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Abstract :

In most marine gastropods, the duration of the larval phase is a key feature, strongly influencing species
distribution and persistence. Antarctic lineages, in agreement with Thorson's rule, generally show a short
pelagic developmental phase (or lack it completely), with very few exceptions. Among them is the
ascidian-feeding gastropod family Velutinidae, a quite understudied group. Based on a multilocus (COl,
16S, 28S and ITS2) dataset for 182 specimens collected in Antarctica and other regions worldwide, we
investigated the actual Antarctic velutinid diversity, inferred their larval development, tested species
genetic connectivity and produced a first phylogenetic framework of the family. We identified 15 Antarctic
Molecular Operational Taxonomic Units (MOTUs), some of which represented undescribed species,
which show two different types of larval shell, indicating different duration of the Pelagic Larval Phase
(PLD). Antarctic velutinids stand as an independent lineage, sister to the rest of the family, with extensive
hidden diversity likely produced by rapid radiation. Our phylogenetic framework indicates that this
Antarctic flock underwent repeated events of pelagic phase shortening, in agreement with Thorson's rule,
yielding species with restricted geographic ranges.
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Graphical abstract

Highlights

» Velutinidae is a gastropod family retaining a planktotrophic larva in Antarctica. » Diversity of Antarctic
Velutinidae was analysed by species delimitation methods. » 15 species were recovered, showing two
different pelagic larval phase lengths. » Antarctic velutinids are an independent lineage, sister to the rest
of the family. » A rapid radiation and the shortening of the pelagic phase shaped their diversity.
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1. Introduction

Understanding the interplay of animal life-histamgit variation, natural selection and
environmental conditions, has always been a hdt timpscience (e.g. Roff, 2002; Stearns,
1992). Relative benefits and trade-offs of givaait$r have been investigated in a variety of
taxa in the attempt of understanding the underly@wuglutionary mechanisms. Reproductive
and developmental traits, such as the size and eumb offspring and the larval type,
represent crucial drivers of species ecologicalcesg and spatial distribution, with
consequences at the community level and, in turrbiodiversity patterns and dynamics (e.g.
Kinlan & Gaines, 2003). In particular, the type lafval development is a key feature for
benthic organisms, since it deeply influences iidial dispersion, population connectivity
and species resilience to disturbance (Becker,e2@07).

The most debated theory assuming a geographicdarpaif larval development diversity
was formulated by Mileikovsky (1971) who, inspiregl Gunnar Thorson's pioneer studies on
larval development of marine invertebrates (e.gor$bn, 1936, 1946, 1950), proposed the

so-called 'Thorson's rule': a decrease in the nurobespecies with pelagic development,
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paralleled by an increase of the number of brootrsirds the poles. Today, this paradigm
is not considered as valid for all taxa (Arnaud &il] 1992; Pearse, 1994) and all habitats
(Gallardo & Penchaszadeh, 2001). Factors other tpamgraphic distribution, such as
seawater temperature and productivity, have beenodstrated to be equally relevant in
influencing the type of larval development (Marstedlal., 2012). However, meta-analyses
performed at global scale suggested that in seeasads, Thorson's rule still holds valid. For
instance, it has been demonstrated that the propoof marine invertebrates with pelagic
larvae decreases moving pole-ward, along with trepgrtion of actively feeding larvae
(planktotrophic) in comparison with non-feeding srfkecithotrophic) (Marshall et al., 2012).
This trend was stronger in some groups, such atuses|, and in the southern hemisphere
(Clarke, 1992; Marshall et al., 2012). Additionallpw temperature was associated with
lower proportions of pelagic developers, especiailyjow productivity areas, whereas the
proportion of feeding larvae increased with tempegabut not with productivity (Marshall et
al., 2012)

Life-history traits strongly affect the ecologicgynamics of marine species, and this is
especially true among benthic species, for whicpelisal is mostly achieved during the
larval phase. Several studies have explicitly lcthkbe duration of the larval phase with
species’ dispersal ability, and estimates basedeartral genetic markers showed that species
having longer lasting pelagic larval phases als@l@higher rate of genetic connectivity (e.g.
Collin, 2001; Modica et al., 2017). Because of th#uence of larval development on
population dynamics and, therefore, on their abtlit respond to disturbance, this represents
a key species trait to take into account for theagament of marine protected areas (Kinlan

& Gaines, 2003).



89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

Pelagic development is adopted by the majoritg(-70%) of marine invertebrate species
and is generally considered as the ancestral stagastropod molluscs (Marshall et al.,
2012). In gastropods, the type of development @amferred by comparing the morphology
of the larval shell (protoconch), usually retairedthe top of the adult shell (teleoconch).
Species with lecithotrophic or intracapsular depaient produce eggs with comparatively
higher quantity of yolk and, therefore, possesdgmanchs with a bigger nucleus (i.e. the
initial portion built by the embryo, during the iatapsular life) and fewer whorls. On the
contrary, species with planktotrophic developmemteha protoconch with a smaller nucleus
and more whorls (Thorson, 1950; Lima & Lutz, 1990).

Very few studies describing pelagic phases of i®ates are available for the Southern
Ocean (e.g. Stanwell-Smith & Barnes, 1997) buteheml general consensus that the number
of marine benthic invertebrates with a planktotioplarva is not high (Hain & Arnaud,
1992).

Among Antarctic gastropods, the families Capulidag-leming, 1822 and Velutinidae
Gray, 1840 represent model taxa to study the ewoludf larval ecological traits, given the
completely opposite trends shown. In fact, while¥®®Q0f the Antarctic capulid species
undergo lecithotrophic development (Hain & Arna@®2; Schiaparelli et al., 2000; Fassio et
al., 2015), all Antarctic velutinid species havadolasting planktotrophic larvae (Hain &
Arnaud, 1992). Velutinid larval ecology is indeeutriguing for the exceptionally long
pelagic life reported for the Antarctic species i(H& Arnaud, 1992; Bandel et al., 1993;
Peck et al., 2006), which is in general contrashwihorson’s rule. In this group, a peculiar
larva called “limacosphaera” is equipped with a nded and soft muscular mantle

(deutoconcha) that surrounds the larval shell (8imr1914; Lebour, 1937; Hain, 1990; Hain
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& Arnaud, 1992; Bandel et al, 1993) and has beemwasfto remain in the pelagic phase up to
1.5 years in aquarium condition (Peck et al., 2006)

The nine Antarctic species of Velutinidae currenticognised are classified into two
endemic generaMarseniopsisBergh, 1886 with 7 species ath@mellariopsisVayssiére,
1906 with two species. According to the currentesymtics (Bouchet et al., 2005, Bouchet et
al., 2017), this family comprises two subfamiliésmellariinae d'Orbigny, 1841 with six
genera, and Velutininae Gray, 1840 with ten gengtes a few generacertae sedigGofas,
2009). Like the rest of the family (Beesley et1#198), Antarctic species rely on ascidians for
feeding and for incubating eggs in the tunicatescte (Numanami & Okutani 1991; Peck et
al., 2006). Their shell is thin, fragile (Beesleya, 1998) and in the majority of the cases
also completely enclosed by the almost non-reteaatiantle (Beesley et al., 1998). Mantle
shape, texture and colour are highly variable (Besy 1980), usually mimicking the ascidian,
sometimes with a remarkable match (Beesley etl@08; Behrens et al., 2014). Taxonomic
studies of Velutinidae are particularly challengidge to the absence of diagnostic shell
features and the high degree of convergence inlenahpe and colour patterns among
different species. For these reasons, only a fewksvo have attempted to revise the
systematics of this family (e.g.: Behrens, 1980ib@u& Golikov, 1997, 1998, 1999, 2000,
2001). This is mirrored by the low number of avaliéaDNA sequences that correspond to 7
specimens only (GenBank, accessed on 01/06/201)réBs et al., 2014; Heimeier et al.,
2010; Barco et al., 2015).

The aims of the present study are to: (i) assesatiiarctic velutinid biodiversity based on
a large number of specimens from a variety of s5ité8 infer the larval development of
Antarctic velutinids, using protoconch morphologyaproxy, and discuss observed patterns

in the framework of Thorson'’s rule; (iii) test thgpothesis that velutinid species with higher
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dispersal capacities display higher genetic conwigGt and (iv) provide a molecular

phylogenetic framework for the Antarctic velutinids

2. Materials and methods

2.1. Taxon sampling

The dataset consisted of 182 specimens. Of thé8ewere obtained from the material
collected during several Antarctic scientific expiems (Fig. 1): i) the R/V Tangaroa
"BioRoss" (2004) and "IPY-CAML" (2008) expeditiorte the Ross Sea (New Zealand
National Institute of Water and Atmospheric ReskamIWA); ii) the Italian National
Antarctic Program (PNRA) expeditions from 2009-2a&4Terra Nova Bay (Ross Sea); iii)
the expeditions "REVOLTA" (2014) and "CEAMARC" (280to the Dumont d’Urville Sea
(Institut Polaire Francgais Paul-Emile Victor, IPE¥nd Muséum National d’Histoire
Naturelle, MNHN, France); iv) the R/V PolarsternS81" (2013) expedition, "ANT XXIX"
to the tip of the Antarctic Peninsula (Alfred Wegennstitute, AWI, Germany); v) the R/V
Polarstern "PS65" (2003-2004) expedition to the rGed¥on Neumayer base area. All
specimens studied were adults, except for a lingtwera larva (Italian National Antarctic
Museum, MNA, MNA 6150) and two egg capsules (NIWB790.1 and NIWA 36893.2)
collected from broods laid in ascidians tunics. sflecimens were preserved in 96%-100%
ethanol.

One additional sequence from an Antarctic velutiiaicba, erroneously identified as “cf.
Niveriasp.” (a genus of the related family Triviidae),swatrieved from GenBank.

Samples of Velutinidae from temperate and tropgcabhs were obtained from the MNHN,

NIWA and CASIZ (California Academy of Science Intebrate Zoology Collection): 17
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specimens were collected during the MNHN exped#&i6RANGLAO 2004" (Philippine,
2004), "ATIMO VATAE" (Madagascar, 2010) and "BIOPBR" (Papua New Guinea,
2010), 19 specimens from New Zealand, one specihdmmellaria latens(O. F. Mller,

1776) from Brittany (France) and one ld&inotis sharonagWillett, 1939) from Monterey
(California, USA).

For 27 of the above listed specimens, sequenceg wiadly provided by Nicolas
Puillandre (MNHN). Seven additional velutinid segoes were retrieved from GenBank.
Sequences from two species of Triviidae Trosch&$31Trivia arctica (Pulteney, 1799) and
Trivia monachada Costa, 1778), were used as outgroup (Colgah,&007). See Fig. 1 and
Table S1 for voucher ID, collecting localities, seqces details and GenBank accession

numbers.

2.2. Molecular analyses

DNA was isolated from foot tissue of adult animalsd from the entire specimen of larvae
and egg capsules, following a proteinase K/phembbroform extraction protocol (Oliverio
& Mariottini, 2001). Two mitochondrial and two neer gene fragments were amplified: the
~658 bp barcode region of the cytochrome oxidagenk (COIl); a ~700 bp region of the 16S
rDNA gene; a ~700 bp region of the 28S rDNA gengj a ~450 bp region of the ITS2
rDNA (see Table 1 for primer sequence and PCR ¢iomd). Amplicons purified using

Exosap-IT (USB Corporation) were sequenced by Mgemdnc. (Spain).
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2.3. Sequences editing and alignment

Forward and reverse sequences were assembled itedl with Geneious Pro v.11 (Kearse
et al., 2012). COI sequences were manually aligametl checked for stop codons. 16S and
ITS2 sequences were aligned with MAFFT 7 (Katohalet 2002). We used the Q-INS-i
algorithm (Katoh & Toh, 2008), which accounts fecendary structures, for the ITS2, and
the E-INS-i algorithm (Katoh et al., 2002), whicbcaunts for multiple conserved domains
and long gaps, for the 16S. The 28S sequencesaligned using the CLUSTAW algorithm

(Thompson et al., 1994) implemented in Geneious.

2.4. Species delimitation

An Integrative Taxonomy approach, where speciesegarded as hypotheses undergoing
a process of falsification by subsequent tests égr& Barberousse, 2006; De Queiroz,
2007), was used to delimit species boundaries (bodt al., 2014; Puillandre et al., 2014).
First, Preliminary Species Hypotheses (PSH, witmBRo numerals) were defined based on
mantle texture and colour pattern (traditionallypéoyed in velutinid taxonomy) as observed
in 51 live specimens, sampled and photographedhguhe BIOROSS, TAN0802 and PS81
expeditions. Then, morphological PSHs were compavgth Molecular Operational
Taxonomic Units (MOTUs) (Blaxter et al., 2005), édson the COIl sequence alignment
collapsed into haplotypes by the Alignment Transfation EnviRonment (ALTER) (Glez-
Pefa et al.,, 2010). MOTUs were formulated usingehdifferent methods: the Automatic
Barcode Gap Discovery (ABGD) (Puillandre et al.128; Puillandre et al., 2012b), the
Generalized Mixed Yule Coalescent (GMYC) model (P@t al., 2006) and the Bayesian

implementation of the Poisson Tree Processes (bRiDEEI (Zhang et al., 2013).



204 We retained as final species hypotheses the MOMbkswviere represented in the majority
205 of the partitions retrieved by the three specietindi@tion methods and that showed
206  reciprocal monophyly (Knowlton, 2000; Reid et &006) in a multilocus phylogenetic
207 analysis of the molecular data (see below). Theirett MOTUs were finally compared with
208 the morphology-based PSHs.

209 A detailed description of the methods is reportethe Supplementary Material.

210 2.5. Phylogenetic reconstruction based on primary segaenformation

211 Phylogenetic analyses were performed using Maximiikelihood (ML) and Bayesian
212 inference (BA) methods on each single-gene dat@@l, 16S, 28S, ITS2) and on three
213 combined datasets: (i) including all sequences (ALli) including only specimens from
214  which sequences of all genes were available (CCGay (iii) including specimens with
215 sequences for at least three genes (3/4).

216 In addition to the concatenation approach (combi&@sets), multi-locus analyses were
217  performed using the species tree approach. Thisiadetakes into account the stochastic
218 sorting of lineages in the estimation of speciesdrfrom the gene trees, and recent research
219 showed that it may outperform the sequence conatitenapproach in estimating species
220  phylogeny (Kubatko & Degnan, 2007; Heled & DrummpB610). To infer the species tree
221  we used the multi-species coalescent model impléaden the *BEAST extension (Heled &
222 Drummond, 2010) of the BEAST package.

223

224  2.6. Phylogenetic reconstruction based on ITS2 seconstangture information

225 ITS2 has proven to be a valuable marker for molipisglogenetics and taxonomy (e.g.

226  Oliverio et al., 2002; Puillandre et al., 2011)pedally when the information from both the
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sequence and the secondary structure are exp(&tdd et al., 2010; Salvi et al., 2014; Salvi

& Mariottini, 2012; 2017). Including RNA secondastructures improves accuracy and
robustness in reconstructing phylogenetic treeg. (Keller et al., 2010). Therefore, we

performed an additional phylogenetic analysis basedITS2 sequences and secondary
structures using a combined model of sequencetstaievolution.

The secondary structure was predicted for each BE§Rience of a subset of 52 specimens
on a thermodynamic basis using the software packdg@ Structure 5.5 (Mathews et al.,
1999; available on the Turner Lab Homepage htta/6hem.rochester.edu). Candidate
folding models were contrasted against secondawgtste models proposed for molluscs in
previous studies (Oliverio et al., 2002; Salvilet2010; Salvi & Mariottini 2012).

A detailed description of the ITS2 secondary stiretphylogenetic methods used on

sequence-structure alignments is reported in tippl8mentary Material.

2.7. Phylogeography and genetic connectivity analyses

Relationships between haplotypes were investigidedcach species using the Median
Joining (MJ) network approach (Bandelt et al., 19%% implemented in PopART
(popart.otago.ac.nz). MJ combines minimum spantriegs within a single network and uses
a parsimony criterion to add to the network mediactors that could be interpreted as
unsampled genotypes or extinct ancestral interneslia

To assess if a planktotrophic larval developmemsulted in a high level of genetic
connectivity among distant populations, two metheadse applied to species for which at
least five COIl sequences were available. First,ctireelation ) between genetic distances

and geographical distances was estimated using-pa@metric Mantel's test, with both log-

10
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transformed and non-log-transformed pairwise dgamatrices, using the Isolation by
Distance web service (Jensen et al., 2005; avaiktblibdws.sdsu.edu).

The utility of the widely used Mantel's test haseptly been questioned as it does not
explicitly take into account the existence of sgatiutocorrelation, potentially leading to
biased results (e.g. Meirmans, 2012). Thereforespatial principal component analysis
(sPCA) was also used, as implemented in the Reiitpan.r-project.org) package 'adegenet’,
version 2.0.0 (Jombart et al., 2008). This apprdagles into account the variance between
the studied entities (in this case individuals) atsb their spatial autocorrelation (Jombart et
al., 2008). The resulting score maps allow a visisgessment of the spatial genetic structures
that can be classified as either global or loc@néuThioulouse et al., 1995): a global
structure may be related to patches, clines oatiswi-by-distance patterns; a local structure
yields stronger genetic differences among neighbthuan among random pairs of entities. A

detailed description of these methods is reponidteé Supplementary Material.

2.8. Larval shell morphology and development

Protoconchs were measured using scaled cameraalbeidd-drawings and photographs
from a Leica/Leo Stereoscan S440 Scanning Eleciviicroscope (SEM). For SEM,
specimens were dehydrated in solutions with inéngasthanol concentrations and a final
passage in HMDS (hexamethyldisilazane) (Nation3}98

Presence/absence of characters such as granuldptuses on protoconch | (embryonic
shell), longitudinal marked ribs on protoconch Idr¢al shell) and subsutural stripes, were
recorded. Quantitative characters, such as nudeuseter and maximum width, half whorl

and one whorl diameter, protoconch | and protocdrthnumber of whorls and maximum

11
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292

diameter were taken following the protocol propodey Verduin (1977). Length of
protoconch Il was calculated as the difference betwprotoconch I+l and protoconch I.

Measurements were taken from 28 Antarctic and foan-Antarctic specimens. In
addition, measurements were retrieved from protdeophotographs and drawings of
Coriocella nigra Blainville, 1824 from Australia (Riedel, 2000: p8 fig. 9), Hainotis
sharonag(Willett, 1939) from California, USA (Riedel, 200flg. 28b),Marsenina rhombica
(Dall, 1871) from North Pacific (Riedel, 2000: fig@8a), Calyptoconcha pelluciddA. E.
Verrill, 1880)from West Sahara (Bouchet & Warén, 1993: figs 11867) andViarseniopsis
cf. mollisfrom the east coast of the Weddell Sea (Bandel e1993: fig. 9).

To explore protoconchs data in search of discredags, a cluster analysis was performed
using the UPGMA (Sokal & Michener, 1958) hierarethidottom-up clustering method,
which allows finding the most appropriate numbecloiters, instead of providing it a priori.
Node support was assessed by 100 bootstrap regslichihe Pearson coefficient was used to
assess linear correlation among distribution rglegémated as the distance between the two
farthest collection points) and the average nuctéameter, and a two-tailed t-test was used
to assess the significance. A moderate correlatias assumed for 0.7><0.85 and a high
correlation forr>0.85 (significant fop<0.05). All analyses and graphics were done witst Pa

3.14 (Hammer et al., 2001).

12
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3. Results

3.1. Species delimitation

Specimens for which photos were takervivo (51), were partitioned into 17 morphological
PSHs (I-XVII) (Fig. 2 and Table S2). A nominal taxwas associated to four PSHs (I-1V),
out of the total 17, as described below.

PSH | had the same colour pattern (orange spotsigirtdoackground) and mantle texture
(thick, wrinkled and jelly-like) as the holotype Marseniopsis syowaensidumanami &
Okutani, 1991, collected in Langhovde (near Syovesdarch Station, Eastern Antarctica).
This species was also reported from Peter | Is(B&ilingshausen Sea) (Aldea et al., 2009),
that is near the area where our specimens wereladiftjp of the Antarctic Peninsula).

PSH Il corresponded, for the lime-yellow mantleceol and the smooth and elliptical
dorsum shape, thl. mollis whose type locality is Cape Adare (Ross Sdajnanami (1996)
reported for this species a circum-Antarctic dmition, including record of larvae collected
at the East side of the Antarctic Peninsula (HA®90; Hain & Arnaud, 1992), near our
sampling locality (tip of the Antarctic Peninsula).

PSH IIl was identified for the polygonal dorsum gbathe mantle texture and the colour
pattern, asV. conica Cape Adare (Ross Sea)Mks conicatype locality, while our specimens
were collected at the tip of the Antarctic Peniasifiowever, Numanami (1996) reported a
wide Antarctic distribution range for this speciesluding the Weddel Sea, where larvae of
this species had been collected (Hain 1990, 1992).

PSH IV corresponded, in shape and colourlamellariopsis turquetVayssiere, 1906,
whose type locality is Anvers Island (west sidehaf Antarctic Peninsula) not far from where

our specimens were collected (tip of the AntarBgninsula).

13
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Molecular species delimitation methods identifiedveral partitions of the dataset
consisting of a number of MOTUs ranging betweeratid 21. Only MOTUs present in the
majority of the partitions and comprising a suppdrimonophyletic clade were retained (Fig.
2). This workflow identified 15 MOTUs, named A ta ®Give of them (MOTUs A, D, E, H
and 1) were represented by a single, highly divetggpecimen.

All MOTUs were compared with the morphology-bas&HB (Table S2). MOTUs A, H, |
and D were lacking PSH assignation because no \aigmrs of live specimens were
available. MOTUs B, E, F, K, M and N correspondedonhe PSH each, while MOTU L
comprised specimens ascribed to two PSHs. For MOTUS5, J and O there was no
congruence with PSH.

A detailed description of the results is reportethie Supplementary Material.

3.2. Molecular phylogeny

The Bayesian analysis based on the ALL combinedsgat(Figs 2 and 3) produced a tree
with higher support at internal nodes for Antardd©TUs and a more resolved topology at
subfamily level, compared to single gene analy$egs(S5-S12). In this tree, the family
Velutinidae resulted monophyletic and, within tfamily, four major lineages were identified
(Figs 2 and 3). One supported clade comprisedhallAntarctic species and was the sister
group to the rest of the velutinids. Two cladeduded genera ascribed to the subfamilies
Velutininae and Lamellariinae, respectively. Twealepancies with current systematics were
detected: the Antarctic genera, supposed to be gfathe subfamily Velutininae, were
recovered, instead, as a distinct lineage; the ispédtainotis sharonag(CASIZ181317)
supposed to belong to the subfamily Lamellariinaas retrieved as a fourth independent

lineage. The internal topology of the Antarctic ddawas not fully resolved in most

14
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phylogenetic reconstructions. Only five single-gémes identified one MOTU (MOTU B or
I) as sister taxon to the rest of this clade.

ITS2 trees based on sequence-structure analysgsSEB) retrieved the Antarctic clade
and the subfamily Lamellariinae as monophyletic{®8% and 100%). Congruently with
ITS2 tree based on primary sequence only, MOTU ¢ wlantified as the sister clade to all
the other Antarctic specimens, but without sigwifitsupport.

In the species tree (Fig. S14) MOTUs J, O, N antbivhed a well-supported clade (PP =

0.96) while internal nodes were not supported.

3.3. Genetic connectivity

Haplotype networks of 8 Antarctic MOTUs andLafmellariasp. from New Zealand were
obtained from Median-joining network analyses (Hg. Networks of MOTUs distributed
over multiple localities showed a lack of geograpsiructure in the haplotype distribution
and some of them also a star-like pattern.

Isolation by Distance analyses were conducted onTMKOC, G, J, L, M, N, O and
Lamellaria sp. Only MOTUs O and J showed a significaptvélue: 0.02-0.04) albeit
extremely weak rE0.12-0.24) correlation between geographic and tgemistances (Fig.
S15)

The sPCA carried out on the same MOTUs did not aing significant genetic spatial

structure, either global or locg-{alues>0.05; Fig. S16).
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3.4. Protoconch morphology

Measurements of protoconchs are reported in TaBleA® abrupt transition between
protoconch | and II, or between protoconch Il agl@édconch (the adult shell), was detected
for most but not for all the specimens. For theglgrspecimen MOTUs D and H it was not
possible to take measurements because the protoeasbroken.

Two discrete protoconch morphologies were obserbede referred to as “type 1” and
“type 2” (Fig. 5). All “type 1” protoconchs had niad longitudinal ribs on protoconch I
while “type 2” can occasionally have ribs on pratoch 1l (33%) or granular sculptures on
protoconch | (20%). “Type 1” had a smaller nucl¢td-300 pum) compared to “type 2"
(383-875 um). “Type 2" protoconchs showed a peculiatt#ihed and globular' protoconch I,
with clear-cut protoconch I-Il boundary, detectablethe vast majority of the specimens.
“Type 1" protoconchs showed smaller nucleus maximwidth and diameter of half and one
protoconch whorl, smaller protoconch | and I+l rdigters, but more whorls compared with
“type 2”. However, only in 40% of “type 2" specineran unquestionable protoconch-
teleoconch transition was identified, and only 92 of them the number of whorls of
protoconch Il was scored. Marked axial subsuturgess were observed only in MNA 5375
(MOTU L), MNA 5337 (MOTU G),Coriocella nigraand the twd_amellariasp. specimens.

The cluster analysis split specimens into two gso(® = 83%) (Fig. S17). One cluster
comprised specimens from Antarctic MOTUs with widkstributions across both Weddell
and Ross Seas (MOTU J, O, M and N) plus MOTU E thas represented by a single
specimen from the tip of the Antarctic Peninsulleng with all non-Antarctic specimens.
This group included specimens with “type 1” protocls (more whorls, smaller nucleus and
smaller maximum diameter). The other cluster cosgatiAntarctic specimens collected only

at the tip of the Antarctic Peninsula (MOTU A, B, E G, | and L) or in the Ross Sea and
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Dumont d’'Urville area (MOTU K), with “type 2" protmnchs (fewer whorls and larger
nucleus and maximum diameter). Two specimens shaosligtitly deviating morphology
patterns. The MOTU | specimen (from the tip of thetarctic Peninsula), clustered with
“type 2" specimens, but did not present the charatic protoconch | shape of “type 2”
(flattened and globular) and detectable protocdmmindaries. Instead it showed longitudinal
rib sculptures, present in all “type 1" protocondr® in only another “type 2" specimen
(MNA 5373 - MOTU L). However, protoconch morphomesrwere in the range of “type 2”
protoconchs. MOTU E (tip of the Antarctic Peningutdustered with “type 1” Antarctic
MOTUs with wide geographic ranges and with non-Actia species; for this MOTU,
protoconch | was not measured since a clear diszotyt mark was lacking.

We observed a high correlation between distributenmye and average nucleus diameter
(r=-0.89,p=0.0006) (Fig. 6).

Molecular barcoding assigned the two brood samfeBIOTU J - M. mollis (NIWA
36790.1) and to MOTU O (NIWA 36893.2), respectively these broods, like in those
described by Peck et al. (2006) Ms mollis eggs were grouped in 'batches' of capsules and
each brood was composed of several of them (5F&uk et al., 2006, 12 in NIWA 36893.2
and 13 in NIWA 36790.1) (Fig. 7). Sample NIWA 368®3hared with that of Peck et al.
(2006) broods separated by strips of ascidian leutiod batches with a diameter smaller than
that of the ascidian cuticle encircling them. Imgée NIWA 36790.1 all batches were laid

together near the surface of the ascidian bodyaard not separated by cuticle strips.

17



407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

4. Discussion

4.1. Hidden diversity and phylogenetic patterns

The samples analysed in this study included vetlithpecies that can be ascribed to at
least 8 different genera, corresponding to ~40%hoke currently reported by WoRMS
(Horton et al., 2018), and originating from four jorabiogeographical regions (i.e. the
Southern Ocean, the North Atlantic, the Indo-Pagfid the North Pacific).

The Integrative Taxonomy approach was effectivadgessing species delimitation. Nine
MOTUs (A, B, D, E, F, G, H, I and L) were considigndentified by all methods employed.
For the six remaining MOTUs (MOTUs C, J, K, M, Nda@), the integration of the different
criteria in our workflow allowed to converge to lugically plausible interspecific
boundaries. The result was a final partition mareust than it could have been obtained by
using a single-method approach.

For the Southern Ocean, 9 velutinid nominal speeies currently accepted (Bouchet,
2012; Gofas, 2009; Marshall & Bouchet, 2016): twamellariopsisand sevemMarseniopsis.
Four of these nominal taxa, showing distinctive pmaiogical features, matched one of the
identified MOTUs M. mollis = MOTU J, M. conica =MOTU N, M. syowaensiss MOTU
M, andL. turqueti= MOTU L). Morphological descriptions of velutindintarctic species are
mainly based upon characters, such as dorsal calodirshape, which we found to have a
high intraspecific variability and extensive infeesific convergence. Therefore, it was not
possible to confidently assign the remaining MOTtOdescribed taxa. Nevertheless, even
after employing all available names for distinct Mds, there would still be at least six
Antarctic MOTUs for which new names are necessary.

The two mitochondrial and two nuclear molecular keas used in this study allowed

identifying phylogenetic relationships between Aot and non-Antarctic species but did
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not fully resolve the relationships within the Ardtic clade. Overall, Antarctic velutinids
emerged as a highly supported independent lineBige 8) that underwent a considerable
diversification. We recovered this lineage as fisées to the rest of the family, congruently
with a general trends observed in other molluscilfasn and other marine groups in
Antarctica, that radiated as flocks in the South®oean (e.g. Wilson et al., 2009; Barco et
al., 2012; Chenuil et al., 2017). The distant retathips between Antarctic and New Zealand
taxa are congruent with results obtained for oth&a: the benthic fauna of Antarctica has
been shown to have a higher similarity with thentawf South America than with that of
New Zealand (Griffiths et al., 2009; Linse, 2002his finding suggests searching the sister
taxon of Antarctic velutinids among Southern Amanispecies.

In our analyses, the clade representing the subfarsiutininae (Fig. 3) comprised genera
traditionally ascribed to this subfamilyvierseninaGray, 1850,0nchidiopsisBergh, 1853
andVelutinaFleming, 1820), but not the Antarctic gendfarseniopsisand Lamellariopsis
Likewise, the genera ascribed to the subfamily LU&arimmae CoriocellaBlainville, 1824 and
Lamellaria Montagu, 1816), with the exception blainotis sharonagformed a cladelf
confirmed for a wider taxonomic coverage, the parting obtained in the present study
suggests that a new subfamily will be necessaactmmmodate the gendviarseniopsisand
Lamellariopsis

The specimen CASIZ 181317 from Monterey, CaliforgiaSA) was morphologically
identified asHainotis sharonaeThe assayed specimen, however, had no relatiomstiighe
Marseniopsis-Lamellariopsislade, and its placement as an independent linsaaeo worth
of further investigation.

In contrast with the good phylogenetic resolutiorihe subfamily level, the relationships

among the Antarctic species were not completelglves despite the use of several methods,
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suggesting that the lack of phylogenetic resolutiight be related to the speciation pattern
behind the diversification of the Antarctic cladentarctic velutinids, in fact, might represent
a flock, i.e. the result of a rapid radiation which notoriously difficult to resolve in
phylogenetic analyses (e.g. Cummins & Mclnerneyl120 Phylogenetic trees based on
combined datasets revealed some relationships betspeciesM. mollis (MOTU J), M.
conica(N), M. syowaensigM) and MOTU O represented a monophyletic grou@TWs A,

B, C and E also made a monophyletic group. MOTUrBVM®TU | were proposed as the
sister taxon to the rest of Antarctic species stidct analyses, but further study would be
necessary to validate either hypothesis.

Colour and shape patterns of Antarctic specimense wet generally congruent with their
assignation to MOTUs. Except for some species sgpwhique combinations of colours and
shape (i.e.M. syowaensisM. conica, MOTU B, E and F), the rest of MOTUs showed
overlapping morphologies among different taxa (M@ TUs C, G andM. mollis) as well as a
marked intraspecific variability (e.1. mollisand MOTU O). Therefore, the use of external
morphology alone for species identification wouldsthy lead to incorrect assignations.

Colour variation patterns in Velutinidae can beatedl to host specificity: velutinid
morphology has been often shown to be cryptic, miimg the ascidians on which they live
and lay eggs, suggesting that colours may origifia® ascidian pigments incorporated
during feeding (Dias & Delboni, 2008; Lambert, 1888uch a trophic homochromy, well
known in the related gastropod families Triviidaee @vulidae (Liltved, 1989; Schiaparelli et
al., 2005), could ascribe the intraspecific colaariation to different sets of exploited
ascidian species. Interestingly, the presencetddpecific colour variability in monophagous
species may parallel an intraspecific colour vasain the ascidian host. For example

mollis feeds onCnemidocarpa verrucosg@.esson, 1830fPeck et al., 2006) which is highly
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variable in shape and colour (Tatian et al., 198®@feworthy, the spectre of colour variability
reported for Antarctic ascidians (transparent,oxellorange, red, brown and black) (Tatian et

al., 1998) completely overlaps the colour rang@mtfarctic velutinids.

4.2. Planktotrophic larval development and high genetanectivity

All velutinid protoconchs studied in this work, cpared with others of the same family,
strongly indicate a planktotrophic development,rsttaa short protoconch | (max 0.84
whorls) and the presence of a protoconch Il (up.8® whorls) (Behrens et al., 2014; Gulbin
& Golikov, 2000). The large nucleus diameter (upB#b pm) and protoconch | maximum
diameter (up to 1333 pum) of “type 2" protoconchsevstill compatible with a planktotrophic
development. Moreover, the limacosphaera musculantle (deutoconcha) is able to
compensate the loss of buoyancy due to larger aheéévier embryonic and larval shells, as
those detected in “type 2" protoconchs (Bandel.et893).

Our work clearly captured a general larval develepmtrend in Southern Ocean
velutinids. The two groups in which Antarctic spaens were divided showed two distinct
patterns. “Type 1” group, with smaller nucleus déen (indicating smaller amount of yolk),
and higher protoconch | and I+Il number of whodadgestive of long planktonic larval life),
included all the assayed non-Antarctic species €Begp) from various biogeographical
regions, plus all Antarctic species with a wide ggaphic range and one species (MOTU E)
represented by a single specimen. “Type 2" grouppresed exclusively Antarctic species,
with geographic ranges restricted either to theofiphe Antarctic Peninsula or to the Ross
Sea. These species showed bigger protoconch nueedsfewer protoconch whorls

(indicating both a greater amount of yolk and appuedly shorter planktonic larval life).
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Despite the lack of detailed data about the ecotiighese species, some hypotheses can be
formulated to explain their developmental strategy.

The general trade-off between two different lardal/elopment strategies is well known
among marine benthic invertebrates: smaller egkpotrophic larvae and high female
fertility v. larger eggs, lecithotrophic larvae and lower fenfattility (Thorson, 1950; Todd
& Doyle, 1981). The larval development dichotom leen also explained in a comparative
sense (Pianka, 1970). It can be visualised askarantinuum along which organisms with
lecitotrophic larvae are considered as K-strategisharacterized by slow growth, deferred
maturity, greater longevity, iteroparity, low fedity, large yolky eggs), and those with
planktotrophic larvae as r-strategists (charaaerizy fast growth, shorter longevity,
semelparity, high fecundity, small eggs) (Pianka7). “Type 2” protoconch species (with
larger nucleus and bigger larvae) may thereforsumgestive of a trend of some Antarctic
velutinid lineages to rely more on yolk as energgource for their larvae. In this case, the
group may have been positively selected becauskeohdvantages of being closer to a K-
strategy in this environment, due to i) the sherigth of the summer phytoplankton bloom,
which may not provide the necessary amount of gviexad for the larvae, and ii) a possibly
wide and homogeneous distribution of their ascighieays.

Conversely, “type 1” protoconch species (r-stragesgrelying on active larval feeding)
probably represent the ancestral development donddf the family, shared with all non-
Antarctic species considered in this dataset, )eegent with literature data describing this
family as possessing long lasting planktotrophigda (Beesley et al., 1998; Gulbin, 2005).
The retention of this ancestral condition in sonmgactic velutinid species might be due to a
more scattered distribution of their ascidian pregkhough present data do not allow

verifying this hypothesis. Moreover, the inclusionthis group of the two largest Antarctic
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velutinid species Nl. mollis and M. syowaensisattaining 7 and 11.5 cm respectively)

(Numanami & Okutani, 1991) may result from a pesitiselection on size imposed by

planktotrophy (since bigger size allows to produeere offspring), rather than represent a
case of polar gigantism (Chapelle & Peck, 1999)ehated topic despite some evidences in
Mollusca and other taxonomic groups (Moran & Wodi] 2).

The intuitive correlation between pelagic larvatation (PLD) and propagules dispersion
distance has already been demonstrated (Shank$),20plying that PLD is a good
indicator of dispersal potential with a crucialegblayed by larval behaviour in dispersal
ability. Protoconch number of whorls indicated ttigpe 1" species have longer PLD (and
thus higher dispersal capacity) than “type 2”. kedt al. (2007), working on a large-scale
dataset of several marine taxa from tropical amdperate ecosystems worldwide, showed
that the dispersal ability of a species is not gswhe principal determinant of the range size.
However, at a smaller scale (e.g. within regioag)ositive correlation of dispersal ability and
range size has been demonstrated in many casegx&mnple in Indo-Pacific molluscs
(Perron & Kohn, 1985) and tropical reef fishes fees Ruttenberg, 2005).

Our data on Antarctic velutinids showed an inversgelation between geographic range
and nucleus diameter (Fig. 6), suggestive of aiogldbetween longer PLD (as inferred from
the nucleus diameter) and wider geographic rarajfgmyugh other ecological factors, such as
distribution of the ascidian hosts, may have alaggd an important role in shaping species’
ranges. The four most abundant Antarctic spedvesnfollis M. conica M. syowaensisnd
MOTU O) are also those with potentially longer PLIhis is congruent with the notion that
shallow waters in Antarctica are dominated by gdarumber of individuals belonging to few
species with planktotrophic development (Poulialet2002).Considering the planktotrophic

larval development described for the family Velidae (Lebour, 1937Hain & Arnaud,
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1992; Bandel et al., 1993; Beesley et al., 199&kR# al., 2006) and our inference from
protoconch morphology of long PLD, a high genetanmectivity was expected in the
Antarctic species (Kinlan & Gaines, 2003). In fagtyr analyses rejected any isolation-by-
distance patterns and genetic-spatial structureshi® AntarcticM. mollis M. conica, M.
syowaensignd MOTU C, G, L, O, and fdramellariasp. from New Zealand. This was also
confirmed by the star-like shape of haplotype neksowith several instances of haplotypes
shared by specimens collected at remarkably dissées, including Weddell-Ross Sea
sharing [(#000 km), and Georg Von Neumayer-Dumont d’'Urvilleasng (77000 km).
Genetic connectivity analyses did not show a siggiit difference between “type 1" and
“type 2" MOTUSs, although this result may have béxased by the restricted distribution of
all “type 2" specimens that were all collected iamaall areal(l80 km wide) at the tip of the
Antarctic Peninsula.

Several additional patterns emerged through thegration of phylogenetic, protoconch
morphology and distribution data.

MOTU | was found only at the tip of the Antarctieriinsula and may represent the sister
taxon to the rest of the Antarctic species (a hypsis to be tested on larger dataset). This
lineage showed a protoconch similar to “type 2" luith some unique features that may
characterise a third type, if confirmed with mopeamens.

Among the other Antarctic species, one monophylgtimup of speciesM. mollis M.
conicg M. syowaensisand MOTU O) retained what can probably be consideredhas
ancestral protoconch state (type 1) correspondirgriger PLD, and this may have allowed
them to colonize distant areas and maintain wideges. This group includes the most
common M. mollig and the largestM. syowaensjsspecies. MOTU E (type 1) shared a

common ancestor with four other MOTUs. The threeth@m with a known protoconch
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morphology (MOTUs A, B and C) produce eggs witlgi&aramount of yolk (type 2) and were
collected at the tip of the Antarctic PeninsulaeTther six MOTUs produce eggs with larger
amount of yolk and are restricted either to theofiphe Antarctic Peninsula (F, G, H, L) or to
the Ross Sea (D and K). The switch to the prodoatiothis type of eggs in several lineages
may thus represent a trend of Antarctic velutinasards a larval development relying more
on yolk as energy source (and probably yieldinh@rter PLD), considered advantageous in
the Southern Ocean, where the phytoplankton blastrongly seasonal and short in time
(Picken, 1980).

Flock-like radiations have occurred repeatedlyha Southern Ocean, where long-term
isolation and unique environmental conditions pthgemajor role in prompting these events.
Congruently, Antarctic velutinids emerged as arepehdent lineage from the rest of the
family and underwent a considerable radiation. Whstinguishes them from the majority of
Antarctic molluscs is their ability to maintain dapktotrophic larva in an ecosystem that
usually counter-selects this developmental modewdver, several Antarctic velutinids
produce eggs with a larger amount of yolk, larvaighvshorter PLD and have smaller
geographic ranges. Therefore, in this primarigngtotrophic family, a trend emerged within
the Antarctic radiation towards a shortening ofdkévely feeding planktonic larval phase, in

perfect agreement with Thorson'’s rule.

Acknowledgements

We are indebted to Elizabeth Kools (CASIZ) for than of tissues ofainotis sharonae
Antarctic materials from Dumont d'Urville area werellected under the Research projects

REVOLTA 1124, led by Cyril Gallut and Marc Eléaunsypported by the IPEV and the

25



598 MNHN, and CEAMARC 2008 (supported by IPEV-AAD-MNHNWe thank Katrin Linse
599 (British Antarctic Survey) for the availability ofelutinids collected during the R/
600 Polarstern "PS65" (2003-2004) expedition to the rGatmon Neumayer base area (organized
601 by AWI). Julian Gutt (AWI) is also acknowledged ftlie material from the Polarstern
602 “PS81” expedition. The NIWA (Wellington) is acknasdged for the loan of specimens from
603 the BioRoss (2004) and IPY-CAML (2008) expeditiondle thank Philippe Bouchet
604 (MNHN) for the access to the MNHN material from th&peditions PANGLAO 2004,
605 ATIMO VATAE 2010 and BIOPAPUA 2010. We thank Nicsl&uillandre (MNHN) for
606  molecular sequences from the MNHN database andrivérgdéros (MNHN) for the precious
607 help with type materials. The Italian PNRA is ackiedged for the material collected in the
608 framework of several expeditions in the Terra N@ay area from 2009-2014. The MNA
609 (Section of Genoa) is acknowledged for facilitieghe study of PNRA materials and for the
610 loan of some specimens. We thank Angel Valdés Rodl University), Michel Le Quement
611 (Ploubazlanec), Ellen Strong (Smithsonian Instio)fj Katie Ahlfeld (Smithsonian
612 Institution) along with the Smithsonian Museum SaopppCentre team for the help in
613 collecting samples. We thank Valeria Russini (SagaeUniversity of Rome) for the help
614  with statistical analysis and Matteo Cecchetto (M&ction of Genoa) for the help with the
615 maps. Special thanks to Paolo Mariottini (Universif Roma Tre) for his help with ITS2
616 secondary structure modelling. GF support was giriprovided by the Doctorate School in
617 Environmental and Evolutionary Biology of Sapierzaiversity of Rome. DS is currently
618 supported by the program ‘Rita Levi Montalcini’ fire recruitment of young researchers at
619 the University of L’Aquila. Molecular analyses warenducted in the Molecular Systematics
620 laboratory of the Department of Biology and Bioteclogies 'Charles Darwin' (Zoology

621 section) at Sapienza University of Rome (ltaly)sébset of 40 sequences were produced at

26



622

623

624

625

626

627

628

629

the University of Guelph (Canada) under the BOLQrding Of Life Database) project
"BAMBI" (Barcoding of Antarctic Marine Biodiversity PNRA 2010/A1.10, Pl Stefano

Schiaparelli). This is BAMBI contribution #12.

Appendix A. Supplementary material

Supplementary data can be found online at XXXXXX.

Genetic sequences are deposited in GenBank (agoessinbers: MK047747 - MK048104).

27



630 References

631  Aldea, C., Olabarria, C., & Troncoso, J. S. (20@patial patterns of benthic diversity in mollugzsm West

632 Antarctica.Antarctic Science21(4), 341. doi:10.1017/S0954102009002016

633  Arnaud, P. M., & Hain, S. (1992). Quantitative disuition of the shelf and slope molluscan faunast@poda ,
634 Bivalvia) of the Eastern Weddell Sea (Antarctid)lar Biology, 12, 103—1009.

635 Bandel, K., Hain, S., Riedel, F., & Tiemann, H. 933 Limacosphaera, an Unusual Mesogastropod

636 (Lamellariidae) Larva of the Weddell Sea (Antara}idhe Nautilus107(1), 1-8.

637  Bandelt, H. J., Forster, P., & Rohl, A. (1999). Néedjoining networks for inferring intraspecific ylogenies.
638 Molecular Biology and Evolutiqri6(1), 37—48. doi:10.1093/oxfordjournals.molbev.at@60

639  Barco, A., Raupach, M. J., Laakmann, S., Neumann&HKnebelsberger, T. (2015). Identification of o Sea
640 molluscs with DNA barcodingviolecular Ecology Resources6(1), 288—297. doi:10.1111/1755-

641 0998.12440

642  Barco, A., Schiaparelli, S., Houart, R., & OliverM. (2012). Cenozoic evolution of Muricidae (Mdlta,

643 Neogastropoda) in the Southern Ocean, with therigtien of a new subfamilyZoologica Scripta41(6),
644 596-616. doi:10.1111/j.1463-6409.2012.00554.x

645 Becker, B. J., Levin, L. A., Fodrie, F. J., & McHNaih, P. A. (2007). Complex larval connectivity gaitts among
646 marine invertebrate populatioroceedings of the National Academy of Scignt@49), 3267-3272.

647 Beesley, P. L., Ross, G. J. B., & Wells, A. (EdELR98).Mollusca: the southern synthesis. Fauna of Ausdrali
648 Volume 5Melbourne: CSIRO publishing.

649  Behrens, D. W. (1980Racific coast nudibranchs: A guide to the opisttastuhs of the northeastern Pacific
650 Sea Challengers.

651 Behrens, D. W., Ornelas, E., & Valdés, A. (2014)cThew species of Velutinidae Gray, 1840 (Gastrapod

652 from the North Pacific with a preliminary moleculfainylogeny of the familyThe Nautilus1284), 114—
653 121.

654 Blaxter, M., Mann, J., Chapman, T., Thomas, F.,ttthj C., & Floyd, R. (2005). Defining operational
655 taxonomic units using DNA barcode dahilosophical Transactions of the Royal Societyaidon.
656 Series B, Biological Scienge360, 1935-1943. doi:10.1098/rsth.2005.1725

657 Bouchet, P. (2012). Lamellariopsis Vayssiéere, 19%96MolluscaBase (2017). Accessed through: World
658 Register of Marine Species at http://www.marinegseorg/aphia.php?p=taxdetails&id=196956.
659  Bouchet, P., Rocroi, J.-P., Fryda, J., HausdorfPBnder, W., Valdés, A., & Warén, A. (2005). Cifisation
660 and nomenclator of gastropod familidalacologia,47(1-2), 1-397.

661 Bouchet, P., Rocroi, J.-P., Hausdorf, B., Kaim,Kano, Y., Nitzel, A., ... Strong, E. E. (2017). Read

662 Classification, Nomenclator and Typification of @apod and Monoplacophoran Familid4alacologia
663 61(1-2), 1-526.

664 Bouchet, P., & Warén, A. (1993). Revision of therfiieast Atlantic bathyal and abyssal Mesogastropoda
665 Societa Italiana Di Malacologia, Bollettino Malaadico, Supplement {79-840.

666  Chapelle, G., & Peck, L. S. (1999). Polar gigantdiotated by oxygen availabilitiNature 3996732), 114—
667 115.

668  Chenuil, A, Saucede, T., Hemery, L. G., Eléaume,Rdral, J., Améziane, N., ... Havermans, C. (2017).

669 Understanding processes at the origin of speaiekgiwith a focus on the marine Antarctic fauna.
670 Biological Reviews93(1) 481-504.

28



671
672

673
674
675

676

678
679

681

682
683

684
685

686

688

689
690
691

692
693
694

695
696

697
698

699
700
701

702
703
704

705
707
708
710
711
713
714

Clarke, A. (1992). Reproduction in the cold: TharsevisitedInvertebrate Reproduction & Development
22(1-3), 175-183. d0i:10.1080/07924259.1992.9672270

Colgan, D. J., Ponder, W. F., Beacham, E., & MatasaJ. (2007). Molecular phylogenetics of
Caenogastropoda (Gastropoda: Mollustéglecular Phylogenetics and Evolutiof(3), 717-37.
doi:10.1016/j.ympev.2006.10.009

Collin, R. (2001). The effects of mode of developinen phylogeography and population structure aftiNo
Atlantic Crepidula (Gastropoda: Calyptraeiddadplecular Ecology10(9), 2249-2262.
doi:10.1046/j.1365-294X.2001.01372.x

Cummins, C. A, & Mclnerney, J. O. (2011). A metHodinferring the rate of evolution of homologous
characters that can potentially improve phylogenieference, resolve deep divergence and correct
systematic biaseSystematic Biology0(6), 833—844. doi:10.1093/sysbio/syr064

De Queiroz, K. (2007). Species concepts and spdeiasitation.Systematic Biologyp6(6), 879—-886.
doi:10.1080/10635150701701083

Dias, G. M., & Delboni, C. G. M. (2008). Colour gaiorphism and oviposition habits of Lamellaria
mopsicolor.Marine Biodiversity Record4(1956), 1-3. doi:10.1017/S1755267206005550

Fassio, G., Modica, M., Alvaro, M., Schiaparelli, & Oliverio, M. (2015). Developmental trade-offs
Southern Ocean mollusc kleptoparasitic spe¢igsirobiologig 761(1), 1-21. doi:10.1007/s10750-015-
2318-x

Gallardo, C. S., & Penchaszadeh, P. E. (2001).Hitagonode and latitude in marine gastropods: Rewgi
Thorson’s paradigm in the southern hemisphigiarine Biology 1383), 547-552.
doi:10.1007/s002270000477

Glez-Pefia, D., Gébmez-Blanco, D., Reboiro-Jato,Adez-Riverola, F., & Posada, D. (2010). ALTER: Raug-
oriented conversion of DNA and protein alignmeitscleic Acids ResearcB8(Suppl. 2), 14-18.
doi:10.1093/nar/gkg321

Gofas, S. (2009). Velutinidae Gray, 1840. In: MettaBase (2016). Accessed through: World Register of
Marine Species at http:/www.marinespecies.org/aphj?p=taxdetails&id=143 on 2016-12-15.

Griffiths, H. J., Barnes, D. K. A., & Linse, K. (20). Towards a generalized biogeography of thel&wat
Ocean benthodournal of Biogeography86(1), 162—177. doi:10.1111/j.1365-2699.2008.01979.x

Gulbin, V. V. (2005). Prosobranch family Velutingld Gastropoda ) in cold and temperate waterseof th
Northern HemisphereHistory, Biogeography, Evolution and Chorolo@cean Science Journad((1),
45-54,

Gulbin, V.V, & Golikov, A. N. (1997). A review ahe prosobranch family Velutinidae in cold and tenspe
waters of the northern hemisphere. I. Capulacmaeiphelig 47(1), 43-54.
doi:10.1080/00785326.1997.10433389

Gulbin, V.V, & Golikov, A. N. (1998). A review ahe prosobranch family velutinidae in cold and tenape
waters of the northern hemisphere Melutininae: Genud.imneria Ophelig 49(3), 211-220.
doi:10.1080/00785326.1997.10433389

Gulbin, V.V, & Golikov, A. N. (1999). A review ahe prosobranch family Velutinidae in cold and tenspe
waters of the Northern Hemisphere. lll. Velutinin@enereCiliatovelutinaandVelutina Ophelig 51(3),
223-238. doi:10.1080/00785326.1997.10433389

Gulbin, V.V, & Golikov, A. N. (2000). A review ahe prosobranch family Velutinidae in cold and tenspe
waters of the northern hemisphere iv: Velutinimaeneravelutella CartilagovelutinaandMarsenina
Ophelig 53(2), 141-149. doi:10.1080/00785326.1997.10433389

Gulbin, V.V, & Golikov, A. N. (2001). A review ahe prosobranch family Velutinidae in cold and tenspe

29



715

716
717

718
719

720
721

722

724

725
726

727
728

729

730
731

732
733

734
735

736
737
738
739

740
741
742

743
744

745
746

747
748

749
750

751
752
753

754
755
756

waters of the northern hemisphere. V. Onchidiopsi@ghelia 54(2), 119-132.

Hain, S. (1990). The benthic seashells (GastropodiaBivalvia) of the Weddell Sea, Antarcti@gerichte zur
Polarforschung 70, 186.

Hain, S., & Arnaud, P. M. (1992). Notes on the cefurction of high-Antarctic molluscs from the Weddg&ta.
Polar Biology 12, 303-312.

Hammer, @., Harper, D. A. T., & Ryan, P. D. (20AST: Paleontological statistics software package
education and data analygfalaeontologia Electronicad(1), 1-9.

Heimeier, D., Lavery, S., & Sewell, M. a. (2010)%iblg DNA barcoding and phylogenetics to identifyténctic
invertebrate larvae: Lessons from a large scaldysMarine Genomics3(3—4), 165-77.
doi:10.1016/j.margen.2010.09.004

Heled, J., & Drummond, A. J. (2010). Bayesian lefere of Species Trees from Multilocus Dafimlecular
Biology and Evolution27(3), 570-580. doi:10.1093/molbev/msp274

Horton, T., Kroh, A., Ahyong, S., Bailly, N., Boufysnault, N., Brand&o, S. N., ... Zeidler, W. (20M/orld
Register of Marine Species (WoRMS). WoRMS EditoBakrd.

Jensen, J. L., Bohonak, A. J., & Kelley, S. T. @00solation by distance, web serviBMC Genetics6(1), 1.

Jombart, T., Devillard, S., Dufour, a-B., & PontiB. (2008). Revealing cryptic spatial patterngémetic
variability by a new multivariate methoHeredity; 101, 92—-103. doi:10.1038/hdy.2008.34

Katoh, K., Misawa, K., Kuma, K., & Miyata, T. (2002MMAFFT: a novel method for rapid multiple sequenc
alignment based on fast Fourier transfolucleic Acids ResearcB0(14), 3059—66.

Katoh, K., & Toh, H. (2008). Recent developmentthe MAFFT multiple sequence alignment program.
Briefings in Bioinformatics9(4), 286—98. do0i:10.1093/bib/bbn013

Kearse, M., Moir, R., Wilson, A., Stones-Havas,Gheung, M., Sturrock S., Buxton S., Cooper A., kéavitz
S., Duran C., Thierer T., Ashton B., Meintjes PruDmond A. (2012). Geneious Basic: an integratetl an
extendable desktop software platform for the orgaion and analysis of sequence dBiainformatics
28(12), 1647-1649.

Keller, A., Forster, F., Mller, T., Dandekar, $chultz, J., & Wolf, M. (2010). Including RNA seatary
structures improves accuracy and robustness imsgaetion of phylogenetic treeBiology Direct 5(1),
4. doi:10.1186/1745-6150-5-4

Kinlan, B. P., & Gaines, S. D. (2003). Propagulkepérsal in marine and terrestrial environmentsofmunity
perspectiveEcology 84(8), 2007—2020. doi:10.1890/01-0622

Knowlton, N. (2000). Molecular genetic analysespécies boundaries in the selgdrobiologia 42(0(1), 73—
90.

Kubatko, L. S., & Degnan, J. H. (2007). Inconsisieaf phylogenetic estimates from concatenated aiadker
coalescencesystematic Biologyp6(1), 17—-24.

Lambert, G. (1980). Predation by the prosobranchusioLamellaria diegoensis on Cystodytes lobatus,
colonial ascidianVeliger, 22(4), 340-344.

Lebour, M. V. (1937). The Eggs and Larvae of thigi®r Prosobranchs with Special Reference to thdgag
in the PlanktonJournal of the Marine Biological Association of thaited Kingdom?22, 105-166.
doi:10.1017/S0025315400011917

Lester, S. E., & Ruttenberg, B. |. (2005). The tielasship between pelagic larval duration and rasige in

tropical reef fishes: a synthetic analy$tsoceedings of the Royal Society B: Biological Soés 272,
585-91. d0i:10.1098/rspb.2004.2985

30



757
758

759
760

761

763

764
765

766
767

768
769

770
771
772

773
774

775
776

777
778
779

780
781
782

783
784

785
786

787
789
790
792
793
795

796
797

798
799

Lester, S. E., Ruttenberg, B. I., Gaines, S. DKi&lan, B. P. (2007). The relationship between displ ability
and geographic range sizecology Letters10(8), 745-58. doi:10.1111/j.1461-0248.2007.01070.x

Liltved, W. R. (1989)Cowries and their relatives of southern Africa:tady of the southern African
Cypraeacean and Velutinacean gastropod falB8eacomber Publications: Winshaw and Liltved fasil

Lima, G. M., & Lutz, R. a. (1990). The relationstaplarval shell morphology to mode of developmient
marine prosobranch gastropodsurnal of the Marine Biological Association of tbaited Kingdom70,
611-637. doi:10.1017/S0025315400036626

Linse, K. (2002)The shelled Magellanic Mollusca: with special refiece to biogeographic relations in the
Southern OceafiVol. 34). ARG Gantner Verlag KG.

Marshall, B., & Bouchet, P. (2018YlarseniopsiBergh, 1886. In: MolluscaBase (2017). Accesseaoltin:
World Register of Marine Species at http://www.maspecies.org/aphia.php?p=taxdetails&id=196957.

Marshall, D. J., Krug, P. J., Kupriyanova, E. KyrBe, M., & Emlet, R. B. (2012). The biogeograpliyrarine
invertebrate life historieAnnual Review of Ecology, Evolution, and Systersatlg; 97-114.

Mathews, D. H., Sabina, J., Zuker, M., & Turner,HD.(1999). Expanded sequence dependence of
thermodynamic parameters improves prediction of Rid@ondary structurdournal of Molecular
Biology, 2885), 911-940.

Meirmans, P. G. (2012). The trouble with isolatmndistanceMolecular Ecology21(12), 2839—-2846.
doi:10.1111/j.1365-294X.2012.05578.x

Mileikovsky, S. A. (1971). Types of larval developnt in marine bottom invertebrates , their distiidru and
ecological significancea re-evaluationMarine Biology 10, 193-213.

Modica, M. V., Puillandre, N., Castelin, M., Zhang, & Holford, M. (2014). A good compromise: Rapdd
robust species proxies for inventorying biodivarsiotspots using the Terebridae (Gastropoda: Ceadid
PLoS ONE9(7), doi:10.1371/journal.pone.0102160

Modica, M. V., Russini, V., Fassio, G., & Oliverill. (2017). Do larval types affect genetic connattiat
sea? Testing hypothesis in two sibling marine gastospwith contrasting larval developmektarine
Environmental Researcth?27, 92—-101. doi:10.1016/j.marenvres.2017.04.001

Moran, A. L., & Woods, H. A. (2012). Why might thég giants? Towards an understanding of polar ¢jigan
Journal of Experimental Biolog21512), 1995-2002. doi:10.1242/jeb.067066

Nation, J. L. (1983). A new method using hexamaetisylazane for preparation of soft insect tissu@s f
scanning electron microscopgytain Technologyb§(6), 347-351.

Numanami, H. (1996). Taxonomic study on Antarctistgopods collected by Japanese Antarctic research
expeditionsMemoirs of the National Institute of Polar Resear8hries E, Biology and Medical Science
39, 1-244.

Numanami, H., & Okutani, T. (1991). Lamellariid ga@apods collected by Japanese Antarctic Research
Expeditions from near Syowa Station and Breid Bayarctica.Proceedings of the NIPR Symposium on
Polar Biology, 4, 50-68.

Oliverio, M., Cervelli, M., & Mariottini, P. (2002)TS2 rRNA evolution and its congruence with thg/lpgeny
of muricid neogastropods (Caenogastropoda, Muréid/olecular Phylogenetics and Evolutic2§(1),
63—69. doi:10.1016/S1055-7903(02)00227-0

Oliverio, M., & Mariottini, P. (2001). A moleculdramework for the phylogeny of Coralliophila andated
muricoids.The Malacological Society of Londdv, 215-224.

Pearse, J. S. (1994). Cold-water echinoderms breakson’s ruleReproduction, Larval Biology and
Recruitment of the Deep-Sea. Columbia UniversigsBrNew York26—43.

31



800 Peck, L., Clarke, a, & Chapman, A. (2006). Metéoland development of pelagic larvae of Antarctic
801 gastropods with mixed reproductive strateghdarine Ecology Progress Serigxl8 213-220.
802 doi:10.3354/meps318213

803  Perron, F. E., & Kohn, A. J. (1985). Larval disgrand geographic distribution in coral reef ggstits of the
804 genus Conus. IRroceedings of the Fifth International Coral Reghfposium(Vol. 4, pp. 95-100).

805  Pianka, E. R. (1970). On r- and K-Selecti®he American Naturalisi04(940), 592-597.

806 Picken, G. B. (1980). Reproductive adaptations miiaéctic benthis invertebrateBiological Journal of the
807 Linnean Societyl4, 67—75.

808 Pons, J., Barraclough, T., Gomez-Zurita, J., Cardas Duran, D., Hazell, S., ... Vogler, A. (2006equence-

809 Based Species Delimitation for the DNA TaxonomyJoidescribed InsectSystematic Biologyp5(4),
810 595-609. doi:10.1080/10635150600852011

811 Poulin, E., Palma, A. T., & Jean-pierre, F. (20@)olutionary versus ecological success in Antarséinthic
812 invertebratesTrends in Ecology & Evolution, {5), 218-222.

813 Puillandre, N., Lambert, a, Brouillet, S., & Ach#z. (2012a). ABGD, Automatic Barcode Gap Discoviery
814 primary species delimitationolecular Ecology21(8), 1864—77. doi:10.1111/j.1365-294X.2011.05239.x
815 Puillandre, N., Meyer, C. P., Bouchet, P., & OlaeB. M. (2011). Genetic divergence and geographica
816 variation in the deep-wat€onus orbignycomplex (Mollusca: Conoideajoologica Scripta40(4), 350—
817 363. doi:10.1111/j.1463-6409.2011.00478.x

818 Puillandre, N., Modica, M. V, Zhang, Y., Sirovidh, Boisselier, M.-C., Cruaud, C., ... Samadi, S.1(20).
819 Large-scale species delimitation method for hypendie groupsMolecular Ecology21(11), 2671-2691.
820 doi:10.1111/j.1365-294X.2012.05559.x

821 Puillandre, N., Stdcklin, R., Favreau, P., Bian&hj,Perret, F., Rivasseau, A, ... Bouchet, P. (ROMhen
822 everything converges: Integrative taxonomy withlisiNA and venomic data reveals Conus conco, a
823 new species of cone snails (Gastropoda: Conoitézlcular Phylogenetics and Evolutio80, 186-192.
824 doi:10.1016/j.ympev.2014.06.024

825 Reid, D. G., Lal, K., MackenzieDodds, J., Kaligis, F., Littlewood, D. T. J., & Wdms, S. T. (2006).

826 Comparative phylogeography and species boundarigshinolittorina snails in the central Ind@vest
827 Pacific.Journal of Biogeographys3(6), 990-1006.

828 Riedel, F. (2000)Ursprung und Evolution der“ hheren” Casenogastrdpoeine paléobiologische
829 Konzeption Fachbereich Geowissenschaften, FU Berlin.

830  Roff, D. A. (2002) Life history evolutionSinauer Associates, Sunderland, MA.

831  Salvi, D., Bellavia, G., Cervelli, M., & MariottinP. (2010). The analysis of rRNA sequence-streciur

832 phylogenetics: An application to the family Pedlim (Mollusca: Bivalvia)Molecular Phylogenetics and
833 Evolution 56(3), 1059-1067. doi:10.1016/j.ympev.2010.04.025

834  Salvi, D., Macali, A., & Mariottini, P. (2014). Metular phylogenetics and systematics of the biviawgly
835 Ostreidae based on rRNA sequence-structure moddlmaltilocus species treBLoS ONE9(9), 19-21.
836 doi:10.1371/journal.pone.0108696

837 Salvi, D., & Mariottini, P. (2012). Molecular phygenetics in 2D: ITS2 rRNA evolution and sequenceestire
838 barcode from Veneridae to Bivalvislolecular Phylogenetics and Evolutidsg(2), 792—798.

839 doi:10.1016/j.ympev.2012.07.017

840 Salvi, D., & Mariottini, P. (2017). Molecular taxomy in 2D: A novel ITS2 rRNA sequence-structure raggh
841 guides the description of the oysters’ subfamilgc®atreinae and the gendsigallana(Bivalvia:

842 Ostreidae)Zoological Journal of the Linnean Society’9, 263-276

32



843
844

845

847

848
849
850

851
852

853
854

855
856

857
858
859

860

861
862

863
864
865

866
867
868

869
870
871

872
873
874

875
876

877
878

879
880

881
883

884
885

Samadi, S., & Barberousse, A. (2006). The treendieork, and the speciadiological Journal of the Linnean
Society 89(3), 509-521. doi:10.1111/j.1095-8312.2006.00689.x

Schiaparelli, S., Barucca, M., Olmo, E., Boyer, B1.Canapa, A. (2005). Phylogenetic relationshipthimi
Ovulidae (Gastropoda: Cypraeoidea) based on maeledaka from the 16S rRNA gerdarine Biology
1472), 411-420.

Schiaparelli, S., Cattaneo-Vietti, R., & Chiantdk, (2000). Adaptive morphology @apulus subcompressus
Pelseneer, 1903 (Gastropoda: Capulidae) from Tdoke Bay, Ross Sea (AntarcticRplar Biology
23(1), 11-16. doi:10.1007/s003000050002

Shanks, A. L. (2009). Pelagic larval duration argpersial distance revisiteBiological Bulletin, 2163), 373—
385.

Simroth, H. (1914). Pelagische Gastropoden Lanesrddutschen Stdpolar-Expedition 1901-1903. In:
Drygalski, E.v.(Hrsg)Deutsche Sudpolar-ExpeditioBoologie Band VI, 15,143-160.

Sokal, R. R., & Michener, C. D. (1958). A statisficnethod for evaluating systematic relationshirsiversity
of Kansas Science Bulle}ig8, 1409-1438.

Stanwell-Smith, D., & Barnes, D. K. A. (1997). Beittcommunity development in Antarctica: recruitrnand
growth on settlement panels at Signy Islafalrnal of Experimental Marine Biology and Ecolpgy
212(1), 61-79.

Stearns, S. C. (1992)he evolution of life historie©xford University Press, New York.

Tatian, M., Sahade, R. J., Doucet, M. E., & Es@alB. (1998). Ascidians (Tunicata , Ascidiaceapofter
Cove , South Shetland Is | and Antarctigatarctic Sciencel0(2), 147-152.

Thioulouse, J., Chessel, D., & Champely, S. (19®mlltivariate analysis of spatial patterns: a widfapproach
to local and global structureEnvironmental and Ecological Statistj&1), 1-14.
doi:10.1007/BF00452928

Thompson, J. D., Higgins, D. G., & Gibson, T. 294). CLUSTAL W: Improving the sensitivity of pragsive
multiple sequence alignment through sequence wamhposition-specific gap penalties and weight
matrix choiceNucleic Acids ResearcB2(22), 4673-4680. doi:10.1093/nar/22.22.4673

Thorson, G. (1936)he larval development, growth, and metabolismrai@marine bottom invertebrates
compared with those of other seleddelelser om Grgnland, udgivne af Kommmisionen fo
videnskabelige undersggelser i Grgnland, bd. 10®. ICA Reitzel.

Thorson, G. (1946). Reproduction and larval devalept of Danish marine bottom invertebrates, witbcigl
reference to the planktonic larvae in the Soitbddelelser fra Kommissionen for Danmarks Fiskeg-
Havundersogelser, Serie: Plankieh 1-523.

Thorson, G. (1950). Reproductive and larval ecolofysnarine bottom invertebrateBiological Reviews25(1),
1-45. doi:10.1111/j.1469-185X.1950.tb00585.x

Todd, C. D., & Doyle, R. W. (1981). Reproductivesdtgies of Marine Benthic Invertebrates: A Setteatn
Timing HypothesisMarine Ecology Progress Serigh 75-83. d0i:10.3354/meps004075

Verduin, A. (1977). On a remarkable dimorphismtaf aipices in many groups of sympatric, closelyteela
marine gastropod speciddasterig 41, 91-95.

Wilson, N. G., SchrOdl, M., & Halanych, K. M. (200®cean barriers and glaciation: Evidence for esipe
radiation of mitochondrial lineages in the Antacdea slug Doris kerguelenensis (Mollusca,
Nudibranchia)Molecular Ecology18(5), 965-984. d0i:10.1111/j.1365-294X.2008.04071.x

Zhang, J., Kapli, P., Pavlidis, P., & Stamatakis(2013). A general species delimitation methodwit
applications to phylogenetic placememminformatics 29(22), 2869-2876.

33



886
887

doi:10.1093/bioinformatics/btt499

34



Dumont D'Urville
o Sea

(ORoss Sea
¢ eorg Von== "= .St.nVon Neumayer
> Neumayer Station * :

Tip of Antarctic
L Peninsula

Dumont d’Urville
Station

Fig. 1 Map of the Antarctic sample collecting locafies.



Table 1 Gene fragments employed, primer pairs usefbr amplification with references and substitution
models used in phylogenetic analysis. PCR conditien initial denaturation (94°C/4"); 35 cycles of
denaturation (94°C/30"), annealing (48-51°C for CQ@ 52°C for 16S, 58-60°C for 28S and 1TS2/40") and
extension (94°C/60"); final extension (72°C/10")N: number of sequences in the single-gene alignmeftibh
parentheses those newly produced in this study); bjength of the trimmed alignment.

Gene fragment Size Primer Reference N bp Substitution
model
LCO1490 612 COI-I: GTR+I+G

CYthhr?mgOI 658 bp Folmer et al. 1994 1%24 COI-II: F81+G
oxidase | (COI) HCO2198 (174) COI-III: GTRH+G

16SA Palumbi 1996 761
16SrDNA ~700 bp CGLeuR Hayashi 2003 (76(3)5) GTR+I+G

16SH Espiritu et al. 2001

C1 66 692

28SrDNA ~700 bp Jovelin & Justine 2001 GTR+G
Second internal ITS-3d 53 486
transcribed ~450 bp Oliverio & Mariottini 2001 (53) HKY+G
spacer (ITS2) ITS4r
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Asterisks indicate highly supported nodes in both M and BA analysis.
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Fig. 4 Median joining networks of COI sequences d1OTUs O, N (M. conica), J (M. mallis), C, G, K, L (L.

turqueti), M (M. syowaensis) and Lamellaria sp.




Fig. 5 SEM photographs of protoconch type 1 (rightand 2 (left). In “type 2” visible longitudinal rib s and end of
protoconch Il. In “type 2" visible peculiar ‘'flatte ned and globular' protoconch | shape and end of prmconch Il.
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Fig. 6 Plot of average nucleus diameterpfm) vs MOTU distribution range (Km). Colours indicate MOTU
sampling localities: white=wide distribution, black=only at the tip of the Antarctic Peninsula, grey=aly in the
Ross Sea. Shapes indicate MOTU protoconch type: sape=type 1, circle=type 2.



Fig. 7 Velutinid broods on ascidian from the Ross&a. NIWA 36893.2 - MOTU O (a-b); NIWA 36790.1 - MOT
P - M. mallis (c-d). Scale bar =1 cm.
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