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ABSTRACT

Nearly 13% of opisthobranch gastropods in the Atlantic Ocean are regarded as amphi-Atlantic (i.e.
species occurring on both eastern and western coastlines of the Atlantic realm). This assumption has
been broadly based on morpho-anatomical similarities and has rarely been tested within a molecular
phylogenetic framework. Among opisthobranchs, the order Sacoglossa is renowned for its difficult
and confusing species taxonomy, particularly in some genera like Elysia, where several cases of cryptic
speciation have been documented. Moreover, the width of the Atlantic realm poses a serious chal-
lenge to the idea of trans-Atlantic dispersal, particularly in nonplanktotrophic species. The species
Bosellia mimetica, Elysia timida and Thuridilla picta are three sacoglossan opisthobranchs with amphi-
Atlantic status, but doubts have been raised about the conspecificity of eastern and western popu-
lations. Here we used methods to test molecular phylogenetic whether the Atlantic Ocean constitutes
a barrier for dispersal and hence whether eastern and western populations belong to the same
species. We used the criteria of divergence and reciprocal monophyly, supported by concordant gen-
calogically independent genetic markers, to define species. Maximum-likelihood and Bayesian ana-
lyses of partial DNA sequences of the mitochondrial cytochrome ¢ oxidase subunit I and 16S rRNA
genes and nuclear gene Histone-3 (H3) were used to produce phylogenetic trees. We conclude that
the eastern Atlantic species B. mimetica i3 not amphi-Atlantic, although the H3 gene did not recover
reciprocal monophyly between western and eastern populations, perhaps in a result of incomplete
lineage-sorting. Elysia timida is the only species showing an amphi-Atlantic distribution, but possibly
due to recent introduction in the tropical western Atlantic. Thuridilla picta is restricted to the western
Atlantic and therefore not amphi-Atlantic. Populations of ‘7. picta’ inhabiting the Macaronesian
archipelagos of Azores and Madeira are a colour form of the eastern Atlantic 7. hopei. Our results
highlight the difficulty surrounding systematics of Sacoglossa sea slugs and provide further evidence
that cryptic speciation is common in the group.

therefore be expected to serve as agents for colonizing new
regions and as vectors of gene flow between widely separated
populations. The fossil record shows that trans-Atlantic expan-
sions seem to have occurred since the late Oligocene (Vermeij,

INTRODUCTION

Oceanographic, palacontological and developmental data are
often used to explain trans-Atlantic dispersal and
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amphi-Atlantic geographical ranges in molluscs (i.e. species
inhabiting both eastern and western coastlines of the Atlantic
Ocean) (Williams & Reid, 2004; Malaquias & Reid, 2009;
Claremont et al., 2011). Scheltema (1971, 1979, 1995) showed
that passive dispersal is highly important to the distribution of
shallow-water molluscan species. The larvae of marine gastro-
pods are capable of frequent long-distance dispersal; they can

1995; Maestrati & Lozouet, 1996; Petuch, 1997) and to have

increased since the Pliocene after the closure of the Isthmus of

Panama, when the Gulf Stream became stronger and Atlantic
circulation intensified (Vermeij & Rosenberg, 1993; Briggs,
2003; Teske, Cherry & Matthee, 2004; Williams & Reid, 2004).

Opisthobranchs are a diverse group of gastropods occurring
worldwide in marine habitats, with few representatives in fresh-
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water environments (Schrodl & Neusser, 2010). Some species
have restricted geographical ranges (e.g. Haminoea fusari from
the Mediterranean Sea, Alvarez, Garcia & Villani, 1993),
whereas others are broadly distributed, sometimes over more
than one ocean basin (e.g. the circumtropical Aplysia dactylo-
mela; Cervera et al., 2004; Gosliner, Behrens & Valdés, 2008).
This array of geographical patterns has been earlier discussed
by Edmunds (1977), who suggested that the distribution of
opisthobranch species could depend on food availability, water
temperature, ocean currents, duration of planktonic life and
anthropogenic interference (e.g. shipping).

Amphi-Atlantic distributions are regarded as moderately
common in opisthobranchs. The first account focused on all
Atlantic Gastropoda recognized a modest 11 species of
amphi-Atlantic opisthobranchs (Garcia-Talavera, 1983), but a
recent survey of opisthobranchs alone recognized 134 species
occurring on both sides of the Atlantic Ocean, which equals
12.6% of the total opisthobranch diversity in this realm
(Garcia & Bertsch, 2009).

Anthropogenic impacts resulting from the aquaculture trade
and shipping are becoming important vectors of introduction
of exotic marine species (Streftaris & Zenetos, 2006; Zenetos
et al., 2008, 2011; Cervera et al., 2010). Several examples have
been documented in opisthobranchs, such as the presence in
Europe of the Asian cephalaspid species Haminoea japonica
resulting from the oyster-spat trade from North America
(Gosliner & Behrens, 2006), the introduction by shipping in
San Francisco Bay, USA, of the New Zealand species Philine
aurtformis, with negative impacts on the local fauna (Gosliner,
1995), and the occurrence in the Mediterranean Sea of the
Indian Ocean species Melibe fimbriata which is unknown in the
Red Sea (Thompson & Crampton, 1984).

Despite these facts and the lack of obvious barriers to gene
flow across the Atlantic, it is evident that the present width of
this ocean basin poses a serious challenge to the idea of regular
gene flow between populations inhabiting both margins.
Between 60 and 300 days are necessary to accomplish drift
across the Atlantic (Scheltema, 1971). This is beyond the
larval life span of opisthobranchs with planktotrophic larvae
(usually 15-42 days, Schaefer, 1996); even the known capacity
for some species to delay metamorphosis (Thompson, 1958,
1962; Hadfield & Karlson, 1969) is not an entirely convincing
argument due to the temporal gap. Passive rafting of adults is
a possibility that cannot be discarded; this has often been
raised as a speculative means of long-distance dispersal but
direct evidence is usually lacking (Fraser, Nikula & Waters,
2011) and to our knowledge no case has been documented in
opisthobranchs.

Research on evolution and diversity patterns in the marine
environment has been greatly stimulated in the past two
decades by developments in molecular biology, population
genetics and phylogeographic methods. Molecular methods are
very powerful for detecting sibling species and have frequently
shown that cosmopolitan or widely distributed ‘species’ consist
of a taxonomic complex of multiple evolutionary partitions
(e.g. Knowlton, 1993, for a general review; Meyer, 2003;
Williams & Reid, 2004; Reid et al., 2006; Claremont et al.,
2011). Molecular tools have not yet been widely used in
species-level phylogenies of the Opisthobranchia, but recently
their application showed the presence of two distinct allopatric
species in Bulla striata complex, previously regarded as an
amphi-Atlantic species (Malaquias & Reid, 2008, 2009) and
led to the recognition of cryptic species in the cephalaspidean
genus Melanochlamys in New Zealand (Krug el al., 2008).

The sacoglossans Bosellia mimetica Trinchese, 1891, Elysia
timida (Risso, 1818) and Thuridilla picta (Verrill, 1901) are
three species of opisthobranchs regarded as amphi-Atlantic
(Valdés et al., 2006). The first two species have as their type
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locality the Mediterranean Sea, respectively Capri (Italy) and
Nice (France), whereas 7. picta was described from Bermuda
(western Atlantic). These species have a temperate/tropical dis-
tribution and occur on shallow environments with the green
algae upon which they feed. Bosellia mimetica has a plankto-
trophic larva (based on specimens from eastern Florida; Clark
& Jensen, 1981) and E. timida has either direct or lecitho-
trophic development (Rahat, 1976; Bonar, 1978; Marin &
Ros, 1989, 1992, 1993; Jensen, 2001); the development of 7.
picta is unknown but its congeneric Atlantic species 7. hopei has
lecithotrophic larvae and field observations here revealed that
eggs of the latter species resemble those of 7. picta (Jensen,
2001).

Although the amphi-Atlantic distribution of these three
species are generally accepted, doubts have been raised about
the conspecificity of eastern and western populations of E.
timida and T. picta, because of consistent chromatic differences,
the significance of which is difficult to judge based on
morpho-anatomical comparisons alone (Ortea, Moro &
Espinosa, 1997; Malaquias et al., 2009).

In this study we apply for the first time a molecular phyloge-
netic framework to sacoglossan species with contrasting larval
development, to test the hypothesis that the width of the
Atlantic realm does not constitute an insurmountable barrier
for dispersal, and that therefore populations of these snails on
both eastern and western coastlines of the Atlantic Ocean
belong to the same species.

MATERTIAL AND METHODS

Species concepl and genelic divergence thresholds

We used the criteria of divergence and reciprocal monophyly
supported by concordant genealogically independent genetic
markers to define species (Knowlton, 2000; Wheeler & Meier,
20005 Avise, 2004; Reid et al., 2006; Malaquias & Reid, 2009).
The use of genetic thresholds to distinguish between species is
difficult to apply because different groups of organisms, even
within the same genus or family, can have different rates of
molecular evolution (Hebert, Ratnasingham & Waard, 2003;
Williams, Reid & Littlewood, 2003). Yet, several attempts
have been made to establish cut-off values for molluscs. Hebert
et al. (2003) suggested the mean cytochrome ¢ oxidase subunit
I (COI) distance between sister species in molluscs to be
11.1 +5.1% (mean uncorrected p-distance) and Malaquias &
Reid (2009) based on an integrative taxonomic revision of the
opisthobranch genus Bulla established a cut-off value of 10%
between sister species (uncorrected p-distance for COI gene).
We use these cut-off values as reference thresholds.

Taxon sampling

Samples were obtained using standard scuba diving sampling
techniques for opisthobranchs and through the study of
museum collections. Sixty-two specimens from eight species of
sacoglossans were used for phylogenetic inference. A total of 29
specimens were successfully sequenced for the COI, 32 for the
165 rRNA (16S) and 34 for the Histone-3 (H3) genes.
Forty-three additional sequences were obtained from GenBank
(see Table 1 for full list of samples, localities and voucher refer-
ences). Oxynoe antillarum was chosen as outgroup due to its
basal taxonomical position within the Sacoglossa (Jensen,
1996; Handeler & Wigele, 2006; Héandeler et al., 2009).
Identifications were performed by the senior authors based on
external morphology and coloration.
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DNA extraction, amplification and sequencing

DNA was extracted from foot tissue of specimens preserved in
70-100% ethanol, except in those cases of small animals
where the whole specimen was used. The DNeasy Blood &
Tissue Kit of Qiagen (Qiagen, Valencia, CA, USA; 09/2001)
was used for DNA extraction.

Partial sequences of COI, 16S and H3 were amplified by
PCR using the primers: LCO1490 (5-GGTCAACAAATCA
TAAAGATATTGG-3') and HCO2198 (5'-TAAACTTCAGG
GTGACCAAAAATCA-3') (Folmer et al., 1994) for COI; 16S
ar-L. (5-CGCCTGTTTATCAAAAACAT-3") and 16S br-H
(5'-CCGGTCTGAACTCAGATCACGT-3") (Palumbi et al.,
1991) for 16S rRNA; and H3AD5'3" (5'- ATGGCTCGTACC
AAGCAGACVGC-3') and H3BD5'3' (5-ATATCCTTR GGC
ATRATRGTGAC-3) (Colgan el al., 1998) for H3. These
three gene regions are commonly used in systematic studies of
gastropods (e.g. Meyer, 2003; Williams & Reid, 2004; Dinapoli
et al., 2006; Frey & Vermeij, 2008; Malaquias & Reid, 2009;
Pola & Gosliner, 2010).

PCRs were conducted in a 50 pl volume reactions contain-
ing 2 pl of both forward and reverse primers (10 wM), 5 ul of
dNTP (2mM), a gene-dependent amount of magnesium
chloride (25 mM), 0.5 pl of Qiagen DNA polymerase (250 U),
10 pl of ‘Q-solution’ (5x) and 5 pl of Qiagen buffer (10x)
(Qiagen Taq PCR Core Kit cat. no. 201225). Magnesium
chloride amounts were 7 pl for COI and 16S, and 4 pl for H3.
Amplification of COI was performed with an initial denatura-
tion for 1 min at 95°C, followed by 35 cycles of 30 s at 95°C,
45 s at 48°C (annealing temperature) and 1 min at 72°C, with
a final extension of 3 min at 72°C. The 16S amplification
began with an initial denaturation for 4 min at 95 followed by
9 touchdown-cycles of 45 s at 94°C, 45 s at 56°C and 1.5 min
at 72°C, followed by 25 amplification cycles of 45s at 94°C,
45 s at 48°C (annecaling temperature), 1.5 min at 72°C, with a
final extension of 4 min at 72°C. H3 amplification was per-
formed with an initial denaturation for 3 min at 95°C, followed
by 40 cycles of 45 s at 94°C, 45 s at 50°C (annealing tempera-
ture), 2 min at 72°C, with a final extension of 10 min at 72°C.

Successful PCRs were purified by mixing 5 pl of PCR
product with 2l of ExoSAP-IT (usb.affymetrix.com).
Samples were incubated at 37°C for 15 min followed by an
inactivation step at 80°C for 15 min. Sequence reactions were
run on a 3730XL DNA sequencer (Applied Biosystems). All
new sequences have been deposited in GenBank.

Sequence alignment and phylogenetic analyses

DNA sequences were assembled and edited using Geneious Pro
4.7.6 (Drummond et al., 2009). Clustal_X (Thompson et al.,
1997) was employed to align the sequences. The alignments
were further optimized by eye using MacClade (v. 4.06,
Maddison & Maddison, 2005). Protein-coding sequences were
translated into amino acids for confirmation of alignment.
Pairwise uncorrected p-distance values between each taxon
were calculated for the COI gene (Table 2). Saturation was
visually inspected in MEGA v. 5.0 (Tamura et al., 2011) by
plotting for all specimens including outgroup the total number
of pairwise differences (transitions and transversions) against
uncorrected p-distances. For the COI and H3 genes, saturation
was further examined separately for the first, second and third
codon positions. No evidence of saturation was found even in
third codon positions.

The 16S rRNA alignment showed one indel-rich region of
30 bp (between positions 237-267). The topology and node
support in the 16S rRNA gene tree were similar regardless of
inclusion or exclusion of indel-rich regions, and therefore final
analyses were performed with all bases included. After primer
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removal, sequences of COI, 16S and H3 were trimmed to 657,
466 and 333 bp, respectively.

Individual gene analyses and a concatenated analysis were
performed. To test for conflicting phylogenetic signal between
genes, the incongruence length difference (ILD) test (Farris
et al., 1994) was conducted, implemented as the partition hom-
ogeneity test in PAUP* v. 4.0b10 (Swofford, 2002). Test set-
tings consisted of 10 random stepwise additions (100 replicates)
with TBR branch swapping and maxtrees set to 1,000.

The best-fit models of evolution for each gene were deter-
mined using the Akaike information criterion (Akaike, 1974)
implemented in MrModeltest v. 2.3 (Nylander, 2004). The
GTR + I 4 G was selected for the three genes.

Maximum likelihood (ML) analyses were performed using
the software RAxML v. 7.0.4 (Stamatakis, Hoover &
Rougemont, 2008) and node support was assessed with non-
parametric bootstrapping (BS) with 5,000 replicates, random
starting trees and parameters estimated from each dataset
under the model selected for the original dataset. Bayesian
inference analyses (BI) were conducted using MrBayes v.
3.1.2b (Ronquist & Huelsenbeck, 2003) for 2 million gener-
ations, with three independent runs and sampling frequency of
1,000. The models implemented were those estimated with
MrModeltest v. 2.3. The combined dataset was partitioned
among genes and the ‘unlink’ command was used to allow all
parameters to vary independently within each partition.

Convergence was diagnosed graphically by plotting for each
run the likelihood against the number of generations using the
software Tracer v. 1.4.1 (Drummond & Rambaut, 2007). For
each analysis the first 500 trees were discarded (‘burn-in’
period) and node support was assessed with posterior probabil-
ities (PP). Only nodes supported by BS > 75 and PP > 0.90
are discussed.

RESULTS

The combined dataset yielded a sequence alignment of 1,419
positions. The ILD test showed no significant conflicting signal
between the three genes (P =0.55). Individual gene trees
(Fig. 1) were nearly congruent with the concatenated tree
(Fig. 2) and, therefore, results are described based on the
latter; when relevant, reference is also made to the individual
gene trees. Moreover, the topologies of the ML trees were
entirely congruent with the results yielded by Bayesian analyses
and thus ML trees are not shown. No saturation was observed
across genes and codon positions (not shown).

Regarding the genus ZFlysia the phylogenetic analyses
revealed contrasting differences with our provisional identifi-
cation of specimens (Table 1). Specimens of ‘E. tmida
branched off in four different clades, all with maximum
support (PP =1, BS=100%; Fig. 2). One of these clades
includes all specimens from the MED, which is the type
locality of E. timida, plus one individual from the Florida Keys
(FK) in the Caribbean Sea (maximum uncorrected
p-distance = 3.5% for COI between MED and FK speci-
mens). Each of the remaining four specimens, previously ident-
ified as E. timida, belong to different clades and likely
correspond to three distinct species, hereafter referred as Elysia
papillosa, E. ct. cormgera and Elysia sp. (Figs 1, 2; Table 1; see
Discussion).

Specimens of Bosellia clustered in two separated clades with
maximum support (PP =1, BS=100%; Fig. 2). One clade
includes a Mediterranean specimen of B. mimetica (the type
locality) sister to a specimen from the Bahamas (PP =1, BS =
100%; uncorrected p-distance = 7.3% for COI), and the other
contains a specimen from Cuba previously identified as
B. mimetica (hereafter referred to as Bosellia sp.), and a speci-
men of B. marcusi from the Bahamas. The 16S tree does not
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Table 1. List of sacoglossan specimens used for phylogenetic analyses.

Species Locality Voucher GenBank accession nos
Provisional id. Revised id. COl 16S H3
Bosellia marcusi Bahamas (GB) DQ471254 DQ480191 DQ534783
Bosellia mimetica Bosellia marcusi Cuba MNCN 15.05/53674 HQ616839 HQ616810 HQ616864
Bosellia mimetica France (MED, GB) — EU140873 —
Bosellia mimetica Matard, Spain (MED, GB) — EU140872 —
Bosellia mimetica Mediterranean Sea (GB) GQ996657 — —
Bosellia mimetica Menorca (Spain, MED) MNCN 15.05/53675 HQ616838 HQ616809 HQ616863
Bosellia mimetica Tossa, Spain (Med, GB) — EU140874 —
Bosellia mimetica Bosellia sp. Bahamas (GB) DQ471215 DQ480203 DQ534793
Bosellia mimetica Bosellia sp. Bahamas (GB) DQ471214 — —
Bosellia mimetica Bosellia sp. Bahamas (GB) DQ471213 — —
Bosellia mimetica Bosellia sp. Bahamas (GB) DQ471212 — —
Bosellia mimetica Bosellia sp. Bahamas (GB) — DQ480202 —
Bosellia marcusi Bosellia sp. Cuba MNCN 15.05/53673 — HQ616834 HQ616888
Elysia papillosa Elysia cf. cornigera Bermuda CASIZ 181086 HQ616841 HQ616812 HQ616866
Elysia timida Elysia cf. cornigera Cuba MNCN 15.05/53677 HQ616846 HQ616817 HQ616871
Elysia timida Elysia cf. cornigera Cuba MNCN 17013 — HQ658122 HQ658128
Elysia timida Elysia cf. cornigera Florida Keys (GB) DQ471246 DQ480167 DQ534766
Elysia timida Elysia cf. cornigera Florida Keys (GB) — DQ480168 —
Elysia timida Elysia cf. cornigera Florida Keys (GB) — DQ480166 —
Elysia timida Elysia cf. cornigera Mexico (ATL) UNAM 2995 — HQ616835 HQ616889
Elysia crispata Florida Keys (GB) DQ471225 DQ480199 DQ534788
Elysia papillosa Bahamas/Florida Keys (GB) DQ471230 DQ480190 DQ534782
Elysia papillosa Bahamas/Florida Keys (GB) DQ471229 — —
Elysia papillosa Bahamas/Florida Keys (GB) — DQ480189 —
Elysia papillosa Bermuda CASIZ 181165 HQ616840 HQ616811 HQ616865
Elysia papillosa Bermuda CASIZ 181144 HQ616843 HQ616814 HQ616868
Elysia papillosa Bermuda ZMBN 82998 HQ616842 HQ616813 HQ616867
Elysia papillosa Colombia MNCN 15.05/53678 HQ616860 HQ616831 HQ616885
Elysia papillosa Colombia MNCN 15.05/54986 —_ HQ658121 HQ658127
Elysia timida Elysia papillosa Cuba MNCN 24.922 HQ616844 HQ616815 HQ616869
Elysia cf. papillosa Elysia sp. Colombia MNCN 15.05/54993 HQ616859 HQ616830 HQ616884
Elysia cf. papillosa Elysia sp. Colombia MNCN 15.05/53676 — HQ616837 HQ616891
Elysia crispata Elysia sp. Colombia MNCN 15.05/54990 — HQ658120 HQ658126
Elysia timida Elysia sp. Cuba MNCN 15.05/53679 HQ616845 HQ616816 HQ616870
Elysia subornata Bermuda CASIZ 181085 HQ616848 HQ616819 HQ616873
Elysia subornata GB DQ471283 — —
Elysia timida Florida Keys (GB) DQ471248 DQ480169 DQ534767
Elysia timida France (MED) CASIZ 184305 HQ616856 HQ616827 HQ616881
Elysia timida France (MED) CASIZ 184306 HQ616857 HQ616828 HQ616882
Elysia timida France (MED, GB) — EU140857 —
Elysia timida Menorca (Spain, MED) MNCN 15.05/53680 HQ616847 HQ616818 HQ616872
Elysia timida Menorca (Spain, MED) MNCN 15.05/54992 — — HQ658130
Elysia timida Menorca (Spain, MED) MNCN 17014 HQ616858 HQ616829 HQ616883
Elysia timida Menorca (Spain, MED) MNCN 15.05/54989 HQ658124 — HQ658131
Elysia timida Roses, Spain (MED, GB) — EU140858 —
Elysia timida Tossa, Spain (MED, GB) — EU140859 —
Oxynoe antillarum GB FJ917483 FJ917425 DQ534807
Thuridilla bayeri GB DQ471279 DQ480208 DQ534796
Thuridilla picta Thuridilla hopei Azores ZMBN 81680 HQ616850 HQ616821 HQ616875
Thuridilla picta Thuridilla hopei Azores ZMBN 81680 HQ658123 — HQ658129
Thuridilla hopei Elba, Spain (MED, GB) — EU140881 —
Thuridilla hopei France (MED) CASIZ 184307 HQ616854 HQ616825 HQ616879
Thuridilla picta Thuridilla hopei Madeira MNCN 15.05/53685 HQ616853 HQ616824 HQ616878
Thuridilla hopei Menorca (Spain, MED) MNCN 15.05/53682 HQ616849 HQ616820 HQ616874
Thuridilla hopei Matard, Spain (MED, GB) —_ EU140882 —_
Continued
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Table 1. Continued

Species Locality Voucher GenBank accession nos

Provisional id. Revised id. COl 16S H3
Thuridilla hopei Western Andalucia (Spain, ATL) MNCN 17015 HQ616855 HQ616826 HQ616880
Thuridilla mazda Mexico (ATL) UNAM 3027 — HQ616836 HQ616890
Thuridilla picta Bermuda ZMBN 83023 HQ616851 HQ616822 HQ616876
Thuridilla picta Bermuda ZMBN 83023 HQ658125 — —
Thuridilla picta Colombia MNCN 15.05/53683 HQ616861 HQ616832 HQ616886
Thuridilla picta Colombia MNCN 15.05/54991 HQ616862 HQ616833 HQ616887
Thuridilla picta Cuba MNCN 17016 HQ616852 HQ616823 HQ616877

We include both the species names resulting from our morpho-chromatic identification (provisional id.) and the names after analyses (revised id.; this only when
changes have occurred). Abbreviations: ATL, Atlantic Ocean; GB, GenBank; id., identification; MED, Mediterranean Sea.

Table 2. Maximum and minimum COI gene pairwise uncorrected p-distances between sacoglossan species of the same genus (analysis conducted

in PAUP* v. 4.0b10).

B. B. Bosellia E. E. E. timida E. timida Elysia sp. T. hopei T. hopei T. picta
marcusi mimetica  sp. cornigera  papillosa  (MED) (WA) (EA) (MED) (WA)
Bosellia 0.0 21.3-229 19.6-21.2 144-16.3 14.4-169 16.7-193 17.1-174 17.2-18.1 14.7-16 15.4-155 15.1-16
marcusi
(WA)
Bosellia 21.3-22.9 0.0 7.3-85 19.8-20.7 18.6-20.4 21.3-24 21.2-21.6 18.8—-19.3 19.1-20.1 19.1-20.1 19.1-19.9
mimetica
(MED)
Bosellia sp. 19.6-21.2 7.3-85 0.0 18.6-17.6 17.6-18.9 19.2-19.8 19.5-19.8 16.7-17.3 17.4-189 17.3-181 17.6-18.8
(WA)
Elysia 14.4-16.3 19.8-20.7 18.6—-17.6 0.0 16.8—-18.6 9.2-10.6 9.7-10.63 17.4-11.7 15-16.3 15-16.3 15.7-17.3
cornigera
Elysia 14.4-16.9 18.6-20.4 17.6-18.9 16.8-18.6 0.0 16-19.3 16.3-17.4 10.1-10.5 16.1-17.5 16.7-16.9 16.6-17.2
papillosa
Elysia timida 16.7-19.3 21.3-24 19.2-19.8 9.2-10.6 16-19.3 0.0 0.8-3.5 17.4-20.7 15.1-19.1 15.7-19.1 16-19.3
(MED)
Elysia timida 171-174 21.2-21.6 19.5-19.8 9.7-10.6 16.3-17.4 0.8-35 0.0 17.8-18.2 15.2-16.2 15.9-16.2 16.2-16.7
(WA)
Elysia sp. 17.2-18.1 18.9-19.3 16.7-17.3 17.4-11.7 10.1-10.5 17.4-20.7 17.8-18.2 0.0 16.1-17.5 16.7-16.9 16.7-17.2
Thuridilla 14.7-16  19.1-20.1 17.4-18.9 15-16.3 16.1-17.5 15.1-19.1 15.2-16.2 16.1-175 0.0 0.7-1.3 4.8-6.6
hopei (EA)
Thuridilla 15.4-155 19.1-20.1 17.3-18.1 15-16.3 16.7-16.9 15.7-19.1 15.9-16.2 16.7-16.9 0.7-1.3 0.0 4.8-5.5
hopei
(MED)
Thuridilla picta 15.1-16  19.1-19.9 17.6-18.8 15.7-17.3 16.6-17.2 16-19.3 16.2-16.7 16.7-17.2 4.8-6.6 48-55 0.0
(WA)

Abbreviations: EA, Eastern Atlantic; MED, Mediterranean Sea; WA, Western Atlantic.

recover reciprocal monophyly between eastern and western
specimens of ‘B. mimetica’ but does not contradict it (Fig. 1B),
whereas in the more slowly evolving nuclear gene H3 these
specimens formed a single cluster with maximum support
(Fig. 1C).

All specimens of Thuridilla picta from the western Atlantic
formed a clade that received maximum support (PP =1, BS =
100%). This clade was reciprocally monophyletic (PP =1,
BS =100%) with a clade of eastern Atlantic and MS speci-
mens of 7. hoper plus specimens previously thought to be 7.
picta from the Macaronesian archipelagos of the Azores and
Madeira (PP =10.86, BS =85%). Genetic distance between
the western and eastern Atlantic clades and between
Macaronesian specimens and eastern continental specimens are
4.8-6.6% and 0.7-1.3%, respectively (uncorrected p-distances

for COI). Reciprocal monophyly between western and eastern
specimens was recovered by the combined and COI gene ana-
lyses. In the 16S analysis, Macaronesian specimens branched
off separately from the eastern Atlantic specimens and in the
H3 analysis support for the western Atlantic clade was low
(PP=0.7, BS=68%). However, reciprocal monophyly was
not contradicted by the results of the latter two genes.

DISCUSSION

Bosellia mimetica

Our results showed the existence of a complex of three sibling
species within Bosellia mimetica and suggest that B. mimetica is
not amphi-Atlantic, but restricted to the eastern side of the
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Figure 1. Molecular phylogenies of sacoglossan species inferred from partial sequences of the individual mitochondrial COI (A) and 16S rRNA (B) and nuclear H3 (C) genes by Bayesian analysis
(BI). Figures above branches represent PP from BI and figures below branches indicate bootstrap percentage from ML. Abbreviations: EA, eastern Atlantic Ocean; GB, GenBank; MED,
Mediterranean; WA, western Atlantic Ocean. Species names on right side of vertical bars refer to revised classification.
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Figure 2. Phylogenetic hypothesis based on the combined dataset (COI + 16S + H3) inferred by Bayesian analysis (BI). Figures above branches
represent PP from BI and figures below branches indicate bootstrap values from ML. Abbreviations: EA, eastern Atlantic Ocean; GB, GenBank;
MED, Mediterranean; WA, western Atlantic Ocean. Species names on right side of vertical bars refer to revised classification.

Atlantic Ocean. Specimens from the Mediterranean Sea (type
locality) were sister to western Atlantic specimens in the indi-
vidual analyses of the mitochondrial COI (uncorrected
p-distance = 7.3% between individuals from both sides of the
Atlantic; this figure is within the threshold defined for other
species) and combined analysis of the three genes. However,
the nuclear H3 gene did not retrieve reciprocal monophyly
between eastern and western Atlantic specimens of ‘B. mime-
tica’; this might result from incomplete lineage-sorting since H3
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is known to be a conservative gene in opisthobranchs
(Dinapoli et al., 2006).

Dinapoli et al. (2006) concluded that H3 has good resolution
at genus level, which is confirmed by our results. Furthermore,
our phylogenetic hypotheses do not support the monophyly of
the genus Bosellia, because specimens of ‘B.” marcusi branched
off separately in the trees. As a result of a broader phylogenetic
analysis of the Plakobranchidae, Bass & Karl (2006) have
already hypothesized that this genus is not monophyletic.
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Figure 3. Images of living animals. A. Thuridilla hopei, Menorca, Spain (H = 2 mm; MNCN 15.05/53682). B. Thuridilla hopei, Madeira (H =9 mm;
MNCN 15.05/53685). C. Thuridilla hoper, Azores (H =23 mm; ZMBN 81680). D. Thuridilla picta, Bermuda (H= 11 mm; ZMBN 81680).
E. Thuridilla picta, Colombia (H =5 mm; ZMBN 81680). F. Thuridilla picta, Cuba (H = 10 mm; MNCN 15.05/53684).

408

202 YoJe 0Z Uo 1senb AQ 000686/ 0v/b/LL/BI0IE/SN|[0W/W0d dNO"0IWapED.//:SdY WOy papeojumoq



AMPHI-ATLANTIC SACOGLOSSANS

Recently, Hindeler et al. (2009) and Wigele et al. (2010)
suggested that ‘B.” marcusi 1s a derived Elysia that this been tra-
ditionally ascribed to the genus Bosellia due to its morphologi-
cal similarity, produced by the secondary fusion over the
dorsum of the parapodia.

Elysia timida

The amphi-Atlantic status of E. timida is confirmed by our
results, because specimens from its type locality (the
Mediterranean Sea) cluster together with a specimen from the
FK  (western Atlantic). Additionally, the genetic distance
between eastern and western specimens (uncorrected
p-distance = 3.5%) 1is below the threshold here considered for
different species. However, it is possible that the presence of E.
timida in the western Atlantic results from a recent introduc-
tion, either by rafting of adults or anthropogenic activities,
because the species was only first recognized in the western
Atlantic during the late 1990s (Ortea et al., 1997). Moreover
its direct development, or alternatively lecithotrophic larvae,
makes  trans-Atlantic  dispersal  unlikely even during
Plio-Pleistocene periods of stronger ocean currents.

A larger-scale study of the haplotype diversity of eastern and
western  populations may shed light on whether the
amphi-Atlantic distribution is ancient or has resulted, as hypoth-
esized here, from a recent invasion. If the latter is correct, we
predict the presence of greater diversity and older haplotypes in
the original population (eastern Atlantic), whereas the younger
population (western Atlantic) would contain primarily a subset
of haplotypes found in the original population.

There is an ongoing problem surrounding the complex ‘L.
timida/cornigera’ in the Caribbean. The species E. cornigera was
described by Nuttall (1989), who suggested it was closely
related to F. timida based on morphological and ecological
similarities.  Later Ortea e al. (1997), based on
morpho-anatomical and behavioural data, considered E. corni-
gera to be a synonym of the eastern Atlantic £. timida. Our
results show unequivocally that both species are valid and
sister to each other. This highlights the difficulties of discrimi-
nating between some species of £lysia without a molecular phy-
logenetic framework.

The genus Elysia is an example of the complex and confus-
ing taxonomy of Sacoglossa. Our molecular data showed
that western Atlantic specimens previously recognized as
E. timida, based on morphological and chromatic similarities,
belong to four different species. This confirms an entrenched
suspicion among opisthobranch researchers that the genus
contains many cryptic species, as previously pointed out by
Nuttall (1989) for western Atlantic FElysia species using
allozymes.

Thuridilla picta

It has been a prevalent view that specimens of Thuridilla from
the central and eastern Atlantic Macaronesian archipelagos of
the Azores (Fig. 3C) and Madeira (Fig. 3B; and also Canaries;
not tested here) are conspecific with the western Atlantic
T. pucta (Fig. 3D; type locality Bermuda) (e.g. Valdés et al.,
2006; Malaquias et al., 2009). This assumption has been based
on chromatic similarities between specimens from these dis-
junct geographical areas. However, our results do not support
the amphi-Atlantic status of 7. picta. The data revealed that
insular specimens belong to the eastern Atlantic and
Mediterranean species 7. hopei. Genetic distance between
castern and western populations is at the lower limit of the
threshold for separating species, but combined and COI ana-
lyses support reciprocal monophyly, which is not contradicted
by the 16S and H3 gene analyses (Figs 1, 2; Table 2).
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A reassessment of the chromatic variability of 7. fope:
(Fig 3A—-C) showed that, unlike its sister western Atlantic
sibling 7. picta (Fig 3D—T), the former shows high levels of
intraspecific chromatic variation, ranging from the most
common colour pattern illustrated in Figure 3A to patterns
similar to those found in western Atlantic specimens of 7. picta
(Poddubetskaia, 2002; Horst, 2008, 2009). This is the case for
Macaronesian specimens that have a colour pattern similar to
the western Atlantic 7. picta, but are conspecific with the
eastern Atlantic 7. hoper (Fig. 3).

This result yields support for the biogeographic affinities of
the Azorean marine fauna with that of the Lusitanian and
Mediterranean provinces. This biogeographic affinity goes
against prevailing oceanographic currents of western Atlantic
origin, but has been found by several authors for numerous
taxonomic groups (e.g. fish, amphipods, demosponges; see
Avila, 2000 for an account). Nevertheless, this biogeographic
affinity has rarely been tested in a molecular framework (Muss
et al., 2001 for the blennid fish Ophioblenius atlanticus; O Foighil
et al., 2001 for the bivalve Lasaea; present study). The processes
that drive this pattern are still poorly understood and remain
one of the most exciting biogeographic challenges in North
Atlantic biogeography.

CONCLUSIONS

Empirical and field observations indicate that Elysia timida,
Thuridilla hoper and T. picta are either direct or lecithotrophic
developers. The type of development is unknown for Bosellia
mimetica, but the western Atlantic Bosellia sp. 13 planktotrophic
(previously recognized as B. mimetica; Clark & Jensen, 1981;
Marin & Ros, 1992; Jensen, 2001). Even for planktotrophic
developers, trans-Atlantic dispersal under normal oceano-
graphic conditions should be unlikely (see Introduction), but
the idea is even more challenging for direct or lecithotrophic
organisms. Dispersal by rafting is a possibility but, as empha-
sized earlier, evidence is lacking. An alternative hypothesis is
that the ancestral lineages had planktotrophic development
that favoured stochastic trans-Atlantic dispersal during periods
of stronger currents during the Plio-Pleistocene, with sub-
sequent change of development type. This is strengthen by the
fact that poecilogony (simultaneous occurrence of alternative
larval morphs—such as direct and planktotrophic—produced
by the same organism) is prevalent among sacoglossan sca
slugs (Bouchet, 1989; Ellingson & Krug, 2006).

The results presented in this work expose further the com-
plexity of sacoglossan systematics, showing that cryptic species
are prevalent in the Sacoglossa. An integrative taxonomic
approach (including DNA and geographical data coupled with
morpho-anatomy) is crucial in order to understand the diver-
sity and evolutionary history of the group.
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