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SUMMARY

The transition from the marine to the terrestrial realm is one of the most fascinating
issues in evolutionary biology for it required the appearance, in different organ-
isms, of several novel adaptations to deal with the demands of the new realm. Ad-
aptations include, for instance, modifications in different metabolic pathways,
development of body structures to facilitate movement and respiration, or toler-
ance to new conditions of stress. The transition to the land also gives an extraordi-
nary opportunity to study whether evolution used similar changes at the genomic
level to produce parallel adaptations in different taxa.

Mollusks are among taxa that were successful in the conquest of the land.
For instance, several lineages of the molluscan clade Panpulmonata (Gastropoda,
Heterobranchia) invaded the intertidal, freshwater and land zones from the marine
realm. In my dissertation, using tools from bioinformatics, phylogenetics, and mo-
lecular evolution, I used panpulmonates as a suitable model group to study the
independent invasions into the terrestrial realm and the adaptive signatures in
genes that may have favored the realm transitions.

My work includes two peer-reviewed published papers and one manuscript
under review. In Publication 1 (Romero et al., 2016a), I used mitochondrial and nu-
clear molecular markers to resolve the phylogeny of the Ellobiidae, a family that
possesses intertidal and terrestrial species. The phylogeny provided an improved
resolution of the relationships within inner clades and a framework to study the
tempo and mode of the land transitions. I showed that the terrestrialization events
occurred independently, in different lineages (Carychiinae, Pythiinae) and in dif-
ferent geological periods. (Mesozoic, Cenozoic). In addition, the diversification in
this group may not have been affected by past geological or climate changes as the
Cretaceous-Paleogene (K-Pg) event or the sea-level decrease during the Oligocene.

In Publication 2 (Romero et al., 2016b), I generated new mitochondrial ge-

nomes from terrestrial species and compared them with other panpulmonates. I
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used the branch-site test of positive selection and detected significant nonsynony-
mous changes in the terrestrial lineages from Ellobioidea and Stylommatophora.
Two genes appeared under positive selection: cob (Cytochrome b) and nad5 (NADH
dehydrogenase 5). Surprisingly, I found that the same amino acid positions in the
proteins encoded by these genes were also under positive selection in several ver-
tebrate lineages that transitioned between different habitats (whales, bats and sub-
terranean rodents). This result suggested an adaptation pattern that required
parallel genetic modifications to cope with novel metabolic demands in the new
realms.

In Manuscript 1 (Romero et al., under review), I de novo assembled transcrip-
tomes from several panpulmonate specimens resulting in thousands of genes that
were clustered in 702 orthologous groups. Again, I applied the branch-site test of
positive selection in the terrestrial lineages from Ellobioidea and Stylommatophora
and in the freshwater lineages from Hygrophila and Acochlidia. Different sets of
genes appeared under positive selection in land and freshwater snails, supporting
independent adaptation events. I identified adaptive signatures in genes involved
in gas-exchange surface development and energy metabolism in land snails, and
genes involved in the response to abiotic stress factors (radiation, desiccation, xe-
nobiotics) in freshwater snails.

My work provided evidence that supported multiple land invasions within
Panpulmonata and provided new insights towards understanding the genomic ba-
sis of the adaptation during sea-to-land transitions. The results of my work are the
first reports on the adaptive signatures at the codon level in genes that may have
facilitated metabolic and developmental changes during the terrestrialization in the
phylum Mollusca. Moreover, they contribute to the current debate on the conquest
of land from the marine habitat, a discussion that has been only based in vertebrate
taxa. Future comparative genome-wide analyses would increase the number of

genes that may have played a key role during the realm transitions.



ZUSAMMENFASSUNG

ENTWICKLUNG DER LANDINVASION IN PANPULMONATA
(MOLLUSCA, GASTROPODA): MOLEKULARE ADAPATATIONEN IM
KONTEXT DES BEREICHS TRANSITIONEN

Hintergrund

Der Ubergang vom marinen zum terrestrischen Lebensraum ist eines der
faszinierendsten = Studienfelder der Evolutionsbiologie, denn um den
Anforderungen dieser neuen Umgebung gerecht zu werden, sind verschiedene
Anpassungen notig. Der Lebensraumwechsel vom Meer zum Land vollzog sich
unabhédngig in verschiedenen Organismen, beispielsweise in Flechten, griinen
Pflanzen, Arthropoden, Mollusken und Wirbeltieren. Dieser Vorgang setzte
Modifikationen unterschiedlicher somatischer Systeme und Organe voraus, welche
zunachst an aquatische Habitate angepasst waren. Zu den Beispielen dieser
Anpassungen zahlen die Entwicklung interner Atmungsorgane (Lungen) zur
Sauerstoffaufnahme aus der Luft, verschiedene Hautmodifikationen wie die
Entwicklung von Kutikula- und Keratinschichten zum Schutz vor Wasserverlust,
die Produktion neuer Stoffe zur Ausscheidung von Stickstoff (z.B. als Harnsaure
und Harnstoff) und die Prasenz eines Skeletts sowie einer starken Muskulatur, um
den Korper zu stiitzen und zu bewegen.

Der Ubergang vom Meer zum Land erdffnet ebenfalls auSergewdhnliche
Moglichkeiten, um zu untersuchen, ob die Evolution konvergenter Merkmale in
unterschiedlichen Taxa auf den gleichen Veranderungen der genetischen Ebene
beruht. Dies wiirde bedeuten, dass in unterschiedlichen Taxa dieselben Gene unter
Selektion stiinden und konvergente Merkmale auf verschiedenen organismischen
Ebenen, wie Proteinstruktur und -funktion, Stoffwechselprozesse und
Gewebeentwicklung letztlich auf den gleichen molekulargenetischen

Mechanismen beruhen.



Mollusken sind eines der Taxa, welche erfolgreich das Land eroberten. So
besiedelten mehrere Abstammungslinien der Panpulmonata (Gastropoda,
Heterobranchia) erfolgreich die Gezeitenzone und Brackwasser, Binnengewasser
(Stiswasser) und Land sowie marine Lebensraume (Salzwasser). Unter
Zuhilfenahme von Methoden der Bioinformatik, Phylogenetik und
Molekulargenetik, untersuchte ich im Zuge meiner Dissertation, unabhangige
Landgange verschiedener Gruppen innerhalb der Panpulmonata, und die damit
verbundenen genetischen Veranderungen, welche durch die Wasser-Land-

Transition favorisiert wurden.

Durchgefiihrte Studien
Meine Arbeit umfasst zwei in Fachzeitschriften publizierte Artikel sowie ein
Manuskript, welches sich noch im Begutachtungsprozess befindet. In der ersten
Publikation (Romero et al.,, 2016a) untersuchte ich die Familie der Ellobidae
(Panpulmonata, Ellobioidea). Diese Familie umfasst Arten, welche in den
Gezeitenzonen sowie in terrestrischen Habitaten vorkommen. In dieser Arbeit
nutzte ich mitochondriale und nukledare Marker (ribosomale Gene: 28S, 18S, 16S
und 12S; sowie proteinkodierende Gene: coxl und H3), um phylogenetische
Beziehungen innerhalb dieser Familie zu entschliisseln. Anschliefsend
rekonstruierte ich den phylogenetischen Stammbaum der Ellobiidae unter
Verwendung der maximum likelihood-Methode und Bayes’scher Verfahren. Die
von mir abgeleitete Phylogenie enthiillte eine verbesserte Auflosung der
Beziehungen innerhalb der Familie. Dieses Ergebnis bestatigt friithere
phylogenetische Hypothesen, welche auf morphologischen Daten basieren,
beispielsweise die Monophylien der Subfamilien Carychiinae, Ellobiinae und
Pythiinae, sowie die Einordnung von Carychiinae und Ellobiinae als
Schwestertaxa.

Die resultierende Phylogenie diente ebenfalls als Bezugssystem zur

Untersuchung der Dauer und Art des Lebensraumiibergangs. Ich zeigte, dass sich
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der Landgang innerhalb der Ellobiidae unabhangig in den Subfamilien Carychiinae
und Pythiinae vollzog. Zusatzlich wies ich nach, dass diese Ereignisse wahrend
unterschiedlicher ~ geologischer =~ Aren  geschahen (Mesozoikum  bzw.
Cenozozoikum). Desweiteren konnte ein Einfluss geologischer oder klimatischer
Ereignisse, wie das Massenaussterben der Kreide-Paldogen-Grenze (K-P-Grenze)
oder der Abfall des Meeresspiegels wahrend des Oligozédns, auf Vielfalt der
Ellobiidae ausgeschlossen werden.

In meiner zweiten Publikation (Romero et al., 2016b) sequenzierte ich
mitochondriale Genome der terrestrischen Panpulmonaten Carychium tridentatum
(Ellobioidea), Arion rufus und Helicella itala (beide Stylommatophora). Diese
Sequenzen wurden mit 47 weiteren mitochondriellen Genomen von bedeutenden
Abstammungslinien der Panpulmonata verglichen. Anschliefiend fiihrte ich einen
branch site-Test durch, um positive Selektion nachzuweisen. Der Test ergab
signifikante nicht-synonyme Mutationen in den terrestrischen Zweigen, die zu
Carychium und den Stylommatophora fiihrten. Diese Verdanderungen waren in den
Genen cob (Cytochrom b) und nad5 (NADH- Dehydrogenase 5) lokalisiert, die beide
Teil der oxidativen Phosphorylierung sind (OXPHOS Komplex III bzw. I). Die
positive Selektion beider Gene legt nahe, dass sich die Anpassung an eine
terrestrische Umgebung episodenhaft vollzog. So wies ich eine Beeinflussung der
Massenwirkungskonstante durch Aminosdureanderungen (Ionisation der
Carboxygruppe) in beiden Genen nach. Diese physiochemische Eigenschaft von
Aminosduren beeinflusst die Produktion reaktiver Sauerstoffspezies (ROS). Die
Fahigkeit der Reduktion von ROS unter neuen Stresskonditionen (z.B.
Extremtemperaturen oder Austrocknung), konnte die Anpassung einer Art an
terrestrische = Habitate  begiinstigen. = Desweiteren  verglich ich die
Aminosdauresequenzen der Proteine terrestrischer Panpulmonata, welche von cytb
und nad5 kodiert werden, mit Wirbeltieren, die ebenfalls eine Anpassung an neue
Habitate vollzogen: Wale, Fledermaduse und unterirdisch lebende Nager.

Uberraschenderweise fand ich in beiden Genen {ibereinstimmende positiv

9



selektierte Aminosduren. Dieses Ergebnis weist auf ein Anpassungsmuster hin,
welches parallele genetische Modifikationen voraussetzt, um mit neuen
metabolischen Anforderungen in einer neuen Umwelt umgehen zu konnen.
Daraus lasst sich ableiten, dass neue energetische Anforderungen des Landganges
sowie die Notwendigkeit der Toleranz gegeniiber neuen abiotischen
Stressfaktoren, die physiologische Einschrankungen in terrrestrischer
Panpulmonata veranderten und Anpassungen mitochondrialer Gene auslosten.

In Manuskript 1 (Romero et al., in review) erweiterte ich anhand von
Tanskriptomdaten die Suche nach positiv selektierten Genen in terrestrischen
Panpulmonaten. In  diesen  Datensdatzen @ waren die  terrestrische
Abstammungslinien von Carychium sp., Pythia pachyodon (Ellobioidea) sowie Arion
vulgaris (Stylommatophora) reprasentiert, wahrend Strubellia wawrai (Acochlidia),
Biomphalaria glabrata, Planorbarius corneus und Radix balthica (Hygrophila) als
Vertreter limnischer Linien analysiert wurden. Ich erstellte de novo Transkriptome
verschiedener Individuen resultierend in 50.000 bis 100.000 Transkripten (10% bis
15% funktional annotiert), welche sich auf 702 orthologe Cluster verteilen. Erneut
fithrte ich einen branch site- Test auf positive Selektion in den terrestrischen
Abstammungslinien von Ellobioidea und Stylommatophora sowie in den
limnischen Abstammungslinien von Hygrophila und Acochlidia durch. In
terrestrischen und limnischen Schnecken wurden unterschiedliche Gene positiv
selektiert, was die Hypothese unabhdngiger Anpassungsereignisse unterstiitzt. In
Landschnecken identifizierte ich adaptive Signaturen in sieben Genen, welche am
Aufbau von Aktin, dem Transport von Glukose und dem Tyrosin-Stoffwechsel
beteiligt sind. In Siifswasserschnecken fand ich 28 positiv selektierte Gene, welche
am DNA-Reparaturmechanismus, dem Abbau von Xenobiotika, dem
mitochondrialen Elektronentransport oder der Biogenese der Ribosomen beteiligt
sind. Positiv selektierte Gene waren Teil der Signalwege des Energiemetabolismus

und der Entwicklung von Atmungsoberflachen in terrestrischen Schnecken; und
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Teil der Antwort auf abiotische Stressfaktoren (Strahlung, Austrocknung,

Xenobiotika) in StiSwasserschnecken.

Fazit

Meine Arbeit erbrachte Beweise fiir multiple Landgange innerhalb der
Panpulmonata und vielversprechende Einsichten in das Verstandnis der
genetischen Grundlage der Anpassung wahrend des Landgangs. Ich konnte
nachweisen, dass sich die Anpassung an das Leben an Land mindestens zweimal
unabhédngig voneinander in den Ellobiidae vollzog (Publikation 1). Dieses Ergebnis
erweitert die Anzahl unabhangiger Landgange in den Panpulmonata (Acochlidia,
Stylommatophora, Systellommatophora) zu mindestens fiinf unabhangige
Ereignisse. Obwohl sich der Landgang in unterschiedlichen Zweigen des Baums
des Lebens vollzog, haben es nur wenige Abstammungslinien geschafft, erfolgreich
das Land zu besiedeln und dort zu bleiben. So ist meine erste Publikation ein
bedeutendes Beispiel der inhdrenten Fahigkeit von Panpulmonaten, sich an die
terrestrische Umwelt anzupassen.

Desweiteren fokussierte ich auf die Untersuchung der genetischen Basis von
Anpassungen an die nicht-marine Umwelt in Schnecken (Publikation 2,
Manuskript 1), ein Thema, welches in Invertebraten wenig untersucht ist.
Tatsachlich wurde bis zum jetzigen Zeitpunkt lediglich eine Studie verdffentlicht,
welche sich mit dem Landgang in Springschwénzen (Collembola) und Insekten
(Hexapoda) beschaftigt. Meine Arbeit ist der erste Bericht {iber adaptive Signale auf
dem Codonlevel von Genen, die Stoffwechsel- und Entwicklungsanderungen
wahrend des Landgangs im Phylum Mollusca ermdglichten, und leistet einen
wichtigen Beitrag in der wissenschaftlichen Debatte iiber Meer-Land-Transitionen,
die bisher von Erkenntnissen in Wirbeltieren dominiert wurde.

So untersuchte ich mitochondriale Genome (Publikation 2) und
Transkriptome (Manuskript 1) von Panpulmonaten und identifizierte

Anpassungen auf dem genetischen Level, speziell in den Signalwegen des
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Energiehaushaltes und der Stresstoleranz. Diese Anpassungen gewahrleisteten
wahrscheinlich das Uberleben und den Erfolg wihrend des Ubergangs zu nicht-
marinen Lebensrdumen. Ich fand Hinweise auf parallele Evolution in den
Mitochondrien von terrestrischen Panpulmonaten, jedoch nicht in den
Transkriptomen. Eine mogliche Erklarung dieses Phianomens mag sein, dass
sowohl die geringe Grofie des mitochondrialen Genoms, als auch die niedrige Zahl
kodierender Gene und die grundlegende Rolle jener Gene in der Sauerstoffatmung
die Moglichkeiten fiir Selektion begrenzt, was haufigere parallele
Evolutionsereignisse begiinstigt. Im Falle der Transkriptionsdaten, in denen die
Anzahl von Genen wesentlich hoher ist, kann Selektion unabhéngig in mehreren
verschiedenen Genen (und Stoffwechselwegen) agieren. Da ich lediglich Hunderte
von Genen analysierte, bleibt die Moglichkeit auf parallele Evolution im nukledren
Genom bestehen. Weitere vergleichende genomweite Studien, welche die Zahl von
Genen mit Schliisselrollen in der Transition zwischen Lebensrdaumen erweitern

konnten, den Einblick in eine mogliche parallele Entwicklung verbessern.
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Chapter 1: GENERAL INTRODUCTION

The transition from the marine to the terrestrial realm is one of the most fascinating
issues in evolutionary biology for it required the appearance of several novel adap-
tations to deal with novel demands in the new realm. The colonization of land from
the marine habitat occurred many times in different organisms previously adapted
to the marine habitat and involved numerous modifications. Adaptations include,
for instance, modifications in different metabolic pathways and organs, develop-
ment of body structures to facilitate movement and respiration, or tolerance to new
conditions of stress. Independent transitions to the land give an extraordinary op-
portunity to study whether evolution used similar changes at the genomic level to
produce parallel adaptations in different taxa.

Mollusks are among taxa that were successful in the conquest of the land.
For instance, several lineages of the molluscan clade Panpulmonata (Gastropoda,
Heterobranchia) invaded the intertidal, freshwater and land zones from the marine
realm. For this reason, in my dissertation, I will use panpulmonates as a model
group to study the independent invasions into the terrestrial realm and the adap-
tive signatures in genes that may have favored the realm transitions.

In the following, I will present the topic of the land invasion and describe
the evolution of Panpulmonata. Then, I will review some molecular adaptations
related to realm transitions. Furthermore, I will elaborate on the topic of convergent
and parallel evolution and link my research in this broader evolutionary context.

Finally, I will define my research questions and objectives.

1.1. The land invasion

The conquest of land by organisms that evolved from marine ancestors is a fasci-
nating topic in the evolution of life (Lillywhite, 2012). Transitions occurred multiple
times across different taxa, e.g. bacteria, embryophytes, arthropods, mollusks, an-

nelids and vertebrates (Laurin, 2010). The earliest fossils of land plants and animals
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date back from the Paleozoic (~450 Ma) (Dunn, 2013); although, there is some evi-
dence of other organisms living in the land before this period such as cyanobacteria
or algae (~1200 Ma) (Strother et al., 2011). The transition in embryophytes (the clade
including liverworts, hornworts, mosses, and vascular plants) occurred during the
Ordovician and Silurian periods (Delaux et al., 2012) (Figure 1). This transition was
benefited by the symbiotic association of the first land plants with arbuscular my-
corrhizal fungi allowing them to absorb soil nutrients in the new realm (Delaux et
al., 2015). The first direct evidence from animal fossils come from the myriapods
(centipedes and millipedes) (Figure 1), followed by other arthropod groups and
vertebrates (~370 Ma) (Laurin, 2010; Rota-Stabelli et al., 2013). Mollusks invaded
the land later. For example, fossils from Dawsonella meeki (Gastropoda, Neritimor-
pha), one of the oldest land snail known, belong to the Late Carboniferous (~300
Ma) (Kano et al., 2002).

Previous major changes in the composition of the atmosphere during the late
Proterozoic (~1000 Ma) especially, the increase of the ozone (Os) levels regulating
the ultraviolet (UV) radiation flux and the decrease of the mean global temperature,
likely, set the stage for the land invasion (Gordon and Olson, 1995). Still, the ances-
tors of land plants and animals needed to deal with many issues during the terres-
trialization including desiccation and gas exchange.

Plants generated a waxy layer named cuticle in order to avoid desiccation.
This layer is formed by a fatty acid polymer named cutin. Cuticle accumulation
works as a permeability barrier to protect against external water, soil, and contam-
ination by microorganisms, or confer rigidity in various tissues. Plants also produce
various types of phenolic compounds (lignin, suberin, anthocyanin, flavonoids,
etc.) in response to stress factors. In addition, they develop specialized epidermal
structures (stomata) to facilitate carbon uptake and control the evaporation rate

(Delaux et al., 2012).
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Million
years ago

300— — Earliest terrestrial snail fossils

Carboniferous

350

Earliest terrestrial vertebrate fossils

Forests become widespread

Devonian

400

Earliest terrestrial animal (myriapod) trace fossils
Earliest embryophyte (land plant) fossils

450

Ordovician  Silurian

Hexapods diverge on land

500
— Myriapods diverge on land

Cambrian

550

Figure 1. Timeline of the colonization of land during the Paleozoic.

Fossil evidence in animals and embryophytes is indicated with green lines. Divergence times in-
ferred from molecular data in myriapods and hexapods (Rota-Stabelli et al., 2013) is indicated with
brown lines. The 95% credibility interval is indicated with vertical lines and the mean, with a hori-

zontal line. Adapted from Dunn (2013).

Animals also generated a cuticle layer made from a combination of polysac-
charides, lipids, and structural proteins. For example, chitin is present in the exo-
skeleton of arthropods, while keratins are present in vertebrate claws, hairs, nails
and wool (Vandebergh and Bossuyt, 2012). Also, in order to obtain oxygen from
the air, animals developed vascularized air-filled cavities (lungs). In addition, ter-
restrial animals have to deal with the nitrogenous waste products; fish (and am-
phibians) produce ammonia, a highly toxic compound but highly soluble in water,
while reptiles and vertebrates excrete urea and uric acid, less toxic compounds that
require less water to be excreted. Other adaptations in animals include the devel-
opment of internal fertilization, olfactory, hearing and vision organs, structures for

movement, and complex behavior (Little, 1990).
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Although the transition to the land occurred multiple times, it has been ar-
gued that, actually, it only happened in few animal clades: annelids, arthropods,
mollusks, onychophorans, vertebrates and worms (Vermeij and Dudley, 2000). Ac-
cording to these authors, organisms well adapted for marine life will be poorly
suited for terrestrial life (competitive disadvantage) due to the drastic differences
in physical properties of both realms. Thus, most of the invasions could have only
happened during the Paleozoic when land animals and plants were absent or had
a very modest competitive ability. However, there are some examples of invasions
in crustaceans (e.g. isopods, amphipods, and brachyurans) and gastropod mollusks
(e.g. cyclophoroideans, littorinoideans, and ellobiids) during the Mesozoic and Ce-
nozoic, respectively (Vermeij and Dudley, 2000). It is likely that terrestrialization in
gastropods occurred multiple times within the same lineages (Kameda and Kato,
2011). This is the reason why I considered to study the evolution of gastropod

clades in the context of the land invasions.

1.2. Evolution and phylogeny of the Panpulmonata

Mollusks are the second most diverse group after Arthropoda and one of the most
morphologically variable metazoan phyla (Kocot, 2013). We can find within this
group worm-like organisms (Caudofoveata, Solenogastres); chitons (Poly-
placophora); clams, oysters and scallops (Bivalvia); squids and octopuses (Cepha-
lopoda); snails and slugs (Gastropoda) (Ponder and Lindberg, 2008). Especially, the
transition to non-marine habitats in gastropods resulted in one of the most signifi-
cant adaptive radiations among animals (Kocot et al., 2013), leading to terrestrial
species in several clades, e.g. Neritimorpha, Caenogastropoda, and Heterobranchia
(Kameda and Kato, 2011).

The phylogeny of Heterobranchia has been in constant change. The clade
was established uniting the former clades Allogastropoda and Pentaganglionata
and was divided in three groups: Lower Heterobranchia, Opisthobranchia and Pul-

monata (Hazprunar, 1985). Cladistic analyses based on morphological characters
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showed unresolved relationships within Heterobranchia due to the high variability
of euthyneuran anatomical characters (Dayrat and Tillier, 2002). Molecular phylog-
enies based on single, multi-locus mitochondrial or nuclear, and phylogenomic
data also showed different trees (Schrodl, 2014; Wagele et al., 2014). Traditionally,
Pulmonata was placed along Opisthobranchia in the clade Euthyneura. This clade
possesses most of the species diversity (~30,000 spp.) within Heterobranchia (Kano
et al., 2016). Mitochondrial protein-coding genes recovered a monophyletic Opis-
thobranchia and paraphyletic Pulmonata, whereas multi-locus datasets based on
ribosomal genes recovered paraphyletic Opisthobranchia and monophyletic Pul-
monata only if some clades previously assumed as Lower Heterobranchia were
added to this clade (Kocot et al., 2013) (Figure 2). The clade Panpulmonata was re-
cently established using a combination of ribosomal and mitochondrial markers
(Jorger et al., 2010). This clade contains traditional pulmonates plus opisthobranch
acochlidians and sacoglossans, and even lower heterobranch pyramidellids. Eu-
opisthobranchia was also established in the same work, reuniting other traditional
opisthobranchs such as Cephalaspidea and Anaspidea. Phylogenomic data sup-
ported the monophyly of Panpulmonata and Euopisthobranchia and their sister re-
lationship within the monophyletic clade Tectipleura (Kocot et al., 2013; Zapata et
al., 2014).

In particular, Panpulmonata are one of the most successful lineages that in-
vaded the intertidal, freshwater and land zones (Figure 3). The transition to the land
and freshwater realms occurred in several clades. For instance, Acochlidia possess
marine and freshwater species; Ellobioidea, intertidal and terrestrial species; Hy-
grophila, freshwater species; Stylommatophora terrestrial species; and Systellom-
matophora, intertidal and terrestrial species (Dayrat et al., 2011; Jorger et al., 2010;
Kano et al., 2015; Klussmann-Kolb et al., 2008). However, relationships within Pan-
pulmonata are still unresolved (Figure 4). A recent analysis supported the associa-
tion of Stylommatophora, Systellommatophora, and Ellobioidea, all of them

containing terrestrial snails and slugs (Zapata et al., 2014). Sacoglossa slugs and
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Siphonarioidea false-limpets appeared to be the first off shoots in the Panpulmo-
nata. Both clades occur in the marine realm similar to Euopisthobranchia, the sister
clade of Panpulmonata, alike to the Lower Heterobranchia, and likely, to the ances-

tor of all panpulmonates.

Ectobranchia
Architectonicoidea
Omalogyroidea
Graphididae
Murchisonellidae
—® Rhodopemorpha
Heterobranchia Orbitestellidae

[T

Cimidae

Rissoelloidea
Acteonoidea

]

J— - - Nudipl
Euopisthobranchia ’ I?eu,ra
N Tylodinoidea

Runcinacea
Euthyneura Cephalaspidea
Anaspidea
Pteropoda

Tectipleura

Sacoglossa

Siphonarioidea

Y Glacidorboidea

Panpulmonata

Pyramidellidae
Amphiboloidea
Hygrophila
Acochlidia
Eupulmonata

Figure 2. Phylogenetic relationships in Heterobranchia.

Consensus tree of the multiple phylogenetic hypotheses of the Heterobranchia based on multi-locus
and phylogenomic datasets. Well-supported nodes are represented with dots. Colors represent clas-
sic classification of current polyphyletic groups, green: opistobranchs, blue: lower heterobranchs,

pink: pulmonates. Adapted from Wégele et al. (2014).

The Ellobioidea are one of the most intriguing clades within Panpulmonata.
They possess a variety of morphologies, e.g. terrestrial and intertidal snails, plus
intertidal slugs and false-limpets. The Ellobioidea mainly occur in the intertidal and
supratidal zones (mangroves, muddy and rocky shores, and salt marshes) on trop-
ical and temperate regions (Martins, 2007). In addition, four ellobiid genera include

terrestrial species: Pythia Roding, 1798, occurring in tropical rainforests (Martins,
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1995); Carychium Miiller 1773, in Holartic forests (Weigand et al., 2013); and, Zo-
speum Bourguignat, 1856 and Korozospeum, Jochum & Prozorova, 2015, in Holarctic
karst caves (Jochum et al., 2015). Previous phylogenies, based on morphological
(Martins, 2007) and molecular data (Dayrat et al., 2011), were not able to resolve the
relationships among ellobiid lineages. I decided to choose this group to investigate
the tempo and mode of the land invasions in Panpulmonata (Publication 1, Romero
et al., 2016a). Thus, I reconstructed a well-supported phylogeny in order to test if
the land invasion occurred multiple times in the different lineages. Also, the new
phylogeny allowed me to test if the land invasion had a correlation with past geo-
logical or climatic changes, specifically with the Cretaceous-Paleogene boundary

(K-Pg) or the lowering of the sea level during the Oligocene (Romero et al., 2016a).

Freshwater

Terrestrial

Pyramidelloidea Acochlidia Amphiboloidea Systellomatophora Ellobioidea Stylommatophora Hygrophila

Figure 3. The realms of Panpulmonata.

Panpulmonata

Colors represent the different zones of panpulmonates occurrence. Purple: marine, light blue: inter-
tidal, green: freshwater, brown: terrestrial. Consensus tree based on Romero et al. under review and

Zapata et al., 2014. Snail images from Schrodl (2014).
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(a) Kocot et al., 2013 (b) Zapata et al., 2014
— Systellommatophora

L Ellobicidea
— Stylommatophora
Hygrophila
— Hygrophila
Amphiboloidea
i Siphonaricidea
Acochlidia
Sacoglossa
— Pyramidelloidea
Sacoglossa
(c) Romero et al., in review (d) Teasdale et al., pers. comm.”
—— Stylommatophora
Stylommatophora — Systellommatophora
Ellobioidea
Systellommatophora
Hygrophila
Ellobioidea Acochlidia
Acochlidia —— Amphiboloidea
Pyramidelloidea
Amphiboloidea
Siphonarioidea

Pyramidelloidea

Sacoglossa
(e) Jorger et al., 2010 (f) Schrodl, 2014
— Systellommatophora —— Systellommatophora
Ellobioidea —— Ellobioidea
Stylommatophora L Stylommatophora
Acochlidia ————— Hygrophila
Hygrophila ——————— Acochlidia
—— Amphiboloidea L Amphiboloidea
_ Pyramidelloidea Pyramidelloidea
Glacidorboidea ————— Glacidorboidea
Sacoglossa ] - Siphonarioidea
Siphonarioidea Sacoglossa

Figure 4. Phylogenetic relationships in Panpulmonata.

Consensus trees based on phylogenomic studies (a, b, ¢, d) or multi-locus mitochondrial and nuclear

data (e, f).
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1.3. Molecular adaptations in the context of realm transitions

Novel adaptations may be caused by different mechanisms of gene evolution. For
example, by changes in gene expression and in the coding sequence, expansion
(gene duplication) or contraction of gene families, and de novo gene origination from
non-coding sequences (Holloway et al., 2007; Innan and Kondrashov, 2010; Zhou
et al.,, 2008). Several studies, specially focused in vertebrate evolution, employed a
comparative approach to reveal adaptations related to evolutionary transitions. For
example, mudskippers, amphibious fishes adapted to live on mudflats, showed an
expansion of innate immune genes, possibly, to counteract novel pathogens on
land; also, they lost a short wavelength-sensitive opsin gene (SWS1) in order to
avoid damage produced by UV radiation. Moreover, they possess many V1R genes
which produce receptors that bind to small air-borne chemicals and are common in
typical terrestrial vertebrates (You et al., 2014). Coelacanths are one of the most
primitive lineages from Sarcopterygii, a clade that includes lobe-finned fishes and
tetrapods. The expansion of VR1 genes has also been demonstrated in the genome
of the coelacanth Latimeria (Nikaido et al., 2013). Additionally, sequences that act as
enhancers of genes for limb development were found in the coelacanth and in tet-
rapods, but not in ray-finned fishes (Actinopterygii) (Nikaido et al., 2013). The au-
thors suggested that many genes already present in the primitive Sarcopterygii
were later co-opted during the transition to terrestrial environments. A similar
study found at least 50 genes present in Latimeria that were lost in the tetrapod lin-
eage (Amemiya et al., 2013). These genes were implied, for instance, in fin, eye, ear
and kidney development. In the latter study, adaptive evolution in tetrapods was
suggested for the carbamoyl phosphate synthase I (CPS1) enzyme, a protein in-
volved in the efficient production of hepatic urea, because the tetrapod and amniote
branches showed signatures of positive selection (Amemiya et al., 2013).

Positive selection is a mode of natural selection that drives the increase in
prevalence of advantageous traits (Sabeti et al., 2006). Selection can be identified at

the population or species level. In the first case, population genetic approaches can
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detect ongoing selection, whereas, in the second case, comparative approaches are
more suitable to detect past selection (Nielsen, 2005). The principal tool to detect
signatures of selection in comparative data is to calculate the non-synonymous/syn-
onymous rate ratio (w = dN/dS). If there is no selection, synonymous and non-syn-
onymous substitutions should occur at the same rate and we would expect dN=dS.
Moreover, positive selection (w > 1) is expected if non-synonymous substitutions
offer a fitness advantage and have a higher fixation probability than synonymous
substitutions (Yang et al., 2000). It is possible, as in the case of the CPS1 enzyme, to
detect w > 1 in specific branches using the branch-site test of positive selection (Yang
and dos Reis, 2011). This test compares two models, the null model assumes that
neutral evolution occurred in a particular branch (called “foreground”), while the
alternative model assumes positive selection in the foreground. In this way, differ-
ent biological hypotheses about adaptive evolution can be tested statistically. More-
over, the information of amino acid positions under selection can be compared to
protein structural or served as a guidance for further experimental work, e.g. site-
directed mutagenesis (Zhai et al., 2012).

During my literature review about molecular signatures of adaptation re-
lated to the realm transition, I found only one publication that addresses this issue
in invertebrates (Faddeeva et al., 2015). In this study, the authors compared tran-
scriptomes of springtails, insects, and crustaceans, identifying signatures of adap-
tive evolution in the Collembola (springtails) and Hexapoda (springtails plus
insects) lineages. Various genes related to ion transport, homeostasis, immune re-
sponse and development appeared under positive selection suggesting their possi-
ble role during the evolution on land. The lack of studies focusing on adaptations
involved in sea-to-land transitions at the molecular level, intensifies the importance
of studying groups that exist in marine and non-marine realms, such as Panpulmo-
nata. Therefore, in my dissertation, I looked for adaptive signatures related to the

realm transition in Panpulmonata using two sets of data: mitogenomes (Publication
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2, Romero et al., 2016b) and transcriptomes (Manuscript 3, Romero et al. under re-
view). I started with mitochondrial genomes because they were better represented
in the GenBank database. In addition, mitogenomes encode 13 proteins that are
mainly conserved among the metazoan and are under high functional constraints
for they intervene in the oxidative phosphorylation (OXPHOS) pathway (da
Fonseca et al., 2008). Working with the multi-locus mitochondrial dataset was also
my first approach to programming languages required to analyze next-generation
sequencing (NGS) data from genomes or transcriptomes, faster and in an efficient
way. Then, I expanded the analysis to a higher level exploring adaptive evolution
in panpulmonate transcriptomes. Here, I analyzed hundreds of genes and learned
how to curate raw high-throughput sequencing data, to de novo assemble transcript
contigs, to annotate the transcripts and to cluster them in orthologous genes groups.
In both Publication 2 and Manuscript 3, I reconstructed phylogenetics trees, and
performed the branch-site test of positive selection in terrestrial lineages (Ellobioi-
dea, Stylommatophora) for the mitochondrial data (Romero et al., 2016b), or terres-
trial and freshwater lineages (Ellobioidea, Stylommatophora, Acochlidia,
Hygrophila) for the transcriptomic data (Romero et al., under review)

My dissertation will present results of independent land invasions within
Panpulmonata and will list genes and pathways that may have played a role during
the adaptation to new non-marine realms. These results can be considered within a

higher framework: the topic of convergent and parallel evolution.

1.4. Convergent and parallel evolution

Biologists have long distinguished between convergent and parallel evolution as
labels for the independent origin of phenotypic similarity among populations or
species (Arendt and Reznick, 2008). Parallel evolution is defined when the same
phenotype evolves multiple times independently within a given species or among
closely related species. In this case, it is assumed that similar phenotypic traits are

based on the same genes and developmental pathways. Contrastingly, convergent

23



evolution is assumed when the same phenotype appears in unrelated species, sup-
posedly, via different genes and developmental pathways (Arendt and Reznick,
2008). Cases where closely related taxa used different genetic mechanisms or dis-
tantly related taxa used the same pathways to obtain similar phenotypes can com-
plicate the application of both concepts. Furthermore, many authors have used the
terms only based on phylogenetic relationships, applying “parallelism” for closely
related species and “convergence” for distant relatives, without considering
whether similar phenotypes arose from similar or different genetic mechanisms.
Others use the terms in reference to whether the genetic mechanism is the same
(parallelism) or different (convergence) without taking into account the phyloge-
netic relatedness (Figure 5a) (Rosenblum et al., 2014).

I decided to follow Rosenblum et al. (2014) definitions on convergent evolu-
tion (Figure 5b). The authors propose different levels of convergence. First, at the
phenotypic level, convergent evolution describes the independent evolution of sim-
ilar phenotypes. Phenotypes can be similar in close or distant species and can be a
product of similar or different the genetic mechanisms. Second, parallel evolution
is a special case of convergence at the molecular level, i.e the use of shared molecu-
lar mechanisms to produce similar phenotypes. They recommend that parallel evo-
lution must be described in a hierarchical level of organization: allele, gene,
pathway, or function. The authors also proposed that convergence should be de-
scribed in a taxonomic context, for instance, convergence within a genus versus
convergence within an order.

Perhaps, one of the most documented cases in convergent evolution trig-
gered by a realm transition is the invasion of aquatic environments in mammals.
Recent genome-wide screens found in the Cetacea (whales, dolphins and por-
poises) several genes under positive selection related to osmoregulation, hypoxia,
and DNA repair in dolphins and whales (Yim et al., 2014; Zhou et al., 2013). For
example, myoglobin, the main oxygen carrier and storage protein in the muscle,

has been associated to tolerance to hypoxia and enhanced oxygen storage during
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diving. Higher concentrations of myoglobin have been found in cetaceans and pin-
nipeds (sea lions and seals) and parallel amino acid replacements in the myoglobin
from cetaceans, pinnipeds and beavers incremented the protein surface charge
probably improving the folding stability and avoiding deleterious self-associations
of these molecules (McGowen et al., 2014). Toothed whales (Odontoceti) have de-
veloped an echolocation system to communicate and navigate in the marine realm.
Prestine, a protein involved in electromotility of the outer hair cells of the cochlea
enabling sensitivity to sound, has been found under positive selection in the Odon-
toceti branch. In addition, parallel amino acid replacements, likely related to sensi-
tivity to higher frequencies associated to echolocation, were shared between the
Odontoceti and, surprisingly, Chiroptera bats (McGowen et al., 2014). These exam-
ples of parallel evolution show shared molecular mechanisms that are involved in
similar phenotypic traits and adaptation to new realms.

My main hypothesis is that convergent terrestrial lineages in Panpulmonata
shared molecular mechanisms in order to adapt to the land. Thus, I will explore if
parallel evolution occurred in land snails from terrestrial Ellobioidea and Stylom-
matophora species using mitochondrial and nuclear protein-coding genes. Then, I
will analyze adaptive evolution at the gene level. Finally, I will compare my results
with recent literature to evaluate similar patterns of adaptive evolution in genes or

pathways that have been related to realm transitions.
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a) Conflicting definitions of convergence and parallelism.

r A
Phylogenetic relatedness
Distantly related Closely related

Molecular Dissimilar Similar Dissimilar Similar
mechanism
Morphologist’'s Convergent Convergent Parallel Parallel
view evolution evolution evolution evolution
Geneticist’s Convergent Parallel Convergent Parallel
view evolution evolution evolution evolution

¥ J

b) Definitions used in this thesis according to Roseblum et al. (2014).

s ™

Convergent evolution

4 B

Phylogenetic Distantly Closely
relatedness related related
Parallel Shared molecular mechanism at different hierarchical levels:
evolution Gene, allele, network, pathway, function

Figure 5. Previous and proposed definitions of convergence and parallelism.

Parallel evolution is a case of convergent evolution that occurs when shared molecular mechanisms
produce a similar phenotype and it will be described only in a hierarchical level, from genes to

functions. Adapted from Rosenblum et al. (2014).
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1.5. Thesis questions and objectives

The main purpose of my thesis is to understand the evolution of the terrestrializa-
tion in Panpulmonata. Thus, I propose the following objectives in order to compre-
hend this process:
1. To study the tempo and mode of the terrestrialization using the pan-
pulmonate clade Ellobioidea (Publication 1).
Here, I choose the family Ellobiidae which possess intertidal and terres-
trial taxa to study the convergent land invasions and enquired these
questions:
a. Were the sea-to-land transitions in the Ellobiidae independent?
b. Do they occur at the same geological era and were influenced by
the similar historical geoclimatic changes?
2. To analyze adaptive evolution in the context of the terrestrial invasion
within Panpulmonata (Publication 2 and Manuscript 1).
Here, I used mitogenomic and transcriptomic data from marine, inter-
tidal, freshwater and terrestrial panpulmonates to test parallel signatures
of adaptation at the molecular level during the land invasion and consid-
ered these questions:
a. Are there signatures of positive selection in the mitogenomes or
transcriptomes of terrestrial panpulmonates?
b. What is the function of the genes under positive selection and in

which pathways are they involved?

My objectives aim to answer different questions related to conquest of the
land realm by panpulmonates using tools from bioinformatics, phylogenetics, and
molecular evolution. Furthermore, I will discuss the results in the context of con-
vergent evolution, and show parallel molecular mechanisms that may have in-
volved during the transition to the new realms. A conceptual summary of the thesis
is provided in the next page (Figure 6).
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Chapter 2: GENERAL DISCUSSION

My work includes two peer-reviewed publications (Romero et al., 2016a; Romero
et al., 2016b) and one manuscript (Romero et al., under review). In this chapter, I will
synthetize the work presented in these three reports, try to answer the questions
presented in the objectives section (Figure 6), and evaluate convergent evolution

during the conquest of the land by panpulmonates.

2.1. Tempo and mode of the terrestrialization within Panpulmonata

In Publication 1 (Romero et al., 2016a), I studied the land invasion in the family
Ellobiidae, the only family within the clade Ellobioidea. The latest classification di-
vides this group in five subfamilies: Carychiinae, Ellobiinae, Melampodinae, Pedi-
pedinae, and Pythiinae (Martins, 2007). Terrestrial species, whose development and
reproduction are completely independent from aquatic environments, have been
reported in the subfamily Carychiinae (Weigand et al., 2013) and in some species of
the subfamily Pythiinae (Kano et al., 2015). However, phylogenetic analyses based
on morphological or molecular markers were not able to resolve the evolutionary
relationships in the Ellobiidae. Previous trees particularly failed to support the
monophyly of the subfamilies (Dayrat et al., 2011).

My work expanded the number of genetic markers and samples in compar-
ison with previous works. I proposed a new tree based on six molecular markers:
mitochondrial 16S rRNA, 125 rRNA, and cytochrome oxidase I (coi); nuclear 185
rRNA, 285 rRNA, and histone 3 (H3). In addition, I expanded the taxon sampling
using almost all of the Ellobiidae genera: Carychiinae (2 genera used/3 accepted
genera), Ellobiinae (5/5) Melampodinae (3/5), Pedipedinae (2/4), and Pythiinae
(8/8). The new phylogeny (Figure 7), reconstructed using maximum likelihood and
Bayesian methods, supported the monophyly of the subfamilies Carychiinae,
Ellobiinae, and Pythiinae. In addition, it supported the sister relationship within

Ellobiinae and Carychiinae.
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My results clearly supported that terrestrial ellobiids belong to different sub-
families, and that these subfamilies are reciprocally monophyletic. Thus, I propose
that the land invasion occurred independently in different lineages (Carychiinae
and Pythiinae), probably via the intertidal zone (rocky shores, estuaries and man-
groves). The intertidal zone displays a wide range of variation in physical factors;
therefore, organisms living in this kind of habitat must adapt to changing condi-
tions and stress (Dayrat et al., 2011). In particular, ellobiids are able to breath oxy-
gen from the air using their pulmonary cavity, and tolerate desiccation in their
environment (Little, 1990). These adaptations are already present in intertidal line-

ages and should have helped the success during the invasion of the land.

Pythiinae

— Ellobiinae

—— Carychiinae

_____ Melampodinae

————— Pedipedinae é%

_____ Trimusculinae

Onchidiidae
(outgroup)

Figure 7. Phylogenetic relationships of the Ellobiidae (Heterobranchia, Ellobioidea)

Consensus tree adapted from Romero et al. (2016a). Subfamilies highlighted in bold possess terres-
trial species. Dashed lines represent subfamilies not supported in the phylogenetic reconstructions.

Shell images (not to scale) from the Natural History Museum Rotterdam.
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The terrestrialization in Ellobiidae occurred at least twice in different geo-
logical times (Figure 8). First, terrestrial Carychiinae likely originated during the
Mesozoic (Upper Cretaceous) and diversified after the Cenozoic after the Creta-
ceous-Paleogene (K-Pg) boundary. The K-Pg event, caused by the impact of an as-
teroid, triggered a mass extinction that generated open niches for the diversification
of different lineages of land snails, reptiles (including birds), and mammals (Breure
and Romero, 2012; Proches et al., 2014). Mangroves also appeared during the Upper
Cretaceous (Ellison et al., 1999) and could have provided transitional habitats in the
intertidal zone facilitating the land invasion (Romero et al., 2016a). Provided that
Carychiinae live in Holarctic forests (Weigand et al., 2013) and karst caves (Jochum
et al., 2015), I suggest that they invaded the land first through the intertidal zone
and then colonized their current habitat via active and passive dispersal. The origin
of the Carychiinae seems to be long before the K-Pg, so there is no strong support
that this event influenced the terrestrialization.

Second, the terrestrial Pythia species probably appeared and invaded the
land during the Miocene. Provided that other species from the same genus are su-
pratidal, I also suggest that the invasion occurred first through the intertidal zone
and that they then actively dispersed to conquer tropical rainforests close to the sea
achieving a life cycle totally independent from the marine environment. The inva-
sion of the intertidal zone could have been facilitated by the regression of the sea
level during the Oligocene. However, as the terrestrial Pythia species appeared
later, there is not supported correlation between the land invasion and the marine
regression.

Moreover, I analyzed the diversification in the Ellobiidae using lineage-
through-time plots (LTT) and diversification models, and did not find a significant
correlation among historical geoclimatic changes and the diversification rates
within this family (Romero et al., 2016a). The addition of more ellobiid species and
the use of better diversification models along with shell fossils would be useful to

understand the origin and diversification in the Ellobiidae.
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Figure 8. Time-scale of the terrestrialization in the Ellobiidae.

The possible origin of the terrestrial Ellobiidae (subfamily Carychiinae and Pythia sp.) is plotted
along with different geoclimatic events such as the origin of the mangroves during the Upper Cre-
taceous, the Cretaceous-Paleogene boundary (K-Pg), and the sea level regression (SLR) during the

Oligocene. Adapted from Romero et al. (2016a).

2.2. Adaptive evolution in the context of terrestrialization

2.2.1. Mitochondrial genomes

In Publication 2 (Romero et al 2016b), I generated new mitochondrial genomes from
terrestrial panpulmonates. The mitochondria from Carychium tridentatum Risso,
1826 (Ellobioidea), Arion rufus Linnaeus, 1758 and Helicella itala Linnaeus, 1758
(both, Stylommatophora) were obtained using both Sanger sequencing and 454 py-
rosequencing. These mitochondria were compared them with 47 other mitoge-
nomes from all major panpulmonate lineages. Initially, I focused on mitochondrial
evolution because mitochondria possess relatively few protein-coding genes (13)

that are deeply involved in the oxidative phosphorylation (OXPHOS) pathway.
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This means that amino acid changes in these genes are under high selective pres-
sure for they can directly influence the metabolic performance of the cell (da

Fonseca et al., 2008).

1
pesssmms{  Stylommatophora

Hygrophila

Pyramidelloidea

Amphiboloidea
Systellommatophora

Panpulmonata L L Ellobicidea

Tectipleura h 2
AN

Euthyneura Siphonarioidea
\+

Sacoglossa

Euopistobranchia

| Nudipleura

Lower Heterobranchia

Figure 9. Consensus tree of the Euthyneura based on mitochondrial protein-coding

genes.

Positive selection was found in the branch leading to stylommatophoran land snails (1) and in the
terrestrial ellobiid Carychium (2). Colors represent the different realms where species occur: marine
(purple), intertidal (light blue), freshwater (green), and terrestrial (brown). Adapted from Romero
et al. (2016).

I applied the branch-site test of positive selection to the mitochondrial eu-
thyneuran tree (Figure 10). I was particularly interested in the terrestrial lineages
from Ellobioidea (Carychium) and Stylommatophora. Two genes appeared under
positive selection in both branches: nad5 (NADH dehydrogenase subunit 5) and cob
(cytochrome b). These genes belong to the mitochondrial respiratory complex I and
I1L, respectively (Publication 2, Romero et al., 2016b).

Positive selection has been consecutively reported in the mitochondrial com-
plex I (Figure 10a) from different vertebrates such as fishes and rodents (Garvin et

al., 2015). This complex participates in the oxidation of NADH (reduced nicotina-
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mide adenine dinucleotide) and the transfer of electrons to the coenzyme ubiqui-
none, which passes these electrons to the respiratory complex III. Electron transfer
is associated with proton movement across the membrane and it is driven by proton
pumps. This process may be coordinated by the lateral helix HL which also pro-
vides structural stability needed for long range energy transmission (Efremov and

Sazanov, 2011; Wirth et al., 2016).

(a) (b)

NuolL/ND5

NuoN/ND2

NuoJ/ND6
NuoK/ND4L

Helix HL ' 35
522 | Gmery
5249 1 528™s530

Figure 10. Three-dimensional structure of the respiratory complex I from Esche-

richia coli (PDB ID: 3RKO).

(a) Homologous mitochondrial proteins (NADH) are shown for every subunit. Alpha helices are
drawn as tubes. (b) A section of the ND5 subunit showing the first portion of the helix HL. Amino
acid positions that appeared under positive selection in different taxa are highlighted in yellow
(Garvin et al., 2015; Romero et al., 2016b; Tomasco and Lessa, 2011). Positions under positive selec-
tion in terrestrial panpulmonates (Carychium tridentatum and the branch leading to Stylommatoph-
ora) are shown in bold. The 3D structure was obtained from GenBank and visualized in the software

Cn3D.
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I found signatures of positive selection on three sites from the ND5 helix HL
in the terrestrial panpulmonate branches (Figure 9 and 10b). These sites are homol-
ogous to positions 527, 531 and 532 in Escherichia coli (Figure 10b) and are situated
in a region that has been under positive selection in cetaceans, salmons, otariids
and caprines (Garvin et al., 2015). In particular, position 527 appeared under posi-
tive selection in cetaceans, subterranean rodents and in terrestrial snails (Romero et
al., 2016b; Tomasco and Lessa, 2011). It has been suggested that mutations in the
proton pumping proteins may influence fitness because they are deeply involved
in the respiratory control (translocation of H+) and can alter the production of re-
active oxygen species (ROS) (Garvin et al., 2011).

In addition, I found positive selection in the mitochondrial cytochrome b
(cob) from the terrestrial panpulmonate branches, a protein part of the respiratory
complex III (Figure 11a). The protons released at this level also contribute to create
the electrochemical gradient in the intermembrane space of the mitochondria
(Garvin et al., 2015). The position under positive selection, 158 in the Bos taurus pro-
tein structure (Figure 11b), is located on the cd2 helix and has also been implicated
in the creation of the proton gradient necessary for the production of ATP
(McClellan et al., 2005).

Cytochrome b has also been under selection in vertebrates such as bats and
whales. In bats, amino acid changes in the OXPHOS proteins were associated with
the adaptation to fly (Shen et al., 2010). The authors suggested that as flying re-
quires an increment in the metabolic rate compared to moving on land, adaptive
evolution favored mutations in the mitochondrial genes that are involve in energy
metabolism. Additionally, whales presented signatures of positive selection in this
position in comparison with artiodactyls, their sister group. In this case, amino acid
changes in CYTB were probably a response to new metabolic demands during ce-
tacean cladogenesis during the transition from land to water habitats (McClellan et

al., 2005).
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Given that the same positions were under selection, in both nad5 and cob, in
terrestrial panpulmonate branches and in other vertebrates that transitioned from
different realms (whales or subterranean rodents), and that the respiratory complex
genes were also under selection in bats that transitioned from moving on land to
flying in the air, it is possible that parallel adaptive evolution also occurred in the
terrestrial panpulmonate OXPHOS genes in order to cope with the new energetic
demands on land, e.g. to move and sustain the body mass without the aid of the

buoyancy force.

(a) (b)

helix cd2

Figure 11. Three-dimensional structure of the respiratory complex III from the do-

mestic cow Bos taurus (PDB ID: 1BGY).

(@) The complex consists of 11 dimeric subunits corresponding to the cytochromes b and c1. The
section in the box corresponds to a subunit of the cytochrome b (CYTB). Alpha helices are drawn as
tubes. (b) A section of the CYTB showing the cd2 helix highlighted in yellow. Positions under posi-
tive selection are shown in bold: Cetaceans, position 158 and position 166 (McClellan et al., 2005);
terrestrial panpulmonates (Carychium tridentatum and the branch leading to Stylommatophora), po-
sition 158 (Romero et al., 2016b). The 3D structure was obtained from GenBank and visualized in

the software Cn3D.
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Finally, I found that the changes alter the equilibrium constant physicochem-
ical property of the amino acids (ionization of COOH). This property may influence
the overall metabolic efficiency reducing the production of reactive oxygen species
(ROS). ROS reduction has been linked to a tolerance to desiccation in supratidal
algae (Flores-Molina et al., 2014), and to the increase of individual longevity
(Beckstead et al., 2009). Thus, I propose that adaptations in the mitochondrial genes
were triggered by the necessity to deal with new energetic demands and to tolerate

new abiotic stress factors in the terrestrial realm.

2.2.2. Transcriptomes
In Manuscript 1 (Romero et al., under review), I expanded the search of genes under
positive selection in the terrestrial panpulmonates using transcriptome data. In this
dataset, terrestrial lineages were represented by Carychium sp., Pythia pachyodon
Pilsbry and Hirase, 1908 (Ellobioidea), and Arion vulgaris Moquin-Tandon, 1855
(Stylommatophora), while freshwater lineages were represented by Strubellia
wawrai Brenzinger, Neusser, Jorger and Schrodl, 2011 (Acochlidia), Biomphalaria gla-
brata Say 1818, Planorbarius corneus Linnaeus, 1758 and Radix balthica Linnaeus, 1758
(Hygrophila). In this work, I de novo assembled transcriptomes from these and other
panpulmonates resulting in 50,000 — 100,000 transcripts per species, of which 10 —
15% were functionally annotated. These transcripts were clustered in 702 ortholo-
gous groups, of which 382 were used to reconstruct the phylogenetic relationships
within Panpulmonata (Figure 12). Again, I applied the branch-site test of positive
selection to the terrestrial lineages from Ellobioidea and Stylommatophora. I also
applied it to the freshwater lineages from Hygrophila and Acochlidia.

Different sets of genes appeared under positive selection in land and fresh-
water snails. In land snails (Fig. 12; 1, 3, 4), I identified a gene involved in the uptake
of carbohydrates (sodium-glucose cotransporter). In this case, I suggest that im-

proving glucose absorption could be an adaptive response to increased energetic
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demands in the terrestrial realm as previously discussed in the mitochondrial sec-
tion. In addition, one gene selected in Pythia (Fig 12; 3) is linked to the tyrosine
metabolism. In invertebrates, tyrosine is ligated to the element iodine during the
production of thyroid hormones (TH’s) (Heyland et al., 2006). Remarkably, a pre-
vious study noted that TH's are necessary for the development of the lung in ver-
tebrates. They influence the expression of fibroblast growth factors and bone
morphogenic proteins required for differentiation of the thyroid gland and lung

tissue from foregut mesoderm during embryo development (Crockford, 2009).

F1 Stylommatophora
IT Systellommatophora
—
4  Ellobioidea
5
I| Acochlidia
7
6 9 .
8 Hygrophila
10
Amphiboloidea

Pyramidelloidea

Figure 12. Unrooted tree showing the relationships within Panpulmonata based on

382 orthologous groups.

Positive selection was tested in terrestrial branches (1: Arion; 2: the branch leading to terrestrial
ellobiids; 3: Carychium; 4: Pythia), and in freshwater branches (5: Strubellia; 6: the branch leading to
freshwater Hygrophila species; 7: Radix; 8: the branch leading to Planorbarius and Biomphalaria; 9:
Planorbarius ;10: Biomphalaria). Colors represent the different realms in which species occur: marine
(purple), intertidal (light blue), freshwater (green), and terrestrial (brown). Adapted from Romero

et al. (under review).
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Land snails needed to breath air in the terrestrial realm. Thus, they modified
their respiratory system by losing gills and altering the inner surface of the mantle
into a lung (Dayrat et al., 2011). Therefore, I propose that, in mollusks, the tyrosine
pathway may be linked to the development of novel gas-exchange surfaces (lungs)
that facilitated the conquest of the land.

In freshwater snails, I identified genes related to stress tolerance. For exam-
ple, in Strubellia (Fig. 12; 5), one gene under positive selection encodes structural
ribosomal protein. Adaptive evolution during the realm transition has been sug-
gested in ribosomal proteins in freshwater plants. Given that the ribosomal machin-
ery is salt-sensitive, and that freshwater animals are hypertonic, whereas marine
animals are hypotonic, mutations at this level could have triggered tolerance to new
osmotic conditions (Wissler et al., 2011). Another gene under positive selection in
this taxon encodes the cytochrome P450. This protein is involved in the metabolism
of xenobiotics such as carcinogens or environmental pollutants. Adaptive evolution
in this protein has been reported for insects in response to plant defense and insec-
ticides. Also, cytochrome P450 appeared under selection in terrestrial hexapods in
comparison to other marine arthropods (Faddeeva et al., 2015). Thus, it is likely that
mutations in cytochrome P450 in mollusks may have been useful to metabolize or
tolerate new organic pollutants present in the freshwater realm.

In Radix (Fig 12; 7), I found a DNA methyltransferase gene under positive
selection. This protein belongs to the DNA repair pathway against damage pro-
duced by ultraviolet (UV) radiation (Lee et al., 2015). DNA repair genes have been
shown under positive selection in terrestrial hexapods in comparison to marine
ones (Faddeeva et al., 2015), in mudskipper fishes living in transitional habitats like
mudflats (You et al., 2014), and in antelopes living in high altitude environments
(Ge et al., 2013). Provided that different UV radiation could differentially affect ma-
rine and freshwater realms, mutation in DNA genes could have helped in the
maintenance of genomic integrity and tolerance to new conditions of radiation in

the freshwater realm.
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In summary, genes in some terrestrial lineages were related to energy me-
tabolisms and the differentiation of gas-exchange tissues; while in some freshwater
lineages, they were related to tolerance to different types of abiotic stressors, such
as osmotic pressure, UV radiation and xenobiotics. The occurrence of multiple ter-
restrial and freshwater lineages in Panpulmonata highlights this group as suitable
model to study convergent evolution. It is likely that a wider screening of ortholo-
gous clusters in panpulmonates would result in many other pathways related to

the conquest of the terrestrial realm.

2.3. Convergent evolution

Here, I present a hierarchical evaluation of possible parallel changes that occurred
in terrestrial snails as a response to the land invasion. First, in the mitochondria,
there were two different branches that appeared under positive selection: Cary-
chium and the branch leading to Stylommatophora. At the gene level, nad5 and cob
showed significant nonsynonymous changes compared to other mitochondrial
genes according to the branch-site test of positive selection (Publication 2; Romero
et al., 2016b). At the amino acid level, specific positions under selection in the ter-
restrial branches do not present identical amino acids for all taxa nor similar amino
acid properties, i.e. they can be hydrophobic or hydrophilic (Table 1). Therefore,
parallel changes occurred in both genes but they did not change codon or amino
acid information in an identical way. Examples of parallel changes that resulted in
identical amino acids were reported for whales and bats in the prestin gene related
to echolocation (McGowen et al., 2014). However, when other hearing genes such
as Tmcl (transmembrane cochlear-expressed gene 1) and Pjvk (Pejvakin) were ana-
lyzed in dolphins and bats, results were mixed; some positions under selection
shared identical amino acids, while others showed different amino acids (Davies et
al., 2012). At the pathway level, both genes, nad5 and cob, are part of the mitochon-
drial respiratory complexes involved in the oxidative phosphorylation and produc-

tion of ATP.
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Second, results from the transcriptomes showed positive selection in several
different genes but most of them occurred on single branches (Carychium, Radix,
Strubellia) suggesting that molecular adaptations to terrestrial or freshwater realms
occurred independently. It must be noted that in comparison to mitochondrial ge-
nomes, which possesses few genes present that are conserved and easily identified;
the nuclear genome has many thousands of genes that can be expressed and, in
some cases, are more difficult to identify or annotate. As I was able to analyze ap-
proximately 700 orthologous genes out of approximately 20 000 genes genome
wide, it is likely that other genes not included in my work could show signatures
of positive selection in the land or freshwater lineages. Moreover, it is possible that
adaptive evolution occurred in similar genes in the mitochondrial genomes because
there are fewer possibilities where mutations can occur (13 protein-encoding
genes), and selection can act on. In addition, molecular pathways in the mitochon-
dria are under high functional constraints; therefore, it is expected that many non-
synonymous changes result in deleterious mutations. Thus, if some mutations can
improve the metabolic performance, they would probably tend to be used in dif-
ferent organisms adapting to high demanding habitats. In contrast, there are many
more genes in the nuclear genome involved in even more metabolic pathways.
Therefore, parallel molecular adaptations could occur in higher levels such as path-
ways or networks, and not necessarily at the gene, codon, or amino acid level.

One example of parallelism at a higher level of organization is the interac-
tions between mitochondrial and nuclear genomes and proteins. I provided several
examples of adaptive evolution in mitochondrial genes from the OXPHOS path-
way. There are other mitochondrial metabolic pathways, such as the tricarboxylic
acid cycle (Krebs cycle). This cycle comprises by proteins encoded in the nuclear
genome that relocate in the mitochondrial matrix. One of these proteins (IDH2) has
been shown under positive selection possibly as an adaptation to increased energy

demands required by bigger brains in cetaceans and mammals or to flight in bats

41



(Ai et al., 2014). Thus, despite the fact that different genes are under positive selec-
tion in both genomes, their metabolic pathways converge in the same purpose: to
produce more energy for the cell. Given that mitochondrial and nuclear evolution
are tightly connected, it would not be surprising to find more examples of adaptive
evolution in different genes and pathways that interconnect in higher levels of or-

ganization.

Table 1. Amino acid classification of each site under positive selection in the mito-

chondrial genome of terrestrial panpulmonates®.

(a) nad5

Nuol Nuol Nuol Nuol
Taxon 527 Classification 528 Classification 531 Classification 532 Classification
Aegista | Hydrophobic N Polar neutral S Polar neutral N Polar neutral
Arion N Polar neutral Y Hydrophobic S Polar neutral S Polar neutral
Camaena S Polar neutral F Polar neutral M Hydrophobic N Polar neutral
Carychium H Polar positve M Hydrophobic E Polar negative H Polar positive
Dolicheulota F Polar neutral P Hydrophobic | Hydrophobic N Polar neutral
Gastrocopta S Polar neutral H Polar positve S Polar neutral S Polar neutral
Helicella V Hydrophobic P Hydrophobic S Polar neutral S Polar neutral
Mastigeulota \% Hydrophobic L Hydrophobic V Hydrophobic N Polar neutral
Pupilla S Polar neutral H Polar positive G Hydrophobic S Polar neutral
Vertigo S Polar neutral M Hydrophobic S Polar neutral S Polar neutral
Baleanopteridae F Polar neutral S Polar neutral S Polar neutral T Hydrophobic
(b) cob

Bos

cob
Taxon 158 Classification
Aegista T Hydrophobic
Arion G Hydrophobic
Camaena E Polar negative
Carychium A Hydrophobic
Dolicheulota E Polar negative
Gastrocopta G Hydrophobic
Helicella D Polar negative
Mastigeulota D Polar negative
Pupilla E Polar negative
Vertigo G Hydrophobic

N

Baleanopteridae Polar neutral

*For comparison, the same amino acid position in cetaceans (Baleanopteridae) from Garvin et al.
(2015) is shown. Position numbering based on the homologous sequences in E. coli (nad5) and B.

taurus (cob).
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2.4. Conclusions and outlook

In my dissertation, I tried to answer a number of questions related to the land in-
vasion in Panpulmonata. First, I found that land transitions are not uncommon
within this group. For example, in the superfamily Ellobioidea, the land invasion
occurred at least twice in independent branches: the Carychiinae and a subclade of
the genus Pythia. In addition, both realm transitions occurred in different geological
periods, Cretaceous and Miocene, respectively. Second, I found different genes in
the mitochondrial and nuclear genomes that could be involved in the adaptation to
the realm transition. These genes belong to pathways that may have facilitated the
success during the transition out of the marine realm improving the overall energy
metabolism and tolerance to new biotic and abiotic stress factors. Especially, paral-
lel changes in the mitochondrial genes nad5 and cob in invertebrates and even in
vertebrates suggest a general pattern of convergent evolution to deal with novel
metabolic demands in a new realm.

My thesis contributed new evidence about the tempo and mode of the ter-
restrialization in mollusks, as well as new insights to understand the genomic basis
of the adaptation during the sea-to-land transitions. Remarkably, it included mol-
lusks into the current debate on the molecular adaptations related to the conquest
of the land, a discussion that has focused only on vertebrates and insects. My results
showed that panpulmonates are a suitable group to study convergent and parallel
evolution during the conquest on the land, and will definitively be useful for future
comparative genomic analyses and experiments to study the key molecular adap-
tations during the realm transitions.

Hence, positions that appeared under selection and seem promising to un-
derstand the molecular adaptations could be tested using experimental procedures,
to test the influence of nonsynonymous changes in different metabolic pathways.
Furthermore, other approaches using more complete genome information can be
used along with data from positive selection analyses. An example from mudskip-

pers showed that studying the expansion or loss of gene families and the up- or
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down-regulation of transcription factors could also illuminate the evolution of ad-
aptations to non-marine habitats (You et al., 2014). In addition, recent studies
showed that freshwater eukaryotes have higher rates than marine ones
(Mitterboeck et al., 2016a) and, in the case of insects, terrestrial species have higher
rates than freshwater ones (Mitterboeck et al., 2016b). Moreover, several genes
linked to lipid metabolism, muscle physiology and sensory systems accelerated
their evolutionary rates from different marine mammal lineages that transitioned
from land to an aquatic realm (Chikina et al., 2016).

Indeed, accelerated evolution of the mtDNA has been found in several ter-
restrial snail and slug species (Pinceel et al., 2005; Thomaz et al., 1996), and fresh-
water snails (Nolan et al., 2014; Pfenninger et al., 2006). Furthermore, I also found
that nonsynonymous changes in the mitochondrial protein-coding genes are more
frequent in freshwater Hygrophila and even more frequent in terrestrial Stylom-
matophora in comparison to other intertidal and marine panpulmonates (Romero
et al., 2016b). Thus, it would be necessary to extend the analysis to nuclear data in
order to evaluate if evolutionary rates are also increased in terrestrial or freshwater

panpulmonate genomes.
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Gastropods of the family Ellobiidae are an interesting group in which to study transitions from intertidal
to terrestrial realms. However, the phylogenetic relationships within this family still lack resolution. We
present a phylogenetic hypothesis of the Ellobiidae based on Bayesian and maximum likelihood phylo-
grams. We used nuclear (18S, 28S, H3) and mitochondrial (16S, 12S, COIl) data, increasing the numbers
of markers and data, and making this the most comprehensive phylogenetic study of the family to date.
Our results support phylogenetic hypotheses derived from morphological data, and provide a supported

::(g“r/vzmi:;e framework to evaluate the internal relationships within Ellobiidae. The resulting phylogenetic trees
Pytl};iinae support the previous hypothesis that the Ellobiidae are monophyletic only if the Trimusculinae (Otina,

Smeagol and Trimusculus) are considered part of this family. In addition, we found that the Carychiinae,
Ellobiinae and Pythiinae are reciprocally monophyletic and closely related, with the Carychiinae as sister
group to Ellobiinae. Relationships within Melampodinae and Pedipedinae and their phylogenetic
positions remain unresolved. Land invasion by the Ellobiidae occurred independently in Carychiinae
and Pythia during different geological times (Mesozoic and Cenozoic, respectively). Diversification in
the family does not appear to be related to past climate and biotic changes, neither the Cretaceous—
Paleogene boundary nor the lowering of the sea level in the Oligocene.

© 2015 Elsevier Inc. All rights reserved.

Terrestrial invasion
Realm transitions
Molecular clock
Topology tests

1. Introduction

The conquest of land by organisms that evolved from aquatic
ancestors represents one of the most astonishing events in Earth’s
history of life (Lillywhite, 2012). This step was achieved multiple
times in different phyla by means of specific adaptations in
osmoregulation and water balance, air breathing, nitrogen
excretion, reproduction, locomotion and behavior (Little, 1990).
Gastropods are one of the most successful taxa to have developed
terrestrial lineages; land invasion has been achieved several times,
for example in Neritimorpha, Caenogastropda, and Heterobranchia
(Kameda and Kato, 2011).

* This paper was edited by the Associate Editor Jan Strugnell.
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Within Heterobranchia, the clade Panpulmonata includes
several lineages that invaded the intertidal zone and non-marine
ecosystems, for instance, Acochlidia, Ellobiidae, Hygrophila, Sty-
lommatophora and Systellommatophora (Klussmann-Kolb et al.,
2008; Jorger et al., 2010; Kano et al., 2015). Previous phylogenetic
studies suggested that the evolution of panpulmonate terrestriality
has occurred multiple times (Barker, 2001), although there is still
controversy about the direction of the transitions between realms.
Only solid phylogenetic hypotheses can serve as a framework to
clarify the origins of this ecological diversity and the habitat
transitions. Panpulmonate phylogeny therefore has important
implications for understanding how gastropods transitioned out
of marine habitats, resulting in one of the most significant adaptive
radiations among animals (Kocot et al., 2013).

The panpulmonate family Ellobiidae (hollow-shelled snails) are
a characteristic component of the intertidal and supratidal zones
of mangrove forests and muddy shores in tropical regions world-
wide, as well as of salt marshes and upper littoral rocky areas in
temperate regions (Martins, 1996). In addition, three ellobiid genera
include truly terrestrial species, which are independent from any
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aquatic habitats: Pythia Réding, 1798 in the Indo-western Pacific
(for instance Pythia colmani Martins, 1995 living in the rainforest
of Papua New Guinea; Martins, 1995), Carychium Miiller, 1773 in
the litterfall of forests and Holartic riparian zones, and Zospeum
Bourguignat, 1856 in European karst caves (Barker, 2001). Approx-
imately 800 species names have been proposed for ellobiids, of
which 100 (Mordan and Wade, 2008) to 250 (Weigand et al.,
2013) are likely to be valid. The latest classification proposes five
subfamilies within the Ellobiidae: Ellobiinae, Carychiinae, Melam-
podinae, Pedipedinae, and Pythiinae (Martins, 2007), although
some authors have recognized a family rank for Carychiinae
(Jorger et al., 2010; Weigand et al., 2013).

Morphological data have not been sufficient in determining the
phylogenetic relationships within Ellobiidae, nor the systematic
position of the family among panpulmonates (Morton, 1955;
Dayrat and Tillier, 2002; Martins, 2007). However, the subfamilies
can be distinguished by anatomical characters in the reproductive
and nervous systems. The Carychiinae, Pedipedinae and Pythiinae
are monoaulic (i.e. they possess a single hermaphroditic duct),
whereas the Ellobiinae are diaulic (male and female ducts run
separately), and the Melampodinae are semidiaulic (male and
female gonoducts distally separated). In addition, the Pedipedinae
and Melampodinae can be distinguished from species in the other
subfamilies by their short visceral nerve ring (Martins, 2007).

Previous molecular phylogenetic studies were also not able to
resolve neither the systematic position of the Ellobiidae nor the
relations of the clades within. Complete mitochondrial genomes of
ellobiids have been used in previous studies aiming to reconstruct
the phylogeny of Gastropoda (Grande et al., 2008) or Hetero-
branchia (Medina et al., 2011; White et al., 2011). However, these
phylogenetic analyses based only on mitochondrial data received
criticism (Stoger and Schrodl, 2013; Wagele et al., 2014) and contra-
dicted the results from multi-locus (nuclear and mitochondrial)
analyses (Dinapoli and Klussmann-Kolb, 2010; Jérger et al., 2010)
and phylogenomic studies (Kocot et al., 2013; Zapata et al., 2014).
Long branch attraction artifacts were assumed to infer an erroneous
rooting in the mitochondrial trees (Schrodl et al., 2011; Schradl,
2014). Multi-locus studies have used a core set of molecular mark-
ers, including the nuclear 18S rRNA and 28S rRNA, and mitochon-
drial 16S rRNA and cytochrome oxidase 1 (COI) (Klussmann-Kolb
et al.,, 2008; Jorger et al., 2010; Dayrat et al., 2011). In addition, it
has been hypothesized that the family includes the genera Otina
Gray, 1847 and Smeagol Climo, 1980 (formerly Otinidae), and
Trimusculus Schmidt, 1818 (Trimusculidae), also occurring in the
intertidal zone (Dayrat et al., 2011). However, relationships among
the subfamilies have remained unclear, making it difficult to
interpret the time and occurrence of habitat transitions.

In this work, we reconstructed a phylogenetic hypothesis of the
Ellobiidae with increased numbers of taxa (comprising all subfam-
ilies) and loci (nuclear 18S rRNA, 28S rRNA and Histone H3, and
mitochondrial 16S rRNA, 12S rRNA and COI). Our topology showed
improved phylogenetic resolution within Ellobiidae, allowing us to
evaluate the monophyly of the subfamilies and to test the current
hypotheses of the tempo and mode of habitat transitions. We
found that ellobiids colonized the land independently in Carychi-
inae and Pythiinae during the Mesozoic and Cenozoic periods,
respectively.

2. Material and methods
2.1. Taxon sampling
A total of 63 ellobiid species comprising 23 genera were

included in this study. We followed the suggestions by Martins
(2007) for the nomenclature of the subfamilies. Recent studies

using a multilocus (Jorger et al, 2010; Dayrat et al,, 2011) or
phylogenomic approach (Zapata et al., 2014) have shown that the
Systellommatophora are the sister group of the Ellobiidae. Thus,
the outgroup included 11 species from Onchidiidae (Systellom-
matophora). Specimens of all five ellobiid subfamilies were
included in our data matrix: Carychiinae (2 genera used/2 genera
accepted in Martins (2007)), Ellobiinae (5/5) Melampodinae (3/5),
Pedipedinae (2/4), and Pythiinae (8/8). Data sets from previous
studies (Klussmann-Kolb et al., 2008; Dinapoli and Klussmann-
Kolb, 2010; Dayrat et al., 2011; Vonnemann et al, 2005;
Weigand et al., 2011, 2013) served as a starting point for our anal-
yses, in particular sequences of 18S rRNA, 16S rRNA and COI genes.
The matrix was expanded with three additional markers: nuclear
28S rRNA and Histone H3, and mitochondrial 12S rRNA. In
addition, taxon sampling was extended, e.g. 20 of the 63 ellobiid
species now included were previously absent in GenBank. The
mean ratio of sequences per marker was 81%, ranging from 100%
for 18S rRNA to 64% for H3. Samples are preserved in the collection
of the Senckenberg Naturmuseum Frankfurt; detailed information
is shown in Table 1. We also considered the genera Otina, Smeagol
and Trimusculus as members of the Ellobiidae. The close relation-
ships of these genera to the above five subfamilies were previously
proposed by Klussmann-Kolb et al. (2008) and Dinapoli and
Klussmann-Kolb (2010), and then confirmed by Dayrat et al.
(2011) using a wider taxonomic sampling.

Ellobiids exhibit modest diversity on land (Barker, 2001). In our
analysis, terrestrial genera were represented in Carychiinae (Cary-
chium and Zospeum) and Pythiinae (Pythia sp.). The latter species of
Pythia was collected from a tropical rainforest in the Republic of
Palau, where associated mollusks were all typical land snails of
Cyclophoroidea and Stylommatophora, and was verified as being
terrestrial throughout its ontogeny (Kano et al., 2015). Other spe-
cies of the genus living on mangrove trees, such as Pythia scara-
baeus (Linnaeus, 1758), were considered as intertidal. Members
of Carychiinae were also considered fully terrestrial because of
their geographic and ecological distributions (forests or caves that
are far from the sea).

2.2. DNA extraction, amplification and sequencing

Genomic DNA was isolated using the DNeasy Blood & Tissue Kit
(Qiagen, Germany) from specimens stored in 100% ethanol. A small
piece (<2 mm?®) of the foot was used, and the shell was destructed
in case of very small samples. Polymerase chain reactions (PCR)
were performed to amplify fragments from the six markers men-
tioned above; Supplementary Table ST shows primers used in the
PCR reactions. The reactions followed this protocol: Each 25 pL
PCR mixture included 1 pL (10 pmol) of each primer, 2.5 uL 10x
PCR buffer, 2 pL (100 mM) MgCl,, 0.2 pL (20 mM) dNTPs, 0.3 puL
Taq-polymerase (Fermentas), 1.5 uL (10 mg/mL) bovine serum
albumin, 12.5 pL ddH,0 and 4 pL template DNA. PCR cycles were
done with these conditions: 1 min at 95 °C, followed by 30 cycles
of 30s at 95°C, 30 s at 52 °C and 30s at 72 °C, and finally, 3 min
at 72 °C. Visualization of PCR products was performed on a 1.4%
agarose gel. Amplicons were cleaned using the QIAquick PCR
Purification Kit or the QIAquick Gel Extraction kit (Qiagen)
whenever multiple bands were detected. PCR products were
bidirectionally sequenced using the PCR primer pair (5 pmol) and
the BigDye® Terminator v.3.1 Cycle Sequencing Kit (LifeTechnolo-
gies, Inc.) on an ABI 3730 capillary sequencer following the
manufacturer’s instructions. The sequencing reactions were per-
formed in the BiK-F Laboratory Centre, Frankfurt am Main.
Sequences were deposited in GenBank with the following accession
numbers: 18S: KM280960-KM281008, 28S: KM281048-KM281088,
16S: KM281010-KM281044, 12S: KJ920288-K]J920333, COI:
KM281099-KM281117, H3: KM281118-KM281155.
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2.3. Phylogenetic analyses

Multiple sequence alignments of each locus were obtained
using MAFFT v.7 (Katoh and Standley, 2013). The alignment strat-
egy used for 18S rRNA and 28S rRNA was -linsi as they both have
one globally alignable domain. In the case of 16S rRNA and 12S
rRNA the -qginsi algorithm was used to take the structural informa-
tion into account. Regions with ambiguous positions that could not
be rigorously aligned were removed using Gblocks server
(http://molevol.cmima.csic.es/castresana/Gblocks_server.html)
(Talavera and Castresana, 2007), by allowing smaller final blocks,
gaps within the final blocks and less strict flanking positions.
Finally, COI and H3 sequences were aligned using -ginsi. These
protein-coding alignments were similar to the ones produced by
TranslatorX (http://www.translatorx.co.uk/). This software uses
the translated amino acid alignment to guide the alignment of
nucleotide sequences (Abascal et al., 2010). Alignment lengths
after trimming were 1773, 1028, 342 and 261 positions for the
ribosomal genes 18S rRNA, 28S rRNA, 16S rRNA and 12S rRNA,
respectively, and 654 and 327 positions for the protein-coding
genes COI and H3, respectively. Best-fit models for each DNA
region were selected using jModelTest2 (Guindon and Gascuel,
2003; Darriba et al., 2012) based on the Akaike information crite-
rion (AIC; Supplementary Table S2). Data were partitioned by gene
and by codon position in case of the protein-coding sequences,
using the partition scheme suggested in PartitionFinder (Lanfear
et al.,, 2014).

Phylogenetic inference via maximum likelihood (ML) was per-
formed using RAXML-HPC2 (8.0.9) (Stamatakis, 2006; Stamatakis
et al, 2008) implemented on XSEDE (Miller et al., 2010) in the
CIPRES Science Gateway web portal (http://www.phylo.org/index.
php/portal/). We followed the “the hard and slow way” suggestions
in the manual: the best-likelihood tree was selected after 1000
independent runs, branch support was evaluated using bootstrap-
ping with 1000 replicates, and confidence values were drawn on
the best-scoring tree. Bayesian inference (BI) was performed using
MrBayes v3.2.2 (Ronquist et al., 2012) on XSEDE (CIPRES). Two
simultaneous Monte Carlo Markov Chains (MCMC) were run, with
the following parameters: eight chains of 100 million generations
each, a sampling frequency of 1000 generations and a burn-in of
25%. Tracer 1.6 (Rambaut et al., 2014) was used to evaluate conver-
gence, i.e. whether effective sample size (ESS) was sufficient for all
estimated parameters (>200). In this study, we consider a boot-
strap value of >70% (Douady et al., 2003) and a posterior probabil-
ity of >0.95 (Leaché and Reeder, 2002) as a significant nodal
support. Branch support is indicated in the following way in the
text: bootstrap value/posterior probability. Finally, rogue taxa, i.e.
taxa that deteriorate the resolution or branch support in a consen-
sus tree were identified using RogueNaRok (http://rnr.h-its.org/)
(Aberer et al., 2013). Ten taxa were removed from the concate-
nated alignment: Auriculastra subula (Quoy & Gaimard, 1832),
Cassidula cf. labrella (Deshayes, 1830), Cassidula nucleus (Gmelin,
1791), Carychium hachijoensis Pilsbry, 1802, Melampus bidentatus
Say, 1822, Melampus fasciatus (Deshayes, 1830), Ophicardelus
sulcatus Adams & Adams, 1854, Onchidella hildae (Hoffman,
1928), Platevindex cf. coriaceum (Semper, 1885), Smeagol phillipensis
Tillier & Ponder, 1992, and Zospeum alpestre (Freyer, 1855). The final
alignment resulted in 64 taxa (55 elobiids and nine onchidiids).

2.4. Topology testing

Alternative topologies were compared using Bayes factors in
BEAST 1.8.0 (Drummond et al., 2012) or likelihood-based tests
using CONSEL (Shimodaira and Hasegawa, 2001). The uncon-
strained tree was compared with several topologies; in particular
we evaluated the monophyly of the Ellobiidae, including or
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excluding Trimusculus and Otina, the monophyly of subfamilies
that were not well supported in the phylogeny, and relationships
within subfamilies (see Section 3.2). Topological comparisons were
done by examining the marginal likelihoods of the alternative
topologies obtained via path sampling or stepping stone
algorithms (Baele et al.,, 2012, 2013), and by comparing the Bayes
factors of different hypotheses (Kass and Raftery, 1995; McVay
and Carstens, 2013). For the likelihood-based test, alternative tree
topologies were constrained using Archeopteryx (Han and Zmasek,
2009). Site-wise log-likelihood values for each topology were com-
puted in RAXML. Approximately Unbiased (AU; Shimodaira, 2002),
Shimodaira-Hasegawa (SH; Shimodaira and Hasegawa, 1999) and
Kishino-Hasegawa (KH; Kishino and Hasegawa, 1989) tests were
carried out in CONSEL.

2.5. Divergence times

The final alignment was used to calculate the approximate time
of divergence among taxa with a relaxed molecular clock model
(Drummond et al.,, 2006) implemented in BEAST. Different prior
distributions were used for each calibration point following the
suggestions proposed by Ho and Phillips (2009) and in the
“Divergence Time Estimation” tutorial (http://treethinkers.org/
divergence-time-estimation-using-beast/). We used previously
suggested ages for three nodes in order to calibrate our topology.
First, the Ellobiidae can probably be traced back to the Upper
Jurassic (145-160 Ma; Bandel, 1994; Wdgele et al., 2008). More-
over, Jorger et al. (2010) showed that the most recent common
ancestor (MRCA) of the Ellobiidae probably appeared at ~140 Ma.
In addition, Weigand et al. (2013) suggested that the Carychiinae
could have descended from the extinct terrestrial genus Carychiopsis
Sandberger, 1872, which originated no earlier than the beginning of
the early Cenozoic (~65 Ma), coinciding with the beginning of the
Alpine orogeny.

Thus, we used a log-normal distribution which places the high-
est probabilities on ages older than fossil records described above.
A minimum age of 130 Ma was set for the first split within the
Ellobiidae (including Trimusculus and Otina), using the following
parameters; mean in real space: 5, standard deviation (SD): 1,
95% highest posterior density (HPD): 130-154, and offset: 130. In
addition, a minimum age of 60 Ma was set for the first split within
the Carychiinae; mean in real space: 10, SD: 1, 95% HPD: 60-67
and offset: 60. Finally, a normal distribution with a mean of
155 Ma, SD of 3 and 95% HPD of 148-160 was used for the root
of the tree (Ellobiidae + Onchidiidae; Jorger et al., 2010). The
normal distribution is used in cases when there is little justification
to weight probabilities toward a minimum bound (Ho and Phillips,
2009).

Divergence time analyses were run with the relaxed uncorre-
lated lognormal clock model under the Yule process for each
partition with an independent site model. ESS was evaluated in
Tracer 1.6. The MCMC was run ten times independently for 20 mil-
lion generations, sampling every 1000 generations, and discarding
the first 25% as a burn-in; single runs were combined using
LogCombiner to increase the ESS. Then, trees were combined using
TreeAnnotator to produce a maximum clade credibility (MCC) tree.
Posterior parameters, specifically divergence times, were calcu-
lated only for nodes with a posterior probability equal to or higher
than 0.95.

2.6. Temporal patterns of diversification
Temporal dynamics of lineage diversification was evaluated
under different models of diversification using a maximum likeli-

hood approach. The gamma statistic () was calculated using the
package ape (Paradis et al., 2004). Gamma (y) describes temporal
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speciation shifts, in other words, y < 0 indicates a decrease in diver-
sification rates and y > 0 corresponds to a rate increase. The MCCR
test implemented in the R package laser (Rabosky, 2006a) evalu-
ated the statistical significance of the 7y statistic (Pybus and
Harvey, 2000). Lineage-through-time (LTT) plots of 1000 random
trees chosen from the BEAST analysis were compared graphically
against a series of trees simulated under a pure-birth process.
The Akaike Information Criterion (AIC) was used to test model-fit
between constant-rate (pure-birth, birth-death) and variable-rate
models (DDL, DDX, yule-n-rate). Constant-rate models can be
assumed as the null hypothesis while variable-rate models serve
as alternative hypotheses. Thus, we calculated the AIC score for
each of the models, and compared the highest AIC score of the
constant-rate models (AICH,) against the highest AIC score of the
variable-rate models (AICH;) using the following formula:
AAIC;. = AlCyo — AICy;. A AAIC,. higher than 0 means that the
variable-rate model is favored, while a AAIC,. lower than 0 means
that the constant-rate model is favored (Yessoufou et al., 2014).
Observed AAIC,. significance was tested using the function
fitdAICrc.batch in laser by simulating 5000 trees of 55 tips under
a pure-birth process.

3. Results
3.1. Tree topologies and relationships among subfamilies

The monophyly of the Ellobiidae without considering the
former Otinidae and Trimusculidae (Ellobiidae sensu stricto;
Martins, 2007) was not significantly supported in our final phylo-
genetic hypothesis, with bootstrap and posterior probability values
below our threshold (35/0.80; Fig. 1, node B). On the other hand,
the clade comprising the former Otinidae, Trimusculidae and Ello-
biidae (i.e. Ellobiidae sensu lato; Dayrat et al., 2011) received the
highest support values (100/1.00) (Fig. 1, node A). The association
between Trimusculus and Otina was supported only in the Bayesian
analysis (65/1.00).

Both Melampodinae and Pedipedinae appeared to be para-
phyletic. Within Melampodinae, the monophyly of the type genus
Melampus Montfort, 1810 received maximum support (100/1.00).
The same occurred within Pedipedinae, where the studied species
of the type genus Pedipes formed a robust clade (100/1.00). How-
ever, Microtralia Dall, 1894, Pseudomelampus Pallary, 1900 (Melam-
podinae) and Marinula King, 1832 (Pedipedinae) clustered in a third
clade that was supported only in the Bayesian analysis (57/0.99).

The clade composed of Carychiinae, Ellobiinae and Pythiinae
received significant support values (90/1.00). Of these, Carychiinae
and Ellobiinae appeared as sister clades (74/0.98). The monophyly
of Carychiinae and its component genera Carychium and Zospeum
was strongly supported (100/1.00). The Ellobiinae also appeared
to be monophyletic (100/1.00); within this subfamily, Ellobium
Roding, 1798 and Blauneria Shuttleworth, 1854 were monophyletic
(100/0.99).

The monophyly of Pythiinae was also strongly supported
(99/1.00). This subfamily comprised two main subclades, one
including the monophyletic genus Pythia and its sister taxon
Myosotella myosotis (Draparnaud, 1801) (91/1.00), and the other
comprising Allochroa Ancey, 1887, Cassidula Férussac, 1821,
Laemodonta Philippi, 1846, Ophicardelus Beck, 1838, Ovatella
Bivona-Bernardi, 1832 and Pleuroloba Hyman, Rouse & Ponder,
2005 (99/1.00). Each of the genera Allochroa (100/1.00), Cassidula
(77/0.97), Laemodonta (74/1.00) and Ovatella (100/1.00) was
revealed as monophyletic in the analyses.

The tree without pruning rogue branches (74 taxa) presented a
similar topology and support values (Supplementary Fig. S1). Ello-
biidae sensu lato (Dayrat et al., 2011) received significant support
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(100/1.00). Otina, Smeagol and Trimusculus collectively formed a
clade nested within the Ellobiidae, with significant support only
in the Bayesian analysis (18/0.99). The same dataset presented
significant support for the sister relationship of Carychiinae and
Ellobiinae (88/0.99). On the other hand, Cassidula and Ophicardelus
appeared polyphyletic.

Overall, our topologies, including 64 or 74 taxa, strongly
support an independent and parallel colonization of terrestrial
habitats within Ellobiidae in Pythia and Carychiinae.

3.2. Topology tests

Our unconstrained phylogeny showed the following character-
istics: Ellobiidae sensu stricto (Martins, 2007; node B in Fig. 1) did
not receive significant support, whereas Ellobiidae sensu lato
(Dayrat et al.,, 2011; node A in Fig. 1) constituted a robust clade.
Carychiinae, Ellobiinae and Pythiinae collectively formed a sub-
clade with significant statistical support. All alternative topologies
performed better than the unconstrained topology. In particular,
the constrained monophyly of the clade Carychiinae + Ellobiinae
+ Pythiinae (clade CEP) assuming Ellobiidae sensu stricto presented
the best marginal likelihoods (Supplementary Table S3a). However,
there is no decisive evidence to reject Ellobiidae sensu lato (Bayes
Factors <2) using the stepping stone estimation (A4 vs. A3, and
A6 vs. A5; Supplementary Table S4). In addition, our results
showed that there is strong evidence for the clade CEP (A5 vs.
A0, A6 vs. A0, and A8 vs. AO; Supplementary Table S4). Further-
more, we evaluated different hypotheses to resolve the sister group
of Carychiinae (Supplementary Table S3b). There is positive
evidence (BF > 2) in favor of Ellobiinae as its sister group in the
unconstrained tree (B1 vs. B2), and in the topology assuming both
monophyletic Ellobiidae sensu lato plus the monophyly of the clade
CEP (B7 vs. B8: BF > 2). Also, there is very strong support for a sister
group relationship of Carychiinae and Ellobiinae assuming Ellobi-
idae sensu stricto (B5 vs. B6: BF > 10; Supplementary Table S4).
According to these results, our data support Ellobiinae as sister
group to Carychiinae. Alternative topologies tested with CONSEL
(Supplementary Table S5) in a maximum likelihood framework
presented similar results: the monophyly of Pedipedinae or
Melampodinae was clearly rejected (p <0.05), while Ellobiidae
sensu lato cannot be rejected (p > 0.05).

3.3. Divergence times

The topology obtained in BEAST (Fig. 2) based on the concate-
nated six markers corroborates those obtained in RAXML and
MrBayes analyses (Fig. 1). Previous chronograms showed that Ello-
biidae originated in the Mesozoic (Jorger et al., 2010). Our calibra-
tion suggested that early divergences within the family Ellobiidae,
including the splits into Pythiinae, Carychiinae and Ellobiinae,
occurred in the Lower Cretaceous. Major diversification events
occurred during the Upper Cretaceous (Mesozoic) and Paleogene
(Cenozoic). Most recent common ancestors of Ellobiinae, Pedipes,
and two major clades of Pythiinae can be traced back to the Upper
Cretaceous. Finally, the invasion of the land habitats occurred inde-
pendently and in different geological times in Ellobiidae, probably
once in the Upper Cretaceous by the Carychiinae, and later in the
Miocene by a subclade of the genus Pythia. The extant terrestrial
genera Carychium and Zospeum diversified during the Oligocene
and Miocene.

3.4. Temporal patterns of diversification

The lineage-through-time (LTT) plots fit well in a pattern of
constant lineage aggregation through time (Supplementary
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Fig. S2). We observed one minor stasis at around 75-95 Ma
followed by a slight increase in the diversification rate between
45 Ma and 75 Ma, albeit within the distribution of the constant-
rate model. In addition, the MCCR test found the value of the
gamma statistic y = —1.23 as non-significant (p > 0.05), assuming
either 100 (Mordan and Wade, 2008) or 250 extant species in the
family (Weigand et al,, 2013). The AIC test in laser favored the

yule5rate model, i.e. a pure-birth model with five different diversi-
fication rates (Supplementary Table S6). However, three other
models including DDL (logistic diversity-dependent diversifica-
tion), yule3rate and yule4rate could not be rejected because their
AAIC were also below the critical value of 4 for small phylogenies
(Rabosky, 2006b; Matos-Maravi et al., 2014). The yule5rate
showed changes in diversification rates at 12 Ma and 40 Ma.

62



P.E. Romero et al./Molecular Phylogenetics and Evolution 97 (2016) 43-54 51

K-Pg (e} _
! | E Allochroa layardi
AL 19 Allocrhoa pfeifferi

Laemodonta typica
2 Laemodonta bella
Laemodonta cubensis

— P
79 IFJU : L Laemodonta monilifera

Laemodonta punctatostriata
651 Laemodonta octanfracta
37, Ovatella vulcani
Ovatella firminii
5 Pleuroloba quoyi
= Ophicardelus ornatus
Ophicardelus costellaris
18 Cassidula vespertilionis
98 50 Cassidula schmackeriana
42|
|

62

7 —— Cassidula crassiuscula
—— Cassidula aurisfelis

Cassidula angulifera

19 ,_|— Pythia sp.

48 Pythia scarabaeus

| |  e— gyt//;ia Ifaorgeensis

80 | ythia fimbriosa

o

¥
Il

Pythia cecillei
Myosotella myosotis
67 Auricurinella bidentata
Cylindrotis quadrasi

|—| 417 Auriculastra duplicata
77 12 Blauneria quadrasi
Blauneria heteroclita
29 (——— Ellobium aurisjudae

[ L Ellobium chinense
108 — —  Ellobium scheepmakeri
— 13, Zosp V. i

33 Z suarezi

| Zosp fr
58 24= Zosp alpestre
— Carychium minimum
Carychium nannodes

26 : Carychium exiguum
135 0—== Carychium floridanum
42 Microtalia alba
= Microtalia occidentalis
Pseudomelampus exiguus
Marinula filholi
Pedipes jouani
69] 271 Ppedipes mirabilis
=0)— 122 L Pedipes ovalis
561 Pedipes pedipes
Melampus sincaporensis
= Melampus bullaocides
40 Melampus pulchellus
447 Trimusculus afer
=2 109] BE Trimusculus sp..
Trimusculus reticulatus
Otina ovata
[ Onchidella floridana

==t Onchidella celtica
[ Onchidella borealis

122 —E Peronia peronii
58 Peronia cf. verruculata
| A— Scaphis sp.
105] 75 " t— Peronia verruculata
Onchidium tumidum
; Onchidium vaigiense

150 100 50 0 Time (Ma)

200 Adapted from Snedden

100 and Li (2009)

Relative sea level

Upper Lower Upper Paleo- Eocene Oligo-
Jurassic Cretaceous Cretaceous cene cene

Jurassic Cretaceous Paleogene Neogene
Mesozoic Cenozoic

Miocene

Pliocene

Fig. 2. BEAST chronogram of the Ellobiidae inferred from concatenated six-gene sequences and three calibration points (red circles). Bars express 95% highest posterior
density for nodes with a PP of >0.5. Numbers indicate estimated nodal ages in millions of years. Terrestrial taxa are highlighted in bold. Light orange boxes indicate the
Cretaceous—Paleogene boundary (K-Pg) and the regression of the sea level during the Oligocene (O). For the interpretation of color references, the reader is referred to the
web version of the article.

63



52 P.E. Romero et al./Molecular Phylogenetics and Evolution 97 (2016) 43-54

4. Discussion
4.1. Phylogenetic implications

The most significant step in the evolution of the Heterobranchia
was the invasion of freshwater and terrestrial realms by panpul-
monates (Klussmann-Kolb et al., 2008; Jorger et al., 2010). These
invasions triggered the adaptive radiation that led to about one
third of the extant molluscan diversity (Kocot et al., 2013). We
now have a solid hypothesis for the phylogeny of Ellobiidae to test
the monophyly and sister relationships of the currently recognized
subfamilies and to establish the temporal frame of the habitat
transitions.

Our data strongly support a clade containing Carychiinae, Ello-
biinae and Pythiinae (clade CEP), as well as its subclade Carychi-
inae + Ellobiinae and respective monophyly of the three
subfamilies. Interestingly, Martins (1996) has described morpho-
logical characteristics that differentiate these subfamilies from
Melampodinae and Pedipedinae; the visceral nerve ring is long in
the former, while it is short in the latter. Moreover, the presence
of an entirely glandular pallial gonoduct in the clade CEP contrasts
with an only proximally glandular duct in Pedipedinae or a nong-
landular condition in Melampodinae (Martins, 1996). We propose
that these nervous and reproductive traits are shared synapomor-
phies for the clade of Carychiinae, Ellobiinae and Pythiinae. Within
this clade, Pythiinae is morphologically differentiated from
Carychiinae and Ellobiinae in having a longer right parietovisceral
connective (Hyman et al., 2005). Pythiinae as the most ancestral
taxon among the above five subfamilies (Martins, 2007) was
rejected by our molecular phylogenetic reconstruction.

We can also compare our results to the previous molecular phy-
logenetic hypothesis by Dayrat et al. (2011). Notably, the relation-
ships within Pythiinae are better resolved in our trees; Myosotella
is closest to Pythia (but not to Carychium) and these constitute a
robust clade that is sister to the remaining genera in the subfamily
(Fig. 1). In addition, we found the monophyletic Ellobiinae comprises
two subclades, one with Ellobium and the other with the rest of the
subfamily including Auriculinella Tausch, 1886, which was recovered
closer to some species of Melampodinae in Dayrat et al. (2011).

Pseudomelampus and Microtralia (currently classified in Melam-
podinae) constitute a strongly supported clade, with Marinula
(Pedipedinae) as its possible sister group. Actually, the former
two genera were proposed to belong to either Pedipedinae or
Melampodinae based on morphological analyses (Martins, 2007),
conforming to the non-monophyletic nature of these subfamilies
in our reconstruction. Pseudomelampus, Microtralia and Marinula
therefore may form an independent subfamily, however an
increased taxonomic sampling for molecular analyses and re-
evaluation of morphological characters are needed to formally
introduce a new classification for the entire Ellobiidae.

We validated the inclusion of Otina, Smeagol and Trimusculus
into Ellobiidae as the exclusive members of the subfamily Trimus-
culinae (Klussmann-Kolb et al., 2008; Dayrat et al., 2011). Although
Otina and Trimusculus were found to potentially form the first
extant offshoot of the family (Fig. 1), the inclusion of Smeagol ren-
dered this Trimusculinae nested within Ellobiidae sensu stricto
(Supplementary Fig. S1). Regardless, the strongly supported mono-
phyly of Ellobiidae sensu lato in combination with such uncertain-
ties in the early history of the family seem to justify the above
taxonomic treatment. Within Trimusculinae, Otina and Smeagol
share morphological characteristics such as the presence of the
ocular ridge, division of the foot into the propodium and metapo-
dium, and the position of the heart dorsal to the kidney (Tillier
and Ponder, 1992). This clade was neither supported nor rejected
in our analyses (Supplementary Fig. S1).

4.2. Multiple invasions of the land

The Ellobiidae represent an ecologically diverse family that has
adapted to intertidal and terrestrial habitats. Our phylogenetic
reconstruction indicates that the invasion of the land occurred at
least twice in this family, first by the lineage leading to the extant
Carychiinae and later within the genus Pythia (Fig. 2), presumably
via the intertidal rocky shores, estuaries and mangroves, where all
other ellobiids occur. The importance of these transitional environ-
ments has been stressed for terrestrialization in other subclades of
Panpulmonata, including Acochlidia, Glacidorboidea, Hygrophila,
Stylommatophora and Systellommatophora (Klussmann-Kolb
et al.,, 2008; Holznagel et al., 2010; Jorger et al., 2010; Kano et al.,
2015).

The intertidal zone usually exhibits a wide range of variation in
physical factors, allowing species to develop new adaptations to
changing conditions (Dayrat et al., 2011), although the shift from
an intertidal to a terrestrial life requires further physiological and
behavioral modification (Little, 1983). Experimental studies have
demonstrated remarkable tolerance of ellobiids to desiccation and
various salt concentrations. Melampus bidentatus survives a loss of
almost 80% of its body water (Price, 1980), whereas Myosotella myo-
sotis withstands changes in salt concentration from freshwater to
nearly three times the salinity of seawater (Seelemann, 1968). Such
tolerance to desiccation and freshwater, along with the ability to
breath outside the water, should have facilitated the succeeding
invasion of the land by the Ellobiidae.

4.3. Tempo and mode in diversification

It has been proposed that the Cretaceous-Paleogene (K-Pg)
mass extinction event facilitated habitat transitions and succeed-
ing species diversification of plants and animals (Proches et al.,
2014; but see Stadler, 2011). This onset of the realm transitions
may be attributable not only to the filling of empty ecological
niches, but also the creation of marginal habitats that facilitated
the transitions. For instance, the diversification of angiosperms
resulted in increased areas of transitional habitats between the
sea and land, such as mangroves and seagrass beds (Proches
et al., 2014). In particular, the origin of mangroves during the Pale-
ocene (Ellison et al., 1999) could have provided a new suitable
environment for the diversification of intertidal species. Sea level
fluctuations could also have opened novel niches that contributed
to the diversification of marine and terrestrial species close to the
marginal zones. The sea level was much higher during the Creta-
ceous than at present while significantly lower in the Oligocene
(Haq et al., 1987; Miller et al., 2005; Snedden and Liu, 2010).

However, the past climatic and biotic changes do not seem to
exhibit an obvious correlation with the habitat transitions from
intertidal to terrestrial realms or historical diversification rates in
Ellobiidae. Our molecular time calibration suggests that the
entirely terrestrial Carychiinae diverged from its intertidal sister
(Ellobiinae) in the warm Cretaceous period. The other terrestrial-
ization event in the family, exemplified by an unidentified species
of Pythia (Kano et al., 2015), seems to have occurred in the Miocene
after the sea level regression in the Oligocene (Fig. 2). The LTT plots
also did not reveal a significant deviation from a constant rate of
diversification, suggesting that the ellobiid evolution was not
strongly affected by the K-Pg event that wiped out nearly half of
the terrestrial species of the time (Jiang et al., 2010; Breure and
Romero, 2012). A previous analysis for the Carychiinae also sug-
gests that major environmental changes did not affect their diver-
sification rate, possibly because large-scale bioclimatic factors had
less impact for the moist leaf-litter and subterranean habitats of
Carychium and Zospeum, respectively (Weigand et al., 2013).
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Similar protection in moist microhabitats and remarkable toler-
ance to harsh conditions might have contributed to the continuous
diversification in the intertidal lineages of Ellobiidae.

5. Conclusions

The present molecular phylogeny of Ellobiidae supports and
extends previous hypotheses, while offering a new framework for
understanding their morphological, ecological and genetic diver-
sity. Independent invasions of the land are strongly suggested, first
by the Carychiinae in the Cretaceous and later by a subclade of the
genus Pythia in the Miocene. These habitat transitions or historical
diversification rates of Ellobiidae do not seem to be directly associ-
ated with the documented global change events including the Cre-
taceous-Paleogene mass extinction and the Oligocene regression,
possibly due to their physiological tolerance to varying conditions.
Future studies considering their morphological traits related to
osmoregulation, excretion and breathing, as well as genomic
approaches to identify candidate genes in such adaptation for the
terrestrial environment, would further elucidate patterns, pro-
cesses and mechanisms of habitat transitions in Gastropoda.

Acknowledgments

This work was supported by the German funding program
“LOEWE — Landes-Offensive zur Entwicklung Wissenschaftlich-
okonomischer Exzellenz” of the Hesse’s Ministry of Higher Educa-
tion, Research and the Arts, and by JSPS KAKENHI (No. 26291077).
P.R. also received a PhD scholarship from CONCYTEC - Peru. We
would like to thank Bendit Dayrat, Antonio de Frias Martins, Adri-
enne Jochum and Alexander Weigand for providing samples or
suggestions for this work, and to Claudia Nesselhauf for her sup-
port in the laboratory. We also thank the editor and reviewers
for their comments on the manuscript. This is Contribution #234,
Bermuda Biodiversity Project (BBP), Bermuda Aquarium, Natural
History Museum and Zoo, Department of Conservation Services.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ympev.2015.12.
014.

References

Abascal, F., Zardoya, R., Telford, M.J., 2010. TranslatorX: multiple alignment of
nucleotide sequences guided by amino acid translations. Nucl. Acids Res. 38,
W7-W13.

Aberer, AJ., Krompass, D., Stamatakis, A., 2013. Pruning rogue taxa improves
phylogenetic accuracy: an efficient algorithm and webservice. Syst. Biol. 62,
162-166.

Baele, G., Lemey, P., Bedford, T., Rambaut, A., Suchard, M.A., Alekseyenko, A.V., 2012.
Improving the accuracy of demographic and molecular clock model comparison
while accommodating phylogenetic uncertainty. Mol. Biol. Evol. 29, 2157-2167.

Baele, G., Li, W.L., Drummond, AJ., Suchard, M.A., Lemey, P., 2013. Accurate model
selection of relaxed molecular clocks in bayesian phylogenetics. Mol. Biol. Evol.
30, 239-243.

Bandel, K., 1994. Triassic Euthyneura (Gastropoda) from St. Cassian Formation
(Italian Alps) with a discussion on the evolution of the Heterostropha. Freib.
Forschh. Reihe. C. 2, 79-100.

Barker, G.M., 2001. Gastropods on land: phylogeny, diversity and adaptive
morphology. In: Barker, G.M. (Ed.), The Biology of Terrestrial Molluscs. CABI
Publishing, Wallingford, pp. 1-146.

Breure, A.S.H., Romero, P.E., 2012. Support and surprises: molecular phylogeny of
the land snail superfamily Orthalicoidea using a three-locus gene analysis with
a divergence time analysis and ancestral area reconstruction (Gastropoda:
Stylommatophora). Arch. Mollusk. 141, 1-20.

Darriba, D., Taboada, G.L., Doallo, R., Posada, D., 2012. jModelTest 2: more models,
new heuristics and parallel computing. Nat. Methods 9, 772.

Dayrat, B., Conrad, M., Balayan, S., White, T.R., Albrecht, C., Golding, R., Gomes, S.R.,
Harasewych, M.G., Martins, A.M., 2011. Phylogenetic relationships and

65

evolution of pulmonate gastropods (Mollusca): new insights from increased
taxon sampling. Mol. Phylogenet. Evol. 59, 425-437.

Dayrat, B., Tillier, S., 2002. Evolutionary relationships of euthyneuran gastropods
(Mollusca): a cladistic re-evaluation of morphological characters. Zool. J. Linn.
Soc. 135, 403-470.

Dinapoli, A., Klussmann-Kolb, A., 2010. The long way to diversity—phylogeny and
evolution of the Heterobranchia (Mollusca: Gastropoda). Mol. Phylogenet. Evol.
55, 60-76.

Douady, CJ., Delsuc, F., Boucher, Y., Doolittle, W.F., Douzery, E.J., 2003. Comparison
of Bayesian and maximum likelihood bootstrap measures of phylogenetic
reliability. Mol. Biol. Evol. 20, 248-254.

Drummond, AJ., Ho, S.Y., Phillips, M.J., Rambaut, A., 2006. Relaxed phylogenetics
and dating with confidence. PLoS Biol. 4, e88.

Drummond, AJ., Suchard, M.A., Xie, D., Rambaut, A., 2012. Bayesian phylogenetics
with BEAUti and the BEAST 1.7. Mol. Biol. Evol. 29, 1969-1973.

Ellison, A.M., Farnsworth, E.J., Merkt, R.E., 1999. Origins of mangrove ecosystems
and the mangrove biodiversity anomaly. Glob. Ecol. Biogeogr. 8, 95-115.

Giribet, G., Okusu, A., Lindgren, A.R., Huff, SW., Schrodl, M., Nishiguchi, M.K., 2006.
Evidence for a clade composed of molluscs with serially repeated structures:
monoplacophorans are related to chitons. Proc. Natl. Acad. Sci. US.A. 103,
7723-7728.

Grande, C., Templado, J., Zardoya, R., 2008. Evolution of gastropod mitochondrial
genome arrangements. BMC Evol. Biol. 8, 61.

Guindon, S., Gascuel, O., 2003. A simple, fast, and accurate algorithm to estimate
large phylogenies by maximum likelihood. Syst. Biol. 52, 696-704.

Han, M.V,, Zmasek, C.M., 2009. PhyloXML: XML for evolutionary biology and
comparative genomics. BMC Bioinformat. 10, 356.

Hagq, B.U., Hardenbol, ]., Vail, P.R., 1987. Chronology of fluctuating sea levels since
the Triassic. Science 235, 1156-1167.

Ho, S.Y., Phillips, M.J., 2009. Accounting for calibration uncertainty in phylogenetic
estimation of evolutionary divergence times. Syst. Biol. 58, 367-380.

Holznagel, W.E., Colgan, D.J., Lydeard, C., 2010. Pulmonate phylogeny based on 285
TRNA gene sequences: a framework for discussing habitat transitions and
character transformation. Mol. Phylogenet. Evol. 57, 1017-1025.

Hyman, LT., Rouse, G.W. Ponder, W.F., 2005. Systematics of Ophicardelus
(Gastropoda: Heterobranchia: Ellobiidae). Mollusc. Res. 25, 14-26.

Jiang, ., Bralower, TJ., Patzkowsky, M.E., Kump, L.R. Schueth, ].D., 2010.

Geographic controls on nannoplankton extinction across the Cretaceous/
Palaeogene boundary. Nat. Geosci. 3, 280-285.

Jochum, A., de Winter, A]., Weigand, A.M., Gémez, B., Prieto, C., 2015. Two new
species of Zospeum Bourguignat, 1856 from the Basque-Cantabrian Mountains,
Northern Spain (Eupulmonata, Ellobioidea, Carychiidae). ZooKeys 483, 81-96.

Jorger, K.M., Stoger, ., Kano, Y., Fukuda, H., Knebelsberger, T., Schradl, M., 2010. On
the origin of Acochlidia and other enigmatic euthyneuran gastropods, with
implications for the systematics of Heterobranchia. BMC Evol. Biol. 10, 323.

Kameda, Y., Kato, M., 2011. Terrestrial invasion of pomatiopsid gastropods in the
heavy-snow region of the Japanese Archipelago. BMC Evol. Biol. 11, 118.

Kano, Y., Neusser, T.P., Fukumori, H., Jorger, K.M., Schrédl, M., 2015. Sea-slug
invasion of the land. Biol. J. Linn. Soc. 116, 253-259.

Kass, RE., Raftery, A.E., 1995. Bayes factors. J. Am. Stat. Assoc. 90, 773-795.

Katoh, K., Standley, D.M., 2013. MAFFT multiple sequence alignment software version
7: improvements in performance and usability. Mol. Biol. Evol. 30, 772-780.
Kishino, H., Hasegawa, M., 1989. Evaluation of the maximum likelihood estimate of
the evolutionary tree topologies from DNA sequence data, and the branching

order in Hominoidea. J. Mol. Evol. 29, 170-179.

Klussmann-Kolb, A., Dinapoli, A., Kuhn, K., Streit, B., Albrecht, C., 2008. From sea to
land and beyond—new insights into the evolution of euthyneuran Gastropoda
(Mollusca). BMC Evol. Biol. 8, 57.

Kocot, K.M., Halanych, KM, Krug, PJ, 2013. Phylogenomics supports
Panpulmonata: opisthobranch paraphyly and key evolutionary steps in a
major radiation of gastropod molluscs. Mol. Phylogenet. Evol. 69, 764-771.

Lanfear, R., Calcott, B., Kainer, D., Mayer, C., Stamatakis, A., 2014. Selecting optimal
partitioning schemes for phylogenomic datasets. BMC Evol. Biol. 14, 82.

Leaché, A.D., Reeder, T.W., 2002. Molecular systematics of the Eastern Fence Lizard
(Sceloporus undulatus): a comparison of Parsimony, Likelihood, and Bayesian
approaches. Syst. Biol. 51, 44-68.

Lillywhite, H.B., 2012. Evolutionary history and the conquest of land. Bioscience 62,
517-518.

Little, C., 1983. The Colonisation of Land: Origins and Adaptations of Terrestrial
Animals. Cambridge University Press, Cambridge.

Little, C., 1990. The Terrestrial Invasion: An Ecophysiological Approach to the
Origins of Land Animals. Cambridge University Press, Cambridge.

Martins, A.M., 1995. A new species of Pythia Roding, 1798 (Pulmonata, Ellobiidae),
from New Ireland, Papua New Guinea. Mollusc. Res. 16, 59-67.

Martins, A.M., 1996. Relationships within Ellobiidae. In: Taylor, ].D. (Ed.), Origin and
Evolutionary Radiation of the Mollusca. Oxford University Press, Oxford, pp.
285-294.

Martins, A.M., 2007. Morphological and anatomical diversity within the Ellobiidae
(Gastropoda, Pulmonata, Archaeopulmonata). Vita Malacol. 4, 1-28.

Matos-Maravi, P., Aguila, RN, Pena, C., Miller, ].Y., Sourakov, A., Wahlberg, N., 2014.
Causes of endemic radiation in the Caribbean: evidence from the historical
biogeography and diversification of the butterfly genus Calisto (Nymphalidae:
Satyrinae: Satyrini). BMC Evol. Biol. 14, 199.

McVay, ].D., Carstens, B., 2013. Testing monophyly without well-supported gene
trees: evidence from multi-locus nuclear data conflicts with existing taxonomy
in the snake tribe Thamnophiini. Mol. Phylogenet. Evol. 68, 425-431.




54 P.E. Romero et al./Molecular Phylogenetics and Evolution 97 (2016) 43-54

Medina, M., Lal, S., Valles, Y., Takaoka, T.L., Dayrat, B.A., Boore, |.L., Gosliner, T., 2011.
Crawling through time: transition of snails to slugs dating back to the Paleozoic,
based on mitochondrial phylogenomics. Mar. Genomics 4, 51-59.

Miller, K.G., Kominz, M.A., Browning, J.V., Wright, ].D., Mountain, G.S., Katz, M.E.,
Sugarman, P.J., Cramer, B.S., Christie-Blick, N., Pekar, S.F., 2005. The Phanerozoic
record of global sea-level change. Science 310, 1293-1298.

Miller, M.A., Pfeiffer, W., Schwartz, T., 2010. Creating the CIPRES Science Gateway
for inference of large phylogenetic trees. 2010 Gateway Computing
Environments Workshop (GCE), IEEE, New Orleans, pp. 1-8.

Mordan, P., Wade, C., 2008. Heterobranchia II: The Pulmonata. In: Ponder, W.F,,
Lindberg, D. (Eds.), Phylogeny and Evolution of the Mollusca. University of
California Press, Berkeley, pp. 409-426.

Morton, J.E., 1955. The evolution of the Ellobiidae with a discussion on the origin of
the Pulmonata. Proc. Zool. Soc. Lond. 125, 127-168.

Paradis, E., Claude, J., Strimmer, K., 2004. APE: analyses of Phylogenetics and
evolution in R language. Bioinformatics 20, 289-290.

Price, C.H., 1980. Water relations and physiological ecology of the salt marsh snail,
Melampus bidentatus Say. ]. Exp. Mar. Biol. Ecol. 45, 51-67.

Proches, S., Polgar, G., Marshall, DJ, 2014. K-Pg events facilitated lineage
transitions between terrestrial and aquatic ecosystems. Biol. Lett. 10, 20140010.

Pybus, O.G., Harvey, P.H., 2000. Testing macro-evolutionary models using
incomplete molecular phylogenies. Proc. R. Soc. B 267, 2267-2272.

Rabosky, D.L., 2006a. LASER: a maximum likelihood toolkit for detecting temporal
shifts in diversification rates from molecular phylogenies. Evol. Bioinform. 2,
247-250.

Rabosky, D.L., 2006b. Likelihood methods for detecting temporal shifts in
diversification rates. Evolution 60, 1152-1164.

Rambaut, A., Suchard, M.A,, Xie, D., Drummond, AJ., 2014. Tracer v1.6.

Ronquist, F., Teslenko, M., van der Mark, P., Ayres, D.L,, Darling, A., Hohna, S., Larget,
B., Liu, L., Suchard, M.A., Huelsenbeck, J.P., 2012. MrBayes 3.2: efficient Bayesian
phylogenetic inference and model choice across a large model space. Syst. Biol.
61, 539-542.

Schrodl, M., 2014. Time to say “Bye-bye Pulmonata”? Spixiana 37, 161-164.

Schrodl, M., Jorger, KM., Wilson, N.G., 2011. A reply to Medina et al. (2011):
crawling through time: transition of snails to slugs dating back to the Paleozoic
based on mitochondrial phylogenomics. Mar. Genomics 4, 301-303.

Seelemann, U., 1968. Zur Uberwindung der biologischen Grenze Meer—Land durch
Mollusken. Untersuchungen an Alderia modesta (Opisth.) und Ovatella myosotis
(Pulmonat.). Oecologia 1, 130-154.

Shimodaira, H. 2002. An approximately unbiased test of phylogenetic tree
selection. Syst. Biol. 51, 492-508.

Shimodaira, H., Hasegawa, M., 1999. Multiple comparisons of log-likelihoods with
applications to phylogenetic inference. Mol. Biol. Evol. 16, 1114-1116.

Shimodaira, H., Hasegawa, M., 2001. CONSEL: for assessing the confidence of
phylogenetic tree selection. Bioinformatics 17, 1246-1247.

Snedden, ., Liu, C., 2010. A compilation of Phanerozoic sea-level change, coastal
onlaps and recommended sequence designations. Search and Discovery 40594.

Stadler, T., 2011. Mammalian phylogeny reveals recent diversification rate shifts.
Proc. Natl. Acad. Sci. U.S.A. 108, 6187-6192.

Stamatakis, A., 2006. RAXML-VI-HPC: maximum likelihood-based phylogenetic
analyses with thousands of taxa and mixed models. Bioinformatics 22, 2688-
2690.

Stamatakis, A., Hoover, P., Rougemont, J., 2008. A rapid bootstrap algorithm for the
RAXML Web servers. Syst. Biol. 57, 758-771.

Stoger, L, Schrodl, M., 2013. Mitogenomics does not resolve deep molluscan
relationships (yet?). Mol. Phylogenet. Evol. 69, 376-392.

Talavera, G., Castresana, J., 2007. Improvement of phylogenies after removing
divergent and ambiguously aligned blocks from protein sequence alignments.
Syst. Biol. 56, 564-577.

Tillier, S., Ponder, W.F.,, 1992. New species of Smeagol from Australia and New
Zealand, with a discussion of the affinities of the genus (Gastropoda:
Pulmonata). ]. Mollusc. Stud. 58, 135-155.

Vonnemann, V., Schrédl, M., Klussmann-Kolb, A., Wégele, H., 2005. Reconstruction
of the phylogeny of the Opistobranchia (Mollusca, Gastropoda) by means of 18S
and 28S rRNA sequences. J. Mollusc. Stud. 71, 113-125.

Waigele, H., Klussmann-Kolb, A., Verbeek, E., Schrédl, M., 2014. Flashback and
foreshadowing—a review of the taxon Opisthobranchia. Org. Divers. Evol. 14,
133-149.

Wigele, H., Klussmann-Kolb, A., Vonnemann, V., Medina, M., 2008. Heterobranchia
I: the opisthobranchia. In: Ponder, W., Lindberg, D. (Eds.), Phylogeny and
Evolution of the Mollusca. University of California Press, Berkeley, pp. 385-408.

Weigand, A.M., Jochum, A., Pfenninger, M., Steinke, D., Klussmann-Kolb, A., 2011. A
new approach to an old conundrum—DNA barcoding sheds new light on
phenotypic plasticity and morphological stasis in microsnails (Gastropoda,
Pulmonata, Carychiidae). Mol. Ecol. Resour. 11, 255-265.

Weigand, A.M., Jochum, A,, Slapnik, R., Schnitzler, ]., Zarza, E., Klussmann-Kolb, A.,
2013. Evolution of microgastropods (Ellobioidea, Carychiidae): integrating
taxonomic, phylogenetic and evolutionary hypotheses. BMC Evol. Biol. 13, 18.

White, T.R., Conrad, M.M., Tseng, R., Balayan, S., Golding, R., Martins, A.M., Dayrat, B.
A., 2011. Ten new complete mitochondrial genomes of pulmonates (Mollusca:
Gastropoda) and their impact on phylogenetic relationships. BMC Evol. Biol. 11,
295.

Yessoufou, K., Bamigboye, S.0., Daru, B.H., van der Bank, M., 2014. Evidence of
constant diversification punctuated by a mass extinction in the African cycads.
Ecol. Evol. 4, 50-58.

Zapata, F., Wilson, N.G., Howison, M., Andrade, S.C., Jérger, KM., Schrédl, M., Goetz,
F.E., Giribet, G., Dunn, C.W., 2014. Phylogenomic analyses of deep gastropod
relationships reject Orthogastropoda. Proc. R. Soc. B 281, 20141739.

66



Additional File 1. Phylogram of the relationships within Ellobiidae inferred from concatenated six-gene sequences.
Posteriorprobabilities (PP, left) and bootstrap values (BS, right) are indicated on branches. Asterisks denote BS=90%

and PP=0.99; dots are forclades with BS=70% PP=0.95; see Results for individual support values. Colors correspond

to each of the subfamilies as delineated byMartins (2007); terrestrial taxa are highlighted in bold.

Abbreviations: A, Ellobiidae sensu lato (Dayrat et al., 2011); B, Ellobiidae sensustricto (Martins, 2007); M, Melampodinae; P,
Pedipedinae; T, Trimusculinae.
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Additional File 2. Clade diversification within Ellobiidae. Lineage-through-time plots (LTT) of 1000 trees selected

from the BEASTdivergence time analysis were compared against a simulated pattern of constant lineage accumulation
through time. Legend colors represent the confidence intervals of simulated trees under the null model

(Yule: Pure-birth process). The white line is the consensus ultrametric maximum credibility tree obtained in BEAST.
The number of lineages is presented in a logarithmic scale. Time scale is in million years before the present.
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Abstract

Background: Transitions from marine to intertidal and terrestrial habitats resulted in a significant adaptive radiation
within the Panpulmonata (Gastropoda: Heterobranchia). This clade comprises several groups that invaded the land
realm independently and in different time periods, e.g., Ellobioidea, Systellomatophora, and Stylommatophora. Thus,
mitochondrial genomes of panpulmonate gastropods are promising to screen for adaptive molecular signatures
related to land invasions.

Results: We obtained three complete mitochondrial genomes of terrestrial panpulmonates, i.e., the ellobiid
Carychium tridentatum, and the stylommatophorans Arion rufus and Helicella itala. Our dataset consisted of 50
mitogenomes comprising almost all major panpulmonate lineages. The phylogenetic tree based on mitochondrial
genes supports the monophyly of the clade Panpulmonata. Terrestrial lineages were sampled from Ellobioidea (1 sp.)
and Stylommatophora (9 spp.). The branch-site test of positive selection detected significant non-synonymous changes
in the terrestrial branches leading to Carychium (Ellobiodea) and Stylommatophora. These convergent changes
occurred in the cob and nad5 genes (OXPHOS complex lll and |, respectively).

Conclusions: The convergence of the non-synonymous changes in cob and nad5 suggest possible ancient episodes
of positive selection related to adaptations to non-marine habitats. The positively selected sites in our data
are in agreement with previous results in vertebrates suggesting a general pattern of adaptation to the new
metabolic requirements. The demand for energy due to the colonization of land (for example, to move and
sustain the body mass in the new habitat) and the necessity to tolerate new conditions of abiotic stress may
have changed the physiological constraints in the early terrestrial panpulmonates and triggered adaptations at

the mitochondrial level.

Keywords: Codon models, Land invasion, Mitogenomics, Panpulmonata, Positive selection

Background

The transition from water to land is a fascinating evolu-
tionary issue. The realm change occurred several times
and across different taxa, from microorganisms to lichens
and green plants, and later, arthropods, mollusks, annelids
and vertebrates [1]. The multiple transitions required
modifications on several systems and organs previously
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adapted to aquatic habitats. For example, the presence of
internal gas exchangers (lungs) to uptake oxygen, or dif-
ferent skin modifications as cuticle and keratin layers to
decrease evaporation rates. Other examples include the
production of novel compounds (e.g., uric acid and urea)
to excrete nitrogen, and the presence of a skeleton and
thick body muscles to support the body mass [2].

The vast majority of mollusks are marine, but several
lineages within the clade Gastropoda have conquered
freshwater and terrestrial habitats [3], e.g., Neritimor-
pha, Cyclophoroidea, Littorinoidea, Rissooidea, and
Panpulmonata [4]. Most terrestrial mollusks belong to the
clade Panpulmonata (Gastropoda: Euthyneura) [5]. The
invasion of the non-marine realms in Panpulmonata

© 2016 The Author(s). Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http//creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
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the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
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occurred multiple times independently in the clades
Ellobioidea, Hygrophila, Stylommatophora and Systel-
lommatophora [6-8]. For this reason, panpulmonates
are a suitable model to study parallel adaptations to
new environments, in particular to land.

Examples from invertebrates like the Collembola
(Arthropoda: Hexapoda) showed that adaptive changes
during terrestrialization have probably occurred in genes
related to ion transport, homeostasis, immune response
and development [9]. On the other hand, several examples
from vertebrates showed various molecular mechanisms
of adaptation: duplication and functional diversification of
keratin genes [10], expansion of genes encoding olfactory
receptors to detect airborne ligands [11], and positive
selection on either nuclear genes involved in the urea
cycle [12], or mitochondrial genes responding to the in-
crease of oxygen during the Devonian [13]. However,
the genomic basis of the transition to the land in pan-
pulmonates is still unknown.

The animal mitochondrial genome encodes 13 pro-
teins that are involved in the production of almost all
energy in the eukaryotic cells. These proteins belong to
four of the five complexes of the oxidative phosphoryl-
ation (OXPHOS) pathway and are under high functional
constraints [14]. For example, inefficiencies caused by
amino acid changes in these proteins alter the OXPHOS
performance, and produce reactive oxygen species
(ROS), i.e., molecules that lead to cellular damage and
metabolism disruption [15]. In addition, amino acid sub-
stitutions have been shown to improve aerobic capacity
and adaptation to new environments [16].

Several studies have reported non-neutral changes in
each of the 13 mitochondrial genes [17]. Cytochrome c
oxidase genes coxl and cox3 from the freshwater fish
Poecilia spp. present substitutions involved in the adap-
tation to toxic (H,S-rich) environments. These substitu-
tions trigger conformational changes that block the
uptake of H,S [18]. In addition, repeated selection at the
same structural amino acid location has been found in
the mitochondrial complex I from other fish, rodents
and snakes [19]. The changes likely impacted the bio-
mechanical apparatus that affect the electrochemical
gradient in the mitochondria [17]. Moreover, cyto-
chrome b (cob) in whales demonstrates several signa-
tures of positive selection, in comparison to other
artiodactyls. The adaptive changes in cob have been re-
lated to changes in the demand of metabolic processes
during cetacean cladogenesis and the transition from
land to water habitats [20].

Mitochondrial genomes of euthyneuran gastropods rep-
resent a promising dataset to screen for adaptive signa-
tures related to water-to-land transitions. As mentioned
above, this clade contains terrestrial and intertidal panpul-
monates (e.g., Stylommatophora, Systellommatophora,
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and Ellobiodea), and also freshwater taxa (Hygrophila) as
well as other marine clades (e.g., Euopisthobranchia,
Nudipleura). Here, we sequenced and annotated three
new panpulmonate mitogenomes from the terrestrial ello-
bid Carychium tridentatum (Risso, 1826) and the stylom-
matophorans Arion rufus (Linnaeus, 1758) and Helicella
itala (Linnaeus, 1758). We used these new mitogenomes
in addition to 47 already published euthyneuran mitogen-
omes, to reconstruct the phylogenetic relationships of
Euthyneura. Finally, we evaluate the magnitude of select-
ive pressures that occurred on the branches leading to ter-
restrial taxa.

Results and discussion

Characteristics of the new panpulmonate mitogenomes
The length of the three new mitochondrial genomes from
the terrestrial panpulmonates Carychium tridentatum
(Ellobiidae, Ellobioidea), Arion rufus and Helicella itala
(Arionidae and Hygromiidae, Stylommatophora) are
13908 bp, 14321 bp, and 13966 bp, respectively. The three
mitogenomes all encode for 13 protein-coding genes
(PCG), 22 tRNAs, and 2 rRNAs, as reported for most
other animal mitogenomes [21]. A detailed overview of
the gene annotations can be found in Table 1. Nine genes
are encoded on the major strand: coxI, cox2, cob, nadl,
nad2, nad4, nad4l, nad5 and nad6; while four are
encoded in the minor strand: atp6, atp8, cox3 and nad3.
The gene arrangement is similar to other panpulmonates
[21, 22]. Basically, the coding-genes are organized as
follows: coxI-nad6-nad5—nadl-nad4L—cob—cox2—atp8—
atp6-nad3-nadd—cox3-nad2. The cluster cox2-atp8-
atp6 is conserved among other gastropods and cephalo-
pods [20]. However, in A. rufus, we found the small rRNA
subunit between cox2 and atp8 (cox2-rrnS—atp8—atp6).
Furthermore, clusters trunD-trnC-trnF and trnY-trnW-
trnG-trnH-trnQ-trnL2 are typical in Ellobioidea and
Systellomatophora [22]. We found these clusters in
the ellobiid C. tridentatum, but also in the stylomma-
tophorans H. itala, and A. rufus, the latter with a slight
modification (trnW-trnY).

The total length of the PCG is 10923 bp in C. tridenta-
tum, 10935 bp in A. rufus, and 11071 bp H. itala. The GC-
content of the PCG is approximately 30 %, being slightly
higher in H. itala (34 %). PCG start with five different initi-
ation codons: ATA, ATG, ATT, GTG, TTG. Finally, an
AT-rich intergenic spacer between cox3 and trnl has been
proposed as the potential origin of replication (POR) in
other euthyneurans [22, 23]. We found the same intergenic
region in each of the three new mitogenomes. The AT-
mean value in the potential POR region was 83 %.

Phylogenetic analyses
Our reconstructed tree is congruent with previous com-
prehensive phylogenetic analyses in Euthyneura, using a
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Table 1 Gene features in the three new panpulmonate mitogenomes

Ellobioidea Stylommatophora

Coding Carychium tridentatum Arion rufus Helicella itala

Gene strand Start Stop Start Stop Start Stop

From To codon codon From To codon codon From To codon codon
cox] + 1 1536 TTG TAA 1 1530 TG TAA 1 1530 ATG TAA
trnV + 1529 1591 - - 1538 1600 - - 1527 1587 - -
rrnl + 1679 2645 - 1690 2578 - - 1699 2583 - -
trnL1 + 2588 2653 - - 2592 2654 - - 2595 2655 - -
trnP + 2712 2773 - - 2657 2721 - - 2656 2712 - -
trnA + 2650 2712 - - 2739 2803 - - 2714 2775 - -
nadé + 2778 3233 ATT TAA 2838 3278 ATA TAG 2776 3249 TG TAA
nad5 + 3258 4889 ATT TAG 3238 4920 ATA TAA 3239 4915 TG TAA
nadl + 4867 5775 TIG TAA 4911 5813 ATG TAG 4867 5796 ATT TAA
nad4l + 5776 6114 GIG TAA 5822 6124 ATA TAG 5787 6098 ATT TAG
cob + 6056 777 ATT TAG 6103 7182 TG TAA 6113 7187 TG T
trnD + 7175 7224 - - 7184 7248 - - 7188 7242 - -
trnC + 7228 7290 - - 7284 7342 - - 7243 7303 - -
trnF + 7291 7354 - - 7346 7409 - - 7307 7368 - -
cox2 + 7340 8053 TIG TAA 7412 8080 ATG TAG 7369 8067 GIG TAG
trnY + 8028 8079 - - 8207 8270 - - 8042 8101 - -
trnW + 8080 8140 - - 8082 8149 - - 8097 8157 - -
trnG + 8150 8197 - - 8465 8527 - - 8158 8218 - -
trnH + 8199 8260 - - 8522 8591 - - 8215 8274 - -
trnQ - 8292 8354 - - 8672 8736 - - 8275 8332 - -
trnL2 - 8355 8419 - - 9557 9624 - - 8333 8388 - -
atp8 - 8394 8570 TTG TAG 9578 9775 ATG TAG 8360 8614 ATG TAA
trnN - 8571 8637 - - 9781 9843 - - 8615 8677 - -
atp6 - 8638 9282 ATG TAA 9836 10489 TG TAA 8679 9332 ATA TAA
trnR - 9283 9343 - - 10490 10555 - - 9330 9389 - -
trnk - 9344 9408 - - 8589 8655 - - 9390 9449 - -
mSs - 9408 10086 - - 8822 9477 - - 9449 10126 - -
trnM + 10108 10176 - - 9491 9553 - - 10145 10210 - -
nad3 - 10172 10528 ATA TAA 10557 10904 ATA TAA 10188 10556 ATG TAA
trnS2 - 10540 10595 - - 10914 10979 - - 10554 10605 - -
trnS1 + 10598 10653 - - 10993 11053 - - 10683 10734 - -
nad4 + 10653 11960 TTG TAA 11041 12444 ATT TAA 10723 12036 ATC TAG
trnT - 11983 12047 - - 12391 12455 - - 12040 12101 - -
cox3 - 12038 12826 ATG TAG 12436 13233 ATT TAA 12082 12882 ATA TAA
trnl + 12871 12933 - - 13280 13342 - - 12921 12980 - -
nad2 + 12933 13871 ATT TAG 13307 14230 TG TAA 12969 13913 ATT TAG
trnK + 13860 2 - - 14262 8 - - 13914 7 - -

Annotations were performed in the MITOS server using default parameters, and then manually refined in Geneious R7. +/- signs indicate the sense of each

annotation. Gene rearrangements with respect to the other two mitogenomes are indicated in bold

combination of mitochondrial and nuclear genes [5], and
phylogenomics [3, 24] (Fig. 1). Tectipleura (Euopistho-
branchia + Panpulmonata) [25] are highly supported in
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monophyletic and within this clade, Pleurobranchidae
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proposed by Gébbeler et al. [26]. In addition, there is high
support for the clade Euopisthobranchia. This clade was
defined by Jorger et al. [5] reuniting the clades Umbracu-
loidea, Anaspidea, Runcinacea, Pteropoda and Cephalaspi-
dea. In our topology, Anaspidea (Aplysia spp.) and the
cephalaspideans Bulla, Odontoglaja, Sagaminopteron and
Smaragdinella conform a monophyletic group.

Previous mitochondrial phylogenetic reconstructions
recovered the monophyly of the former accepted clade
“Opisthobranchia” and the paraphyly of “Pulmonata”
[22, 23, 27]. However, the topologies derived from
mitogenomics have received criticism, for long-branch
attraction (LBA) artifacts affecting the topologies in
Heterobranchia. In these cases, long-branched stylom-
matophorans were recovered closer to the root of the
clade while they appeared as derived in the nuclear top-
ologies [28]. On the other hand, recent genomic evidence
rejected “Opisthobranchia” in favor of Euopisthobranchia
as the sister group of Panpulmonata. Phylogenetic recon-
structions based on concatenated nuclear and mito-
chondrial genes [5, 7, 29] as well new phylogenomic
studies [3, 24] recovered the paraphyly of “Opistho-
branchia”, and support for Panpulmonata.

We were aware of these rooting issues; thus, we choose
members of the “Lower Heterobranchia” as outgroup taxa.
Our topology recovered monophyletic Panpulmonata and

Euopisthobranchia as its sister group. The clade Panpul-
monata, defined by Jorger et al. [5], comprises the clades
Amphiboloidea, Ellobioidea, Glacidorboidea, Hygrophila,
Siphonarioidea, Stylommatophora, and Systellomatophora
plus Acochlidia and Sacoglossa, previously regarded as
opisthobranchs [30]. Therefore, Panpulmonata possesses
an extraordinary diversity in morphology (snails, slugs and
intermediate forms), and habitats (marine, intertidal,
freshwater and terrestrial).

Recently, the monophyly of “Pulmonata” has been
challenged [30], i.e., evidence from phylogenomics did
not recover “Pulmonata” as a monophyletic group [3]. In
our tree, members from Amphibolidae (Salinator) and
Pyramidelloidea (Pyramidella) appear between trad-
itional “Pulmonata” clades, favoring Panpulmonata over
“Pulmonata”. Our topology supports the Amphipulmo-
nata clade (Ellobioidea + Systellomatophora) [29], and
rejects the Geophila hypothesis (Stylommatophora + Sys-
tellomatophora) [30]. Finally, the association between
Stylommatophora and Hygrophila has been also found
using phylogenomic analyses [24], although with a small
subset of euthyneuran taxa.

Patterns of evolutionary rates
The relative evolutionary rates (RER) for amino acids
were not equally distributed over the alignment
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(Additional file 1). The mean RER value in the nad
genes was 2-3 times higher than in the cox genes.
The RER for the coxl gene were below the mean
rates in our dataset, indicating a higher number of
conserved sites.

Stylommatophora (y = 0.6514x; R* = 0.9641) along with
Hygrophila (y = 0.6708x; R* = 0.9770) presented the high-
est divergence slopes in our data (Additional file 2). This
means that fewer nucleotide changes produced more
amino acid changes in comparison to the other clades, i. e.
non-synonymous changes are more frequent in both Sty-
lommatophora and Hygrophila. Furthermore, Stylomma-
tophora presented the highest absolute values for both
nucleotide and amino acid divergence. This result explains
the presence of long branches in this clade (Fig. 1).

Several hypotheses have been proposed to explain the
extreme divergence found in the mitochondrial DNA of
land snails (Stylommatophora) [31]: (1) exceptionally ac-
celerated rate of evolution, (2) haplotype groups previ-
ously differentiated in isolated refuges getting into
secondary contact, (3) natural (positive) selection pre-
serving the variation, and (4) the particular population
structure in pulmonates that allowed them to preserve
ancient haplotypes. Accelerated evolution of the mtDNA
has been found in several species of land snails and slugs
(hypothesis 1). The evolutionary rate in the mtDNA
(rRNA) of the snails Euhadra and Mandarina was 10 %
per Ma [32, 33], and 5.2 % in the slug Arion [34]. How-
ever, this is not a general pattern for all pulmonates, for
example the evolutionary rate of Albinaria and Partula
was estimated to be 1-1.2 and 2.8 % per Ma, respectively
[35]. The secondary contact after allopatric divergence of
haplotypes (hypothesis 2) has been found in Candidula
[36] and Cepaea [37]. Moreover, introgression of mito-
chondrial lineages as a result of hybridization has been ob-
served in two species of the land snail genus Trochulus
[38]. The effect of natural selection (hypothesis 3) shaping
the genetic diversity has been proposed before for land

Table 2 Site test of positive selection
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snails [39] although it was considered to be uncom-
mon [40]. However, a recent study has shown that
mitochondrial DNA undergoes substantial amounts of
adaptive evolution, especially in mollusks [41]. The
particular demographic pattern of land snails that
produces highly structured populations (hypothesis 4),
i.e.,, “islands” of isolated demes, affects the probability
of reciprocal monophyly of two samples and the
chance that a gene tree matches the species tree [42],
and explained the persistence of ancestral polymor-
phisms and the extreme divergence in Achatinella
[43], Systrophia [44], and Xerocrassa [45]. In addition,
in the case of Hygrophila, some studies found high
divergence rates in Physella [46], and Radix [47], al-
though no clear hypothesis has been proposed to ex-
plain this pattern.

Analyses of selective pressures

Codon substitution models have been widely used to
detect adaptive signatures affecting protein evolution
[48]. First, we tested for the presence of positive se-
lected codons across the alignments. All comparisons
(M2a-Mla, M8-M7, MS8-M8a) consistently favored
positive selection models M2a and M8 in cox1, cox2, cox3,
and cob (p <0.05) (Table 2). However, the proportion of
sites with w>1 was extremely low (Additional files 3
and 4). High w-values in the positively selected genes
can be explained by the presence of few synonymous
sites affecting dN estimations. On the contrary, a context
of strong negative selection could explain ® <1 for most
of the genes [49, 50].

Positive selection tests based on either sites or
branches only, are conservative for many genes [51].
This is because the test is only significant if the average
®>1 holds true for all sites or all branches. However,
one might expect that positive selection affects only spe-
cific sites in specific branches or lineages [52]. For these
reasons, we used the branch-site test of positive

Mla(hp=3) M2 (np=5 M7 (hp=3) M8 (np =5) M8a (np=4) M2a/Mla(df=2) M8/M7 (df=2)  M8/M8a (df=1)
ATP6  —233688643  —23368.7771  —22291.9994  —222920038  —22292.0038 0.1744 —0.008956 0.0000
COX1 —30899.0024  —30854.9357 —297589356 —29704.0913 —29746.97% 88.1334 109.6887 85.7763
COX2 —18042.2493 —18015.6742 —17256.1223 =17221.3147 —172453928 53.1501 69.6151 48.1561
COX3  =21196.1015  —211589525  —-20023.0527  —20010.8195  —20023.0034 74.2980 24.4664 24.3678
CYTB —30416.7613 —30401.6179 —28984.2418 —28973.9145 —28984.1611 30.2867 20.6547 20.4933
ND1 —28047.2931 —28045.7290 —267714013 —26771.4065 —26771.4065 3.1282 —0.010268 0.0000
ND2 —365537114  —365537117  —=355182839  -355182961  —35518.2961 —0.0006 —0.024316 0.0000
ND4 —47287.5457 —47287.5457 —45097.7072 —45097.4722 —45097.4722 0.0000 046994 0.0000
ND5 —58590.6941 —58589.0944 —55650.7195 —55650.7278 —55650.7278 3.1994 —0.016656 0.0000

The comparisons within the site models were M8 vs. M8a/M7, and M2a vs. M1a. Values in bold represent highly significant differences (p < 0.01) from the null

model, np: number of parameters
df degrees of freedom
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selection [51] focusing on the branches leading to terres-
trial taxa (foreground) within Panpulmonata. The alter-
native model (model A) fitted significantly better than
the null model (model Al) in the genes coxI, cox2, cob
and nad5 (Additional file 5). From these four genes, only
cob and nadS presented an w-ratio higher than one and
positively selected codons in the foreground (two sites in
cob and six in nad5) (Table 3).

The branch-site model has been shown to detect an-
cient episodes of positive selection [53]. A potential
problem of the test can be the saturation over long evo-
lutionary times; however, simulations have shown that
extreme sequence divergence does not generate false
positives although it can lead to a high rate of false nega-
tives, especially in older nodes [54]. In the same study,
significant levels of positive selection (w =6 or 12) were
detected at the radiation of bony vertebrates (Euteleos-
tomi), approximately 400-500 Ma [55]. In our data, di-
vergence times are lower than in the vertebrate study:
Euthyneura and Panpulmonata probably diverged from
their sister groups 250-350 Ma and 150-250 Ma ago,
respectively; while panpulmonate clades with terrestrial
taxa diverged more recently (Ellobioidea: 140-160 Ma;
Stylommatophora: 100-150 Ma) [3, 5].

Convergent adaptations related to realm shifts

The evolution of the lung in early panpulmonates,
probably originating from the pallial cavity of an
intertidal gilled-ancestor, was the key evolutionary
innovation that allowed the diversification to non-
marine realms [24]. Both Ellobioidea and Stylommato-
phora possess lungs, although they colonized the land
in different times. Land invasions in Ellobioidea oc-
curred at least twice, one within the genus Pythia
(15-25 Ma) and the other in the subfamily Carychiinae
(50-100 Ma) [8]; while terrestrialization in Stylommato-
phora appeared to be older (100-150 Ma) [5].

Different genes appeared to be under positive selection
(w>1) in terrestrial panpulmonate branches. While cob
and nad5 are both part of the OXPHOS pathway, they
belong to different complexes (complex III and I, re-
spectively), suggesting that adaptations occurred in sev-
eral molecular targets. The observed non-synonymous
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mutations produced similar changes in the amino acid
properties, albeit in different regions of each gene. Re-
sults from TreeSAAP for both cob and nad5 showed
that these changes alter the equilibrium constant
(ionization of COOH) property (Fig. 2). This property
may influence the protein efficiency reducing ROS pro-
duction while increasing individual longevity [56]. Alter-
ations in the equilibrium constant may have allowed
organisms to better cope with abiotic stress conditions
in the new hot, cold or dry habitats. For example, desic-
cation tolerance has been shown as a limiting factor for
the invasion of dry habitats in thiarid freshwater snails
[57]. Moreover, the activation of the antioxidant metab-
olism reducing ROS excess has been linked to desicca-
tion tolerance in the algae Mastocarpus stellatus and
Porphyra columbina occurring in the upper intertidal
zone [58]. Since desiccation stress (or abiotic stress in
general) is linked to metabolic activity and ROS produc-
tion [59], this directly affects the invasion success of an
evolutionary lineage.

The increase in metabolic efficiency has been also re-
lated with the terrestrial invasion in other animals, e. g.,
tetrapods, during the Devonian. Amphibians, lungfishes,
and coelacanths presented significant changes in the
same equilibrium constant (ionization of COOH) prop-
erty suggesting an adaptation to increased oxygen levels
and changing metabolic requirements [13]. These muta-
tions affected both cob and nadS tetrapod genes. Also, it
is noteworthy to mention that in the terrestrial panpul-
monate nad5 gene, the different approaches used by
PAML and TreeSAAP found signatures of positive selec-
tion along with amino acid property changes in similar
regions (Sites 308 and 512; Fig. 2, Table 3).

Changes at the molecular level could have also oc-
curred in different taxa, so we compared the sites under
positive selection in our data against previous studies to
find sites with similar adaptive patterns (Tables 4 and 5).
For cob, site 151 is located in an intermembrane domain.
This site is homologous to site 158 in a previous
cetacean-artiodactyl alignment (Table 4) and was re-
vealed to be under selective pressure in cetaceans, also
influencing the equilibrium constant of the cd2 inter-
membrane helix [20]. The authors proposed that non-

Table 3 Branch-site test of positive selection on the mitochondrial genes

Gene Proportion of site classes under model A dN / dS (w) in the foreground (terrestrial taxa) Positively selected sites
0 1 2a 2b 0 1 2a 2b BEB (pp > 0.95)
cox1 8837 9.98 149 017 0.0073 1.0000 1.0000 1.0000 -
cox2 79.08 14.54 539 099 0.0278 1.0000 1.0000 1.0000 188
cob 85.13 11.90 260 036 0.0243 1.0000 2.4988 2.4989 006, 151
nad>5 71.79 21.13 548 161 0.0559 1.0000 2.1521 2.1521 169, 308, 474, 478, 479, 512

Only the genes that showed a significant difference from the null model are shown. Values in bold represent a w > 1

BEB Bayes Empirical Bayes algorithm, pp posterior probability
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synonymous changes in cob are related to increasing
metabolic demands during cladogenesis. Similarly, adap-
tive evolution in cob has been related to the increase of
energy metabolism in response to the evolution of flight
in bats [60].

In case of nad5, site 474 is homologous to site 540
from the alignment of Garvin et al. [17] (Table 5). This
site is positively selected in rorquals (Balaenopteridae)
and salmons (Salmonidae). Site 474 is part of the bio-
mechanical apparatus that generates the electrochemical
gradient and it has been shown to be under positive se-
lection in the Pacific salmon species [19] and in euthe-
rians [14]. Also, site 474 corresponds to site 519 in
subterranean rodents [49]. This codon position is posi-
tively selected only in lineages that independently colo-
nized the subterranean niche, a habitat suggested to be

energetically demanding [61]. Mutations in the NADH
complex, especially in the transmembrane domains, may
affect the proton pump activity of this complex [14].
These changes could facilitate the proton flow and im-
prove the efficiency of ATP production - characteristics
associated to increased energetic requirements in non-
marine habitats [62].

Conclusions

We represent evidence of positive selection on several
amino acid positions in the mitochondrial complexes I
(nad5) and 1II (cob). These episodes of positive selection
occurred in independent branches of panpulmonates
with terrestrial taxa (Ellobioidea and Stylommatophora),
indicating their possible role during the invasion of the
land realm. Most of these sites have been shown to be
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Table 4 Alignment section of the cob gene from Garvin et al. [17]

Position in the alignment from Garvin et al. [17]

156 157 158 159 160 161

Anguilla \ G D T L \%
Argentenoidei \ G E A L \Y
Baleanopteridae | G N T L \%
Caprinae | G T N L \%
Delphinidae | G T T L \Y
Hypsiglena L G T S L T
Oryzias \ G N A L \%
Otariidae | G A N L \%
Phocidae | G T D L \%
Primates | G T D L \%
Salmonidae \ G N A L \%
Takifugu \ G N T L \%
Ursidae | G T D L \%
Bos taurus | G T N L \%
McClellan et al. [20] 158

da Fonseca et al. [14] 158

This work 151

The corresponding homologous position in Bos taurus is shown. Homologous
positions found under positive selection in other studies are shown below
the alignment

Table 5 Alignment section of the nad5 gene from Garvin et al. [17]
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also under positive selection in several other taxa. More-
over, the general pattern suggests that non-synonymous
mutations in both genes are probably linked to increased
or altered metabolic requirements. An increased demand
for energy due to the colonization of land and the neces-
sity to cope with different abiotic stress conditions may
have changed the physiological constraints in the early
terrestrial panpulmonates and triggered functional adap-
tations at the mitochondrial level. Future studies can
take into account the predicted codons and the informa-
tion on the physicochemical changes to test whether
these mutations also affect protein structure and func-
tion. New genomic information from panpulmonates
will most likely reveal even more genes involved in
metabolic and structural processes that were key to the
colonization of the terrestrial realm.

Methods

Mitogenome sequencing

Our dataset comprises 50 complete mitochondrial ge-
nomes, and is representative of all described lineages
within Euthyneura, except Acochlidia where no mito-
genomes have been sequenced so far. We did not
consider identical mitogenomes and mitogenomes that
were not verified for biological accuracy by GenBank.
Accession numbers for each sample are provided in
the Additional file 6.

Position in the alignment from Garvin et al. [17]

540 541 542 543 544 545
Anguilla T H N F S N
Argentenoidei L H N F S N
Baleanopteridae F S K F S T
Caprinae T F K F S N
Delphinidae S T K F S T
Hypsiglena L N L F F N
Oryzias T H H F S N
Otariidae L F K F S N
Phocidae L F K F S S
Hominidae T F R F S N
Salmonidae T H N F S N
Takifugu P H H F S N
Ursidae P F K F S N
Escherichia coli NuoL527 NuolL528 NuolL529 NuoL530 NuoL531 NuoL532
Garvin et al. [19] 526
Tomasco and Lessa [49] 519 520
This work 474 478 479

Positions under positive selection according to Garvin et al. [17] are highlighted in bold. The corresponding homologous position in Escherichia coli is shown.
Homologous positions found under positive selection in other studies are shown below the alignment
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In addition, we used DNA previously isolated from
specimens of Arion rufus (Linnaeus, 1758) [63], Cary-
chium tridentatum (Risso, 1826) [64], and Helicella itala
(Linnaeus, 1758) [65] for DNA shotgun sequencing. We
followed the protocol described by Feldmeyer et al. [66]
with some variations: 500 ng DNA per sample was used
for library preparation, following the Roche GS FLX
Titanium General Library Preparation specifications.
Each sample was sequenced on 1/8 of a titanium
plate on a 454 sequencer. It should be noted, that ap-
proximately 100 specimens of the microgastropod C.
tridentatum originating from a single locality had to
be pooled to obtain 500 ng of DNA.

Mitogenome assembly and annotation

Newbler v2.0.1 (Roche) was used for contig assembly,
with standard settings. Then, we subjected contigs to
BlastN and BlastX searches against the mitochondrial
genomes of closely related taxa. In addition, to close the
remaining gaps after the assembly, we designed flanking
primers using Geneious R7 [67]. Primer sequences can
be found in Additional file 7. Sequence amplification
was conducted using the following PCR conditions: Each
25 pL PCR mix included 1 pL (10 pmol) of each primer,
2.5 pL 10x PCR buffer, 2 pL (100 mM) MgCl2, 0.2 pL
(20 mM) dNTPs, 0.3 pL Tag-polymerase (Fermentas),
1.5 pL (10 mg/mL) bovine serum albumin, 12.50 pL
ddH20 and 4 pL template DNA in variable concentra-
tions. Temperature conditions: 1 min at 95 °C, followed
by 30 cycles of 30 s at 95 °C, 30 s at 52 °C and 30 s at
72 °C, and finally, 3 min at 72 °C. Visualization of PCR
products was performed on a 1.4 % agarose gel. Ampli-
cons were cleaned using the QIAquick PCR Purification
Kit or the QIAquick Gel Extraction kit (Qiagen) when-
ever multiple bands were detected. Sanger sequencing
was performed using the PCR primer pair (5 pmol) and
the BigDye® Terminator v.3.1 Cycle Sequencing Kit
(LifeTechnologies, Inc.) on an ABI 3730 capillary se-
quencer, using the facilities of the Senckenberg BiK-F
Laboratory Centre, Frankfurt am Main.

Both, shotgun contigs and Sanger sequences were
aligned in Geneious R7 to obtain the complete mito-
chondrial genomes. The complete mitogenome assem-
blies were annotated using the MITOS webserver
[68]. This program also identified rRNA and tRNA
genes. Additionally, we compared the results from
MITOS to other annotation strategies like NCBI ORF
Finder or Geneious R7, with similar results. Finally,
we compared the new gene annotations against other
panpulmonate mitochondrial genes to evaluate the
length of the reading frames. Newly determined ge-
nomes were deposited into GenBank (accession num-
bers: KT626607, KT696545, KT696546).
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Sequence alignments

The 13 protein-coding genes (PCG) were translated into
amino acids in Geneious R7 using the invertebrate mito-
chondrial genetic code, and then aligned using the
MAFFT [69]. Ambiguous aligned regions were removed
using Gblocks [70]. For downstream analyses, we did
not use alignments that had a length below 150 aa
(~450 nt) after Gblocks trimming. Thus, nine genes
were selected: atp6, coxl, cox2, cox3, cob, nadl, nad2,
nad4, nadS. Then, nucleotide sequences of these genes
were aligned using TranslatorX [71]. This software aligns
the nucleotides by codons taking into account the infor-
mation from the amino acid alignment. Gblocks was
used again in the codon-based alignment with less strin-
gent parameters to trim flanking regions and long gaps.
The concatenated alignment length is 9711 nt.

Phylogenetic reconstructions

It has been shown that outgroup selection is important
to conceal current hypothesis of euthyneuran phylogeny
[21, 72]. Thus, we decided to follow Wigele et al. [28]
choosing the “Lower Heterobranchia” clade (Hydatina,
Micromelo and Pupa) as the outgroup. For tree recon-
struction, we used only the first and second positions of
the alignment in order to reduce saturation levels. The
alignment length after removing the third position was
6474 nt. Data were partitioned by gene using the partition
scheme suggested in PartitionFinder [73]. Maximum like-
lihood analyses were conducted in RAXML-HPC2 (8.0.9)
[74, 75] implemented on XSEDE [76] (CIPRES Science
Gateway). We followed the “hard and slow way” sugges-
tions indicated in the manual and selected the best-
likelihood tree after 1000 independent runs. Then, branch
support was evaluated using bootstrapping with 1000 rep-
licates, and confidence values were drawn in the best-
scoring tree. Bayesian inference was conducted in
MrBayes v3.2.2 [77] on XSEDE (CIPRES). Two simultan-
eous Monte Carlo Markov Chains (MCMC) were run,
with the following parameters: eight chains of 50 million
generations each, sampling every 1000 generations and a
burn-in of 25 %. Tracer 1.6 [78] was used to evaluate
effective sample sizes (ESS>200). We assume that a
bootstrap value of >70 % [79] and a posterior probability
of > 0.95 [80] are evidence of significant nodal support.

Patterns of evolutionary rates

Relative evolutionary rates were calculated in the soft-
ware MEGAG6 [81], using the nucleotide and amino acid
information following the procedure described by
Merker et al. [82]. The rates are scaled such that the
average evolutionary rate across all sites is 1. Sites
with a rate lower than 1 evolve slower than the aver-
age while sites with a rate higher than 1 evolve faster
than the average. The relative rates were estimated
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under the General Time Reversible (GTR) model (+I') for
nucleotide sequences (complete concatenated alignment:
9711 nt.) and under the mtREV model (+I') for amino acid
sequences. The relative rates were scaled in windows with
a size of 30 for nucleotides and 10 for amino acids, using
the R package zoo [83]. Finally, we compared the amino
acid divergence relative to the nucleotide divergence
among main clades. Pairwise nucleotide and amino acid
distances were calculated under the previously described
substitution models.

Analysis of selective pressures

The CODEML program from PAML v4.8a [84] was used
to analyze positive selection in each mitochondrial gene.
PAML estimates the omega ratio (w=dN/dS) using
maximum likelihood. The omega ratio compares non-
synonymous (dN) against synonymous (dS) substitutions
per site. Assuming neutrality, o -values are equal to one;
however, o > 1 is expected if the gene undergoes adapt-
ing molecular evolution. In the latter scenario, non-
synonymous mutations offer fitness advantages to the
individual and have higher fixation probabilities than
synonymous mutations [85].

The maximum likelihood topology was set as the
guide tree. We re-estimated branch lengths on the tree
using codon model MO (one-ratio) and used them as
fixed when fitting the site and branch-site models. In the
site models, the w-ratio is allowed to vary among codons
in the alignment [85], while in the branch-site models,
the test focuses on the so-called foreground branches
[50]. Specifically, we tested branches leading to the air-
breathing land snails and slugs (Stylommatophora) and
to the terrestrial Carychium (Ellobioidea).

We evaluated site models using a likelihood-ratio test
(LRT). First, we compared the selection model (M2a;
model =0, NSites =2, fix_omega =0, omega = 5) against
the nearly neutral model (Mla; model =0, NSites=1,
fix_omega =0, omega =1) to detect signatures of w> 1.
Then, we used models that calculate o from a beta distri-
bution. Model M8 (model = 0, NSites = 8, fix_omega =0,
omega =5, 10 equal class proportions plus one class with
> 1) was compared against either model M7 (model =0,
NSites =7, fix_omega=0, omega=1, 10 equal class
proportions) or model M8a (model=0, NSites=38,
fix_omega =0, omega=1, 10 equal class proportions
plus one class with w =1).

For the branch-site test we compared the model A
(model = 2, NSsites = 2, fix_omega = 0, omega = 5) against
the null model A (model =2, NSsites = 2, fix omega=1,
omega = 1). The LRT was calculated as follows, 2*(InL
H1 — InL HO). The Bayes Empirical Bayes (BEB) algo-
rithm implemented in CODEML was used to calcu-
late posterior probabilities of positive selected sites.
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Genes detected to be positively selected in the branch-site
test were then analyzed in TreeSAAP [86]. This software
identifies significant physicochemical changes comparing
the distribution of observed changes inferred from a phylo-
genetic tree against the random distribution of changes
under neutrality. The magnitude of the change is rated from
1 (most conservative) to 8 (most radical). A highly signifi-
cant z-score calculated in TreeSAAP (z > 3.09, p < 0.01) indi-
cates more non-synonymous substitutions than assumed
under the neutral model [87]. We followed the suggestions
from George and Blieck [13] to increase the accuracy of the
test and lower the rate of false positives. Thus, we consid-
ered only the most radical changes (category 8, p <0.01) as
significant. Moreover, we focused only on 20 of the 31
amino acid properties available in the software.

Alignment comparisons with previous studies

Almost all previous work on mitochondrial molecular
adaptation has been done on vertebrates. We used the
amino acid alignments from a recent review by Garvin
et al. [17] to evaluate whether the positive selected sites
found in our study are also present in a broader taxo-
nomic context and could present a biological function.
Mitochondrial sequences of cob and nad5 reported by
Garvin et al. [17] and references therein [14, 19, 20, 49]
were downloaded and aligned using the global homology
algorithm g-insi in MAFFT [69].

Additional files

Additional file 1: Evolutionary rates for nucleotides (NT; blue line) and
amino acids (AA; red line) in the euthyneuran mitogenomes. Rates are
scaled such that the average evolutionary rate across all sites is 1 (red
line). The x-axis shows amino acid positions in the final concatenated
alignment. (PDF 481 kb)

Additional file 2: Amino acid divergence versus nucleotide
divergence in mitochondrial genomes of euthyneuran gastropods.
Clades are differentiated by colors and symbols as shown in the
legend. (PDF 205 kb)

Additional file 3: Comparison of models MO (one-ratio), M1a (nearly neutral),
and M2a (positive selection), and. Values in bold represent highly significant
differences (p < 0.01) from the null model. LRT: Likelihood ratio test, df: degrees
of freedom, InL: log likelihood, np: number of parameters. (XLSX 14 kb)

Additional file 4: Comparison of models M7, M8 and M8a. Values in
bold represent highly significant differences (p < 0.01) from the null
model. LRT: Likelihood ratio test, df: degrees of freedom, InL: log
likelihood, np: number of parameters. (XLSX 14 kb)

Additional file 5: Branch-site test of positive selection on the mitochondrial
genes (Model A vs. Null model). Values in bold represent highly significant
differences (p < 0.01) from the null model. LRT: Likelihood ratio test, df: degrees
of freedom, InL: log likelihood, np: number of parameters. (XLSX 10 kb)
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Additional File 1: Evolutionary rates for nucleotides (NT; blue line) and amino acids (AA,; red line) in the
euthyneuran mitogenomes. Rates are scaled such that the average evolutionary rate across all sites is 1

(red line). The x-axis shows amino acid positions in the final concatenated alignment.
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Additional File 2: Amino acid divergence versus nucleotide divergence in mitochondrial genomes of euthyneuran

gastropods. Clades are differentiated by colors and symbols as shown in the legend.
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Abstract

The conquest of the land from aquatic habitats is a fascinating evolutionary event that hap-
pened multiple times in different phyla. Mollusks are among the organisms that successfully
invaded the non-marine realm, resulting in the radiation of terrestrial panpulmonate gastro-
pods. We compared panpulmonate transcriptomes to study the selective pressures that
modeled the transitions from marine into terrestrial and freshwater realms in this molluscan
lineage. De novo assembly of six panpulmonate transcriptomes resulted in 55,000 - 97,000
predicted open reading frames, of which 9 - 14% were functionally annotated. Adding pub-
lished transcriptomes, we predicted 791 ortholog clusters shared among fifteen panpulmo-
nate species, resulting in 700 amino acid and 736 codon-wise alignments. The branch-site
test of positive selection applied to the codon-wise alignments showed seven genes under
positive selection in the terrestrial lineages and twenty-eight genes, in the freshwater line-
ages. Gene ontology categories of these candidate genes include actin assembly, transport
of glucose, and the tyrosine metabolism in the terrestrial lineages; and, DNA repair, metab-
olism of xenobiotics, mitochondrial electron transport, and ribosome biogenesis in the
freshwater lineages. We identified candidate genes representing processes that may have
played a key role during the water-to-land transition in Panpulmonata. These genes were
involved in energy metabolism and gas-exchange surface development in the terrestrial
lineages and in the response to the abiotic stress factors (UV radiation, osmotic pressure,
xenobiotics) in the freshwater lineages. Our study expands the knowledge of possible
adaptive signatures in genes and metabolic pathways related to the invasion of non-marine

habitats in invertebrates.

Keywords

Realm transition, Phylogenomics, Panpulmonata, Positive selection, Terrestrialization.
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1. Introduction

The invasion from marine to non-marine habitats is one of the most enthralling events in
the evolution of life on Earth. The transition from sea to land and freshwater environments
occurred multiple times in different branches of the tree of life. Mollusks, along arthropods
and vertebrates, are among the successful phyla that invaded the non-marine realm. Sev-
eral branches from the molluscan class Gastropoda (Neritimorpha, Cyclophoroidea, Litto-
rinoidea, Rissooidea, and Panpulmonata) have colonized terrestrial habitats multiple times
[1, 2]. Especially, several independent land invasions in the Panpulmonata resulted in a
significant adaptive radiation and explosive diversification that likely originated up to a third
of the extant molluscan diversity [3]. Therefore, panpulmonate lineages are a promising

system to study evolution of adaptations to non-marine habitats.

The habitat transition must have triggered several novel adaptations in behavior, breathing,
excretion, locomotion, and osmotic and temperature regulation, to overcome problems that
did not exist in the oceans such as dehydration, lack of buoyancy force, extreme tempera-
ture fluctuations and radiation damage [4-6]. Studies in vertebrates showed different ge-
nomic changes involved in the adaptation to the new habitats. Mudskippers, amphibious
teleost fishes adapted to live on mudflats, possess unique immune genes to possibly coun-
teract novel pathogens on land, and opsin genes for aerial vision and for enhancement of
color vision [7]. Tetrapods showed adaptation signatures in the carbamoyl phosphate syn-
thase | (CPS1) gene involved in the efficient production of hepatic urea [8]. Primitive sar-
copterygians like the coelacanth Latimeria already possess various conserved non-coding
elements (CNE) that enhance the development of limbs, and an expanded repertoire of
genes related to the pheromone receptor VR1 that may have facilitated the adaptation to
sense airborne chemicals during the water-to-land transition in tetrapods [9]. Also, verte-
brate keratin genes responsible for skin rigidity underwent a functional diversification after
the water-to-land transition, enhancing the protection against friction imposed by the new

terrestrial lifestyle [10].
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Conversely, information about the molecular basis of adaptation from marine to non-marine
habitats in invertebrates is still scarce. Only one study reported adaptive signals in gene
families (e. g. ATPases, DNA repair, and ribosomal proteins) that may have played a key
role during terrestrialization in springtails and insects (Hexapoda) [11], clades that probably
had a common pancrustacean ancestor living in a shallow marine environment [12, 13].
Mutations in the ATPases were suggested to provide the necessary energy to adapt to new
high-energy demanding habitats [14], DNA repair genes would have helped reducing the
damage produced by increased ultraviolet (UV) irradiation, and finally, as the ribosomal
machinery is salt-sensitive, adaptive signs in the ribosomal proteins could have been a

result of the different osmotic pressures within aquatic and terrestrial environments [15].

In a previous paper, we explored the adaptive signals in the mitochondrial genomes of
panpulmonates [16]. We found that in the branches leading to lineages with terrestrial taxa
(Ellobioidea and Stylommatophora), the mitochondrial genes cob and nad5, both involved
in the oxidative phosphorylation pathway that finally produces ATP, appeared under posi-
tive selection. Moreover, the amino acid positions under selection have been related to an
increased energy production probably linked to novel demands of locomotion [17, 18], and
to changes in the equilibrium constant physicochemical property involved in the regulation

of ROS production and thus, in the ability to tolerate new abiotic stress conditions [19].

Here, we expanded our search for candidate genes related to the adaptation to non-marine
habitats, using transcriptome-wide data from several panpulmonate taxa, including marine,
intertidal, freshwater and terrestrial lineages. We used a phylogenomic approach to recon-
struct the evolutionary relationships of Panpulmonata and then tested for positive selection
in the land and freshwater branches. Our approach aims to provide new insights into the

selective pressures shaping the transition from marine to land and freshwater lifestyles.
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2. Material and Methods
2.1. Dataset collection
The dataset from Zapata et al. [20] was used as a starting point for our study. We added to
this dataset the transcriptome from Radix balthica [21] and retrieved additional freshwater
specimens from the NCBI Sequence Read Archive (SRA)

(http://www.ncbi.nlm.nih.gov/sra). We complemented the dataset with five intertidal and ter-

restrial specimens from Ellobioidea (Carychium sp., Cassidula plecotremata, Melampus
flavus, Pythia pachyodon, Trimusculus sp.) and one terrestrial Stylommatophora (Arion vul-
garis), collected in Japan (2013) and Germany (2014), respectively (see Supplementary
File 10 in Ref. [22]). RNA was isolated following the RNeasy kit (QIAGEN) following the
manufacturer's protocol. cDNA production and sequencing on the lllumina NextSeq500
platform (150 bp paired- end reads) was performed by StarSEQ GmbH (Mainz, Germany),
according to their lllumina standard protocol. The final dataset comprised fifteen transcrip-
tomes of panpulmonate species occurring in marine, intertidal, freshwater and terrestrial
habitats (Table 1). Raw sequence data are deposited in the NCBI Sequence Read Archive

as BioProject (PRINA339817).

2.2.  Read processing and quality checking

FastQC [23] was used for initial assessment of reads quality. Then, Trimmomatic v0.33 [24]
was used to remove and trim lllumina adaptor sequences and other reads with an average
quality below 15 within a 4-base wide sliding window. In addition, we repeated the trimming
analysis specifying a minimum length of 25 nt for further assembly comparisons. The same
procedure was applied to all samples, except for Radix (454 reads). In this latter case, we

got the transcriptome assembly directly from the author [21].

2.3. Transcriptome assembly
De novo assembly was performed for all samples, except Radix (see last section), using

Trinity v2.0.6 [25] with a minimum contig length of 100 amino acids, and Bridger v2014-12-
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01 [26] with default options. Bridger required the trimmed set with the minimum length of
25 nt. We combined the results from Trinity and Bridger in a meta-assembly using MIRA
[27] with default settings. Only sequences with longer than 100 aa were retained for further
analyses. This step was done to improve the accuracy in ortholog determination and facil-
itate phylogenomic analyses [28]. Furthermore, we used the ORFpredictor server [29] to

predict open reading frames (ORF) within the transcripts.

2.4. Construction of ortholog clusters

Ortholog clusters shared among protein sequences of the fifteen panpulmonate species
were predicted using OrthoFinder [30] with default parameters. In case clusters contained
more than one sequence per species, only a single sequence per species with the highest
average similarity was selected using a homemade script. The predicted amino acid se-
guences from each ortholog cluster were aligned using MAFFT [31] with standard param-
eters. Nucleotide sequences in each orthogroup were aligned codon-wise using
TranslatorX [32] taking into account the information from the amino acid alignments. Am-
biguous aligned regions from the amino acid or codon alignments were removed using
Gblocks [33] with standard settings. We used TrimAL [34] to remove poorly aligned or in-
complete sequences in each ortholog cluster, using a minimum residue overlap score of

0.75.

2.5. Phylogenomic analyses

Phylogenetic relationships among the Panpulmonata were reconstructed based on a sub-
set of 382 ortholog clusters. The subset selection was done using MARE [35], a tool de-
signed to find informative subsets of genes and taxa within a large phylogenetic dataset of
amino acid sequences. The concatenated amino acid alignment length resulted in 88622
positions. Data were partitioned by gene using the partition scheme suggested in Partition-
Finder [36] using the -rcluster option (relaxed hierarchical clustering algorithm), suitable for

phylogenomic data [37]. We reconstructed an unrooted tree to be used as an input for the
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selection analyses. Maximum likelihood analyses were conducted in RAXML-HPC2 (8.0.9)
[38]. Branch support was evaluated using 1000 rapid bootstraps, and confidence values
were drawn in the best-scoring tree. Bayesian inference was conducted in MrBayes v3.2.2
[39]. Four simultaneous Monte Carlo Markov Chains (MCMC) were run, with the following
parameters: eight chains of 20 million generations each, sampling every 20000 generations
and a burn-in of 25%. Tracer 1.6 [40] was used to evaluate effective sample sizes (ESS >
200). We assume that a bootstrap value of >70% and a posterior probability of > 0.95 are

evidence of significant nodal support.

2.6. Selection analyses

The test of positive selection was performed for 736 ortholog clusters (codon-wise align-
ments) in CODEML implemented in the software PAML v4.8 [41]. PAML estimated the
omega ratio (w = dN: non-synonymous sites / dS: synonymous sites); w =1 indicates neu-
tral evolution, w < 1 purifying selection, and w > 1 indicates positive selection [42]. To detect
positive selection affecting sites along the terrestrial or freshwater branches (foreground)
in comparison to the intertidal or marine lineages (background), the branch-site model A
[43] in CODEML was applied (model = 2, NSsites = 2) for each ortholog cluster. The un-
rooted tree obtained using maximum likelihhod was set as the guide tree. In order to avoid
problems in convergence in the log-likelihood calculations, we ran three replicates of model
A with different initial omega values (w = 0.5, w = 1.0, w = 5.0). We also calculated the
likelihood of the null model (model = 2, NSsites = 2, fixed w =1.0). Both models were
compared in a likelihood ratio test (LRT= 2*(InL model A — InL null model)). The Bayes
Empirical Bayes (BEB) algorithm implemented in CODEML was used to calculate posterior
probabilities of positive selected sites. We corrected p-values with a false discovery rate
(FDR) cut-off value of 0.05 using the Benjamini and Hochberg method [44] implemented in
R. The statistical significance of the overlap between positively selected genes from fresh-

water and terrestrial lineages was calculated using the R function phyper.
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2.7.  Functional annotation

The transcripts were annotated using BlastX [45]. We blasted the nucleotide sequences
against the invertebrate protein sequence RefSeq database (release 73, November 2015),
with an e-value cut-off of 106, We selected top hits with the best alignment and the lowest
e-value. Gene ontology (GO) terms for each BLASTx search were obtained in the Blast2GO
suite [46]. Functional annotation information was obtained from InterPro database [47] us-
ing the InterProScan [48]. GO terms were then assigned to each ortholog group that was
found under positive selection. In addition, we added to this clusters the metabolic pathway
information retrieved from the KAAS server [49]. This server assigns orthology identifiers
from the KEGG database (Kyoto Encyclopedia of Genes and Genomes). Functional en-
richment analysis using the Fisher exact test was also performed in Blast2GO comparing

the genes under positive selection against all ortholog clusters.

3. Results

We generated approximately 2,100,000 - 3,400,000 Illumina for our six samples (five ellobi-
ids and one stylommatophoran species,Table 1). The quality trimming eliminated 14 - 39%
of short and low-quality fragments in our samples. De novo meta assembly with MIRA pro-
duced approximately 55,000 - 98,000 transcripts in our samples and 54,000 - 130,000 in
the other additional samples (Table 1). For further analyses we used transcripts larger than
300 bp. This represented a reduction of less than 1% in our samples but a higher reduction
in the public data (3 - 35%). The number of predicted open reading frames (55,000 - 97,000)
was very similar to the number of transcripts > 300 bp in almost all cases, the only exception
was Radix balthica, where only 57% of the transcripts obtained an ORF prediction. We
obtained 9,000 - 30,000 single blast hits for our data, representing 5,000 - 13,000 single
annotated genes. The percentage of annotated genes from our open reading frame data

was 9 - 14%.
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We predicted 791 ortholog clusters shared among all species, of which 700 ortholog clus-
ters remained after removing spurious and poorly amino acid aligned sequences in trimAL.
From this dataset, MARE selected 382 informative clusters to reconstruct the phylogeny of
the panpulmonate species. The amount of missing data corresponds to 10.94% in the com-
plete matrix, and 6.26% in the reduced matrix (see Supplementary Files 5 and 6 in Ref.

[22], respectively).

Most branches in the panpulmonate tree received high support (Figure 1). The clade con-
taining Stylommatophora and Systellommatophora was significantly supported (bootstrap:
94 / posterior probability: 1.0) and appeared as a sister of the monophyletic Ellobioidea
(99/1.0). The Acochlidia clade was moderately supported (86/1.0). The association of the
Acochlidia with the Ellobioidea, Stylommatophora, Systellommatophora clade had no sig-
nificant bootstrap support but a high posterior probability (64/1.0). The Hygrophila clade
was highly supported (100/1.0). The association of Amphiboloidea and Pyramidelloidea

was also highly supported (100/1.0).

We detected selection signatures on genes (codon-wise alignments) across the terrestrial
and freshwater lineages in Panpulmonata. The likelihood-ratio test (LRT) comparing the
branch-site model A against the null model (neutral) showed seven ortholog clusters under
positive selection in the land lineages and twenty-eight clusters in the freshwater lineages
(see Supplementary File 7 in Ref. [22]). There was no overlapping within positively selected
genes from the terrestrial and freshwater lineages. Table 2 shows examples of these can-
didate genes, their annotations, biological processes, molecular functions, and pathways
involved. The BlastX annotations revealed candidate genes involved in the actin assembly,
protein folding, transport of glucose, and vesicle transport in the terrestrial lineages. In the
freshwater lineages, we found candidate genes associated to DNA repair, metabolism of
xenobiotics, mitochondrial electron transport, protein folding, proteolysis, ribosome biogen-

esis, RNA processing and transport of lipids (see Supplementary Files 8 and 9 in Ref. [22]).
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We found significant enriched GO (Gene ontology) terms neither in the terrestrial nor fresh-

water lineages.

Candidate genes under positive selection in the terrestrial lineages were involved in the
carbohydrate digestion, endocytosis, focal adhesion, and the metabolism of lipids and ty-
rosine pathways. In case of the freshwater lineages, the candidate genes were involved in
several metabolic pathways, for example, amino acid biosynthesis, focal adhesion, lyso-
some, oxidative phosphorylation, and protein signaling (Table 2, and Supplementary Files

8 and 9 in Ref. [22]).

4. Discussion

Panpulmonates transitioned from marine to terrestrial environments in at least four line-
ages: Acochlidia, Ellobioidea, Stylommatophora, and Systellomatophora, and to freshwater
environments in at least three lineages: Acochlidia, Glacidorboidea, and Hygrophila [2, 50-
53], Thus, they are a very suitable model to study the invasion of non-marine realms. How-
ever, the phylogenetic relationships within this clade are yet to be resolved [50]. Our tree
topology using 382 ortholog clusters resembles the one obtained from Jorger et al. [51],
based on mitochondrial and nuclear markers. In addition, we found support for the Geoph-
ila: Stylommatophora (terrestrial) and Systellommatophora (intertidal/terrestrial) as sister
groups. This clade has been proposed before based on the position of the eyes at the tip
of cephalic tentacles [54]. Still, previous phylogenies using mitochondrial and nuclear mark-
ers failed to support this clade [16, 51, 52, 55]. We also found support for Eupulmonata
(sensu Morton [55, 56]), a clade comprising Stylommatophora and Systellommatophora
plus Ellobioidea (intertidal/terrestrial) [50], this clade was supported using a combination of
mitochondrial and nuclear markers [51]. Generation of high-quality transcriptomic data for
other panpulmonate clades (marine Sacoglossa and Siphonarioidea, freshwater Glaci-
dorboidea), and additional data for terrestrial Stylommatophora and Systellommatophora,

will definitively illuminate the evolutionary relationships in Panpulmonata.
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Our study is the first genome-wide report on the molecular basis of adaptation to non-ma-
rine habitats in panpulmonate gastropods. In case of the terrestrial lineages, we found ev-
idence that the different positively selected genes are involved in a general pattern of
adaptation to increased energy demands. The adaptive signs found in a gene related to
actin assembly (OG0001172, Table 2) can be related to the necessity to move (forage,
hunt preys or escape from predators) in the terrestrial realm. Moreover, the displacement
in an environment lacking the buoyancy force to float or swim requires more energy, which
can be obtained by increasing the glucose uptake (OG0000137) to produce energy in form
of ATP. The adaptive signatures we found before in two mitochondrial genes, cob and
nad5, involved in energy production in the mitochondrion, also suggested a response to
new metabolic requirements in the terrestrial realm, such as the increase of energy de-

mands (to move and sustain the body mass).

One gene found under positive selection in the terrestrial genus Pythia, was involved in the
metabolism of tyrosine (OG0000060). Tyrosine is the principal component of the thyroid
hormones (TH). Despite invertebrates lack the thyroid gland responsible of the production
of TH’s; the synthesis of TH’s has been demonstrated in mollusks and echinoderms. In
these organisms, iodine is ligated to the tyrosine in the peroxisomes, producing thyroid
hormones [57]. Notably, it has been suggested that iodinated tyrosine may have been es-
sential in vertebrates during the transition to terrestrial habitats for TH’s are required in the
expression of transcription factors involved in the embryonic development and differentia-
tion of the lungs [58]. Land snhails adapted to breath air by losing their gills and transforming
the inner surface of their mantle into a lung [5]. Therefore, we propose that the tyrosine
pathway was also a key component in invertebrates probably promoting the development

of novel gas exchange tissues in land snails.
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A gene similar to cytochrome P450 was also found under positive selection (OG000120).
Cytochrome P450s are proteins involved in the metabolism of xenobiotics. They were also
under positive selection in the terrestrial Hexapoda lineages in comparison to other water-
dwelling arthropods [11]. This result suggests that adaptations in these genes probably

improve the response to new organic pollutants and toxins absent in the marine realm.

Another gene that showed adaptive signatures was the 40S ribosomal protein S3a
(OG0002708). Likewise, ribosomal genes were also identified in a previous study on land-
to-water transitions in hexapods [11] and plants [15]. In the latter study, it was suggested
that the difference in the osmotic pressure from aquatic and terrestrial realms could affect
the salt-sensitive ribosomal machinery, triggering adaptations to tolerate new salt condi-
tions. This could also be the case for the freshwater animals (hypertonic) in comparison to

the marine ones (hypotonic).

Finally, we found adaptive signatures in a DNA methyltransferase gene (OG0004116). This
enzyme is part of the DNA repair system in the cell. Specifically, it removes methyl groups
from O6-methylguanine produced by carcinogenic agents and it has been showed that its
expression is regulated by the presence of ultraviolet B (UVB) radiation [59]. Positive se-
lection on DNA repair genes has been found in hexapods [11], and in vertebrates living in
high altitude environments (Tibetan antelopes) [14] or in mudflats (mudskippers) [7], sug-
gesting an important role in the maintenance of the genomic integrity in response to the
rise of temperature gradients or UV radiation in the terrestrial realms. In case of the aquatic
environments, an extensive review has found an overall negative UVB effect on marine and
freshwater animals [60]. However, the authors did not find a significant difference of the
survival among taxonomic groups or levels of exposure in marine and freshwater realms,
and suggested that the negative effects are highly variable among organisms and depends
on several factors including cloudiness, ozone concentration, seasonality, topography, and

behavior. Interestingly, it has been reported that survival in the freshwater snail Physella
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acuta (Hygrophila) depends of the combination of a photoenzymatic repair system plus
photoprotection provided by the shell thickness and active selection of locations below the

water surface avoiding the sunlight [61]

5. Conclusions

We found that the positively selected genes in the terrestrial lineages were related to mo-
tility and to the development of novel gas-exchange tissues; while most of the genes in
freshwater lineages were related to the response to abiotic stress such osmotic pressure,
UV radiation and xenobiotics. These adaptations at the genomic level combined with novel
responses in development and behavior probably facilitated the success during the transi-
tions to the non-marine realm. Our results are very promising to understand the genomic
basis of the adaptation during the sea-to-land transitions, and also highlight the necessity
of more genome-wide studies especially in invertebrates, comparing marine, freshwater
and terrestrial taxa, to unravel the evolution of the molecular pathways involved in the in-

vasion of new realms.
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Table 2. Examples of ortholog clusters under positive selection in the terrestrial and freshwater lin-

eages. The complete information can be found in the Supplementary Files 8 and 9 in Ref. [22].

Ortholog cluster

BlastX annotation

Molecular function

Biological process

KEGG pathway

Terrestrial
Copper ion binding,
tyramine beta-hy- Oxidation-reduction
OG0000060 oxidoreductase ac- Tyrosine metabolism
droxylase-like process
tivity
sodium glucose co- Transmembrane Carbohydrate digestion and
0G0000137 Transporter activity
transporter 4-like transport absorption
Actin crosslink for-
Actin filament bind-
alpha- sarcomeric- mation, actin fila-
0G0001172 ing, calcium ion Focal adhesion
like isoform X2 ment bundle
binding
assembly
Freshwater
Monooxygenase Aminobenzoate degrada-
cytochrome P450 Xenobiotic meta-
0G0000120 activity, iron ion tion, steroid hormone bio-
3A7-like bolic process
binding synthesis
methylated-DNA-- - methylated-DNA-
cysteine methyl- [protein]-cysteine S
0G0004116 DNA repair -
transferase-like iso- methyltransferase
form X2 activity
cytochrome ¢ oxi- Proton transport,
dase subunit 4 iso- Cytochrome c oxi- mitochondrial elec-
0G0004174 Oxidative phosphorylation
form mitochondrial- dase activity tron transport, cyto-
like chrome c to oxygen
40S ribosomal pro- RNA binding, pro-
0G0002708 - rRNA processing, translation

tein S3a

tein binding
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Figure title and legend

Figure 1. Unrooted phylogeny of Panpulmonata. A bootstrap value and posterior probability
equal to 100/1.0 is represented with *. Colors represent the habitat where species occur:
Dark blue, marine; light blue, intertidal; brown, freshwater; green, terrestrial. Freshwater
and terrestrial branches tested for positive selection are highlighted with a thick bar. Photo
credits: Natural Museum Rotterdam (B. glabrata NMR 81004, M. flavus NMR 82913, O.
sulcatus NMR7769, P. corneus NMR78762); J. Klawiter (A. vulgaris), CC-BY-3.0; Bishogai
database (P. pachyodon); Moorea Biocode (Turbonilla sp.), CC-BY-NC-SA 3.0; A. Duppont

(O. floridana); B. Feldmeyer (R. balthica); S. Grove (P. solida).
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