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The nucleotide sequences of the complete or nearly complete mitochondrial (mt)
genomes of seven vetigastropods were determined: Angaria neglecta (Angarioidea),
Phasianella solida (Phasianelloidea), Granata |yrata (Seguenzioidea), Tegula
lividomaculata and Bolma rugosa (Trochoidea), Diodora graeca (Fissurelloidea), and
Lepetodrilus schrolli (Lepetodriloidea). While the mt genomes of the superfamilies
Angarioidea, Phasianelloidea, Seguenzioidea, and Trochoidea conform generally to the
ancestral gene order of Vetigastropoda and Gastropoda, those of the superfamilies
Fissurelloidea and L epetodriloidea have suffered important rearrangements. The gene
order of the mtDNA of Chrysomallon squamiferum, a representative of Neomphalina,
was aso analyzed since it has been proposed to be closely related to Vetigastropoda,
and showed a distinct arrangement. The reconstructed phylogenies recovered
Neomphalina as a distinct gastropod lineage that is the sister group (only with moderate
bootstrap support) of a clade including Vetigastropoda and Neritimorpha +
Caenogastropoda while the relative position of Heteroranchia and Patellogastropodain
the gastropod tree could not be determined definitively due to their long branches.
Within the monophyletic Vetigastropoda, the superfamily Fissurelloidea was recovered
as the sister group of two lineages, one including L epetodriloidea as the sister group of
Seguenzioidea + Halitoidea, the other including Phasianelloidea, Angarioidea, and
Trochoidea without resolved relationships. The long branches of Fissurelloidea were
found to introduce significant tree instability in phylogenetic reconstruction. The new
phylogeny supports that the loss of the right pallial gill occurred multiple timesin
vetigastropod evolution as previously suggested and that Phasianelloidea, Angarioidea,
and Trochoidea radiated from a common asymmetric (single-gilled) ancestor that lived
in the middle Paleozoic.
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Introduction

Gastropods are the most diverse class of living molluscs. They have successfully
adapted to marine as well as freshwater and terrestrial environments, have arich fossil
record, and constitute an excellent model system to study and understand the
evolutionary mechanisms that are involved in the generation of biodiversity over long
periods of time (Aktipis et al. 2008). At present, up to five main monophyletic groups
are commonly recognized within gastropods: Patellogastropoda, Vetigastropoda,
Neritimorpha, Caenogastropoda and Heterobranchia (Haszprunar 1988; Ponder &
Lindberg 1997; Bouchet & Rocroi 2005). In addition, gastropods include other minor
groups of uncertain taxonomic status, such as Cocculinoidea (also referred to as
Cocculiniformiaor Cocculinida) and the so-called ‘ hot-vent taxa’ (Neomphaling). The
Caenogastropoda and Heterobranchia (often grouped together as Apogastropoda;
Ponder & Lindberg 1997) are considered the most derived and diversified living
Orthogastropoda (all gastropods but Patellogastropoda). In contrast, the remaining less
diverse orthogastropod groups (Cocculiniformia, Neomphalina, Vetigastropoda and
Neritimorpha), most bearing a rhipidoglossan type radula, appear to be the intriguing
living remnants of earlier gastropod radiations (Fryda et al. 2008; Bandel 2010), and
their phylogenetic interrelationships are still a matter of hot debate.

Among these less-studied groups, the Vetigastropoda is the most speciesrich,
comprising several thousands of living species and more extinct ones (Geiger et al.
2008; Kano 2008). This archaic clade originated in the Cambrian/Ordovician boundary,
and was the most common gastropod group in the Paleozoic (Fryda et al. 2008).
Vetigastropods are exclusively marine snails or limpets, and occur from the intertidal to
deep segq, including hydrothermal vents, cold seeps and whale and wood falls (Geiger et
al. 2008). Vetigastropoda was first recognized as a natural group by Salvini-Plawen
(1980), but has been redefined several times ever since. The clade typically included the
big dlit shells (Pleurotomarioidea), little slit shells (Scissurelloidea), keyhole limpets
(Fissurelloidea), abalones (Haliotoidea), and top and turban shells (Trochoidea).
However, in recent times, other gastropod groups of uncertain phylogenetic position
such as the Lepetelloidea, Seguenzioidea, and hot-vent Lepetodriloidea (initially
ascribed to “ Archaeogastropoda’ by McLean 1988) were added to Vetigastropoda
(Ponder & Lindberg 1997; Bouchet & Rocroi 2005). The Lepetelloideawere initially



included in Cocculiniformia, agroup originally described as an assemblage of small
white limpets that occur on a diversity of organic deposition mainly in the deep sea
(Haszprunar 1987). However, more recent studies divided the Cocculiniformiainto two
independent lineages: Cocculinoidea (Cocculinidae + Bathysciadiidae) of uncertain
phylogenetic relationships (fluctuating from being close to Patellogastropoda to being
the sister taxa of Neomphalina), and L epetelloidea, now included among vetigastropods
(Ponder & Lindberg 1997; Sasaki 1998; Bouchet & Rocroi 2005; Geiger & Thacker
2005; Kano 2008; Kano et al. 2013). Likewise, the placement of Seguenziidae was
uncertain in early studies. Initially ascribed to “ Archaeogastropoda’ (e.g., Thiele 1929—
35), this taxonomic group was later placed either within the Caenogastropoda (Golikov
& Starobogatov 1975) or considered as an independent order (Seguenziina) equally
distant to Vetigastropoda and Caenogastropoda (Salvini-Plawen & Haszprunar 1987,
Haszprunar 1988). However, nowadaysit is generally accepted the placement of
seguenzioids within the Vetigastropoda (Ponder & Lindberg 1997; Sasaki 1998;
Bouchet & Rocroi 2005; Kano 2008). On the other hand, Bandel (2010) interpreted
Seguenzioideain amore restricted way than previously suggested (Bouchet & Rocroi
2005; Kano 2008; Kano et al. 2009) and regarded the plesiomorphic and paraphyletic

Eucycloidea as a separate, valid superfamily.

Among the traditionally recognized vetigastropod superfamilies, Trochoidea,
which isthe most diverse, has a very confused taxonomic history. The traditional
classification of Trochoidea recognized three families, namely Trochidae, Turbinidae,
and Skeneidae (Hickman & McLean 1990). However, recent phylogenetic studies have
revealed that Trochoidea as traditionally defined were polyphyletic (Williams & Ozawa
2006; Hef3 et al., 2008; Kano 2008; Williams et al. 2008). Some of the taxa traditionally
included in Trochoidea have been transferred to Seguenzioidea (Kano 2008; Kano et al.
2009), whereas others are placed in their own new superfamilies, Angarioidea and
Phasianelloidea (Williams & Ozawa 2006; Williams et al. 2008). Trochoideais
currently restricted to the families Calliostomatidae, Liotiidae, Margaritidae, Skeneidae,
Solariellidae, Tegulidae, Trochidae, and Turbinidae (Williams 2012), although its final
composition is still under debate and for instance, some of the Skeneidae have recently
been transferred to Seguenzioidea or Neomphalina (Kano 2008; Kunze 2011) or to the

new family Crosseolidae (with only five species of which the radulais known for one)



of uncertain position (Hickman 2013).

Vetigastropoda (thus comprising the superfamilies Pleurotomarioidea,
Scissurelloidea, Lepetodriloidea, Fissurelloidea, Haliotoidea, Lepetelloidea,
Seguenzioidea, Trochoidea, Angarioidea, and Phasianelloidea) is accepted to be
monophyletic by most authors (Ponder & Lindberg 1997; Sasaki 1998; Geiger &
Thacker 2005; Kano 2008; Williams et al. 2008). However, in some molecular
phylogenetic analyses based on mitochondrial (mt) and nuclear data and including a
large outgroup sampling, Vetigastropoda not always turned out to be monophyletic: the
Pleurotomarioidea were placed outside Vetigastropoda and the L epetelloidea were the
sister group to Patellogastropoda (Aktipis & Giribet 2010, 2012). Furthermore, although
phylogenetic relationships among vetigastropod main lineages have been repeatedly
studied using morphologica and molecular data (Salvini-Plawen & Haszprunar 1987;
Haszprunar 1988; Hedegaard 1997; Ponder & Lindberg 1997; Sasaki 1998; Geiger &
Thacker 2005; Yoon & Kim 2005; Williams & Ozawa 2006; Kano 2008; Williams et al.
2008; Aktipis & Giribet 2010), the phylogeny of this diverse clade remains elusive
(Aktipis & Giribet 2012) and discussion and changes continue at all itslevels.

In addition, the related question on the relative phylogenetic position of
Neomphalinais also a matter of alively and yet unsolved debate. Some authors
consider Neomphalina within the Vetigastropoda (Bouchet & Rocroi 2005; Geiger et al.
2008) whereas others consider Neomphalina as a separate lineage more closely related
to other gastropod clades (e.g., Hel3 et al. 2008; Appeltans et al. 2012; Stoger et al.
2013).

The present study aims to address the open questions on the composition and
phylogenetic relationships of Vetigastropoda. Over its evolutionary history, this clade
has suffered rapid extinction/radiation events (Fryda et al. 2008), which challenge the
recovery of arobust molecular phylogeny, and prompt for the use of multilocus data
sets. Here, we based our phylogenetic reconstructions on mitochondrial (mt) genome
sequence data, which have proven to recover well-resolved phylogenetic trees of
gastropods when applied to moderately divergent lineages (White et al. 2011 and
references therein). At present, there are only seven vetigastropod complete mt genomes

available, including those of afissurelloidean, Fissurella volcano; two trochoideans,



Lunella aff. cinerea (Williams et al. 2014) and Tegula brunnea (NC 016954,
unpublished); and four haliotoideans, Haliotis rubra (Maynard et al. 2005), H.
tuberculata (Van Wormhoudt et al. 2009), H. diversicolor (Xin et al. 2011), H. laevigata
(Robinson et al. 2014), as well as the amost complete mt genome of H. discus
(EU595789, unpublished). Here, we add the complete mt genomes of one angarioidean,
one phasianelloidean, one fissurelloidean, two trochoidean, and one seguenzioidean
species, as well as the nearly complete mt genome of one lepetodriloidean species. We
reconstructed a phylogeny of Vetigastropoda including 12 mt genomes that represent
seven of the ten monophyletic superfamilies nowadays recognized within the group,
with the exception of Pleurotomarioidea, Scissurelloidea, and Lepetelloidea. We also
included the mt genome of the scaly-foot gastropod Chrysomallon squamiferum (Chen
et al. 2015), amember of the clade Neomphalina, available at GenBank (see Nakagawa
et al. 2014), and some mt genomes of Neritimorpha, Caenogastropoda, Heterobranchia,
and Patell ogastropoda as outgroup taxa. A robust phylogeny of Vetigastropodais crucia
for understanding evolutionary trends within the group, and in particular the evolution
of the symmetry/asymmetry of pallial organsincluding the gill, which is the subject of a
long-standing debate (Haszprunar 1988; Sasaki 1998; Lindberg & Ponder 2001 and

references therein).

Materials and methods

Samples and DNA extraction

One specimen of each Angaria neglecta (Angarioidea), Phasianella solida
(Phasianelloidea), Granata lyrata (Seguenzioidea), Bolma rugosa and Tegula
lividomaculata (Trochoidea), Diodora graeca (Fissurelloided), and Lepetodrilus schrolli
(Lepetodriloidea) was used for this study (See Table 1 for details on the locality and
voucher 1D of each sample). All samples were stored in 100% ethanol and total genomic
DNA was isolated from up to 50-100 mg of foot tissue following a standard phenol -
chloroform extraction.

PCR amplification and sequencing
We followed a three-step procedure to amplify the different mt genomes. First,
fragments of the cox1 (Folmer et al. 1994), rrnL (Palumbi et al. 1991), rrnS (Kocher et



al. 1989; Simon et al. 1994), and cox3 (Boore & Brown 2000) genes were PCR
amplified using universal primers. The standard PCR reactions contained 2.5 pl of 10x
buffer, 1.5 pl of MgCL 2 (25 mM), 0.5 pl of dNTPs (2.5 mM each), 0.5 ul of each primer
(10mM), 0.5-1 I (20-100 ng) of template DNA, 0.2 pl of Tag DNA polymerase
5PRIME (Hamburg, Germany), and sterilized distilled water up to 25 pul. The following
program was applied: a denaturalization step at 94°C for 60 s; 45 cycles of
denaturalization at 94°C 30 s, annealing at different temperatures within the range of 44-
52°C depending on the gene for 60 s and extension at 72°C for 90 s; afinal extension
step at 72°C for 5 m. Second, the amplified fragments were sequenced using Sanger
sequencing, and new primers were designed in order to amplify long fragments
outwards the short fragments (See Supplementary Materia 1 for the long PCR primer
sequences for each mt genome). Third, the remaining mtDNA was amplified in 2-3
overlapping fragments by long PCR. The long PCR reaction contained 2.5 pl of 10 x

LA Buffer 11 (M g+ 2 plus), 3 yl of dNTPs (2.5 mM each), 0.5 pl of each primer (10
mM), 0,5-1 pul (20-100 ng) of template DNA and 0.2 pl TaKaRa LA Tag DNA
polymerase (5 units/ul), and sterilized distilled water up to 25 ul. The following PCR
conditions were used: a denaturalization step at 94°C for 60 s; 45 cycles of
denaturalization at 98°C for 10 s, annealing at 53°C for 30 s and extension at 68°C for
60 s per kb; and afinal extension step at 68°C for 12 min.

The Long-PCR products were purified by ethanol precipitation. Overlapping
fragments from the same mt genome were pooled together in equimolar concentrations
and subjected to massive parallel sequencing. For each mt genome, an indexed library
was constructed using the NEXTERA XT DNA library prep Kit (I1lumina, San Diego,
CA, USA) at AllGenetics (A Coruia, Spain). The constructed librarieswererunin an
[1lumina HiSeg2000 (100 Pair-ended) at Macrogen (Seoul, Korea).

Genome assembly and annotation

The assembly of the mt genomes was performed in the TRUFA webserver (Kornobis et
al. 2015). Briefly, reads corresponding to different mt genomes were sorted out using
the indexes. Adapter sequences were removed using SeqPrep (St John 2011). The
quality (randomness) of the sequencing was checked using FastQC v.0.10.1 (Andrews
2010). Reads were trimmed and filtered out according to their quality scores using



PRINSEQ v.0.20.3 (Schmieder & Edwards 2011). Filtered reads were used for de novo
assembly of mt genomes, searching for contigs with a minimum length of 3kb. The
complete circular sequence of each mt genome was finally assembled by overlapping
the various contigs in Sequencher 5.0.1. The assembled sequence was used as reference
to map the original (raw) reads with a minimum identity of 99% using Geneious® 8.0.3.
The new vetigastropod mt genomes were annotated using the MITOS (Bernt et al.
2013) and DOGMA (Wyman et al. 2004) webservers. The 13 mt protein-coding genes
were annotated by identifying their open reading frames using the invertebrate
mitochondrial code. The transfer RNA (tRNA) genes were further identified with
tRNAscan-SE 1.21 (Schattner et al. 2005) and ARWEN 1.2 (Laslett and Canbéack 2008),
which infer cloverleaf secondary structures (almost all tRNAs were determined
automatically but some had to be determined manually). The ribosomal RNA (rRNA)
genes were identified by sequence comparison with other reported mollusc mt genomes,

and assumed to extend to the boundaries of adjacent genes (Boore et al. 2005).

Sequence alignment

The complete sequences of the seven newly determined mt genomes were aligned to the
orthologous sequences of five vetigastropod complete mt genomes (Supplementary
Materia 2) available at NCBI (http://www.ncbi.nlm.nih.gov/). Eleven species of

Gastropoda, one Cephalopoda, and one Caudofoveata were used as outgroups
(Supplementary Materia 2).

Two different sequence data sets were constructed. The first data set (hereafter
referred to as the gastropod data set) was aimed to test the monophyly of
Vetigastropoda. It was rooted with one caudofoveate and one cephalopod, and included
several species representing the following main lineages of gastropods as ingroup taxa:
Patellogastropoda, Heterobranchia, Neomphalina, Neritimorpha, Caenogastropoda, and
Vetigastropoda. The second data set (hereafter the vetigastropod data set) was aimed to
test phylogenetic relationships within the Vetigastropoda, and was rooted with
Neomphalina, Neritimorpha, and Caenogastropoda. Both data sets included the
nucleotide sequence alignments of the two mt rRNA genes and the deduced amino acid
sequences of the 13 mt protein coding genes. In order to construct these two data sets,
the deduced amino acid sequences of the 13 mt protein-coding genes were aligned



separately using Translator X (Abascal et al. 2010) whereas the nucleotide sequences of
the mt ribosomal RNA nuclear genes were aligned separately using MAFFT v7 (Katoh
& Standley 2013) with default parameters. Ambiguously aligned positions were
removed using Gblocks, v.0.91b (Castresana 2000) and allowing gap positions within
the final blocks but not many contiguous non-conserved positions. Finally, the different
single alignments were concatenated into the two data matrices using the ALTER
webserver (Glez-Pefia et al. 2010).

Phylogenetic analyses
Phylogenetic relationships were inferred using maximum likelihood (ML ; Felsenstein,
1981) and Bayesian inference (Bl; Huelsenbeck & Ronquist 2001). ML analyses were
conducted with RAXML v7.3.1 (Stamatakis 2006) using the rapid hill-climbing
algorithm and 10,000 bootstrap pseudoreplicates. Bl analyses were conducted using
MrBayesv3.1.2 (Ronquist & Huelsenbeck 2003) and running four simultaneous
Markov chains for 10 million generations, sampling every 1000 generations, and
discarding the first 25% generations as burn-in (as judged by plots of ML scores and
low SD of split frequencies) to prevent sampling before reaching stationarity. Two
independent Bayesian inference runs were performed to increase the chance of adequate
mixing of the Markov chains and to increase the chance of detecting failure to converge.
The best partition schemes and best-fit models of substitution for the two data sets
were identified using Partition Finder and Partition Finder Protein (Lanfear et al. 2012)
with the Akaike information criterion (AIC; Akaike 1973). For the protein-coding gene
alignments the partitions tested were: all genes combined; all genes separated except
atp6-atp8 and nad4-nad4L.; genes grouped by subunits (atp, cox, cytb and nad; see
Supplementary Material 3 for selected best fit partitions and models). For the rRNA
genes, the two genes separated or combined were tested. In addition, following
Williams et al. (2014), we tested manually whether the mtZoa model (Rota-Stabelli et
al. 2009) could fit better than the selected models for each partition (see Supplementary
Material 3).

Given the heterogeneity of evolutionary rates observed among the gastropod
lineages included in the phylogenetic analyses, we aso performed a Bl using the site-
heterogeneous mixture CAT model (Lartillot & Philippe 2004) asimplemented in



PhyloBayes MPI v.1.5. (Lartillot et al. 2013). The CAT model assumes that the different
sites of aprotein evolve under distinct substitution processes and has proven to be less
sensitive to (and alleviate) long-branch attraction biases in some instances (Lartillot et
al. 2007). Bl was performed without constant sites (*-dc’ option), running two
independent MCMC chains until convergence, sampling every cycle. The gastropod and
vetigastropod data sets were analyzed only at the amino acid level (protein coding
genes) under the best-fit CAT-GTR model, using the discrete gamma approximation to
model among-site rate heterogeneity. The performance of the CAT-GTR+G model was
assessed using a 10-fold cross-validation performed on subsamples of 6,000 non-
constant positions randomly drawn from the original matrices. Convergence of analyses
was checked a posteriori using the convergence tools implemented in PhyloBayes
(maxdiff < 0.125, maximum discrepancy < 0.1 and effective size > 100; see
Supplementary Material 4). Posterior probabilities provided branch support for Bl

analyses.

Results

Sequencing and assembly

The nucleotide sequences of the complete mt genomes of A. neglecta, P. solida, B.
rugosa, T. lividomaculata, D. graeca and G. lyrata and the nearly complete mt genome
of L. schrolli were determined. The Illumina sequencing produced a similar amount of
sequences for A. neglecta (173,490 reads; 47 Mb), P. solida (158,008 reads; 43 Mb), G.
lyrata (103,448 reads; 28 Mb), D. graeca (267,284 reads, 72 Mb), and T.
lividomaculata (270,074 reads; 73 Mb). However, fewer data (34,300 reads; 36 Mb)
were produced for B. rugosa because sequencing was based on along PCR covering
only a part of the mt genome. All these samples were run together with TruSeq RNA
libraries (from other projects). Interestingly, L. schrolli produced one order of
magnitude more data (6,592,262 reads; 1790 Mb) because it was run together with
NEXTERA DNA libraries (from other projects). The average coverage was 857x, 280X,
715x, 974x, 984x, 771X, and 26,907x, respectively. However, due to local low coverage,
it was not possible to assemble five fragments: rrnL-cox3 in A. neglecta, rrnS-cox1 in P.
solida and L. schrolli, rrnS-cox3 in T. lividomaculata, and rrnL-cox1 in B. rugosa.
These fragments were completed using Sanger sequencing and a primer walking



strategy (see Supplementary Material 1). In L. schrolli, primer walking through a cluster

of RNA genes and the putative control region between rrnSand cox3 failed.

Structural features and mitochondrial organization

The newly determined genomes contain 13 protein-coding, two ribosoma RNA and 22
transfer RNA genes. For the nearly complete mt genome of L. schrolli, only 15 of the 22
tRNAs were identified, and two tRNAs were missing from the T. lividomaculata
genome). Five complete mt genomes (A. neglecta, P. solida, B. rugosa, T.
lividomaculata, and G. lyrata) share the same gene order except for the relative position
of the trnG and trnE genes (Fig. 1). The magor strand encodes cox1-3, atp6, atp8, nad2,
nad3, trnD (except in G. lyrata), trnT, trnS(gcu), and the KARNI (trnK, trnA, trnR,
trnN and trnl) cluster (Fig. 1). The minus strand encodes the remaining protein-coding
genes (nadb, nad4, nad4L, cytb, nad6, and nadl), the two rRNA genes (rrnSand rrnL),
trnF, trnH, trnS (uga), trnP, trnL (uaa), trnL (uag) and the MY CWQ (trnM, trnY, trnC,
trnW, and trnQ) cluster (Fig. 1). In G. lyrata, the cluster is extended with the trnG and
trnE, also encoded by the minus strand. In P. solida, the cluster is prolonged with the
trnE and trnG genes encoded by the major strand. In A. neglecta, the cluster is extended
with the trnE and trnG genes encoded by the minus and major strands, respectively
(Fig. 1). In B. rugosa, the cluster is prolonged with the trnG gene encoded by the major
strand whereas the trnE gene is tentatively located (manually) between cox1 and cox2
genes, encoded by the mgjor strand (Fig. 1). In this mt genome, the trnT geneis located
between the trnN and trnl genes, asin Lunella (Fig. 1). In T. lividomaculata, we could
not find the trnE and trnG genes (note that the former is also missing in T. brunnea; Fig.
1). The partial genome of L. schrolli shows a different gene arrangement in which trnF
nadb, trnH, nad4, nad4L, trnS (uga), cytb, nad6, trnP, nadl, trnL (uad), and trnL (uag)
are encoded by the major strand whereas trnD, atp8, atp6, and trnT are encoded by the
minus strand (Fig. 1). The mt genome organization of D. graeca is the same as that
inferred automatically with MITOS for Fissurella volcano (i.e., the mt gene order
reported in GenBank Accession No. NC 016953 is outdated). Both of the fissurellid mt
genomes showed numerous rearrangements compared to other vetigastropod mt
genomes. The genes nad4/nad4L overlapped in seven bp in al mt genomes (but those of
Fissurelloidea). Almost all protein-coding genes start their open reading frame with the



codon ATG except nad4 in P. solida that starts with ATT; atp6 and nad4 in G. lyrata that
start with TTG and GTG, respectively; nadl and nad4 that start with GTG in D. graeca;
and atp8 and nadl in L. schrolli that start with GTG (Supplementary Material 4). The
stop codons were variable depending on the gene and the species, and only cox2
consistently ended with TAA (Supplementary Materia 4). In G. lyrata, nadl and atp8
genes were abnormally long (Supplementary Material 4). Each mt genome showed
several intergenic regions, and those of A. neglecta were particularly long (up to 487 bp;
see Supplementary Material 4). Most intergenic regions of A. neglecta, G. lyrata, and P.
solida showed an A-T% below 70% whereas most of these regionsin B. rugosa and T.
lividomaculata showed an A-T% above 70% (Supplementary Material 4). In G. lyrata,
the intergenic region upstream cox3 (putative control regions) was the longest (772 bp)
but the A-T percentage was lower than 70% (62.7%) (Supplementary Material 4). The
partial genome of L. schrolli was comparatively rather compact with short intergenic

regions, and unfortunately the region upstream cox3 could not be sequenced completely.

Phylogenetic relationships of Vetigastropoda

The molecular phylogeny of Gastropoda was reconstructed based on the deduced amino
acid sequences of the 13 protein coding genes combined with the nucleotide sequences
of the two rRNA genes (the gastropod data set) using probabilistic methods (Fig. 2).
The final matrix was 4069 positions long. ML (-InL = 72681.74) and Bl (-nL =
82710.11 for runl; -nL = 82709.68 for run2) arrived at similar topologies (Fig. 2) that
only differed in the relative position of Phasianella and Angaria (see below). The
reconstructed trees recovered Heterobranchia + Patell ogastropoda as the sister group to
the remaining gastropods (Fig. 2). Within the latter, Neomphalina was the sister group
of Vetigastropoda and Neritimorpha + Caenogastropoda. The vetigastropods were
recovered as a monophyletic group with the maximal BPP and 78% bootstrap support
(Fig. 2).

Phylogenetic relationships within the Vetigastropoda were also inferred based on
another combined data set (the vetigastropod data set) of mitochondrial amino acid (13
protein coding gene) and nucleotide (two rRNA gene) sequences (Fig. 3). The final
analyzed matrix was 4645 positionslong. ML (HnL = 59411.92) and BI (-nL =
67558.08 for runl; 4nL = 67558.46 for run2) arrived at similar topologies (Fig. 3) only



differing on the relative position of Phasianella and Angaria (see below).
Vetigastropods were recovered as a monophyletic group with 0.66 BPP and 97%
bootstrap support (Fig. 3). Three main lineages were recovered within the
Vetigastropoda (Fig. 3). Thefirst lineage included Fissurella and Diodora, which were
recovered as the sister group of the remaining vetigastropods (Fig. 3). The second
lineage recovered Lepetodriloidea as the sister group of Seguenzioidea + Haliotoidea
(Fig. 3). Thethird lineage included Phasinelloidea, Angarioidea, and Trochoidea. In
ML, Phasinelloidea was recovered as the sister group of Angarioidea and Trochoidea
whereas in Bl, Phasinelloidea and Angarioidea are sister groups to the exclusion of
Trochoidea (Fig. 3).

The two fissurelloidean representatives showed relatively long branches that
produced significant tree instability as evidenced by only moderate statistical support in
some particular nodes of the gastropod and vetigastropod trees (Figs. 2 and 3). When
fissulleroideans were removed from phylogenetic analyses, al nodesin the trees had the
maximal BPPs and above 70% bootstrap values and converged to a single topology in
which Phasinelloidea was recovered as the sister group of Angarioidea and Trochoidea
(not shown).

Phylogenetic analyses using Bl under the CAT-GTR+G model rendered arather
unresolved tree based on the gastropod data set (see Supplementary Material 5). The
best topology placed Heterobranchia together with Caneogastropoda and Neritimorpha
in the same clade whereas Patellogastropoda was nested within the Vetigastropoda, and
Neomphalinawas recovered as the sister group of Vetigastropoda (including
Patellogastropoda). Unfortunately, none of these rel ationships had meaningful
statistical support (Supplementary Material 5). The reconstructed Bl tree under the
CAT-GTR+G model based on the vetigastropod data set had an identical topology and
similar levels of nodal support with the ML tree shown in Figure 3 (Supplementary
Material 5).

Discussion

Gene order evolution

As of May 2015, most of the complete mt genomes of gastropods sequenced thus far
originate from the Heterobranchia (46 mtDNAS) and Caenogastropoda (31 mtDNAS)



whereas those of other main gastropod lineages are still underrepresented in sequence
databases. Here, we provide six new complete (and one almost complete) mt genomes
of Vetigastropodato add to the six (and one amost complete) already available for this
lineage. Several of the mtDNAS here sequenced represent vetigastropod superfamilies
not previously sampled (L epetodriloidea, Seguenzioidea, Phasianelloidea, and
Angarioidea). In addition, we analyzed the mtDNA of one representative of
Neomphalina (Peltospiridae) that was available in Genbank but thus far not properly
analyzed since it was obtained as a by-product of the sequencing of the complete
genome of a bacterial endosymbiont of the scaly-foot gastropod (Nakagawa et al.
2014). This latter mt genome has a striking genome organization that is different from
those of other main lineages in Gastropoda. Compared to the hypothetical ancestral
gene order of gastropods (Stoger & Schrodl 2013; Osca et al. 2014a), the mt genome of
Chrysomallon has suffered two main inversions affecting a cluster including cox2, trnD,
atp8, atp6, and trnF genes and a cluster including trnY, trnC, trnW, and trnQ genes
(Fig. 1). In addition, two tRNA genes (trnT and trnE) have been translocated and one
inverted (trnG).

Within the Vetigastropoda, the genera Haliotis, Granata, Phasianella, Angaria,
Bolma, Tegula, and Lunella share amost the same genome organization, which is very
similar to the hypothetical gastropod ancestral gene order (Fig. 1). Only rearrangements
affecting the trnE, trnG, trnT, trnN, and trnD genes are detected (Fig. 1). The mt
genome of Lepetodrilus shows one inversion event affecting alarge fragment including
thetrnD, atp8, atp6, trnF, nad5, trnH, nad4, trnT, trnS cob, nad6, trnP, nadl, trnL
(uaa) and trnL (uag) genes; otherwise this mt genome shares the gastropod ancestral
gene order (but note that the MY CWQGE cluster i.e, trnM, trnY, trnC, trnW, trnQ,
trnG, and trnE genes could not be sequenced). Finally, the mt genomes of Fissurella
(NC 016953, unpublished) and Diodora (this work) also show alarge inverted fragment
affecting the cob, nad6, trnP, nadl, trnL (uaa) and trnL (uag), rrnL, trnV, rrnSgenes,
and the MY CWQGE cluster (Fig. 1). In addition, the trnF, trnD, trnS, trnR, and trnK
genes have also been rearranged independently (Fig. 1). The particularly high number
of rearrangements of these mt genomes s correlated with the high evolutionary rates
exhibited by these species (as evidenced by their long branchesin the trees). This
correlation between high rearrangement and evolutionary rates has been noticed in other



molluscs (Rawlings et al. 2010; Schrodl & Stoger 2014). In the overall context of
gastropods, vetigastropods ancestrally retain the hypothetical ancestral gene order of
gastropods as neritimorphs do (but note that only the genus Nerita has been sequenced
thusfar in this group; Castro & Colgan 2010; Arquez et al. 2014). In contrast,
caenogastropods (Cunhaet al., 2009) and neomphalins (this work) show instances of
discrete inversion eventsin their ancestors whereas Patell ogastropoda (Simison et al.
2006) and Heterobranchia (Grande et al. 2008) had extensive rearrangements in their

ancestors.

Phylogeny of Gastropoda
Asin most previous phylogenetic analyses of gastropods based on the derived amino
acid sequences of mt protein coding genes (Grande et al. 2008; Castro & Colgan 2010;
Arquez et al. 2014; Osca et al. 2014b), the trees here reconstructed showed a strongly-
supported sister group relationship of Patellogastropoda and Heterobranchia. This
relationship is defined by the markedly long branches of both groups, and has been
reported as spurious due to a long-branch attraction (LBA) artifact (Grande et al. 2008;
Stoger & Schrddl 2013). In fact, phylogenetic analyses based on morphology supported
asister group relationship of Patellogastropoda to the remaining gastropods (Ponder &
Lindberg 1997; Sasaki 1998). This result was also obtained by a phylogenetic analyses
based on nuclear sequences (Osca et al. 2014b) but other phylogenies that used nuclear
data (alone or combined with mt data) nested Patellogastropoda deeply within
gastropods as the sister group of Vetigastropoda (Zapata et al. 2014) or even within the
Vetigastropoda (Colgan et al. 2003; Aktipis & Giribet 2010, 2012). Interestingly,
phylogenetic analyses performed at the nucleotide level based on the first and second
codon positions of mt protein coding genes and rRNA genes have a so recovered
Patellogastropoda as the sister group of Vetigastropoda (Castro & Colgan 2010).
Morphology (Haszprunar 1988; Ponder & Lindberg 1997), nuclear sequences
(McArthur & Harasewych 2003; Osca et al. 2014b; Zapata et al. 2014), first and second
codon positions of mitochondrial protein coding genes and rRNA genes (Castro &
Colgan 2010), and combined mt and nuclear sequence data (Aktipis & Giribet 2010,
2012) have recovered Heterobranchia as the sister group of Caenogastropoda, forming
the clade Apogastropoda (Ponder & Lindberg 1997). In contrast, in our phylogenetic



analyses Caenogastropoda s placed as the sister group of Neritimorphato the exclusion
of Vetigastropoda. In previous phylogenetic analyses also based on mt amino acid
sequences, these three groups always clustered together but in some instances
Neritimorphawas recovered as the sister group of Caenogastropoda as here (Castro &
Colgan 2010; Osca et al. 2014b) whereas in one case it was the sister group of
Vetigastropoda (Arquez et al. 2014). Combined mt and nuclear data supported either
Neritimorpha as the sister group of Caenogastropoda (Aktipis & Giribet 2010), of
Vetigastropoda (Osca et al. 2014b) or of all other gastropods (Aktipis & Giribet 2012).
The latest nuclear-based phylogeny supports a sister group relationship of Neritimorpha
and Apogastropoda (Zapata et al. 2014). Altogether, this latter hypothesis seems to be
the strongest after comparing the different studies and taking into account the above-
mentioned biases introduced by the long branch of Heterobranchiain the mt-based
phylogenetic analyses.

The Bl phylogenetic analysis of the gastropod data set using the site-
heterogeneous mixture CAT-GTR+G model was able to avoid the LBA artifact between
Heterobranchia and Patellogastropoda, placing the former closer to Caenogastropoda (in
support of the Apogastropoda hypothesis; Ponder & Lindberg 1997) and the | atter
within the Vetigastropoda as previously reported (Colgan et al. 2003; Aktipis & Giribet
2010, 2012). However, internal nodes in this tree had no meaningful statistical support.

Theintriguing phylogenetic position of Neomphalina

The Neomphalina are enigmatic hydrothermal vent marine snails (McLean 1981; Warén
et al. 2003) of an uncertain phylogenetic position ever since their discovery as they have
been variously placed as the sister group of Vetigastropoda (Ponder & Lindberg 1997,
Warén et al. 2003), within the Vetigastropoda (Bouchet & Rocroi 2005; Aktipis &
Giribet 2012) or closest to Cocculinoidea (McArthur & Harasewych 2003; Aktipis &
Giribet 2012; Stoger et al. 2013). Here, the phylogenetic analysis supports Neomphalina
an independent lineage unrelated to Vetigastropoda and the sister group of a clade
including Vetigastropoda and Neritimorpha + Caenogastropoda. However, it should be
noted that (i) no Cocculinoidea was included in this analysis and (ii) the Bl analysis
under the CAT-GTR+G model, which was aimed to alleviate the above-mentioned long-
branch attraction artifacts, recovered Neompahlina as the sister group of Vetigastropoda



and Patellogastropoda, although with insufficient statistical support. Also, (iii) the
morphological resemblance between the Neomphalina and Vetigastropoda, including
their similar radulae and shared ctenidial bursicles (Warén & Bouchet 2001; HelR et al.

2008), points to the inconclusiveness of the present topol ogy.

Phylogeny of Vetigastropoda

The monophyly of Vetigastropoda (Fissurelloidea, Lepetodriloidea, Seguenzioidea,
Haliotoidea, Phasianelloidea, Angarioidea, and Trochoidea in our analysis) iswell
supported in al but one (Bl under CAT-GTR+G model based on the gastropod data set)
of the present phylogenetic analyses, asis accepted by most authors (Ponder &
Lindberg 1997; Geiger & Thacker 2005; Kano 2008; Williams et al. 2008; Zapata et al.
2014). However, note that members of Pleurotomarioidea, L epetelloidea and
Scissurelloidea were not included in the present study because their mt genomes are not
yet available. Hence, we cannot discuss on the relative position neither of
Pleurotomarioidea, which is commonly recognized as the sister group (earliest branch)
to the remaining vetigastropods (Haszprunar 1988; Harasewych et al. 1997; Ponder &
Lindberg 1997; Harasewych 2002; Geiger & Thacker 2005; Yoon & Kim 2005;
Williams & Ozawa 2006; Kano 2008; Stoger et al. 2013; Zapata et al. 2014) nor of the
deep sea Lepetelloidea, previously ascribed to the Cocculiniformia, and now included
within the Vetigastropoda (Ponder & Lindberg 1997; Kano 2008; Lindberg 2008).
Moreover, despite Fissurelloideais placed as the sister group of the remaining
vetigastropods (asin e.g., Kano 2008; but see e.g., Williams et al. 2008), we cannot
reach any definitive conclusion regarding the relative phylogenetic position of this
taxon due to the long branches of its representatives that caused significant instability of
the tree. In fact, trees with either Fissurella or Diodora as the only representative of
Fissurelloidea were even less stable. The addition of new representatives of
Fissurelloidea will contribute to break down the long branch leading to this clade and
improve the vetigastropod tree (Wégele & Mayer, 2007). Furthermore, when both taxa
were removed from analyses, overall statistical support within the Vetigastropoda was
stronger and all phylogenetic analyses converged to a single topology with regards to
vetigastropod interrelationships. This topology was also recovered in the Bl analysis
with the CAT-GTR+G model, which has been proposed to be less sensitive to LBA



phenomena.

Vetigastropoda has been the subject of numerous morphological and molecular
phylogenetic studies that agree on the monophyly of the different superfamilies, but
conflict on the phylogenetic relationships among them (Salvini-Plawen & Haszprunar
1987; Haszprunar 1988; Hedegaard 1997; Ponder & Lindberg 1997; Sasaki 1998;
Geiger & Thacker 2005; Yoon & Kim 2005; Williams & Ozawa 2006; Geiger et al.
2008; Kano 2008; Williams et al. 2008; Kano et al. 2009; Aktipis & Giribet 2010,
2012). Here, we recovered three distinct lineages within the Vetigastropoda that separate
Fissurelloidea from the remaining vetigastropods, and Trochoidea + Angarioidea +
Phasianelloidea from Haliotoidea + Seguenzioidea + L epetodriloidea. The composition
of the superfamily Trochoidea has been the source of taxonomic debate over the last
few decades. In their seminal morphological monograph, (Hickman & McLean 1990)
defined Trochoidea to comprise the families Turbinidae (including subfamilies
Angariinae and Phasianellinae), Trochidae and Skeneidae. In recent years, changesto
the systematics at the family level based on the comprehensive studies of (Williams &
Ozawa 2006; Williams et al. 2008, 2012), led to corresponding changes at the
superfamily level and the ultimate recognition of three superfamilies: Trochoidea,
Angarioidea, Phasianelloidea. Interestingly, these three superfamiliesform a
monophyletic group in the reconstructed trees contrary to the results based on combined
mt and nuclear sequences by Williams et al. (2008) and Aktipis & Giribet (2012), where
Angarioidea and Phasianelloidea form the sister group of the remaining vetigastropods
excluding pleurotomarioideans. Hence, our results emphasi ze the close affinity of
Trochoidea, Angarioidea, and Phasianelloidea with the highest support values (see also
Zapata et al. 2014) and prompt for further increasing the number of complete mt
genomes of the highly diverse Turbinidae and Trochidae (Williams et al. 2014).

Among the non-trochoidean groups, our analyses recovered Lepetodrilus
(Lepetodriloidea) as the sister group to Granata (Seguenzioidea) and Haliotis
(Haliotoidea), although without statistical support in the vetigastropod tree (Fig. 3). This
clade has been found in several previous studies, although internal phylogenetic
relationships were different with Seguenzioidea as the sister group of Haliotoidea and
L epetodriloidea (Kano 2008) or Haliotoidea sister to Seguenzioidea and L epetodriloidea
(Williams et al. 2008). The close relationship between Haliotoidea and Seguenzioideais



supported in another phylogenetic reconstruction based on combined mt and nuclear
sequences (Aktipis & Giribet 2012), whereas neither this nor the above two previous
phylogenies settled the position of Haliotoidea with meaningful support indices. The
latest phylogenomic analysis recovered the three lineages branching off successively
and paraphyletic with respect to Trochoidea, but again the position of Haliotoidea was
ambiguous due to relatively poor gene sampling for this lineage (Zapata et al. 2014).

L epetodriloideais recovered in recent studies as the sister group of Lepetelloidea (Kano
et al. 2013; Zapata et al. 2014), ataxon not included in the present study.

Implications for the evolution of pallial asymmetry and paleontology
Our phylogenetic reconstruction of the Vetigastropoda sheds new light on the traditional
debate on symmetry (or asymmetry) in gastropod pallial organs, including the gill
(ctenidium), osphradium, hypobranchia gland, kidney and auricle (see Lindberg &
Ponder 2001 for areview), and consequently the systematics and identification of
Paleozoic and Mesozoic fossils. Many of vetigastropod taxa including the Trochoidea
lack the gill on the right side, while others bear both left and right ones (Ponder &
Lindberg 1997). The latter paired (zeugobranch) condition can usually be recognized in
both extant and extinct taxa by the presence of a shell dit or aforamen, through which
water is expelled after passing through the (more-or-less) symmetric mantle cavity
(Haszprunar 1988; Ponder & Lindberg 1997; Sasaki 1998). The presence of such a
structure contrasts with the simple, straight outer lip of the shell that characterizes
trochoideans and other vetigastropods with the strongly asymmetric pallial cavity with
the singleleft gill (Hickman & McLean 1990). Regarding the evolutionary polarity of
single/paired conditions, recent molecular studies resolve the position of the
zeugobranch Pleurotomarioidea as the basal-most Vetigastropoda (see above). Therich
Paleozoic fossil record of zeugobranchs with shell dlits agrees well with this topology
(Knight et al. 1960; Lindberg & Ponder 2001; Fryda et al. 2008; Geiger et al. 2008).
The present mitochondrial phylogeny clusters Trochoidea, Angarioidea and
Phasianelloidea (all asymmetric) on the one hand, and zeugobranch Haliotoidea and
single-gilled Seguenzioidea on the other hand, both with high posterior and bootstrap
indices (Fig. 3). This suggests not only the loss of the right gill occurred multiple times
in vetigastropod evolution as proposed by previous authors (e.g. Ponder & Lindberg



1997; Lindberg & Ponder 2001; Kano 2008), but also that the clade containing
Trochoidea, Angarioidea and Phasianelloidea might represent an ancient radiation from
acommon asymmetric ancestor that lived in the middle Paleozoic. The fossil history of
‘trochomorphs’ (trochoideans and other vetigastropod snails without dlits or holes)
undoubtedly goes back to the Devonian and probably to the Ordovician (Knight et al.,
1960; Geiger et al., 2008). The monophyly of Trochoidea, Angarioidea and
Phasianelloidea as a large, ancient clade thus appears to be in better agreement with the
fossil record than previous phylogenetic hypotheses that regard the Trochoidea as an
independent, more recent trochomorph radiation since the Mesozoic era (Kano 2008;
Williams et al. 2008; Aktipis & Giribet 2012).

The Seguenzioidea represent the only other extant clade of trochomorphs with
macroscopic (>2 mm) species (Kano 2008; Kano et al. 2009). Their abundant fossil
record dates back to the Triassic (Hickman & McLean 1990; Bandel 2010). The present
mtDNA phylogeny recovered a sister relationship between Seguenzioidea and
Haliotoidea, the latter of which has a considerably younger record since the Late
Cretaceous (Knight et al. 1960; Geiger et al. 2008). An apomorphic shift from the
plesiomorphic dlit shell, which is represented in Scissurelloidea and Fissurelloidea
among extant taxa, would account for the apparent lack of pre-Cretaceous fossil
evidence for the lineage leading to living haliotids.

Hereit isinteresting to note that the right pallial organs of Haliotis appear much
later in post-metamorphic ontogeny than the left (Crofts 1937). One may infer a
secondary evolutionary acquisition of the right gill from this asynchronous devel opment
(Sasaki 1998) as opposed to the traditional idea of the zeugobranch condition being
plesiomorphic (see Lindberg & Ponder 2001). Crofts (1937) and Salvini-Plawen (1980)
have explained in this regard that the juveniles of Haliotis and adults of single-gilled
gastropods retain larval asymmetry caused by torsion, a unique synapomorphy for the
entire Gastropoda (Haszprunar 1988; Ponder & Lindberg,1997). The retarded ontogeny
therefore does not seem to carry a straightforward implication for assessing the
evolutionary polarity of single/paired conditions in post-metamorphic pallial organs
including the gill.

Other recent vetigastropod taxa with asingle gill seem to have originated more
recently than trochoids and seguenzioids, some probably even in the Cenozoic. Each of



the (originally zeugobranch) Scissurelloidea, L epetodriloidea and Lepetelloidea
contains one or more subclades with the strongly asymmetric pallial cavity and straight
margin of the shell aperture (Kano 2008). Moreover, confamilia species with single or
paired gills exist in Scissurellidae (Geiger 2012), Lepetodrilidae (Warén & Bouchet
2001) and Pseudococculinidae (Lepetelloidea; Kano et al. 2013). Most of these taxa
with asingle gill have small to minute body sizes, which may reduce respiratory
demand or structurally constrain the complexity of the pallial organs on the narrower
right side in aright-handed snail shell (Lindberg & Ponder 2001; Kano 2008). Summing
up, the present phylogeny corroborates the multiple secondary losses of the pallial
symmetry in the vetigastropod evolution, while it also proposes a possibility of longer
geological histories for two extant clades of trochomorphs than previousy calibrated
using molecular data (Williams et al. 2008; Zapata et al. 2014).

Conclusions

The available complete mt genomes of Vetigastropoda were doubled. Several of the new
mt genomes represent vetigastropod lineages not previously sampled and thus allowed
reconstructing a vetigastropod tree based on complete mt genome sequence data.
Neomphalinawas tentatively recovered as alineage independent of vetigastropods. The
superfamily Fissurelloidea was recovered as the sister group of the remaining
vetigastropods, although their representatives show high evolutionary and
rearrangement rates that affect phylogenetic reconstruction and cause tree instability.
The remaining analyzed vetigastropods are divided into two distinct groups: one
including the superfamilies Trochoidea, Angarioidea and Phasianelloidea and the other
including the superfamilies L epetodriloidea, Haliotoidea and Seguenzioidea, suggesting
that the former clade has descended from archaic trochomorphs that might have lost the
palial symmetry already in the Ordovician. Phylogenetic reconstruction based on
complete mt genome sequence data seems to be particularly informative at the
superfamily level and provides rather resolved vetigastropod trees. The addition of mt
genomes from missing lineages (Pleurotomarioidea, Scissurelloidea and L epetelloidea)
aswell as from controversial groups such as the polyphyletic skeneimorphs should help
obtaining arobust phylogenetic framework to further understand the evolution of
Vetigastropoda.
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Legendsto figures

Fig.1

Mitochondrial gene orders of main lineages of Vetigastropoda. Gene ordersin
the hypothetical ancestral gastropod and Neomphalina are shown for
comparison. Genes translocated are colored in blue; inversions are in pink;
genes translocated and inverted are in green. Genes encoded by the minor
strand are underlined. Shaded boxes indicate regions not sequenced in L.
schrolli. Gaps are introduced to accommodate translocations except in
Fissurelloidea and Neomphalina due to their high number of rearrangements.

Fig. 2 Phylogenetic relationships of Gastropoda based on mitochondrial sequence data.

Fig.3

The ML phylogram is shown (A). Topology differencesin Bl are shown in the
inset (B). Numbers at nodes are support values from Bl (posterior probabilities)
and ML (bootstrap proportions). Branch colors indicate main gastropod lineages.
Scale bar indicates substitutiong/site.

Phylogenetic relationships of Vetigastropoda based on mitochondrial sequence
data. The ML phylogram is shown (A). Topology differencesin Bl are shown in
theinset (B). Numbers at nodes are support values from Bl (posterior
probabilities) and ML (bootstrap proportions). Branch colors indicate main
vetigastropod superfamilies. Scale bar indicates substitutions/site.



Table 1. Complete mitochondrial (mt) genomes analyzed in this study

New mt genomes

Species Superfamily Length (bp) GenBank Acc. No. Location Habitat Voucher (MNCN/ADN)
Phasianella solida Phasianelloidea 16698 KR297251 Bounotsu, Kagoshima, Kyushu, Japan Rocky shore, intertidal 85259
Angaria neglecta Angarioidea 19470 KR297248 Tsuji Is., Amakusa, Kumamoto, Kyushu, Japan Rocky shore, intertidal 85258
Lepetodrilus schrolli* Lepetodriloidea 15579 KR297250 North Fiji Basin, South Pacific Hydrothermal vent, 1990 m 85261
Granata lyrata Seguenzioidea 17632 KR297249 Bounotsu, Kagoshima, Kyushu, Japan Rocky shore, intertidal 85260
Bolma rugosa Trochoidea 17432 KT207824 Islas Chafarinas, Spain Rocky shore, intertidal 85637
Diodora graeca Fissurelloidea 17209 KT207825 Cabo de Palos, Murcia, Spain Rocky shore, intertidal 85530
Tegula lividomaculata Trochoidea 17375 KT207826 Playa Gir6n, Bahia de Cochinos, Cuba Rocky shore, intertidal 85638

*nearly complete mt genome
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Supplementary Material 1. Long PCR and primer walking primers

Angaria neglecta

Long PCR
Primer

Sequence 5'-3'

Fragment (bp)

ANcox1HF
AN16sHF

GCTACTATCTTTACCGGTTTTGGCTGGGGC
CGGTTAAACGAGGGCCATGCTGTCTCCTC

cox1-rrnl (12028)

AN16sHR
ANCcox3R

ATCTTAGTCCAACATCGAGGTCGTAAACC
AACAGCAGTATTCAATAGCGGAACCTG

rrnL-cox3 (4079)

ANcox3HF
ANcox1HR

TAAGGTTTCTAGTGGGTTGCGTTGAGG
TGACCTAACTCAGCCCGAATCAAAAGTCT

cox3-cox1 (3480)

Primer walking

Primer Sequence 5'-3'
ANI2sF AAGGTGAGGTTGATCGTGGACTATCG
ANTyrF AGATCTACAGTCTTTCGCTTCCTTGC
ANcox3RIn CAAGGACTAAACTCAACTAAATGAAACGG
Granata lyrata
Long PCR
Primer Sequence 5'-3' Fragment (bp)
GLcoxIHF  GGCACCAGACATAGCCTTTCCTCGGCTC
GL16sHF GGGACAAGAAGACCCTATCGAGCTTTAGTGGC X1t (10951)
GL16sHR ATCTTAGTCCAACATCGAGGTCGCAAAC
GLcoxIHR ~ ACTAGAGACGACCTCAGTAATAGGGCTA rrnl-cox1 (5994)
Phasianella solida
Long PCR
Primer Sequence 5'-3' Fragment (bp)
PHscoxlF 1 GTTGCTGTCTTTGCCTGTGTTAGCTGGGGC
PHs12SF 1 CCAGCCTGTATACCGTCGTCACCAGATCAC cox1-rrns (11731)
PHs12SR 1 CATTAGCTGCACCTTGATCTGACATGGA nS-coxt. (5085)
PHscoxIR 1  TGCACCCAAAATAGAAGAAATACCTGCCAAG

Primer walking

Primer Sequence 5'-3'
Pha_12SRW1  ATTCGTCCAAATACTGTAGTTTAAGGGC
Phacox3RW1 AATTTAAGTGATAGAACCGGAAGCCACC
PhaNAD2R AACAACAAAGACAGGTAATAATACAGCC
Phacox3FW1 TACTCTTAGGTGTATACTTTACGGTGC
Phanad2R2W  CTTCCTACTATAAGTAACCCAGAACCC
Phanad3FW AAATATGGGAGAACGATACCCCTTTGC
Diodora graeca
Long PCR
Primer Sequence 5'-3' Fragment (bp)
40DGcox1F TTTCTTGTGATGCCTATAATGATTGGGGG coxd-rrnL (5573)
40DG16SR TGTTATCCCCACGGTAACTTATTCTTCC
40DGcox1R ACAGCACCCAAAATAGAMGACACACC ri-cox1 (12105)
40DG16sR ACCCCATCGAGCTTTAGTGGAATTTTGG
Bolma rugosa
Long PCR
Primer Sequence 5'-3' Fragment (bp)
BRcox1F GCTCCAGATATAGCATTTCCTCGTCTTAAT
BR16SF CGACCTCGATGTTGGACTAAGATATC coxl-rrnL (10837)

Primer walking
Primer

Sequence 5'-3'

BRLeuR
BR16sRW1
BR16sRW2
BR16sRW3
BRTrpF
BRQF
BRcox3R
BRcox3F
BRAla_F
BRnad3F
BRcox12R
BRcox11R

GCTTAAACCTAATGCACTAATCTGCC
CACTAAAGCTCAACGGGGTCTTCTTGTCCCT
TCTTCTTGTCCCTCAGTTAAATGTTAGGC
AAAGTTTCGGAAGGCATTTTACCCCT
GCAAGTTTAAAGGTGTATAGTTTGTACC
TACTTGGAGTTTTGATCTCTGCGGG
CTGTTGCCGTGAGTCCTTGAAGTCCACC
GGGTTCTGGGGTAACAGTAACTTGAGCTC
GTACTAGGAAGTGAGAAAATTACATGCG
CCTGTAATTAAGATTTCTGGTGGAATGG
TCCCGAGAATAAGGTATAATGTCCC
ACAGCCCCTAGAATAGATGAAATACCTGCA




Tegula lividomaculata

Long PCR

Primer Sequence 5'-3' Fragment (bp)
86TLcox1F GCTGCTGTAGAAAGAGGGGCCGGTACTG

86TL12SF GGCGGTGTCTTAAGTCCTTCTAGGGGAACC cox1-rrns (12850)
86TL86coXIR  TCCCGCTAATACAGGAAGAGACAACAAC cox3-coxt (3161)
86TL86cOX3F  CTTCTTTTGCCATTTCGGACGGAGC

Primer walking
Primer

Sequence 5'-3'

86TLcox3RW  AGCCTGGAGTCGAAATAAGCAAACCC
86TLcoX3RW2  CTCCGTCCGAAATGGCAAAAGAAGC
86TL12S-MRW CTTGCTTTTAACAGAGGATACATCCG
86TLI2SR2ZW  TGGACTATCGATTATAGGACAGGTTCCC
86TLI2SRIW  CCATCTCTACCTTTTCATTAGCTGCACCT

Lepetodrilus schroli
Long PCR
Primer Sequence 5'-3' Fragment (bp)
[Scox1F TGACATCTGCCGCTGTAGAAAGAGGTGCTGG
LS12SF AACCTGCCCCATAAACTGATGATCCAC cox1-rrns (11602)
LScox1R CCACCTCCTGCCGGGTCGAAGAAAGAG S-cox2(5100)"
LS12SR CCCACCTTTCCGCCTTATTATAAGCTGCACC

*Approximate based on the agarose gel

Primer walking
Primer

Sequence 5'-3'

LScox3RW
LS12SR

LS12sRW2
LSContRw

ATCCTAATTCTGGAGTTGGGGCAAGTC
TTATAAGCTGCACCTCGATCTGACGTC
TTCCTGCCTATACTCACCAGATCCC
ACTTTGCAAAGTTGCGAATGAGCTCAG




Supplementary Material 2. Complete mitochondrial (mt) genomes retrieved from GenBank and analyzed in this study

Species Superfamily Length (bp) GenBank Acc. No. Reference

Tegula brunnea Trochoidea 17690 NC 016954 Simison, 2011 (unpublished)
Lunella aff. cinerea Trochoidea 17670 KF700096 Williams et al., 2014

Haliotis rubra Haliotoidea 16907 NC 005940 Maynard et al., 2005

Haliotis tuberculata Haliotoidea 16521 NC 013708 VanWormhoudt et al., 2009
Fissurella volcano Fissurelloidea 17575 NC 016953 Simison, 2011 (unpublished)
Chrysomallon squamiferum Neomphaloidea 15388 AP013032 Nakagawa et al., 2014

Lottia digitalis Lottioidea 26835 NC 007782 Simison et al., 2006

Nerita fulgurans* Neritoidea 15261 KF728888 Arquez et al., 2014

Nerita melanotragus* Neritoidea 15261 GUB10158 Castro and Colgan 2010
Oncomelania hupensis Truncatelloidea 15182 NC 013073 Li and Zhou, 2009 (unpublished)
Ilyanassa obsoleta Buccinoidea 15263 NC 007781 Simison et al., 2006

Rapana venosa Muricoidea 15272 NC 011193 Chandler et al., 2008 (unpublished)
Conus borgesi Conoideea 15536 NC 013243 Cunha et al., 2009

Galba pervia Lymnaeoidea 13768 NC 018536 Liuetal., 2012

Peronia peronii Onchidioidea 13968 NC 016181 White et al., 2011

Roboastra europaea Anadoridoidea 14472 NC 004321 Grande et al., 2002

Octopus vulgaris Neocoleoidea 15744 NC 006353 Yokobori et al., 2004

Scutopus ventrolineatus Scutopodidae™®* 14662 NC 025284 Osca et al., 2014

*nearly complete mt genomes
**unassigned to a superfamily
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Supplementary Material 3. Selected best fit partitions and models

Partition selected Model selected RaxML (-InL) Model RaxML (-InL) AIC AIC
(PartitionFinder) (PartitionFinder) (PartitionFinder) (MtZoa) (MtZoa) (PartitionFinder) (MtZoa)
Gastropod atp6 + atp8 MtArt+I+G -5226.587607|MtZoatl+G -5199.492818 10453.175312 10398.985734
cob MtArt+HI+G+F -7017.424662 (MtZoa+I+G+F -6980.311661 14034.849460 13960.623458
coxl LG+HI+G+F -6108.531815|MtZoa+I+G+F -6094.228767 12217.063766 12188.457670
cox2 LGHI[+G+F -3651.186035(MtZoa+I+G+F -3626.893971 7302.372206 7253.788078
cox3 MtArt+G+F -4317.787699|MtZoa+G+F -4302.668418 8635.575532 8605.336970
nadl MtArt+HI+G+F -4286.383740(MtZoa+I+G+F -4276.359446 8572.767616 8552.719028
nad?2 MtArt+1+G -4103.552493|MtZoatI+G -4101.632823 8207.105084 8203.265744
nad3 LG+G -826.241576(MtZoa+G -808.305197 16524.83248 16166.10490
nad4 + nad4L MtArt+G+F -7614.716066|MtZoa+G+F -7590.436652 15229.432266 15180.873438
nad5 LGHI+G+F -9484.075013|MtZoa+I+G+F -9451.556845 18968.150162 18903.113826
nad6 MtArt+G -2604.453604|MtZoa+G -2598.201473 5208.907304 5196.403042
rrnL + rrnS GTR+I+G -16350.245 — — 32814.489 —
Vetigastropod atp6 + atp8 MtArt++G+F -3870.311856|{MtZoa+I+G+F -3857.873546 7740.623824 7715.747204
cob MtArt+I+G+F -4724.556803 |MtZoa+I+G+F -4702.951708 9449.113718 9405.903528
coxl LGHI+G+F -3969.442087|MtZoa+I+G+F -3957.914211 7938.884286 7915.828534
cox2 LGHI+G+F -2973.174396 (MtZoa+I+G+F -2951.638563 5946.348902 5903.277198
cox3 MtArt+HI+G+F -2737.626254|MtZoa+I+G+F -2727.576836 5475.252618 5455.153782
nadl MtArt+HI+G+F -3606.786211|MtZoa+1+G+F -3600.434217 7213.572496 7200.868546
nad?2 MtArt+G+F -3444.551420|MtZoa+G+F -3427.286657 6889.102912 6854.573424
nad3 LG+G+F -1148.509381|MtZoa+G+F -1136.311663 2297.018872 2272.623436
nad4 + nad4L MtArt++G+F -6661.174569|MtZoa+I+G+F -6641.039689 13322.349210 13282.079488
nad>5 LG+HI+G+F -8244.068129|MtZoa+I+G+F -8209.163132 16488.136370 16418.326376
nad6 MtArt+G -2010.77533|MtZoa+G -1996.776360 4021.55138 3993.552792
rrnl + rrnS GTR+I+G -15269.621 — — 30629.242 —




y Material 4. and main features of newly sequenced mt genomes
Angaria neglecta Granata lyrata Phasianella solida Diodora graeca
Name Gene Type Start Stop Length  Codon Strand %A-T Name Gene Type Start Stop Length Codon  Strand %A-T Name Gene Type Start Stop Length Codon  Strand %A-T Name Gene Type Start Stop Length Codon  Strand %A-T
start stop start stop start stop start stop
cox1 CDS 1 1536 1,536 ATG TAG forward cox1 CDs 1 1587 1,587 ATG TAA forward cox1 CDS 1 1545 1,545 ATG forward cox1 CDS 1 1533 1,533 ATG TAA forward
Intergenic 314 68,4 Intergenic 42 50 Intergenic 110 62,7 Intergenic 38
cox2 CDS 1851 2543 693 ATG TAA forward cox2 CDs 1630 2334 705 ATG TAA forward cox2 CDS 1656 2354 699 ATG TAA forward cox2 CDS 1572 2264 693 ATG TAA forward
Intergenic 353 66,6 Intergenic 68 57,4 Intergenic 73 53,4 Intergenic 92 60,9
trnD tRNA 2897 2971 75 forward trnD tRNA 2565 2639 79 reverse trnD tRNA 2428 2495 68 forward atp8 CDS 2357 2563 207 ATG TAG forward
atp8 CDS 2972 3157 186 ATG TAG forward Intergenic 159 58,5 atp8 CDS 2496 2687 192 ATG TAA forward Intergenic 153 50,3
Intergenic 213 68 atp8 CDs 2641 3,051 411 ATG TAA forward Intergenic 57 64,9 trnE tRNA 2717 2784 68 forward
atp6 CDS 3371 4063 693 ATG TAG forward Intergenic 155 52,3 atp6 CDS 2745 3479 735 ATG TAG forward Intergenic 17
Intergenic 50 68 atp6 CDs 3207 3926 720 TTG TAA forward Intergenic 67 67,2 trnG tRNA 2802 2871 70 forward
trnF tRNA 4114 4183 70 reverse Intergenic 27 62,9 trnF tRNA 3547 3614 68 reverse Intergenic 28 64,3
Intergenic 41 TrnF tRNA 3954 4019 66 reverse Intergenic 62 66,1 trnD tRNA 2900 2968 69 forward
nad5 CDs 4225 5967 1,743 ATG TAA reverse Intergenic 6 nad5 CDS 3677 5413 1,737 ATG TAA reverse Intergenic 21
trnH tRNA 5968 6032 65 reverse nad5 CDs 4026 5768 1,743 ATG TAG reverse Intergenic i trnQ tRNA 2990 3060 71 forward
Intergenic 218 Intergenic 1 trnH tRNA 5415 5479 65 reverse Intergenic 8
nad4 CDs 6251 7642 1,392 ATG TAA reverse trnH tRNA 5770 5836 67 reverse Intergenic 85 52,9 trnW tRNA 3069 3137 69 forward
nad4l CDS 7636 7935 300 ATG TAG reverse Intergenic 24 62,5 nad4 CDs 5565 6956 1,392 ATT TAG reverse Intergenic 48 50
Intergenic 43 69,8 nad4 CDs 5861 7246 1,386 GTG TAG reverse nad4l CDS 6950 7258 309 ATG TAG reverse trnC tRNA 3186 3256 71 forward
trnT tRNA 7979 8050 72 forward nad4l CDs 7240 7542 303 ATG TAG reverse Intergenic 7 Intergenic 3
Intergenic 21 76,2 Intergenic 7 trnT tRNA 7266 7334 69 forward trny tRNA 3260 3330 71 forward
trnS(uga) tRNA 8072 8138 67 reverse trnT tRNA 7550 7619 70 forward Intergenic 7 Intergenic 29 65,5
Intergenic 21 47,6 Intergenic 2 trnS(uga) tRNA 7342 7408 67 reverse trnM tRNA 3360 3427 68 forward
cob CDS 8160 9299 1,14 ATG TAA reverse trnS(uga) tRNA 7622 7687 66 reverse Intergenic 6 rrns rRNA 3428 4476 1049 forward
Intergenic 257 62,3 Intergenic 7 cob CDS 7415 8554 1,14 ATG TAA reverse trnV tRNA 4477 4545 69 forward
nadé CDS 9557 10063 507 ATG TAA reverse cob CDs 7695 8831 1,137 ATG TAA reverse Intergenic 106 65,1 rrnl rRNA 4546 6022 1477 forward
Intergenic 4 Intergenic 38 56,4 nadé CDS 8661 9164 504 ATG TAG reverse trnl(uag) tRNA 6023 6091 69 forward
trnP tRNA 10068 10138 71 reverse nadé CDs 8870 9373 504 ATG TAG reverse Intergenic i Intergenic 6
Intergenic 487 74 Intergenic 3 trnP tRNA 9166 9231 66 reverse trnl(uaa) tRNA 6098 6166 69 forward
nad1 CDS 10626 11570 945 ATG TAG reverse trnP tRNA 9377 9446 70 reverse Intergenic 82 51,2 Intergenic 3
Intergenic 3 Intergenic 58 53,2 nad1 CDS 9314 10258 945 ATG TAG reverse nad1 CDS 6170 7144 975 GTG TAA forward
trnL(uaa) tRNA 11574 11641 68 reverse nad1 CDs 9505 10626 1,122 ATG TAG reverse Intergenic i Intergenic 34 52,9
Intergenic 278 68 Intergenic 1 trnl(uaa) tRNA 10260 10327 68 reverse trnP tRNA 7179 7248 70 forward
trn(uag) tRNA 11920 11987 68 reverse trnl(uaa) tRNA 10628 10695 68 reverse Intergenic 24 70,8 Intergenic 3
rrnl rRNA 11988 13666 1,679 reverse Intergenic 2 trnl(uag) tRNA 10352 10420 69 reverse nadé CDS 7252 7776 525 ATG TAG forward
trnV/ tRNA 13667 13735 69 reverse trn(tag) tRNA 10698 10766 69 reverse rrnl rRNA 10421 11893 1,473 reverse Intergenic 18
rrnS rRNA 13736 14857 1,122 reverse rrnl rRNA 10767 12259 1,493 reverse trnV tRNA 11894 11964 71 reverse cob CDS 7795 8934 1140 ATG TAG forward
trnM tRNA 14858 14926 69 reverse trnV. tRNA 12260 12328 69 reverse rrnS rRNA 11965 12951 987 reverse Intergenic 26 42,3
Intergenic 8 rrnS rRNA 12329 13506 1,178 reverse trnM tRNA 12952 13018 67 reverse trnS(ucu) tRNA 8961 9033 73 forward
trnY tRNA 14935 15002 68 reverse trnM tRNA 13507 13576 70 reverse Intergenic 7 Intergenic 16
Intergenic 27 66,6 Intergenic 10 trnY tRNA 13026 13091 66 reverse trnF tRNA 9050 9116 67 forward
trnC tRNA 15030 15096 67 reverse trnY tRNA 13587 13654 68 reverse trnC tRNA 13092 13156 65 reverse Intergenic 692 60,5
Intergenic 48 66,7 Intergenic 13 Intergenic 23 60,9 atp6 CDS 9809 10510 702 ATG TAG forward
trnW tRNA 15145 15213 69 reverse trnC tRNA 13668 13734 67 reverse trnW tRNA 13180 13246 67 reverse Intergenic 70
Intergenic 8 Intergenic 11 Intergenic 7 nad5 CDS 10581 12299 1719 ATG TAA reverse
trnQ tRNA 15222 15290 69 reverse trnW tRNA 13746 13824 79 reverse trnQ tRNA 13254 13322 69 reverse trnH tRNA 12300 12363 64 reverse
Intergenic 51 64,7 Intergenic 7 Intergenic 250 Intergenic 16
trnE tRNA 15342 15406 65 reverse trnQ tRNA 13832 13904 73 reverse trnE tRNA 13573 13637 65 forward nad4 CDS 12380 13786 1407 GTG TAA reverse
Intergenic 323 Intergenic 3 trnG tRNA 13638 13704 67 forward nad4L CDS 13780 14076 297 ATG TAA reverse
trnG tRNA 15730 15797 68 forward trnG tRNA 13908 13974 67 reverse Intergenic 5 Intergenic il
Intergenic 99 68,7 Intergenic 20 cox3 CDS 13710 14489 780 ATG TAA forward trnT tRNA 14088 14152 65 forward
cox3 CDS 15897 16676 780 ATG TAA forward trnE tRNA 13995 14069 75 reverse Intergenic 59 61 Intergenic 4
Intergenic 195 59 Intergenic 772 62,7 trnk tRNA 14549 14607 59 forward trnS(uga) tRNA 14157 14224 68 reverse
trnk tRNA 16872 16937 66 forward cox3 CDs 14842 15627 786 ATG TAA forward trnA tRNA 14608 14677 70 forward Intergenic 49
trnA tRNA 16938 17008 71 forward Intergenic 63 39,7 Intergenic 42 59,5 trnR tRNA 14274 14344 71 forward
Intergenic 116 69 trnk tRNA 15691 15759 69 forward trnR tRNA 14720 14786 67 forward Intergenic 38 63,2
trnR tRNA 17125 17193 69 forward Intergenic 24 62,5 Intergenic 19 cox3 CDS 14383 15162 780 ATG TAG forward
Intergenic 194 62,9 trnA tRNA 15784 15850 67 forward trnN tRNA 14806 14879 74 forward Intergenic 39 43,6
trnN tRNA 17388 17459 72 forward trnR tRNA 15851 15907 57 forward Intergenic 10 trnA tRNA 15202 15270 69 forward
Intergenic 97 54,6 Intergenic 15 trnl tRNA 14890 14957 68 forward Intergenic 13
trnl tRNA 17557 17625 69 forward trnN tRNA 15923 15989 67 forward nad3 CDS 14958 15311 354 ATG TAG forward trnN tRNA 15284 15354 71 forward
Intergenic 3 Intergenic 2 Intergenic 97 62,9 Intergenic 15
nad3 CDS 17629 17982 354 ATG TAG forward trnl tRNA 15992 16068 77 forward trnS(gcu) tRNA 15409 15476 68 forward trnl tRNA 15370 15437 68 forward
Intergenic 46 52,1 Intergenic 1 nad2 CDS 15477 16616 1,14 ATG TAA forward Intergenic 1
trnS(gcu) tRNA 18029 18097 69 forward nad3 CDs 16070 16423 354 ATG TAA forward Intergenic 82 68,3 nad3 CDS 15439 15792 354 ATG TAG forward
Intergenic 3 Intergenic 13 Intergenic 9
nad2 CDS 18101 19276 1,176 ATG TAG forward trnS(gctu) tRNA 16437 16504 68 forward trnkK tRNA 15802 15871 70 forward
Intergenic 194 67,5 Intergenic 4 Intergenic 111 57,7
nad2 CDs 16509 17597 1,089 ATG TAA forward nad2 CDS 15983 17088 1106 ATG TAA forward
Intergenic 35 60 Intergenic 121 60,3

%A-T was calculated only for intergenic regions >20 pb
red cell indicates %A-T above 70%



Bolma rugosa Tegula lividkomaculata Lepetodrilus schroli

Name Gene Type Start Stop Length Codon Strand  %A-T Name Gene Type Start Stop Llength Codon  Strand %A-T Name Gene Type Start Stop Length Codon  Strand %A-T
start stop start stop start stop
cox1 CDS 1 1536 1536 ATG TAA forward cox1 CDs 1 1536 1,536 ATG TAA forward Intergenic 378 70
Intergenic 1 Intergenic 72 - cox3 DS 379 1158 780 ATG TAA forward
trnE tRNA 1538 1606 69 forward cox2 CDs 1609 2304 696 ATG TAA forward Intergenic 21
cox2 CDS 1607 2296 690 ATG TAA forward Intergenic 158 - trnkK tRNA 1180 1240 61 forward
Intergenic 136 - trnD tRNA 2463 2537 75 forward trnA tRNA 1241 1305 65 forward
trnD tRNA 2433 2504 72 forward atp8 CDs 2538 2714 177 ATG TAG forward trnR tRNA 1305 1373 69 forward
atp8 CDS 2505 2684 180 ATG TAA forward Intergenic 245 - Intergenic 1
Intergenic 85 - atp6 CDs 2960 3658 699 ATG TAA forward trnN tRNA 1375 1440 66 forward
atp6 CDS 2770 3465 696 ATG TAA forward Intergenic 49 - trnl tRNA 1441 1507 67 forward
Intergenic 33 - trnF tRNA 3708 3776 69 reverse nad3 CDS 1508 1858 351 ATG TAG forward
trnF tRNA 3498 3566 69 reverse Intergenic 357 - trnS(gcu) tRNA 1859 1924 66 forward
Intergenic 256 - nad5 CDs 4134 5873 1,74 ATG TAG reverse Intergenic 2
nad5 CDS 3823 5568 1746 ATG TAA reverse trnH tRNA 5874 5940 67 reverse nad2 CDS 1927 3018 1092 ATG TAA forward
trnH tRNA 5569 5635 67 reverse Intergenic 69 (768 Intergenic 4
Intergenic 93 - nad4 CDs 6010 7404 1,395 ATG TAA reverse cox1 CDS 3023 4567 1545 ATG TAA forward
nad4 CDS 5729 7120 1392 ATG TAA reverse nad4l CDs 7398 7697 300 ATG TAA reverse Intergenic 22
nad4L CDS 7114 7413 300 ATG TAA reverse Intergenic 83 - cox2 CDS 4590 5297 708 ATG TAA forward
Intergenic 69 [841] trnT tRNA 7781 7855 75 forward Intergenic 22
trnS(uga) tRNA 7483 7549 67 reverse Intergenic 91 802 trnl(uag) tRNA 5320 5386 67 forward
Intergenic 14 trnS(uga) tRNA 7947 8012 66 reverse Intergenic 1
cob CDS 7564 8703 1140 ATG TAG reverse Intergenic 13 trnl(uaa) tRNA 5388 5452 65 forward
Intergenic 139 - cob CDs 8026 9165 1,14 ATG TAA reverse Intergenic il
nadé CDS 8843 9349 507 ATG TAA reverse Intergenic 96 - nad1 CDS 5454 6392 939 GTG TAA forward
Intergenic 5 nadé CDs 9262 9768 507 ATG TAA reverse Intergenic 12
trnP tRNA 9355 9428 74 reverse Intergenic 4 trnP tRNA 6405 6473 69 forward
Intergenic 240 (796 trnP tRNA 9773 9841 69 reverse Intergenic 6
nad1 CDS 9669 10616 948 ATG TAG reverse Intergenic 25 68 nad6 CDS 6477 6989 513 ATG TAA forward
Intergenic 4 nad1 CDS 9867 1082 954 ATG TAA reverse Intergenic 5
trnl(uaa) tRNA 10621 10688 68 reverse Intergenic i cob CDS 6995 8131 1,137 ATG TAA forward
Intergenic 87 80,5 trnl(uaa) tRNA 10822 10889 68 reverse Intergenic 5
trnl(uag) tRNA 10776 10843 68 reverse Intergenic 91 67 trnS(uga) tRNA 8137 8203 67 forward
rrnl rRNA 10844 12466 1623 reverse trnl(uag) tRNA 10981 11048 68 reverse trnT tRNA 8204 8268 65 reverse
trnV tRNA 12467 12535 69 reverse rrnl rRNA 11049 12625 1,577 reverse Intergenic il
rrns rRNA 12536 13582 1047 reverse trnV. tRNA 12626 12695 70 reverse nad4L CDS 8280 8579 300 ATG TAG forward
trnM tRNA 13583 13651 69 reverse rrnS rRNA 12696 13759 1,064 reverse nad4 CDS 8573 9958 1,386 ATG TAA forward
Intergenic 80 825 trnM tRNA 13760 13829 70 reverse Intergenic 12
trny tRNA 13732 13801 70 reverse Intergenic 31 64,5 trnH tRNA 9971 10035 65 forward
trnC tRNA 13801 13867 67 reverse trnY tRNA 13861 13927 67 reverse nad5 CDS 10036 11766 1,731 ATG TAG forward
Intergenic 5 Intergenic 6 Intergenic 2
trnW tRNA 13873 13943 71 reverse trnC tRNA 13934 14009 76 reverse trnf tRNA 11769 11835 67 forward
Intergenic 1 Intergenic 3 Intergenic 19
trnQ tRNA 13945 14013 69 reverse trnW tRNA 14013 14079 67 reverse atp6 CDS 11855 12559 705 ATG TAA reverse
Intergenic 11 Intergenic 2 Intergenic 52
trnG tRNA 14025 14092 68 forward trnQ tRNA 14082 14150 69 reverse atp8 CDS 12612 12836 225 GTG TAG reverse
Intergenic 38 - Intergenic 123 - Intergenic 68 67,6
cox3 CDS 14131 14910 780 ATG TAA forward cox3 CDs 14274 15053 780 ATG TAA forward trnD tRNA 12905 12971 67 reverse
Intergenic 107 [72] Intergenic 70 (82,9 renL fRNA 12972 14456 1,485 reverse
trnkK tRNA 15018 15081 64 forward trnk tRNA 15124 15183 60 forward trnV tRNA 14457 14524 68 reverse
trnA tRNA 15082 15150 69 forward trnA tRNA 15184 15252 69 forward rrns rRNA 14525 15522 998 reverse
Intergenic 21 - Intergenic 87 - Intergenic 57 63,8
trnR tRNA 15172 15240 69 forward trnR tRNA 15340 15408 69 forward
Intergenic 132 - Intergenic 12
trnN tRNA 15373 15443 71 forward trnN tRNA 15421 15488 68 forward
Intergenic 20 65 Intergenic 42 -
trnT tRNA 15464 15535 72 forward trnl tRNA 15531 15599 69 forward
Intergenic 69 - Intergenic 4
trnl tRNA 15605 15672 68 forward nad3 CDs 15604 15957 354 ATG TAA forward
Intergenic 3 Intergenic 158 -
nad3 CDS 15676 16029 354 ATG TAA forward trnS(gcu) tRNA 16116 16183 68 forward
Intergenic 141 - Intergenic B
trnS(gcu) tRNA 16171 16238 68 forward nad2 CDs 16187 17350 1,164 ATG TAA forward
Intergenic 3 Intergenic 25 68
nad2 CDS 16242 17396 1155 ATG TAA forward
Intergenic 36 -
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