in rate changes (see Fig. 5B). Diversification rates remained constant
between 0.021-0.025 per million years. With sampling intensities lowered to 10 (and 5 %),
the model supported one rate shift in the evolution of Acochlidia at approximately 37 mya
with the rates of diversification increasing from 0.026 (0.030) to 0.061 (0.075). An alternative
scenario testing 1 % sampling intensity also supported one rate shift in evolution of
Acochlidia but resulted in a considerable decrease (from 0.118 to 0.024) at approximately 123

mya (see Fig. 5B).
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3.3.Ancestral area reconstruction of Acochlidia

Independent of the chosen approach (DEC model in Lagrange or S-DIVA), or the different
models of dispersal allowed between the defined ocean ranges, no ancestral areas with robust
support values could be recovered for the basal nodes in Acochlidia. In all approaches, their
evolutionary history involves numerous dispersal (range expansion), vicariance and local
extinction (range contraction) events. In Lagrange, the less constricted model (favoring
dispersal via neighboring areas but not entirely prohibiting dispersal between unconnected
areas, see Material and Methods) received better likelihood values and is presented in Fig. 4.
Since the S-DIVA analysis was conducted without restrictions on area distributions, several
ancestral areas include ‘impossible’ distribution ranges (across unconnected areas). Thus, S-
DIVA results are only reported when not contradicted by geography. The paleotopology of
the continents changes considerably throughout the evolutionary history of Acochlidia and
especially modern Ocean ranges are difficult to assign to Mesozoic ranges. Recent Acochlidia
are restricted to costal and shelf areas, we thus aim to approximately allocate recent
continental margins to the historic topologies at the ages of the reconstructed nodes (see also
Discussion). The North-West Pacific (NWP) and the central Indo-West Pacific (CIP) both
receive comparable support values in DEC analyses (relative probability p,=0.11 each,
referring to the North-Eastern part of the Tethys Ocean and the Western margin of the
Panthalassic/ Pacific Ocean) as ancestral area for the diversification of Acochlidia (S-DIVA
additionally includes the Eastern Indo-Pacific (EIP) and Western Atlantic Ocean (WAT) as
potential ancestral areas). The radiation of Hedylopsacea originated in the waters nowadays
belonging to the CIP (Eastern Tethys Ocean - p,=0.21 S-DIVA: 0.5 for CIP, 0.5 for CIP+EIP).
One major dispersal event occurred at the base of Hedylopsidae via the Western Indo-Pacific
(WIP, i.e. Western part of the Tethys) into the North Atlantic (NEA) and also to EIP, in the

Cretaceous all well-connected via the circum-equatorial Tethyan Seaway. Based on DEC, two
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vicariance events (in Hedylopsis and Pseudunela) occurred isolating sister species in WIP and
CIP.

The biogeographic history of Microhedylacea is highly complex and characterised by
numerous dispersal, local extinction and vicariance events (see Fig. 4). The primary radiation
of Microhedylacea most likely (p,=0.22) occurred in the waters nowadays belonging to the
NWP (Western part of the Panthalassas/ Pacific Ocean, S-DIVA: 0.25 for CIP or WAT) with
an eastward dispersal and range expansion to the North-East Pacific in the stemline of
Asperspinidae. A vicariance event split the two asperspinid clades with the NWP-clade
dispersing westward around the Asian continent into the North Atlantic. The NEP asperspinid
clade (p,=0.37, S-DIVA: 1.0 NEP) dispersing south-eastward via the East Pacific (EPT) into
the Western Atlantic (WAT) and back again in Asperspina MOTU Washington (NEP) and
from WAT eastward to NEA. The basal radiation of Microhedylidae s.l. most likely occurred
in NEA (in late Jurassic resembled by the forming Atlantic Ocean, p=0.12). Along the
stemline of Pontohedyle two major dispersal events occurred eastward via WIP into CIP (i.e.
through the western part of the Tethys to the eastern part). One of the two major Pontohedyle
clades disperses via the WIP and from this western part of the Tethys Ocean westward via the
North East Atlantic into the Western Atlantic and also eastward into the Eastern Indo-West
Pacific (see Fig. 4). The other shows a similar complex picture with several dispersals events
among the waters of the Tethyan Seaway in both directions westward and eastward. Our data
for example indicates three independent dispersal events in Pontohedyle into EIP: twice
eastward via CIP and once westward from the East Pacific. The genus Parhedyle (restricted to
the North Atlantic) most likely (p,=0.30) originated in NEA and dispersed into NWA
(ancestral area reconstructed with S-DIVA: 1.0 NEA+NWA). A vicariance event split the
ancestral population of (Ganitus+‘Microhedyle’) and (‘Microhedyle +Paraganitus), which
was distributed across the Atlantic (p,=0.50) into an originally Western Atlantic clade

including Ganitus (p,=0.50, S-DIVA: 1.0 WAT) (with one dispersal event back to the tropical
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East Atlantic and one into the Pacific) and one clade which originated in NEA+WIP (p,=0.22)
and dispersed westward via WAT to SWA and into the North-East Pacific and three times
independently to the East (e.g. along the stemline of Paraganitus, with WIP+CIP as ancestral

area of its radiation p,=0.50, S-DIVA: 1.0 CIP).

3.4.Ancestral state reconstruction of ecological traits

We performed ancestral state reconstructions of three major ecological traits (climate, habitat
and life style) using maximum-likelihood (values derived from maximum-parsimony are
reported when differing). We also coded the traits in our outgroup taxa, but results might not
be representative for these clades due to limited taxon sampling (see discussion). Based on
our analyses the Acochlidia derive from a marine (likelihood (Ih) 0.96) and benthic (Ih 0.99)
common ancestor with Hygrophila+(Pyramidelloidea+(Glacidorboidea+Amphiboloidea)) and
originated in temperate waters (lh 0.98) (see Fig. 6). Along the acochlidian stemline, the
ancestral acochlid inhabited tropical waters (Ih 0.97) and invaded the interstitial habitat (Ih
0.83; most parsimonious state: benthic or interstitial). Rerunning the ancestral state
reconstruction without outgroup taxa, the ancestor of Acochlidia was clearly (Ih 0.99) marine,
interstitial, and inhabiting tropical waters. This also affects likelihoods for the hedylopsacean
radiation originating from a marine, mesopsammic and tropical ancestor (Ih 0.99).

The origin of the hedylopsacean radiation clearly occurred in tropical waters (Ih 0.99), with
Hedylopsis spiculifera currently being the only representative found in temperate waters. The
radiation of the hedylopsacean clade shows a remarkable flexibility in habitat choice: the
hedylopsacean ancestor likely inhabited the marine (Ih0.99) mesopsammon (lh 0.84, most
parsimoniously benthic or interstitial) and shifts to a benthic life style occurred in parallel
three times: 1) along the stemline of Aitengidae with a shift to amphibious-marine habitat, 2)

within Pseudunelidae with a shift to brackish habitat, and 3) at the base of Acochlidiidae with
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the invasion of the limnic system. Alternatively (but with weaker statistical support Ih 0.21),
the ancestor of Aitengidae+(Hedylopsacea sp.+(Pseudunelidae+Acochlidiidae)) resumed a
benthic lifestyle with two independent invasions back into the mesopsammon in
Hedylopsacea sp. and Pseudunelidae. Within Pseudunelidae+Achochlidiidae hypotheses on
the ancestral lifestyle are unclear: either the common ancestor was 1) benthic (Ih 0.48) and
within Pseudunelidae, the slugs are secondarily mesopsammic or 2) mesopsammic (Ilh 0.52)
and the transition to a benthic lifestyle occurred twice independently (within Acochlidiidae
and for Pseudunela espiritusanta). Testing the alternative topology suggested by Bayesian
inference (see Fig. 4) with Aitengidae forming a basal offshoot to the remaining
Hedylopsacean clades only slightly weakens the likelihood for an interstitial hedylopsacean
ancestor (Ih 0.78), but does not affect the results on ancestral character states described above
and shown in Fig. 6. The entire diversification of Microhedylacea occurred in the marine
mesopsammon, shifts are restricted to climatic zones, originating in tropical waters and
inhabiting temperate zones at least five times independently (Fig. 6). Asperspina is the only
acochlidian clade with members occurring in temperate-cold waters, but there is only a low
probability that the asperspinid ancestor already inhabited temperate (Ih 0.22) or temperate-
cold waters (Ih 0.20). Adaptation to cold waters probably (Ih 0.88) occurred along the (A.
brambelli+Asperspina MOTU Kamtschatka) stemline and between temperate and tropic
waters another three times independently (Fig. 3). Additionally, the radiation of the genus
Parhedyle occurred in temperate waters (Ih 0.89) and it is currently the only genus with no
representatives known from tropical waters. The ancestor of Pontohedyle inhabited tropical
waters. Pontohedyle milaschewitchii is the only lineage in the tropical Pontohedyle clade,
which secondarily adapted to temperate waters. Within paraphyletic Microhedyle an
adaptation to temperate waters occurred twice independently in the Eastern Pacific and the

Northern Atlantic.
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4. Discussion

4.1 Acochlidian origin and phylogeny

The exact position of Acochlidia within panpulmonate euthyneurans remains unresolved in
this study. Schrédl and Neusser (2010) demonstrated that parsimony analyses of morpho-
anatomical characters easily lead to a grouping of Acochlidia with other minute,
mesopsammic taxa as an artifact of multiple convergent adaptations. This explained previous
phylogenetic hypotheses that are incompatible with recent molecular results, such as the idea
of a common origin with Rhodopemorpha (Salvini-Plawen and Steiner, 1996) or equally
minute Runcinacea and Cephalaspidea (Waégele and Klussmann-Kolb, 2005). Molecular
analyses have considerably rearranged the classical view on euthyneuran phylogeny,
commonly rejecting monophyly of ‘Opisthobranchia’ and ‘Pulmonata’ and placing the
traditional opisthobranch order Acochlidia in (pan)pulmonate relationships (Jorger et al.,
2010b; Klussmann-Kolb et al., 2008). ‘Opisthobranchia’ are also in conflict with
morphological analyses (Dayrat and Tillier, 2002; Haszprunar, 1985; Wégele et al., 2014;
Waégele et al., 2008). Revisiting morphological characters of Euthyneura (sensu Jorger et al.
(2010b)) in the light of the new phylogenetic hypothesis, the presence of rhinophores
innervated by N3 (nervus rhinophoralis) might be an apomorphy for Euthyneura (Brenzinger
et al., 2013; Wégele et al., 2014) and a gizzard (i.e. muscular oesophagial crop lined with
cuticula) apomorphic for Euopisthobranchia (Jorger et al., 2010b). Currently, the double
rooted rhinophoral nerve or the double rooted procerebrum presents the only putative
morphological apomorphy for the highly diverse panpulmonate clade including Acochlidia
(Brenzinger et al., 2013). Molecular studies on euthyneuran phylogeny provided high
bootstrap support for most higher panpulmonate taxa (Dayrat et al., 2011; Dinapoli and
Klussmann-Kolb, 2010; Jorger et al., 2010b; Klussmann-Kolb et al., 2008), but fail to recover

decent support values on the relationships among major clades within Panpulmonata.
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Acochlidia are suggested to be sister to (Pyramidelloidea+Amphiboloidea)+Eupulmonata
(Klussmann-Kaolb et al., 2008) or Eupulmonata (Jorger et al., 2010b). In comparison to these
previous studies the outgroup sampling herein was optimized and targeted to include
representatives of all major lineages among the putative panpulmonate relatives. Despite this
denser taxon sampling we again fail to reconstruct sister group relationships of Acochlidia
reliably, i.e. with significant support. In the present analyses Acochlidia are sister to a clade
comprised of Hygrophila+(Pyramidelloidea+(Amphiboloidea+Glacidorboidea)), all together
sister to Eupulmonata (see Fig. 2). Our analyses indicate an explosive radiation of
panpulmonate diversity (expressed by very short branches at the base of the higher taxa, see
Figs. 3, 4). The chosen ‘standard marker’ set (i.e. partial mitochondrial COI and 16S rRNA
and nuclear 18S rRNA and 28S rRNA), offers the broadest taxon sampling currently available
for any molecular markers in Mollusca (Stoger et al., 2013), but unfortunately at the present
stage seems to be incapable of solving the deep panpulmonate relationships reliably. This is
probably handicapped by the old Mesozoic origin of Panpulmonata in combination with a
very rapid diversification into the higher taxa in the Mesozoic Jurassic (see Fig. 4 and
Additional material 3). The application of new molecular markers with potential phylogenetic
signal for deep euthyneuran splits, such as phylogenomic datasets (e.g., Kocot et al., 2013),
but at the same time allowing for a similarly broad and representative taxon sampling as
gathered using the ‘standard markers’, are overdue.

In contrast to ambiguous sister group relationships, the monophyly of Acochlidia is currently
undisputed based on morphology (Schrodl and Neusser, 2010) and molecular markers
(present study; Jorger et al., 2010b). Even though the two major acochlidian clades —
Hedylopsacea and Microhedylacea — differ remarkably in their evolutionary history (see
discussion below), they share a unique combination of characters (e.g. characteristic
separation into head-foot complex and visceral hump, presence of calcareous spicules and a

pre-pharyngeal nerve ring with separated cerebral and pleural ganglia and a rhinophoral nerve


https://doi.org/10.1101/010322

bioRxiv preprint doi: https://doi.org/10.1101/010322; this version posted October 15, 2014. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

innervating the rhinophore) (Schrodl and Neusser, 2010). Many of these features can be
interpreted as either plesiomorphic in the new heterobranch tree or apomorphic through
progenetic reductions, i.e. result of the ‘meiofaunal syndrome’ (Brenzinger et al., 2013). The
recently discovered Aitengidae (Swennen and Buatip, 2009), which were placed into
hedylopsacean Acochlidia based on microanatomy and molecular data, conflict with the
classical acochlidian bauplan by lacking the division into fully retractable head-foot complex
and visceral hump (Neusser et al., 2011a). Our present phylogenetic hypothesis implies that
Aitengidae have lost this most striking acochlidian apomorphy secondarily, as several of the
features have been reduced secondarily in other genera as well (e.g. rhinophores in
microhedylacean Pontohedyle and Ganitus). The monophyly of Acochlidia was again
recovered in our study independent of the type of analyses (maximum-likelihood see Fig. 3 or
Bayesian interference see Fig. 4). Even though the monophyly was not well supported —
probably suffering from the same effects as discussed above for Panpulmonata in general —
there is currently no doubt that Acochlidia are monophyletic.

The first detailed classification of Acochlidia conducted by Rankin (1979), which led to the
establishment of 19 genera in 13 families and four suborders for only 25 nominal species, was
heavily criticized by all subsequent authors (Arnaud et al., 1986; Schrodl and Neusser, 2010;
Wawra, 1987). The alternative classification erected by Wawra (1987) rendered the system of
Rankin (1979) obsolete and was largely confirmed by first cladistic analyses of Acochlidia
relying on over a hundred biological and morphological characters (Schrodl and Neusser,
2010). Our molecular phylogenetic hypothesis (see Fig. 3) is largely compatible with the one
based on morphological markers (Schrodl and Neusser, 2010, see fig.3). Therefore, most of
the potential synapomorphies hypothesized for higher acochlidian clades and major
evolutionary scenarios are confirmed, such as the progressive elaboration of copulatory
organs within hedylopsaceans (Neusser et al., 2009a). Also the apomorphic, successive

reduction of reproductive organs among microhedylaceans is supported, with loss of
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copulatory organs in the common ancestor of Asperspinidae plus Microhedylidae (s.l.), and
evolution of secondary gonochorism in the latter (e.g., Schrédl and Neusser, 2010;
Sommerfeldt and Schrédl, 2005). Unfortunately, our analyses lack monotypic Tantulidae.
Thorough 3D-microanatomy from the type material showed mixed and partially unique
characters states for Tantulum (e.g. complex, unarmed anterior copulatory complex), which
justifies the erection of a monotypic family by Rankin (1979), based on its unique ecology
and morphological features (Neusser and Schrodl, 2007). Cladistic analyses (Schrodl and
Neusser, 2010) based on morphological and biological characters resolved Tantulum as basal
offshoot of Hedylopsacea, i.e. sister to (Hedylopsidae+(Pseudunelidae+Acochlidiidae)). Due
to additional inclusion of Aitengidae and the undescribed Hedylopsacea sp. into
Hedylopsacea, Tantulum cannot be plotted unambiguously onto our molecular tree any
longer. Tantulidae retains several supposedly plesiomorphic features (e.g. an unarmed
copulatory organ) and likely diverges quite early among Hedylopsacea; it probably originates
in the late Mesozoic (i.e. Cretaceous) (see basal Hedylopsacean diversification in Fig. 4).

All of the included acochlidian families recognized by Schrédl and Neusser (2010) were
monophyletic, largely with high bootstrap supports (see Fig. 3). The only disagreement to
morphological approaches is paraphyletic Ganitidae (Ganitus+Paraganitus). Ganitidae which
receives high support in morphological analyses, is nested here within paraphyletic
Microhedyle, and was thus included in a broader definition of Microhedylidae s.lI. (Schrodl
and Neusser, 2010). Within Microhedylacea, only few distinguishing characters are present,
leaving most of the clade unresolved in morphological analyses (see Schrodl and Neusser,
2010). The monophyly of Ganitidae is supported mainly by the common characteristics of the
dagger-shaped radula and the related pharyngeal characteristics (i.e. paired cuticular
mandibles) (Schrodl and Neusser, 2010). The paired cuticular mandibles are discussed to
serve as functional ‘odontophore’ and counterparts for the muscles moving the radula

(Challis, 1968; Marcus, 1953). Gosliner (1994) originally suspected a relationship of
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Ganitidae with Sacoglossa, which possess a strikingly similar dagger-shaped radula, used for
piercing algae. All currently available morphological and molecular data on Ganitidae clearly
reject a sacoglossan relationship of this family and places it rather in a derived
microhedylacean relationship (present study; Jorger et al., 2010b; Neusser et al., 2011a;
Schrodl and Neusser, 2010). Thus, radula similarities seem to be based on functional
convergence rather than common ancestry, supported by considerable differences in
pharyngeal morphology (i.e. presence of mandibles, longitudinal pharynx musculature and
absence of an ascus in Ganitidae) (B. Eder, pers. comm.; Challis, 1968; Marcus, 1953). Based
on our molecular data, the dagger-shaped radulae and remarkably similar pharyngeal
structures (B. Eder, pers. comm.) of Ganitus and Paraganitus also refer to convergent
modifications potentially based on a shared feeding strategy in the mesopsammon.

In contrast to morphological analyses, our study successfully resolved the Microhedylidae s.1.
confirming monophyletic Pontohedyle, Parhedyle, Ganitus and Paraganitus, but rendering
Microhedyle paraphyletic. The paraphyly of Microhedyle is concordant with morphological
analyses, but due to the high degree of homoplasy and few morphological apomorphies
supporting the genera, we are currently unable to diagnose the different clades within
Microhedyle based on morphological characters and thus leave ‘Microhedyle’ for a future
taxonomic revision of Acochlidia. As discussed previously, Microhedyle nahantensis and M.
odhneri need to be transferred to Parhedyle based on molecular data and the presence of a
special type of asymmetric radulae (formula 1.1.2, with inner right lateral tooth smaller than
outer one) (Eder et al., 2011, own unpublished data), diagnostic for the genus Parhedyle
(Wawra, 1987).

Additionally, our study detected 30 additional acochlidian lineages, which could not be
assigned directly to valid species, and were determined as molecular operational taxonomic
units (MOTUSs) herein. All MOTUs were independent lineages in phylogenetic analyses, but

only some were supported by unique morphological characters recognizable in the field and
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via light microscopy (e.g. Hedylopsacea sp. or Acochlidiidae sp., own unpublished data).
Recent studies have shown that acochlidian diversity can best be tackled by using an
integrative taxonomic approach making use of all available character sets, e.g. microanatomy,
DNA sequence data and biogeography (Jorger et al., 2012; Neusser et al., 2011b). The
presented MOTUSs, thus, still require comparative microanatomical approaches with their
sister groups, a molecular species delineation approach capable of dealing with low numbers
of specimens, as described by Jorger et al. (2012), and molecular diagnoses (see Jorger and
Schrédl, 2013) in addition to morphological ones, if any exist. This is beyond the scope of the

present paper.

4.2 Timeframe and biogeography of acochlidian evolution

The Mesozoic origin - Previous molecular clock analyses on euthyneuran gastropods indicated
a rapid radiation into the modern higher taxa in the early to mid Mesozoic (Jorger et al.,
2010b; Klussmann-Kolb et al., 2008; Stoger et al., 2013). Our present molecular clock
estimates — relying on the same set of genetic markers — supported these previous
diversification estimates. The variation in fossil calibration points and the stability throughout
our sensitivity analyses herein (see Additional material 2) shows that the estimations do not
rely on a single calibration point but correspond well to a broad set of euthyneuran fossils.
Earlier terrestrial gastropods fossils from the Paleozoic interpreted as pulmonates (Solem,
1985; Solem and Yochelson, 1979) are contradicted by our time trees (Additional material 3).
Pulmonate affinities of such fossils also would imply long gaps in the fossil record. Our
results thus support earlier criticism (Dayrat et al., 2011; Mordan and Wade, 2008) that
suggests the few detectable characters of such potential Palaeozoic pulmonate shells might as
well refer to prosobranch lineages. Considerably earlier molecular clock estimates dating the

radiation of euthyneurans to the Cambrian and the appearance of (pan)pulmonate lineages to
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Ordovician and Silurian (Medina et al., 2011) based on mitogenomic data was likely driven
by erroneous coding procedures and biased sampling (Schrodl et al., 2011b), or that
mitogenomic datasets available to date are simply not suitable to resolve basal euthyneuran
topologies correctly (Stéger and Schrodl, 2013).

The rapid mid Mesozoic radiation of euthyneuran and especially panpulmonate taxa (and thus
the origin of Acochlidia) might be an outcome of the breakup of the supercontinent Pangaea
and Panthalassas Ocean (approx. 180 mya) and resultant isolation of marine biotas, which in
general boosted marine diversity (Cox and Moore, 2010; Lomolino et al., 2010). Based on
this hypothesis (which relies on molecular clock data), the origination of the major
panpulmonate clades including Acochlidia might be characterized as part of the successful
recovery fauna of the Triassic/Jurassic turnover.

For gastropod taxa with a Mesozoic origin and poor fossil record, precise areas of origin are
difficult to determine and ancestral area reconstructions based on molecular phylogenies
could often only support assumptions of origins in the Tethyan realm, without further
specification (Frey and Vermeij, 2008; Malaquias and Reid, 2009; Ozawa et al., 2009; Reid et
al., 2010). As shown in previous studies on Mesozoic radiations for other taxa, Acochlidia
originated when shelf areas of oceans varied dramatically from the current profiles and it is
thus difficult to assign recent distribution ranges to historic areas. Based on current
knowledge, Acochlidia are limited to rather shallow shelf areas; we thus aimed to allocate
recent continental margins to the historic topologies at the ages of the reconstructed nodes and
discuss the biogeography accordingly. While there is strong support that the ancestral
acochlid inhabited the marine mesopsammon in tropical waters (see Fig. 6), none of our
ancestral area reconstructions (DEC-model and S-DIVA) provided reliable support values for
the ancestral area of Acochlidia (see Fig. 4). The most likely ancestral areas for Acochlidia
based on the DEC model is the North-Eastern part of the Tethys Ocean and the Western

margin of the Panthalassic/Pacific Ocean, but only with marginal higher relative probabilities
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than other regions of the Tethys or the forming Atlantic Ocean. Although our data clearly
indicated a circum-tropical distribution of Acochlidia throughout the Tethys, Pacific and
Atlantic Ocean (see Discussion below), the precise region of origin could not be solved. The
evolution of Microhedylacea is characterized by numerous dispersal, vicariance and local
extinction events (see Fig. 4). The indicated local extinction events might either truly relate to
extinction events in the corresponding areas or refer to still unsampled microhedylacean
lineages in the different areas of the world’s oceans. The complex picture on microhedylacean
biogeography with sister clades in non-connected areas of distribution, and somewhat long
internal branches, demonstrates the high degree of missing diversity with the current ancestral
chronogram only able to present current knowledge. In the present study we included almost
85 % of the described acochlidian species-level diversity and added approximately another 50
% by putatively new species (left as undetermined MOTUs for future research). Nevertheless,
our sampling map (see Fig. 1) shows ‘white spots’ of large biogeographic areas, which are
still relatively unexplored for meiofaunal molluscs. In particular, the Western Indo-Pacific
(former Western Tethys Region) which was revealed as a major area of transition and
dispersal for many microhedylacean lineages (see Fig. 4) and discussed as center of origin and
diversification in the Oligocene and early Miocene for marine molluscan biodiversity
(Harzhauser et al., 2007) is virtually unsampled, as is the vast majority of the Eastern Atlantic.
Based on their patchy occurrence and with large parts of tropical sands still unsampled, we
are probably only scraping at the surface of the expected recent acochlidian diversity, which
still remains to be discovered. Evidently, this might have major influence on biogeographical
hypotheses, but our robust phylogenetic hypothesis — concordant between previous
morphological (Schrédl and Neusser, 2010) and molecular analyses (Jorger et al., 2010b) —
nevertheless, allows for the reconstruction of ancestral area chronograms and the reflection

how historic geographic events triggered acochlidian diversification:
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Distributing circumtropical and beyond - A warm-tropical circum-equatorial seaway
(Tethyan Seaway) formed during the early Cretaceous (Cox and Moore, 2010; Lomolino et
al., 2010), and throughout the Cretaceous and Paleogene it served as gateway for marine
biotas between the tropical world’s oceans (Frey and Vermeij, 2008). This connectivity is
well reflected in our dataset on Acochlidia by numerous dispersal events across the Tethys
Ocean, the forming Atlantic and East Pacific Ocean (see Fig. 4). The Tethyan Seaway is
described as a strong westward directed current, providing better dispersal conditions
westward than eastward (Cox and Moore, 2010). This is not supported, however, by our data,
which shows frequent changes in the direction of dispersal events even within a clade (see e.g.
Pontohedyle and Asperspina in Fig. 4). The current abated once the Tethyan Seaway
narrowed by the convergence of Africa with Eurasia in Oligocene and Miocene, enabling an
eastward dispersal from the East Pacific to the Western Atlantic (Lomolino et al., 2010). The
independent dispersal events in Asperspinidae eastwards via the tropical East Pacific into the
Caribbean Sea predate the narrowing and closure of the Tethyan Seaway, estimated to the
early Paleogene, but the dispersal into the Atlantic might indeed have occurred after the
weakening of the circum-tropical current. Mesopsammic Acochlidia are considered as poor
dispersers due to the lack of a planktonic larval stage (veliger larvae remain in the interstices
of sand grains (Swedmark, 1968)). Thus, currents at local scales, the presence of continuous
coastlines and the uplift of ocean floors creating shallow shelf seas or terranes, providing
stepping stones for dispersal probably had larger influence on their historic biogeography than
major oceanic current systems in the past.

In the Mesozoic, terranes in the central Pacific are thought to have served as stepping stones
which allowed dispersal into the Eastern Indo-Pacific (Grigg and Hey, 1992). However, our
data presented five independent dispersal events in Hedylopsacea and Microhedylacea from
the CIP to EIP (the island of Moorea) not limited to the Mesozoic, but instead ranging

between Upper Cretaceous and Late Miocene (887 mya). If we are not severely
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underestimating acochlidian dispersal abilities, this indicates that remote Eastern Indo-West
Pacific islands were continuously accessible either via island stepping stones or seamounts.
The East Pacific Barrier (EPB, approx. 5000km of deep water separating the Indo-West
Pacific fauna from the tropical East Pacific fauna) is today generally considered as one of the
most effective barriers to the dispersal of marine shallow-water fauna and data from fossil
coral suggests that it was largely in place throughout the Cenozoic (Grigg and Hey, 1992).
Based on our global phylogeny the ancestors of Pontohedyle (Microhedylidae s. 1.) crossed
the EPB once in an eastward dispersal event (approx. 82 mya) and once westward (approx. 54
mya). The ancestor of Asperspina MOTU Moorea also dispersed in westward direction from
the Northeast Pacific (approx. 63 mya) (see Fig. 4). Reports on gene exchange or closely
related species spanning the EPB (e.g., in gastropod species with long larval stages (Reid et
al., 2010), echinoderms (Lessios et al., 1998) and tropical fish (Lessios and Robertson, 2006))
indicate that this potent barrier is not ‘impassable’. The span of the EPB by a presumably poor
disperser like Pontohedyle or Asperspina, however, is still puzzling. All acochlidian dispersal
events dated to Upper Cretaceous till late Paleocene/early Eocene, and fossil data on coral
suggest that the EPB was less effective during the Cretaceous (Grigg and Hey, 1992). The
long stemlines of the discussed species, however, might also indicate that the evolutionary
history of these clades is not well covered by our dataset and might lack e.g. Western Atlantic
sister clades which could reverse the dispersal picture.

Asperspinidae were reconstructed with an ancestral range spanning the North Pacific and
presented the only clade with a putative trans-arctic dispersal in the late Paleogene into NEA,
which is in concordance with the usual dispersal direction of most other Mollusca in the
Trans-Artic Interchange between the two northern Oceans (Vermeij, 1991). Asperspinidae
also show the highest flexibility to ocean temperatures and include the only currently known
polar acochlid Asperspina murmanica (see Kudinskaya and Minichev, 1978; Neusser et al.,

2009Db), which unfortunately could not be included in the present analyses. The tropical origin
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of Asperspinidae received high statistical support in our analyses and the cold water
adaptation likely evolved at the base of the NWP/NEA clade in the late Eocene (see Figs. 3,
4). This correlates to a shift of the warm-temperate zones southward in the circumpolar region
following a series of temperature declines after the mid Eocene and the establishment of a
cold-temperate regime (Briggs, 2003).

Major vicariance events shaping the evolutionary history of Acochlidia - Our molecular clock
estimates, the pan-Tethyan, Central American and Pacific distribution of acochlidian taxa and
the supposed poor dispersal abilities of Acochlidia, all suggest that the biogeography of the
clade is shaped by major vicariance events during the Mesozoic and Cenozoic: the closure of
the Tethyan Seaway (Tethyan Terminal Event - TTE) in the Miocene (approx. 18 mya),
collision of Australia and New Guinea with Eustralasia forming the modern Wallacea
province (25 mya) and the Pliocene uplift of the Isthmus of Panama (3.4 resp. 2.1 mya) (Cox
and Moore, 2010; Lomolino et al., 2010).

The Terminal Tethyan Event in the Miocene (TTE, i.e. the vicariance event preventing
exchange between the Atlantic and Indo-Pacific regions) (Cox and Moore, 2010; Lomolino et
al., 2010) is reflected in our data in the split between Mediterranean and North East Atlantic
Microhedyle glandulifera and its sister clade - the (central) Indo-West Pacific radiation of
Paraganitus. The split was estimated slightly prior to the TTE by our molecular clock
analyses (approximately 40-18 mya, see Fig. 4 and Additional material 3). Data from other
gastropod species pairs, which presumably originated by Tethyan vicariance, however, also
predate the final closure of the seaway in the Miocene (e.g., Malaquias and Reid, 2009; Reid
et al., 2010), probably related to the proceeding isolation of the Tethyan realm prior to the
final closure. Assuming a Tethyan divergence via vicariance between M. glandulifera and
Paraganitus, one would expect an eastward dispersal pattern in the historic biogeography of

Paraganitus, which rather presents a mixed picture with westward tendencies (see Fig. 4).
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Nowadays, the central Indo-West Pacific forms a hotspot in marine biodiversity, but based on
fossil records of Mollusca the faunal diversity was rather poor until the late Paleogene (Frey
and Vermeij, 2008). During Oligocene times the Western Tethys region potentially served as
center of origin and diversification of molluscan taxa, which shifted southeast after the TTE
(Harzhauser et al., 2007). Our data showed that 1) hedylopsacean Aitengidae, Pseudunelidae
and Acochlidiidae evolved in situ in the central Indo-Pacific Ocean and 2) no in situ splits
within the central Indo-West Pacific occurred prior to the mid Paleogene. The estimated
timeframe of the origin of the families predates, however, the closure of Tethyan Seaway but
no data on relict species in other parts of the world suggest an origin elsewhere. The late
Oligocene and Miocene is known for being a time in which the diversity of marine shallow-
water fauna increased, likely influenced by the availability of new shallow-water habitats
formed by the collision of Australia and New Guinea with the southeastern edge of Eurasia
(Williams and Duda, 2008). Williams and Duda (2008) showed increased rate of cladogenesis
in different unrelated gastropod genera in the Indo-West Pacific in the beginning of late
Oligocene/early Miocene. This is in concert with the increased diversification especially in
hedylopsacean Indo-West Pacific clades starting in the late Oligocene, which likely holds
major responsibility for the detected overall increase in diversification rates of Acochlidia in
the Oligocene by the birth-death-shift model (see Fig. 5B).

Moreover, our data showed two recent specification events by vicariance in the Indo-West
Pacific: in hedylopsacean Pseudunela marteli (CIP) and Pseudunela MOTU Maledives
(WIP), and microhedylacean Paraganitus from CIP and Paraganitus MOTU Thailand (WIP).
Strong currents in recent central Indo-West Pacific waters should facilitate the dispersal of
larvae and be responsible for the invisibility of the Wallace’s Line (sharp transition between
terrestrial faunas of eastern and western Indonesia) in marine taxa (Barber et al., 2000). But
Barber et al. (2000) showed that Pleistocene ocean basins are still reflected in the genetic

structure of shrimp populations, which might resemble relicts of Indian and Pacific
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populations separated by the emergence of the Sunda and Sahul continental shelves,
suggesting the presence of a marine Wallace’s line perpendicular to the terrestrial Wallace’s
line. Our data by far predates the Pleistocene Indonesian continental shelf formations, but
might represent relicts reflecting the better connectivity between Indian and Pacific
populations prior to tectonic events in the Wallacea region in the early Neogene. An
integrative species delineation approach, however, still needs to confirm the species status of
the identified MOTUSs; a putative conspecificity between the different populations would
imply genetic exchange between the recent CIP and WIP populations, thus contradicting
assumptions on a marine Wallace’s line, while a subdivision of MOTUs would further
support it.

Following the TTE the North Eastern Atlantic, viz. Mediterranean suffered from an
impoverishment in faunal diversity, due to the Miocene cooling, Messinian salinity crisis and
glacial events in late Pliocene and Pleistocene (Harzhauser et al., 2007). Although our data
recovered NEA frequently as ancestral area of microhedylacean clades throughout the
Mesozoic and Paleogene, only comparably few lineages persisted or still radiated in NEA
after the TTE. The only entirely North Atlantic clade Parhedyle originated in the NEA prior
to the closure if the Tethyan Seaway and dispersed westward into the NWA, following the
typical unidirectional expansion of molluscan species across (or around) the Atlantic
(Vermeij, 2005). Our molecular clock estimate on the radiation of NEA Parhedyle (approx.
6.4 mya) slightly predated the Messinian salinity crisis, but in absence of records of these
Parhedyle species outside the Mediterranean, it is likely that the radiation occurred in the
Mediterranean during reinvasion after the crisis.

Based on our data, Western Atlantic species of Acochlidia presented relictual Tethys origins,
inhabiting the area prior to the TTE (in Pontohedyle) or showed origins in the New World
(WAT+EPT) prior to the closure of the Isthmus of Panama (in Asperspina) (see Fig. 4).

Ganitus and western Atlantic Microhedyle radiated in the Western Atlantic. Two ‘soft
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barriers’ for dispersal in marine taxa in the Atlantic (Briggs and Bowen, 2013) are reflected in
our data, the vicariance event splitting eastern and western Atlantic Microhedyle and
Asperspina species (open water expanse of the mid-Atlantic) and the vicariance event
splitting the two Ganitus MOTUs, which according to our time tree slightly predated the
freshwater discharge of the Amazon river (11 mya, see Briggs and Bowen, 2013). In a
previous study on microhedylid Pontohedyle population this soft barrier between Caribbean
and Brazilian provinces, however, still allows for gene exchange (JOrger et al., 2012).
Vicariance events potentially related to the formation of the Isthmus of Panama (approx. 3
mya, see Cox and Moore, 2010) are reflected twice within our dataset: Asperspina MOTU
Peru (SEP) and Asperspina MOTU Panama (WAT) and Microhedyle remanei (SWA, but also
reported from WAT) and Microhedyle MOTU Mexico (NEP), even though this implies a
series of still unsampled (or extinct) intermediate populations.

Evolutionary hotspots - To summarize the discussed biogeography with regard to
evolutionary hotspots of Acochlidia, our reconstructions of ancestral ecological traits like
climate (Fig. 6) clearly suggest that the tropical regions provided the species pools of
Acochlidia, from which temperate regions were populated several times independently. In
concert with data on other gastropod taxa (see e.g., Williams, 2007; Williams and Duda,
2008), Acochlidia show a latitudinal gradient in taxonomic diversity and diversification
concentrated in the tropics (see Figs. 1, 6). Generalizing, the Indo-West Pacific — especially
its central region — is remarkably diverse in comparison to marine geographic regions of the
Eastern Pacific or Atlantic, with the Western Atlantic showing an intermediate diversity of
marine taxa and the Eastern Atlantic and Pacific harboring the lowest diversity (Briggs,
2007). The vast majority of worldwide mesopsammic fauna is still unexplored, but our data
already offers some indication on the centers of acochlidian evolution. The tropical Western
Atlantic is equally well-sampled as the central Indo-Pacific (concerning number of stations),

however, only one enigmatic hedylopsacean species (Tantulum elegans) has been reported,
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while the central Indo-West Pacific harbors the vast majority of hedylopsacean lineages and
acts as cradle for the recent Cenozoic diversification. Hypothetically, including Tantulum into
our ancestral area chronogram, late Mesozoic Hedylopsacea probably had a circum-tethyal
distribution. One can speculate that Tantulum presents a relict in an unstable geological area,
which was majorly affected by the mass extinction events like the Cretaceous-Paleogene
(approx. 66 mya) or Eocene-Oligocene event (approx. 33 mya). Fossil data suggests that up to
90 % of the molluscan fauna was eliminated in Gulf of Mexico during each event (Hansen et
al., 2004); similar ranges might be expected for the Caribbean Sea, but none of the events can
be traced on our diversification rate estimates (see Fig. 5). Since no marine hedylopsacean has
yet been discovered in the Western Atlantic, no rough dating or speculations on the
evolutionary background of the shift from marine to freshwater in Tantulidae can be done.
Tantulum remains truly enigmatic as the only minute, interstitial or mud-dwelling slug in
freshwater (Neusser and Schrodl, 2007; Rankin, 1979). While the sluggish bauplan in
freshwater is unique to Acochlidia in general, all other known acochlidian limnic slugs

reestablished a benthic lifestyle.

4.3 Habitat shifts

Into the mesopsammon — The interstitial or mesopsammic fauna is one of the most diverse on
Earth and comprises minute representatives from most major lineages of Metazoa, including
several exclusively meiofaunal clades (Rundell and Leander, 2010; Worsaae et al., 2012). The
physical parameters of the interstitial habitat of marine sands are challenging for the
inhabitants, but likely persisted throughout the history of Eukaryota, and a meiofaunal
lifestyle might have evolved even prior to the Cambrian with numerous independent
colonization events since then (Rundell and Leander, 2010). A previous study based on

molecular analyses discussed at least five independent interstitial invasions within
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heterobranch slugs and dated colonization events range between the Mesozoic and Cenozoic
(Jorger et al., 2010b). Based on our data herein the invasion of the mesopsammon already
occurred along the stemline of Acochlidia and could thus be estimated to Lower to Middle
Jurassic (see Fig. 4, Additional material 3).

The restricted space in the interstitial habitat requires great morphological and biological
adaptations for its minutely-sized inhabitants. Even though the exact origin of Acochlidia
within panpulmonates remain unresolved, no evidence exists at present that any of the sister
groups are derived from meiofaunal ancestors, thus it is likely that the miniaturization of
Acochlidia occurred along with the transition into the mesopsammon in the acochlidian
ancestor. Many meiofaunal taxa show paedomorphic traits (i.e. morphological characters
present in juveniles or larvae of closely related species) discussed as result of progenesis
(accelerated sexual maturation in relation to somatic development) or neoteny (retardation of
somatic development in relation to sexual maturity) (Brenzinger et al., 2013; Rundell and
Leander, 2010; Westheide, 1987; Worsaae et al., 2008; Worsaae et al., 2012). Little is still
known of the influence of progenesis in the evolution of meiofaunal slugs, mainly due to a
lack of ontogenetic data and uncertain phylogenetic affinities. Within the basal heterobranch
Rhodopemorpha, strong evidence for a progenetic origin is reported, based on paedomorphic
traits in adults including features like the pentaganglionate stage of the visceral loop and a
protonephridial organization of the kidney (Brenzinger et al., 2013). Jorger et al. (2010b)
suggests a progenetic origin of the acochlidian ancestor by relating the typical acochlidian
morphology (shell-less yet free visceral hump) to the phenotype of an abnormally developed
larva reported in the nudibranch Aeolidiella alderi and some stylommatophoran Eupulmonata
(Tardy, 1970), leading to a very similar external morphology.

Life in the interstitial spaces of sand grains evidently constrains morphology and leads to a
series of convergent adaptations in the different taxa (e.g., vermiform body shape), termed the

‘meiofaunal syndrome’ (Brenzinger et al., 2013). Our study confirms assumptions based on
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morphological data that the ancestral acochlid had already invaded the interstitial habitat,
which was related to major morphological adaptations (e.g. minute, worm-shaped body, loss
of shell, detorsion resulting in symmetric body condition) (Schrédl and Neusser, 2010). The
ancestral acochlid probably possessed a simple sac-like kidney that is typical for marine
Euthyneura (Neusser et al., 2011b), and had a hermaphroditic, phallic, monaulic reproductive
system, transferring sperm via copulation (Schrédl and Neusser, 2010). Miniaturized body
plans often combine simplified organ systems with morphological novelties and inventions
(Hanken and Wake, 1993; Westheide, 1987). The microhedylacean clade lacks novel
morphological inventions entirely, and rather present a line of ‘regressive evolution’ (i.e. as
simplification and reduction of organ systems (Swedmark, 1964, 1968)). All microhedylacean
Acochlidia studied in sufficient detail (Eder et al., 2011; Jorger et al., 2008; Jorger et al.,
2007; Neusser et al., 2006; Neusser et al., 2009b) have a simple sac-like kidney, as described
as ancestral for Acochlidia (Neusser et al., 2011b). So far no habitat transitions are known for
Microhedylacea. Most members of the clade are limited to truly marine and subtidal sands,
but minor tolerance to changes in salinity concentration seem to be present in e.g. in the
microhedylacean species reported from the Black Sea P. milaschewitchii and Parhedyle
tyrtowii (Kowalevsky, 1901). Few microhedylacean species (e.g. Asperspina murmanica, A.
riseri and Pontohedyle verrucosa) occur in the intertidal, which is characterized by temporary
changes in salinity either due to rain or desiccation. No specific adaptations of the excretory
or circulatory system, however, are reported in these slugs (Challis, 1970; Kowalevsky, 1901,
Morse, 1976; Neusser et al., 2009b) and thus do not seem to be mandatory to deal with the
temporary osmotic stress in the intertidal.

In regards to the reproductive system, some hedylopsacean Acochlidia are protandric
hermaphrodites and the ontogenetic loss of male genital organs was interpreted as the
precursor for the evolution of secondary gonochorism at the base of Microhedylidae s.l.

(Schrodl and Neusser, 2010), which might be related to a second progenetic event in
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acochlidian evolution. Microhedylacea are characterized by the loss of copulatory organs and
the usage of spermatophores for sperm transfer (Jorger et al., 2009; Schrodl and Neusser,
2010). The male genital opening is usually located dextrolaterally or shifted anteriorly and
spermatophores are randomly attached to the mates followed by dermal insemination (Jérger
et al., 2009; Morse, 1994; Swedmark, 1968). Spermatophores are a common development
across different meiofaunal taxa and considered as adaptation to the spatially restricted and
unstable interstitial habitat, favoring imprecise but fast sperm transfer (Jorger et al., 2009).
What serves as advantageous mode of reproduction in the mesopsammic world might present
an evolutionary disadvantage, however, in transition to freshwater or semi-terrestrial habitats
where directly injected sperm via stylets or regular copulation is more common. From the
origin of Microhedylidae s.| in the mid-Jurassic (approx. 166 mya), this family remained in
almost complete morphological stasis: minor changes occurred only in form, shape and
number of spicules, the secondary reduction of the rhinophores (twice independently in
Pontohedyle and Ganitus) and modifications of the radula (i.e. small second right lateral tooth
in Parhedyle and twice independently the evolution of a dagger-shaped radula with
corresponding modifications of the pharynx in Ganitus and Paraganitus). Other than that, due
to the reduced stage of all organ systems, even advanced microanatomy failed to recover
distinguishing features even at the genus level (for details on the anatomy see e.g. Eder et al.,
2011; Jorger et al., 2010a; Jorger et al., 2008; Jorger et al., 2007; Neusser et al., 2006).
Moreover, intraspecific or even intraindividual (right and left side) variation, especially within
the nervous system, often exceeds interspecific morphological variation in these highly
cryptic lineages. This high intraspecific variability is discussed as consequence from
miniaturization and paedomorphosis, frequently involving late forming structures, which are
then individually truncated in development (Hanken and Wake, 1993). The most striking
example of morphological stasis in Microhedylacea is a recently discovered world-wide

radiation in Pontohedyle slugs which present clearly independently evolving genetic lineages


https://doi.org/10.1101/010322

bioRxiv preprint doi: https://doi.org/10.1101/010322; this version posted October 15, 2014. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

but are entirely cryptic based on traditional taxonomic characters (i.e. external morphology,
spicules and radula features). Even microanatomy does not reveal reliable diagnostic
characters (Jorger et al., 2012).

In direct contrast to the morphological reduction and simplification in Microhedylacea, the
evolution of Hedylopsacea is driven by novel inventions and increasing organ complexity.
The development of a complex kidney at the base of Hedylopsacea probably plays a key role
for the ecological diversification of the clade, serving as precursor to habitat shifts which
enables to handle osmotic stress (Brenzinger et al., 2011b; Neusser et al., 2009a; Neusser et

al., 2011b; Neusser and Schrddl, 2009).

Out of the mesopsammon — The evolutionary pathway away from the meiofaunal lifestyle is
even less studied and understood than the way in. Meiofaunal animals may have played a
major role in the earliest diversification of bilaterians (Rundell and Leander, 2010; Worsaae et
al., 2012), but few reports document the reversion of miniaturized forms re-establishing a
benthic life-style and evolving a ‘secondary gigantism’ in body size (see e.g., Westheide,
1982; Worsaae and Kristensen, 2005). In an example known for annelids, morphological
features which were reduced as previous adaptation to the interstitial life (e.g. setae) were not
reestablished with increasing body size (Westheide, 1982). Our ancestral state reconstruction
of Acochlidia supports a mesopsammic hedylopsacean ancestor and three independent ways
out of the interstitial habitat and to larger body sizes: in Aitengidae, Pseudunela espiritusanta
and Acochlidiidae (see Fig. 6). Alternatively, but less supported in the analyses, the benthic
lifestyle could have been reestablished only once (or twice) in an ancestral lineage within
Hedylopsacea, then again Pseudunelidae (and Hedylopsacea sp.) would have secondarily
recolonized the interstitial habitat. Currently, all transitions out of the mesopsammon are
always into habitats characterized by non-marine salinities (brackish, limnic, amphibious)

(see Fig. 6). In absence of any macrofaunal marine Hedylopsacea, the ‘secondary gigantism’
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seems a consequence of the habitat transition into brackish water, freshwater and terrestrial
systems rather than the necessary precursor of the habitat switch e.g., to be able to cope with
osmoregulatory requirements. The hypothesis, that habitat shifts primarily depend on the
ability of efficient osmoregulation independent of the overall body size is further supported by
the presence of the limnic, yet minute and interstitial Tantulum elegans. Some recently
discovered deep-sea benthic slugs, however, show putative hedylopsacean relationships (TPN
unpublished data) and might shed new light on hedylopsacean habitat shifts out of the

mesopsammon in the future.

Shifting from marine to (semi-)terrestrial and limnic habitats — Evolutionary transitions
between aquatic and terrestrial habitats as well as between marine and freshwater systems are
comparatively rare in the animal kingdom (Vermeij and Dudley, 2000). Therefore
considerable barriers probably exist among the habitats related to osmoregulation, desiccation
and novel predator-prey interactions (Vermeij and Dudley, 2000; Vermeij and Wesselingh,
2002). The key to the diversification of particularly panpulmonate Euthyneura was the
invasion of freshwater and terrestrial habitats, and the drivers of those habitat transitions are
of major interest (Barker, 2001; Klussmann-Kolb et al., 2008). Earlier assumptions that
pulmonate taxa secondarily invaded the marine habitat via terrestrial pathways (Solem, 1985)
are nowadays replaced by a consensus on the marine origin of (Pan)Pulmonata (Dayrat et al.,
2011; Klussmann-Kolb et al., 2008). This is confirmed by our ancestral state reconstruction,
in which most deep panpulmonate nodes were highly supported as marine (lh 0.96 -1.0,
reconstruction not shown). Truly terrestrial panpulmonates are found within
Stylommatophora, Systellommatophora and Ellobioidea and several independent evolutionary
pathways led to the life on land in pulmonate slugs and snails (Barker, 2001; Dayrat et al.,
2011), probably via marine marginal zones and amphibious-marine transition stages

(Klussmann-Kaolb et al., 2008). Klussmann-Kolb et al. (2008) suggested that the colonization
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of freshwater in Euthyneura was a unique evolutionary event (in Hygrophila) directly from
marine habitat via an aquatic pathway. Our ancestral area reconstruction confirmed the
proposed aquatic pathway into freshwater in Hygrophila and also for Glacidorboidea,
‘amphibious-limnic’ lineages in Ellobioidea and limnic Acochlidia. This also indicates that
conclusions on a unique transition event into freshwater, however, were premature and do not
reflect the highly complex picture of habitat transitions in Panpulmonata.

Because of incomplete taxon sampling, conclusions from ancestral area reconstructions across
these phylogenies have to be carefully evaluated. Although it is ideal to all major lineages of
each outgroup clade, ideally with a basal rather than derived internal position, the selected
taxa may not necessarily reflect the ecological variability and basal state of habitat within
their clade, e.g., the non-inclusion of the putatively basal marine Williamia within
Siphonarioidea resulted in the amphibious semi-terrestrial ancestral state for the
diversification of the clade (results not shown). Due to the uncertainty of panpulmonate sister
group relationships and the incomplete ecological representation of our panpulmonate
outgroups (e.g., Siphonarioidea, Hygrophila and Ellobioidea) we refrain from reporting
ancestral characters states across Panpulmonata in detail, including dating ancestral areas for
the involved transitions. Nevertheless, our present and previous molecular clock analyses
(Jorger et al., 2010b; Klussmann-Kolb et al., 2008) indicate that some of the major habitat
transitions (e.g., land invasion by the stylommatophoran ancestor and shift to freshwater by
the ancestor of Hygrophila) date back to the Mesozoic. In contrast, our study on Acochlidia
revealed comparably recent habitat transitions within Hedylopsacea: According to our
analyses, freshwater was invaded only once in the ancestor of Acochlidiidae (see Fig. 6).
Another, independent transition to freshwater occurred in the Western Atlantic Tantulidae
(Schrodl and Neusser, 2010), a taxon unfortunately unavailable for molecular approaches (see
Discussion above). The semi-terrestrial habitat was invaded once in Aitengidae and

permanently brackish water once at the base of Pseudunelidae by Pseudunela espiritusanta
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(see Fig. 6). All habitat shifts occurred in the central Indo-West Pacific. The habitat shifts to
limnic and brackish water were dated herein to the late Paleogene. Unfortunately, the stemline
of Aitengidae spans nearly 130 my hindering assumptions on the timeframe in which the
transition to a (semi-) terrestrial lifestyle occurred, but it is likely that they fall in the same
timeframe in which the forming Wallacea region offered ideal conditions for shifts in habitat.
During the Paleogene the Central Indo-West Pacific region was under major geological
reformation and lots of new shallow shelf areas and islands appeared (Cox and Moore, 2010;
Lomolino et al., 2010). This 1) provided comparatively pristine habitats with low levels of
competition and predation for newcomers, which is discussed as beneficial for habitat shifts
(Vermeij and Dudley, 2000) and 2) boosted marine diversity in general, thus raising the
competition and predation pressure in the old habitat. Based on our phylogenetic hypotheses
the (semi-)terrestrial habitat in Aitengidae was invaded by a marine ancestor and can be
considered part of the marginal zone between marine and terrestrial habitat. With regard to the
colonization of limnic habitats however, paticular hypotheses of brackish habitats serving as
stepping stones into freshwater ones are not supported by our phylogeny and the
reconstruction of ancestral character states, including those on temporarily brackish habitats
(e.g., intertidal mesopsammic Pseudunela cornuta influenced by rain) and permanently
brackish waters (e.g., P. espiritusanta) (Neusser et al., 2009a; Neusser and Schrddl, 2009).
But more intermediate taxa inhabiting zones with decreasing salinity are necessary to

reconstruct the evolutionary scenario of the invasion of limnic systems in Acochlidia.

4.4 Morphological and behavioral adaptations

Habitat shifts require adaptation to the new physical environment; to deal with osmotic stress,
risk of desiccation and adapt life strategies concerning reproduction, predator avoidance and

available food sources (Mordan and Wade, 2008). In the evolution of Hedylopsacea, the
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complexity of the excretory and circulatory systems increased in taxa that conquered new
habitats, compared with their fully marine, mesopsammic sister groups. Next to ‘secondary
gigantism’, which improves the volume/surface ratio for osmoregulation, the excretory
system of limnic and brackish Acochlidiidae and Pseudunelidae potentially increases
effectiveness by evolving a long, looped nephroduct (which is short in fully marine sister
species of Pseudunelidae) (Neusser et al., 2009a; Neusser et al., 2011b; Neusser and Schradl,
2009). ‘Enhanced’ nephroducts are known for limnic panpulmonates (Smith and Stanisic,
1998), where it is long and looping as in some hedylopsacean Acochlidia (e.g. Hygrophila,
Acroloxus and Ancylus (Delhaye and Bouillon, 1972)) or bladder-like (Glacidorbis (Ponder,
1986)). The nephroduct is also elaborate in terrestrial Systell- and Stylommatophora, but not
modified in the remaining coastal or amphibious panpulmonate taxa (e.g. Siphonariidae
(Delhaye and Bouillon, 1972) or sacoglossan Gascoignella (Kohnert et al., 2013)).
Additionally, specialized heart cells in limnic Strubellia, which probably enhance circulation,
likely present another novel adaptive feature to life in freshwater (Brenzinger et al., 2011b).
The dorsal vessel system (modified part of the kidney) in Aitengidae, was proposed as an
adaptation to a semi-terrestrial lifestyle, potentially used for oxygen supply in a gill-less
animal (Neusser et al., 2011a).

Analogous to the increasing complexity in excretory and circulatory systems, several ‘novel’
or reinvented reproductive features also evolved in Hedylopsacea. The Acochlidiidae
developed a progressively large and complex copulatory apparatus, with additional glands and
cuticular injection systems, culminating in the ‘giant’ phallus equipped with several rows of
cuticular spines termed ‘rapto-penis’ (Schrodl and Neusser, 2010). In addition, sperm storage
organs such as a seminal receptacle and a bursa copulatrix (gametolytic gland) are absent in
basal acochlidians, but reappear in derived hedylopsaceans (Schrédl and Neusser, 2010). On
one hand, this increasing diversity and complexity of male and female reproductive organs,

paired with an obviously traumatic type of mating (Lange et al., 2013), suggests an arms race
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between individuals and perhaps even sexes in these hermaphrodites. Large reproductive
organs are coupled with secondarily large body sizes and a benthic lifestyle. On the other
hand, this re-establishment of reproductive features present in euthyneuran outgroups but
putatively reduced in basal mesopsammic acochlidian lineages, shows that the ontogenetic
source of these structures might persist and can be reactivated in larger individuals again. This
implies, however, that the function of theses developmental pathways is maintained by other
selective constrains, otherwise a reactivation after such long timescales is considered
impossible (Marshall et al., 1994).

The mode of reproduction is further modified in limnic Acochliididae, which produce a large
number of eggs in contrast to the low reproductive output in the marine sister taxa. Benthic,
limnic acochlidiids are likely amphidromic, i.e. have a marine planktonic larval stage and
recolonize freshwater as juveniles (Brenzinger et al., 2011b). The freshwater fauna of tropical
oceanic islands in the central Indo-West Pacific is dominated by amphidromous species
(Crandall et al.,, 2010). This life strategy evolved several times independently among
invertebrates, likely because it facilitates (re-)invasion of island habitats and unstable stream
environments (Crandall et al., 2010; McDowall, 2007). This long-distance marine planktonic
dispersive stage promotes a population structure similar to those in marine species with
planktonic larvae, and is characterized by little genetic structure among the populations of
different island archipelagos (Crandall et al., 2010; Kano and Kase, 2004). The dispersal
abilities of the unique ‘adhesive larvae’ reported for Acochlidiidae are unknown and it
remains speculative whether other animals are used as dispersal vectors or whether the glue is
used on the substrate to avoid being swamped to the open sea (Brenzinger et al., 2011b). In
the future population genetic analyses might give insights about the connectivity of
populations on different islands and thus allow conclusions on the fate of the larvae after
being washed into the sea. It is likely that these changes in habitat and mode of reproduction

result in entirely different population structures, with rather well-connected populations and
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widespread species in limnic taxa versus a high degree of endemism and small distributions in
marine, mesopsammic Acochlidia.

The pathway into the mesopsammon is thought to be advantageous in avoiding predator
pressure (Palmer, 1988). In general, slugs should be more vulnerable to predation than snails,
as the gastropod shell serves as protection against predators. However, sea slug lineages
which lack a protective shell have independently evolved a series of defensive mechanisms
such a cleptocnides, acid glands or secondary metabolites (for summary see Wagele and
Klussmann-Kolb, 2005). In Acochlidia, no special defensive features are known apart from
their unique ability to retract their head-foot complex into their visceral hump (Schrédl and
Neusser, 2010), showing similar behavior to snails withdrawing into their shell. The
acochlidian visceral hump can be equipped with a dense arrangement of calcareous spicules in
Asperspinidae and Hedylopsidae forming a secondary ‘spicule shell” (Schrodl and Neusser,
2010; Sommerfeldt and Schrddl, 2005). The ability to retract the anterior is present in all
mesopsammic Acochlidia, and may be an effective defense against (small-sized) meiofaunal
predators by increasing the body diameter to avoid being swallowed whole, and additionally
protects essential body parts against bites. Secondarily benthic Acochlidia can only slightly or
partially retract, which may result from the changes in overall morphology (e.g., the flattened
leaf-like visceral sac in Acochlidium and Palliohedyle). But probably the strategy is not
particularly efficient against large-sized benthic predators such as crabs or fish and might
have lost its evolutionary significance in benthic environments. Interestingly, no marine
benthic acochlidians are described at present, thus acochlidian evolution lacks evidence for
the most direct habitat shift (from the marine mesopsammon back to a benthic marine
lifestyle, see discussion above). The transitions to a benthic lifestyle in Acochlidia occur
where habitats present comparatively low predator pressure, such as freshwater systems, or by
dwelling in brackish water like Pseudunela espiritusanta (Neusser and Schrdodl, 2009), and in

the latter, is supported by behavioral predator avoidance such as hiding beneath stones during
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daytime. The semi-terrestrial Aitengidae is an exception, and lives in the marine intertidal
habitat which is very stressful due to highly fluctuating temperatures and salinities, the risk of
desiccation and the presence of many predators such as crabs, other arthorpods or sea birds.
Behavioral stress avoidance, like hiding into the damp crevices of intertidal rocks during
daytime in Aiteng mysticus (Neusser et al., 2011a), might have been the key to successfully
colonize this habitat. Whether or not Aitengidae possess additional defensive features, for
example via chemical substances, still needs to be explored in future research.

Given the late Paleogene timeframe and the ancestral area (Wallacea) for the major habitat
shifts in Acochlidia, the driving forces for the transitions still remain unclear. Food sources of
Acochlidia are largely unknown, but it is likely that they are highly specialized feeders, e.g.,
preying on the eggs of co-occurring species. It can be speculated that the availability of new
food sources with less competition might play a role, e.g. Aiteng ater, which specializes on
feeding on insect pupae (Swennen and Buatip, 2009). Moreover, potential co-evolution
between limnic Acochlidia like Strubellia and the neritid gastropods whose eggs they feed on
(Brenzinger et al., 2011b), should be investigated in future research combining gut content

analyses, molecular clock analyses and the habitat shifts in both groups.

Conclusions

The Acochlidia provide an astonishing example of two major evolutionary clades differing
enormously in habitat transition flexibility. The hedylopsacean evolution presents a mosaic of
habitat transitions between aquatic and (semi-) terrestrial habitats shifting from the
mesopsammon to epibenthic lifestyle and vice versa, which corresponds to a series of novel
morphological developments and increasing complexity e.g., in excretory and reproductive
features within some hedylopsacean clades. Consequently, Hedylopsacea comprise high

morphological plasticity and ecological diversity with their major diversity hotspot in the
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central Indo-West Pacific, and morphological divergent lineages are still expected in further
research. Conversely, their sister clade Microhedylacea remained in almost entire
morphological and ecological stasis since the late Mesozoic. Miniaturization, organ
simplifications and specialization led to a highly successful clade, which is worldwide
distributed with several transitions to temperate and even temperate-cold waters, occurs in
locally high species densities and has apparently successfully survived or recolonized areas
after major extinction events. But this evolutionary success of Microhedylacea by taking the
‘regressive’ and specialized pathway into the mesopsammon apparently also forms a dead-end
road concerning morphological or ecological diversification. The currently known
Microhedylacean diversity is largely cryptic, which is also to be expected for their still
undiscovered lineages. Adding about 30 new MOTUSs, the present study again confirms the
existence of hidden marine diversity, and highlights the more general need for integrative
species delimitation and the potential for molecular description of cryptic species.

The comparatively small and well-studied clade of Acochlidia demonstrates the high degree
of habitat flexibility in panpulmonates, evoking potential complexity in the evolutionary
history of other less-known panpulmonate clades. The present study shows how habitat
transitions can be placed in space, time and biological context, once a robust, integrative
species-level phylogeny is established, and despite limitations such as still undiscovered
diversity. Even though panpulmonate relationships cannot be satisfactorily resolved at
present, converging molecular clock data from sensitivity analyses with different fossil
calibration points already indicate that different shifts in habitat in Panpulmonata occurred in
different Mesozoic and Cenozoic timeframes and therefore various geological and ecological
backgrounds. The ancestral marine habitat of the basal panpulmonate Acochlidia and other
deep panpulmonate nodes is the originator of the panpulmonate evolution in the mid

Mesozoic, but habitat shifts need to be addressed individually across each clade.
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Tables
Table 1: List of museums numbers of voucher material, DNA voucher numbers (all ZSM)
and GenBank numbers of the material of Acochlidia analyzed in the present study. * marks

sequences generated within this study, all remaining sequences were retrieved from GenBank.

AM — Australian Museum, Sydney; SI — Smithsonian Institute, Washington, D.C.; ZSM — Bavarian State

Collection of Zoology, Munich. DNA and sequences generated by KMJ if not stated otherwise: KH — Katharina
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Héndeler — University of Bonn; YK — Yasunori Kano, University of Tokyo; NW — Nerida Wilson, Scripps

Institution of Oceanography, La Jolla.

. Museums | GenBank accession numbers of generated DNA-bank
Taxon Locality
number | sequences number
HEDYLOPSACEA
Hedylopsidae 18S rRNA | 28S rRNA | 16S rRNA | COIlI
ZSM Mol
NEA-3a 20080951 HQ168430 | HQ168443 | no data HQ168455 | AB35081816
ZSM Mol
NEA-4 no data no data HQ168417 | KF709352 | AB35081817
Hedylopsis 20080955 Q
spiculif
piculiiera NEA-g |ZSMMol 0 hata | KF709319 | KF709245 |KF700351 | AB35081764
20080389
ZSM Mol
NEA-11 20081016 KF709275 |no data KF709246 | KF709353 | AB34404246
Hedylopsis ZSM Mol
ballantinei WIP-2 | 50000044 | HQ168429 | HQ168442 | HQ168416 | HQ168454 | AB34858170
Hedylopsis MOTU | g 3 |AMCATE0 |\ 000576 (nodata | KF709247 | KF709354 | AB34402008
Moorea 56.001
Hedylopsacea
indet.
Hedylopsacea AMC.4760
MOTU Moorea EIP-4 59 001 KF709277 | KF709320 | no data KF709355 | AB34402051
Pseudunelidae
ZSM Mol
Pseudunela cornuta | CIP-19 20071809 JF819754 | KF709321 | JF819748 |JF819774 | AB34404215
cIp-27 ggggo'\é';é JF819751 |nodata | JF819741 |JF819766 |AB34404247
Pseudunela viatoris ZSM Mol
CIP-5 20070953 no data KF709322 | JF819745 |JF819770 | AB34404276
ZSM Mol
CIP-18 20080022 JF819753 | no data JF819746 |JF819771 | AB34404252
. ZSM Mol
Pseudunela marteli | CIP-23 20080393 HQ168431 | HQ168444 | HQ168418 | HQ168456 | AB35081809
ZSM Mol
CIP-13 KF709278 | KF709323 | KF709248 | KF709356 | AB34402060
20100381
Pseudunela MOTU ZSM Mol
Maledives WIP-3 20110029 KF709279 | KF709324 | KF709249 |KF709357 |AB34402077
Pseudunela cip-22 |ZSMMol 00755 | KF700325 | JF819749 | JF819775 | AB34404289
espiritusanta 20080117
Acochlidiidae
. ZMB Moll.
Strubellia paradoxa | CIP-12 193.944 HQ168432 | HQ168445 | HQ168419 | HQ168457 | AB34858174
ZSM Mol
CIP-16 20080016 KF709280 | no data JF819730 |JF819758 | AB34404250
. . ZSM Mol
Strubellia wawrai CIP-17 20071810 no data KF709326 |JF819734 |JF819762 |AB34404212
CIP-21 ZSM Mol KF709281 | KF709327 |JF819736 |JF819764 |AB34404205
20080150
Strubellia MOTU | op | ZSM Mol 1y pongo0) | k709328 | JF819740 | JF819765 | AB35081762
Sulawesi 20100339
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Acochlidiidae ZMB Moll.
Soocmiicee cip-12 | 2005 MO | kF700283 | KF709329 | KF709250 | KF709358 | AB35081841
Palliohedyle MOTU | o \p , [ ZSMMol |\ 769504 | 3r828039 | JF828040 | JF828032 | AB35081794
Sulawesi 20100356
Acochlidium fijense | CIP-26 ggcl)\gol\ég HQ168433 | HQ168446 | HQ168420 | HQ168458 | AB34404244
Acochlidium cip-12 | ZMBMoll- 1 eo00085 | KF709330 | KF709251 | KF709359 | AB35081759
amboinense 193.942a
Acochlidium ZSM Mol
ayerfahlmanni CIP-14 | 5o M, |KF709286 [nodata | KF700252 |KF709360 | AB35081800
Acochlidium sutteri | CIP-9 ggggo'\é'fl' KF700287 | KF709331 |KF709253 |KF709361 | AB35081785
Acochlidium MOTU | 5, 1 | ZSM Mol 1 000500 | KF700332 | KF709254 | KF709362 | AB35081777
Flores 20080897
cip2 | ZSMMol 1 eon0089 | KF709333 | KF709255 | KF709363 | AB34500502
Acochlidium MOTU 20100341
Sulawesi ZSM Mol
clp3 |20 o) |nodata  [nodata | KF709256 | KF709364 | AB34402017
Acochlidium MOTU | 5 15 | ZSMMol 1 000500 | KF700334 | KF709257 | KF709365 | AB34404232
Solomons 20080159
Aitengidae
Aiteng ater CIP-1 E;‘/t[z‘ﬁe‘j JF828036 |JF828037 |JF828038 |JF828031 |AB34858187
enerated no DNA
Aiteng mysticus CIP-28 g HQ168428 | HQ168441 | HQ168415 | HQ168453 |aliquot at
Yy YK
ZSM
MICROHEDYLACEA
Asperspinidae
NEA-12 |ZSMMOl |0 hata 00410091 | 10410990 |JQ410924 | AB34402042
Asperspina 20100576
brambelli
NEA-12 |ZSMMol | ro600201 [nodata | KF709258 | KF709366 | AB34402038
20100573
Asperspina i ZSM Mol
e toota NEA-7 | 2o o | KF700202 | KF700335 | KF700259 |KF709367 | AB35081814
Asperspina MOTU | opp 5 | ZSMMoL 1y ongo03 | o data | KF709260 | KF709368 | AB35081775
Peru 20080560
Asperspina MOTU1 i ZSM Mol
e NwP-1 |25 MO |HQ168434 | HQ168447 | HQ168421 | KF709369 | AB35081833
Asperspina MOTU2 i ZSM Mol
operspina » nwp-2 250 MO | KF700204 | KF709336 | KF709261 | KF709370 | AB35081755
. SI-
AsperspinaMOTU |\ AT3 | CBC2010 | KF709295 |KF709337 |nodata  |nodata | AB34402056
Belize
KJO1-A08
Asperspina MOTU |\ a5 [ZSM Mol 1 ongr06 | KF700338 [nodata | KF709371 | AB34500492
Panama 20110721
Asperspina MOTU i ZSM Mol
Waehieton NEP-L |25 ol | KF700297 |nodata | KF700262 |KF709372 | AB34402007
AsperspinaMOTU | g\p | AMC.A760 |\ 00059 | KF709339 |nodata | KF709373 | AB34402009
Moorea 49,001

Microhedylidae
(s.l)
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ZSM Mol

NEA-3a 20081019 HQ168437 | HQ168449 | HQ168424 | HQ168461 | AB35081799
Microhedyle =S Viol
landulifera -
g NEA-10 20080136 no data no data JF819817 |JF819778 | AB34404283
ZSM Mol
NEA-9 20080392 no data no data KF709263 |JF819779 | AB35081748
Microhedyle MOTU ZSM Mol
Ghana EAT-1 20110715 KF709299 | no data KF709264 | KF709374 | AB34402046
Microhedyle MOTU ZSM Mol
West Papua CIP-13 50100386 KF709300 | KF709340 |no data KF709375 | AB34401999
Microhedyle MOTU | oo, | ZSM MOl |\ oong301 | KE709341 | KF709265 | KF709376 | AB35081828
Peru 20080559
Microhedyle MOTU ZSM Mol
Chile SEP-1 20090206 KF709302 | KF709342 | KF709266 |KF709377 |AB35081771
Microhedyle MOTU ZSM Mol
Egypt WIP-1 20090464 KF709303 | KF709343 |no data KF709378 | AB35081773
Microhedyle swa-1 |ZSMMol 1y o69304 | KF700344 | KF709267 [nodata | AB34404296
remanei 20071124
Microhedyle MOTU ZSM Mol
St Vincent WAT-8 20090193 KF709305 |JQ410989 |JQ410988 |JQ410923 |AB35081767
Microhedyle MOTU | \pp », |generated |\ congans | nodata | KF709268 | KF709379 | AB34500083
Mexico by NGW
mgﬁ’egedy'e MOTU Elps | AMc.a760 | KF709307 |nodata | KF709269 | KF709380 | AB34499237
61.001
Parhedyle ZSM Mol
cryptophthalma NEA-6 20100584 KF709308 |JF828041 |JF828042 JF828033 | AB34599403
. ZSM Mol
Parhedyle odhneri | NEA-5 20090571 KF709309 |JF819814 |no data JF819819 | AB35081818
.. ZSM Mol
Parhedyle tyrtowii | NEA-1 20091369 KF709310 |JF819813 |no data JF819818 | AB35081774
Parhedyle ZSM Mol
nahantensis NWA-1 20110022 KF709311 | KF709345 |no data KF709381 | AB34500501
ZSM Mol
NEA-3b 20080054 HQ168435 |JF828043 |HQ168422 | no data AB34404241
Pontohedyle ZSM Mol
milaschewitchii NEA-2 20071381 no data JQ410926 |JQ410925 |[JQ410897 |AB34404214
ZSM Mol
NEA-4 20080953 KC984282 | no data JQ410929 |JQ410898 | AB35081832
WAT-9 ggll\fol\;lgzl KC984285 |JQ410952 |JQ410951 |JQ410906 |AB34402086
Pontohedyle WAT-5 5081\40“7/';; KC984284 |JQ410952 |JQ410951 |JQ410906 |AB34402034
brasilensis SI
WAT-1 |CBC2010 |KC984283 |JQ410941 |[JQ410940 |no data AB34500510
KJO01-E03
ZSM Mol
CIP-19 20071820 KC984287 |JQ410978 |JQ410977 |JQ410920 |AB34404223
Pontohedyle ZSM Mol
verrucosa CIP-13 20100390 | M° data JQ410975 | no data JQ410918 | AB34402070
CIP-13 ZSM Mol | KC984289 | no data JQ410976 |JQ410919 |AB34500531
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20100391
cip-7 | ZSMMol 1y 084988 | 10410971 | Q410970 |JQ410914 | AB34404221
20071135
. ZSM Mol
Pontohedyle kepii CIP-8 20081013 | KC984290 JQ410967 |JQ410966 |JQ410912 |AB35081769
ZSM Mol
WAT-6 |50 o010r | kcosaner | 'Q410934 |JQ410933 |JQ410901 | AB34858164
Pontohedyle joni SI-
WAT-3 |CBC2010 |nodata  |JQ410939 |JQ410938 |JQ410903 |AB34402065
KJ01-CO8
: AMC 4760
Pontohedyle neridae | EIP-5 62,001 no data JQ410986 |JQ410985 |[JQ410922 |AB34500497
Pontohedyle liliae | WIP-1 ggggo'z'?ol' KC984293 |JQ410954 |JQ410953 |nodata | AB35081802
Pontohedyle wiggi | WIP-5 ggl'\go'\é';; nodata  |JQ410960 |JQ410959 |JQ410908 |AB34402059
WIP-6 ggll\gol\gs;zl KC984294 |JQ410958 |JQ410957 |JQ410907 |AB34402021
EIP-1 '5“1'\"0%'14760 KC984295 |JQ410982 |JQ410981 |nodata | AB34402037
Pontohedyle wenzli ZSM Mol
CIP6  |Sonmiois |KC984296 |JQ410969 |JQ410968 (JQ410913 | AB35081827
cip-4 |ZSMMol 1y 084297 10410973 | 10410072 |10410915 | AB34500521
20100379
Pontohedyle ZSM Mol
oteryall EAT2 |5oo71133 |KC984298 [nodata  [JQ410930 |JQ410899 | AB34404268
Pontohedyle AMC.4760
martynovi EIP-2 54001 no data JQ410984 |JQ410983 |no data AB34402062
Pontohedyle ZSM Mol
yurihookeri EPT-1 20080565 KC984299 |JQ410987 |no data no data AB34402000
Ganitus evelinae | SWA-2 ﬁ\gol\sﬂzozlz KF709312 |JF828044 | JF828045 | JF828034 |AB34404225
Ganitus MOTU |\ a1 g |ZSMMol 1y pong313 | KE709346 | KF709270 | KF709382 | AB34858203
Panama 20110210
Paraganitus ZSM Mol
cllynat CIP-20 |5oreimy | HQ168436 | HQ168448 | HQ168423 | HQ168460 | AB34404203
ZSM Mol
paraganitus MOTU | CP2% | S00g0173 | KF709314 | KF700347 | KF709271 | KF709383 | AB34404204
Vanuat CIP-25 g(fl'\go“é'g KF709315 |nodata | KF709272 | KF709384 | AB34402002
Paraganitus MOTU | o p 57 [ZSM MOl 1 conga16 | KE700348 | KE709273 | KE709385 | AB34404280
Fiji 20080065
Paraganitus MOTU ZSM Mol
Wost Papua CIP13  |5o0050s |KF709317 |KF709349 |nodata  [KF709386 | AB34500507
Paraganitus MOTU ZSM Mol
b WIP-4 | 50 osgs | KF709318 |KF709350 |KF709274 | KF709387 | AB34402080

Table 2: List of included panpulmonate outgroup taxa for phylogenetic analyses with

GenBank accession numbers.

Higher taxon | Species | 18SrRNA | 28SrRNA [ 16SrRNA [ COI
,LOWER HETEROBRANCHIA®
| Orbitestella vera | FI917207 [ FJ917239 | FJ917250 [ FJ917268
EUOPISTHOBRANCHIA
Tylodina perversa AY427496 | AY427458 | FJ917424 AF249809
Akera bullata AY427502 | AY427466 | AF156127 | AF156143
Aplysia californica AY039804 | AY026366 | AF192295 | AF077759
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PANPULMONATA

Sacoglossa

Oxynoacea Oxynoe antillarum FJ917441 FJ917466 FJ917425 FJ917483
Volvatella viridis HQ168426 HQ168439 HQ168413 HQ168451

Plakobranchacea | Gascoignella nukuli HQ168427 HQ168440 HQ168414 HQ168452
Elysia viridis AY427499 AY 427462 AJ223398 DQ237994
Bosellia mimetica AY427498 AYA427460 DQ480202 DQ471212

Siphonarioidea

Siphonariidae Siphonaria pectinata HQ659934 DQ279993 AY377627 HQ660000
Kerguelenella lateralis HQ659931 - HQ650565 HQ659997

Pyramidelloidea

Pyramidellinae Pyramidella dolabrata - - AY345054.2 | AY345054.2
Otopleura nodicincta HQ659929 - HQ650563 HQ659995

Odostomiinae Boonea seminuda AY145367 AY145395 AF355163 -
Hinemoa sp. GU331936 GU331926 GU331946 GU331955
Odostomia plicata GU331938 GU331928 GU331948 GU331957
Pyrgisculus sp. GU331939 GU331929 GU331949 GU331958

Turbonillinae Turbonilla elegantissima GU331941 GU331931 GU331951 GU331960
Eulimella ventricosa FJ917213 FJ917235 FJ917255 FJ917274
Cingulina sp. GU331940 GU331930 GU331950 GU331959

Glacidorboidea

Glacidorbidae Glacidorbis rusticus FJ917211 FJ917227 FJ917264 FJ917284
Striadorbis spiralis - DQ256746 - -

Amphiboloidea

Amphibolidae Amphibola crenata EF489337 EF489356 EF489304 JF439216
Salinator rhamphidia HQ659937 - HQ650571 HQ660003
Salinator sp. GU331942 GU331932 GU331952 GU331961

Phallomedusidae | Phallomedusa solida DQ093440 DQ279991 DQ093484 DQ093528

Hygrophila

Chilinidae Chilina sp. EF489338 EF489357 EF489305 EF489382

Latiidae Latia neritoides EF489339 EF489359 EF489307 EF489384

Acroloxidae Acroloxus lacustris AY282592 EF489364 EF489311 AY282581

Physidae Physa acuta AY282600 EF489368 AY651219 AY282589
Aplexa elongata - AY465071 EU038330 EU038377

Lymnaeidae Galba truncatula HQ659965 - HQ659899 HQ660031
Lymnaea stagnalis AY427525 AY427490 AY577461 AY227369

Planorbidae Biomphalaria glabrata BGU65223 | AF435694 DQ084845 DQ084823
Bulinus globosus HM756311 | HM756400 | AY029546 FN546814

EUPULMONATA

Systellommatophora

Veronicellidae Sarasinula linguaeformis HQ659989 - HQ659923 HQ660055
Laevicaulis natalensis HQ659985 - - HQ660051
Veronicella cubensis HQ659991 DQ897670 HQ659925 HQ660057

Rathouisiidae Atopos australis - AY014152 - -

Onchidiidae Onchidium vaigiense HQ659974 - HQ659908 HQ660040
Onchidella floridana AY427521 AY427486 EF489317 EF489392
Peronia peronii HQ659975 - HQ659909 HQ660041

Ellobioidea

Otinidae Smeagol phillipensis FJ917210 FJ917229 FJ917263 FJ917283
Otina ovata EF489344 EF489363 EF489310 EF489389

Trimusculidae Trimusculus reticulatus HQ659935 - HQ650569 HQ660001

Ellobiidae Ellobium pellucens - AY465079 - -
Carychium minimum EF489341 EF489361 EF489308 EF489386
Melampus fasciatus HQ659941 - HQ659875 HQ660007
Pedipes mirabilis HQ659945 AY465074 HQ659879 HQ660011
Ophicardelus ornatus DQ093442 DQ279994 DQ093486 DQO093530

Stylommatophora

Arionoidea Arion silvaticus AY 145365 AY145392 DQ465822 AF513018

Limacoidea Deroceras reticulatum AY145373 AY 145404 AF238045 AF239734
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Elasmognatha Succinea putris HQ659993 AY014057 HQ659927 HQ660059
Orthalicoidea Placostylus ambagiosus - AY014059 - AY 148560
Helicoidea Helicella obvia GU331943 GU331933 GU331953 GU331962

Cerion striatellum - EU409909 - -
Orthurethra Cochlicopa lubrica GU331944 GU331934 GU331954 GU331963
Figures

Figure 1: Sampling localities of Acochlidia. Triangles indicate type localities (when colored
in red material from type locality was included in the study, yellow triangles: unsampled type
localities), red dots represent collecting sites of material included in this study (for collectors,
coordinates and details on the collecting sites, see Additional material 1). Yellow triangles:
unsampled type localities. Biogeographic areas modified after system of Marine Ecoregions
of the world (MEOW) by Spalding et al (2007), using their original shape-file to generate the

map in DIVA-GIS.

CIP — Central Indo-Pacific; EAT — tropical Eastern Atlantic; EIP — Eastern Indo-West Pacific; EPT — tropical
Eastern Pacific; NEA — North-Eastern Atlantic (+Mediterranean+Black Sea); NEP — North-Eastern Pacific;
NWA — North-Western Atlantic; NWP — North Western Pacific; SEP — South-East Pacific; SWA — South-
Western Atlantic; WAT — tropical Western Atlantic; WIP — Western Indo-Pacific. White coastlines mark

unsampled biogeographic regions.

Figure 2: Overview of the phylogenetic relationships of Acochlidia within Panpulmonata,
based on maximum likelihood analyses of the concatenated four marker dataset

(mitochondrial COI and 16S rRNA and nuclear 28S rRNA and 18S rRNA).

Figure 3: Phylogeny of Acochlidia shown to species level (outgroups collapsed for
presentation purposes), based on maximum-likelihood analyses of the concatenated four

marker dataset (mitochondrial COI and 16S rRNA and nuclear 28S rRNA and 18S rRNA).

Figure 4: Ancestral area chronogram of Acochlidia, outgroups collapsed for presentation

purposes (for complete chronogram see Additional material 3). Divergence times obtained
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from BEAST v1.6.1 under a relaxed uncorrelated clock model, node ages indicated above
nodes. Geological timescale is based on the International Stratigraphic Chart by the
International Commission on Stratigraphy (2012). Colored dots at terminals indicate
geographic areas occupied the sampled specimens, squares at nodes ancestral area which

received highest relative probability (p) in DEC-analyses.

Figure 5: Analyses of shifts in diversification rate of Acochlidia. a) Lineage through time

plot, b) birth-death model calculated with TreePar.

Figure 6: Ancestral state reconstruction of ecological traits (climate, habitat and life style) in
Acochlidia, retrieved in Mesquite on the maximum-likelihood phylogeny shown in Fig. 3,

outgroups collapsed.

Additional material
Additional material 1: Sampling localities of Acochlidia included in the present study
(recollecting attempts at the same position are marked with a and b). Localities referring to

type localities of valid acochlidian species are marked with *.

Collectors: AA — Andreas Altendder, PB — Pat Boaden, LD — Ludwig Dembharter, AD — Angela Dinapoli, BE —
Barbara Eder, GH — Gerhard Haszprunar, MH — Martin HeR, KJ — Katharina Jorger, YK — Yasunori Kano, KK —
Kevin Kocot, AM — Alexander Martynov, RM — Roland Meyer, TN — Timea Neusser, GR — Greg Rouse, JS —

Julia Sigwart, MS — Michael Schradl, ES — Enrico Schwabe, NW — Nerida Wilson

Additional material 2: Summary of the different molecular clock analyses performed in this
study (and compared to Jorger et al. 2010) and the resulting estimated node ages for the major

acochlidian taxa.
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Additional material 3: Complete chronogram of Acochlidia, panpulmonate outgroups
shown. Divergence times obtained from BEAST v1.6.1 under a relaxed uncorrelated clock

model, node ages indicated at nodes, bars represent 95 % highest posterior densities (only

presented for nodes with a PP > 0.5).

@ sampling localities
A sampled type localities
/\ unsampled type localities



https://doi.org/10.1101/010322

bioRxiv preprint doi: https://doi.org/10.1101/010322; this version posted October 15, 2014. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

|7 Orbitestella vera
| EUOPISTHOBRANCHIA
SACOGLOSSA
SIPHONARIOIDEA
STYLOMMATOPHORA
SYSTELLOMMATOPHORA
ELLOBIOIDEA

(incl. Trimusculoidea+ Otinoidea)

HYGROPHILA

——— GLACIDORBOIDEA

———— | AMPHIBOLOIDEA

PYRAMIDELLOIDEA
' Hedylopsis Hedylopsidae]
Aiteng Aitengidae |
Hedylopsacea sp. Hedylopsacea indet. |
Pseudunela Pseudunelidae
Strubellia
cochlidiidae sp.
Sliohedyle. - Acochlidiidae
Acochlidium

ACOCHLIDIA

Asperspina L.
Asperspinidae

Pontohedyle

VIIVIAAQIHOHIIN

Microhedylidae s.|
(incl. Ganitidae)

Microhedyle
Microhedyle

Microhedyle
Microhedyle

Paraganitus
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Orbitestella vera
=—————— | Euopisthobranchia

—_—————— ]Sacoglossa
= | Siphonariocidea Hm;ormlmGlacidorbmdea
Amphiboloidea+Pyramidelloidea

e ———
Hedylopsis ballantinei WIP2
Hedylopsis MOTU MooreaEIP3

Hedylopsis spiculifera NEA3a

alil Hedylopsis spiculifera NEA8 -
He dyn‘opsfs spiculifera NEA11
Hedyi

lopsis spiculifera NEA4
. 100 Aiteng ater CIP1

Aiteng mysticus CIP28
Hedylopsacea MOTU Moorea EIP3
Pseudunela espiritusanta CIP22

Pseudunela cornuta CIP19

929 007 Pseudunela viatoris CIP27

Pseuduneila viatoris CIPS

u‘ 9§ Pseudunela MOTU Maledives WIP3
; Pseudunela marteli CIP18
\ 98 99 Pseudunela marteli CIP23
N ¥ Pseudunela marteli CIP13
. 100 Strubellia MOTU Sulawesi CIP2
Ty log— Strubellia paradoxa CIP12

Eupulmonata

=10q Strubellia wawrai CIP17
Strubeliia wawrai CIP21
Strubellia wawrai CIP16
Acochlidiidae MOTU Ambon CIP12
Palliohedyle MOTU Sulawesi CIP2
Acochlidium fijiense CIP26
Acochlidium amboinense CIP12
100 Acochlidium MOTU Selomons CIP15
Acochlidium MOTU Sulawesi CIP3
Acochliidium bayerfehimanni CIP14
Acochlidium MOTU Sulawesi CIP2 /
7| Acochiidium MOTU Flores CIP10
Qgochiidium sutterl CIRS Asperspina MOTU1 Kamtschatka NWP 1
100 Asperspina MOTU2 Kamtschatka NWP2

100 /Asperspina brambelli Ind1 NEA12
IAsperspina brambelli Ind2 NEA12
Asperspina MOTU Moorea EIP1
Asperspina MOTU Peru SEP2
Asperspina MOTU Panama WATSb
sperspina MOTU Washington NEP1
Asperspina MOTU Belize WAT3

Asperspina rhopalotecta NEAT
Pontohedyle kepii CIP8

00~ Pontohedyle joni WAT3
Pontohedyle joni WAT6
Pontohedyle neridae EIPS
Pontohedyle liliae WIP1
Pontohedyle wiggi WIP5
Pontohedyle verrucosa Ind1CIP13
100[. Pontohedyle verrucosa CIP19

Pontohedyle verrucosa CIP7
Pontohedyle verrucosa Ind2 CIP13
Pontohedyle yurihookeri EPT1

Pontohedyle peteryalli EAT2

100

100 Pontohedyle wenzii WIP6
98 Pontohedyle wenzli EIP1
100 Pontohedyle wenzli CIP6
Pontohedyle wenzli CIP4
100 Pontohedyle milaschewitchii NEA2
Pontohedyle milaschewitchii NEA4
Pontohedyle milaschewitchii NEA3b
Pontohedyle martynovi EIP2
100 Pontohedyle brasilensis WAT9
99 Pontohedyle brasilensis \WAT1
Pontohedyle brasilensis WAT5a
Parhedyle nahantensis comb. nov. NWA1
99, Parhedyle cryptophthalma NEA6
0 Parhedyle tyrtowii NEA1
Parhedyle odhneri comb. nov. NEAS {
100, Ganitus MOTU Panama WAT4 I 2.
Ganitus evelinae SWA2 \ |
bo 92 Microhedyle MOTU StVincent WAT8 &
Microhedyle MOTU Ghana EAT1 [
100, Microhedyle MOTU Peru SEP2 ]
Microhedyle MOTU Chile SEP1
Microhedyle MOTU West Papua CIP13
97~ Microhedyle remanei SWA1
Microhedyle MOTU Mexico NEP2
100 M{cmhegyfe glandulifera NEA3a
Microhedyle glandulifera NEA10
Microhedyyle glandulifera NEA9
Microhedyle MOTU Egypt WIP1
Microhedyle MOTU Moorea EIP5
Paraganitus MOTU Fiji CIP27
100l 9g Paraganitus MOTU Vanuatu CIP24
dg| = Paraganitus MOTU Vanuatu CIP25
10g— Paraganitus MOTU Thailand WIP4
21 Paraganitus MOTU West Papua CIP13
Paraganitus ellynnae CIP20
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15.40¢ ® Aiteng CIP28

p=0.71 . L @ Aiteng ater CIP1

Jife

1

vy X

144.35

@ Hedylopsis spit NEA3a
31.72 Hedylopsis ballantinei WIP2

sepibusiy

p=0.2

p=031 [ ———PX————@ Hedyiopsis MOTU Moorea EIP3

Hedyl MOTU Moorea EIP3 |-

88.86

p=0.28 [l

Y
x

@ Pseudunela espirit CIP22

@ Pseudunela viatoris CIP27

@ Pseudunela comuta CIP19
Pseudunela MOTU M

@ Pseudunela marteli CIP18

WIP3

-~ dispersal (range expansion)
¥ cladogenesis by vicariance

X~ local extinction (range contraction)

169.20|

p=0.11

@ Strubellia MOTU CIP2

@ Strubellia paradoxa CIP12

@ Strubellia wawrai CIP21

@ Acochlidiidae MOTU Ambon CIP12

®-F fyle MOTU i CIP2

@ Acochlidium fjiense CIP26

@ Acochlidi CIP12

@ Acochlidium MOTU1 Sulawesi CIP2

@ Acochlidium MOTU Flores CIP10

@ Acochlidium sutteri CIP9

@ Acochlidium MOTU Solomons CIP15

@ Acochlidium MOTU2 Sulawesi CIP3

@ Acochlidium bayerfehimanni CIP14
Asperspina MOTU1 Kamtchatka NWP1

.67

Asperspina MOTU2 K NWP2
OA iInd.1 NEA12
@ Asperspina MOTU Peru SEP2
@ Asperspina MOTU Panama WAT5b
@ Asperspina MOTU Moorea EIP1

Asperspina MOTU Washington NEP1
@ Asperspina MOTU Belize WAT3
@ Asperspina rhopalotecta NEA7

|_|165.79

p=0.22

151.57,
p=0.12|}

@ Pontohedyle kepii CIP8
@ Pontohedyle joni WAT3
@ Pontohedyle verrucosa Ind.1 CIP13

@ Pontohedyle neridae EIP5
Po le liliae WIP1
Pontohedyle wiggi WIPS

@ Fontohedyle yurihookeri EPT1

@ Pontohedyle martynovi EIP2

® ~ i is WAT1
(X lyle milasc ii NEA2

® P peteryalli EAT2
Pontohedyle wenzli WIP6

@ Pontohedyle wenzli EIP1

@ Pontohedyle wenzli CIP4
Parhedyle nahantensis NWA1

p=0.46

0 () Parhedyle cryptophthalma NEA6

56.34

North-West Pacific

® Central Indo-West Pacific
Western Indo-West Pacific

® Eastern Indo-West Pacific

@ tropical East Pacific

@ South-East Pacific
North-East Pacific

@ tropical West Atlantic

@ tropical East Atlantic

@ North-East Atlantic
North-West Atlantic

@ South-West Alantic

p=0.30

p=0.

44.

p=050l

@) Parhedyle tyrtowii NEA1
=0.90 1
p=0.50 uEB@ Parhedyle odhneri NEAS

@ Ganitus evelinae SWA2
@ Ganitus MOTU Panama WAT4
@ Microhedyle MOTU St.Vincent WAT8
@ Microhedyle MOTU Ghana EAT1
@ Microhedyle MOTU Peru SEP2
@ Microhedyle MOTU Chile SEP1
@ Microhedyle MOTU West Papua CIP13
3.2? X Microhedyle MOTU Mexico NEP2
p=068 [l @ Microhedyle remanei SWA1
@ Microhedyle MOTU Moorea EIP5S

Mi le MOTU Egypt WIP1
() Microhedyle glandulifera NEA3a
@ Paraganitus MOTU Fiji CIP27
@ Paraganitus MOTU Vanuatu CIP24
7 Paraganitus MOTU Thailand WIP4
@ Paraganitus ellynae CIP20
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@ marine
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@ benthic
interstitial

Euopisthobranchia
Sacoglossa
Siphonaricidea
]

upulmonata
ygrophila + Pyramidelloidea

r Heterobranchia’

Amphiboloidea + Glacidorboidea

Hedylopsis ballantinei WIP2
Hedylopsis MOTU Moorea EIP3
Hedylopsis spiculifera NEA3a
Hedylopsis spiculifera NEA8
Hedylopsis spiculifera NEA11
Hedylopsis spiculifera NEA4
A.'teng ater CIP1
Aiteng mysticus CIP28
Hedylopsacea MOTU Moorea EIP3
@ Pseudunela espiritusanta CIP22
Pseudunela cornuta CIP19
Pseudunela viatoris CIP27
Pseudunela viatoris CIP5
Pseudunela MOTU Maledives WIP3
Pseudunela marteli CIP18
Pseudunela marteli CIP23
Pseudunela marteli CIP13
Strubellia MOTU Sulawesi CIP2
Strubeliia paradoxa CIP12
Strubeliia wawrai CIP17
Strubeliia wawrai CIP21
Strubellia wawrai CIP16
Acochlidiidae MOTU Ambon CIP12
Palliohedyle MOTU Sulawesi CIP2
Acochlidium fijiense CIP26
Acochlidium amboinense CIP12
Acochlidium MOTU Solomons CIP15
Acochlidium MOTU Sulawesi CIP3
Acochlidium bayerfehlmanni CIP14
Acochlidium MOTU Sulawesi CIP2
Acochlidium MOTU Flores CIP10
Acochlidium sutteri CIP9
Asperspina MOTU1 Kamtschatka NWP1
Asperspina MOTU2 Kamtschatka NWP2
Asperspina brambelli Ind1 NEA12
Asperspina brambelli Ind2 NEA12
Asperspina MOTU Moorea EIP1
Asperspina MOTU PeruSEP2
Asperspina MOTU Panama WAT5b
Asperspina MOTU Washington NEP1
Asperspina MOTU Belize WAT3
Asperspina rhopalotecta NEA7
F’ontohed le kepii CIP8
Pontohe yle joni WAT3
Pontohedyle Joni WATE
Pontohedyle neridae EIP5
Pontohedyle liliae WIP1
Pontohedyle wiggi WIP5
Pontohedyle verrucosa Ind1 CIP13
Pontohedyle verrucosa CIP19
Pontohedyle verrucosa C|P7
Pontohedyle verrucosa Ind2 CIP13
Pontohedyle yurihookeri EPT1
Pontohedyle peteryalli EAT2
Pontohedyle wenzli WIP6
Pontohedyle wenzli EIP1
Pontohedyle wenzli CIP6
Pontohedyle wenzli CIP4
Pontohedyle milaschewitchii NEA2
F’ontohedyle milaschewitchii NEA4
Pontohedyle milaschewitchii NEA3b
Pontohedyle martynovi EIP2
Pontohedyle brasilensis WAT9
Pontohedyle brasilensis WAT1
Pontohedyle brasilensis WAT5a
Parhedyle nahantensis NWA1
Parhedyle cryptophthalma NEAG
Parhedyle tyrtowii NEA1
Parhedyle odhneri NEAS
Ganitus MOTU Panama WAT4
Ganitus evelinae SWA2
Microhedyle MOTU StVincent WAT8
Microhedyle MOTU Ghana EAT1
Microhedyle MOTU Peru SEP2
Microhedyle MOTU Chile SEP1
Microhedyle MOTU West Papua CIP13
Microhedyle remanei SWA1
Microhedyle MOTU Mexico NEP2
Mfcrohed le glandulifera NEA3a
Microhe Ie glandulifera NEA10
Mfcrohedyle glandulifera NEAS
Microhedyle MOTU Egypt WIP1
Microhedyle MOTU Moorea EIPS
Paraganitus MOTU Fiji CIP27
Paraganitus MOTU Vanuatu CIP24
Paraganitus MOTU Vanuatu CIP25
Paraganitus MOTU Thailand WIP4
Paraganitus MOTU West Papua CIP13
Paraganitus ellynnae CIP20
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