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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. 

 



7 
 

ZUSAMMENFASSUNG 

ENTWICKLUNG DER LANDINVASION IN PANPULMONATA 

(MOLLUSCA, GASTROPODA): MOLEKULARE ADAPATATIONEN IM 

KONTEXT DES BEREICHS TRANSITIONEN 

 

Hintergrund 

Der Übergang 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 nötig. Der Lebensraumwechsel vom Meer zum Land vollzog sich 

unabhängig in verschiedenen Organismen, beispielsweise in Flechten, grünen 

Pflanzen, Arthropoden, Mollusken und Wirbeltieren. Dieser Vorgang setzte 

Modifikationen unterschiedlicher somatischer Systeme und Organe voraus, welche 

zunächst an aquatische Habitate angepasst waren. Zu den Beispielen dieser 

Anpassungen zählen 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 Harnsäure 

und Harnstoff) und die Präsenz eines Skeletts sowie einer starken Muskulatur, um 

den Körper zu stützen und zu bewegen. 

Der Übergang vom Meer zum Land eröffnet ebenfalls außergewöhnliche 

Möglichkeiten, um zu untersuchen, ob die Evolution konvergenter Merkmale in 

unterschiedlichen Taxa auf den gleichen Veränderungen der genetischen Ebene 

beruht. Dies würde bedeuten, dass in unterschiedlichen Taxa dieselben Gene unter 

Selektion stünden und konvergente Merkmale auf verschiedenen organismischen 

Ebenen, wie Proteinstruktur und -funktion, Stoffwechselprozesse und 

Gewebeentwicklung letztlich auf den gleichen molekulargenetischen 

Mechanismen beruhen. 
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Mollusken sind eines der Taxa, welche erfolgreich das Land eroberten. So 

besiedelten mehrere Abstammungslinien der Panpulmonata (Gastropoda, 

Heterobranchia) erfolgreich die Gezeitenzone und Brackwasser, Binnengewässer 

(Süßwasser) und Land sowie marine Lebensräume (Salzwasser). Unter 

Zuhilfenahme von Methoden der Bioinformatik, Phylogenetik und 

Molekulargenetik, untersuchte ich im Zuge meiner Dissertation, unabhängige 

Landgänge verschiedener Gruppen innerhalb der Panpulmonata, und die damit 

verbundenen genetischen Veränderungen, welche durch die Wasser-Land-

Transition favorisiert wurden. 

 

Durchgeführte 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 nukleäre Marker (ribosomale Gene: 28S, 18S, 16S 

und 12S; sowie proteinkodierende Gene: cox1 und H3), um phylogenetische 

Beziehungen innerhalb dieser Familie zu entschlüsseln. Anschließend 

rekonstruierte ich den phylogenetischen Stammbaum der Ellobiidae unter 

Verwendung der maximum likelihood-Methode und Bayesʼscher Verfahren. Die 

von mir abgeleitete Phylogenie enthüllte eine verbesserte Auflösung der 

Beziehungen innerhalb der Familie. Dieses Ergebnis bestätigt frühere 

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 Lebensraumübergangs. Ich zeigte, dass sich 
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der Landgang innerhalb der Ellobiidae unabhängig in den Subfamilien Carychiinae 

und Pythiinae vollzog. Zusätzlich wies ich nach, dass diese Ereignisse während 

unterschiedlicher geologischer Ären geschahen (Mesozoikum bzw. 

Cenozozoikum). Desweiteren konnte ein Einfluss geologischer oder klimatischer 

Ereignisse, wie das Massenaussterben der Kreide-Paläogen-Grenze (K-P-Grenze) 

oder der Abfall des Meeresspiegels während des Oligozäns, 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. Anschließend führte 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 führten. Diese Veränderungen 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 Aminosäureänderungen (Ionisation der 

Carboxygruppe) in beiden Genen nach. Diese physiochemische Eigenschaft von 

Aminosäuren beeinflusst die Produktion reaktiver Sauerstoffspezies (ROS). Die 

Fähigkeit der Reduktion von ROS unter neuen Stresskonditionen (z.B. 

Extremtemperaturen oder Austrocknung), könnte die Anpassung einer Art an 

terrestrische Habitate begünstigen. Desweiteren verglich ich die 

Aminosäuresequenzen der Proteine terrestrischer Panpulmonata, welche von cytb 

und nad5 kodiert werden, mit Wirbeltieren, die ebenfalls eine Anpassung an neue 

Habitate vollzogen: Wale, Fledermäuse und unterirdisch lebende Nager. 

Überraschenderweise fand ich in beiden Genen übereinstimmende positiv 
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selektierte Aminosäuren. Dieses Ergebnis weist auf ein Anpassungsmuster hin, 

welches parallele genetische Modifikationen voraussetzt, um mit neuen 

metabolischen Anforderungen in einer neuen Umwelt umgehen zu können. 

Daraus lässt sich ableiten, dass neue energetische Anforderungen des Landganges 

sowie die Notwendigkeit der Toleranz gegenüber neuen abiotischen 

Stressfaktoren, die physiologische Einschränkungen in terrrestrischer 

Panpulmonata veränderten und Anpassungen mitochondrialer Gene auslösten. 

In Manuskript 1 (Romero et al., in review) erweiterte ich anhand von 

Tanskriptomdaten die Suche nach positiv selektierten Genen in terrestrischen 

Panpulmonaten. In diesen Datensätzen waren die terrestrische 

Abstammungslinien von Carychium sp., Pythia pachyodon (Ellobioidea) sowie Arion 

vulgaris (Stylommatophora) repräsentiert, während 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 

führte 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 unabhängiger Anpassungsereignisse unterstützt. 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 Süßwasserschnecken 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 Atmungsoberflächen in terrestrischen Schnecken; und 
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Teil der Antwort auf abiotische Stressfaktoren (Strahlung, Austrocknung, 

Xenobiotika) in Süßwasserschnecken. 

 

Fazit 

Meine Arbeit erbrachte Beweise für multiple Landgänge innerhalb der 

Panpulmonata und vielversprechende Einsichten in das Verständnis der 

genetischen Grundlage der Anpassung während des Landgangs. Ich konnte 

nachweisen, dass sich die Anpassung an das Leben an Land mindestens zweimal 

unabhängig voneinander in den Ellobiidae vollzog (Publikation 1). Dieses Ergebnis 

erweitert die Anzahl unabhängiger Landgänge  in den Panpulmonata (Acochlidia, 

Stylommatophora, Systellommatophora) zu mindestens fünf unabhängige 

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 inhärenten Fähigkeit 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. 

Tatsächlich wurde bis zum jetzigen Zeitpunkt lediglich eine Studie veröffentlicht, 

welche sich mit dem Landgang in Springschwänzen (Collembola) und Insekten 

(Hexapoda) beschäftigt. Meine Arbeit ist der erste Bericht über adaptive Signale auf 

dem Codonlevel von Genen, die Stoffwechsel- und Entwicklungsänderungen 

während des Landgangs im Phylum Mollusca ermöglichten, und leistet einen 

wichtigen Beitrag in der wissenschaftlichen Debatte über 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 gewährleisteten 

wahrscheinlich das Überleben und den Erfolg während des Übergangs zu nicht-

marinen Lebensräumen. Ich fand Hinweise auf parallele Evolution in den 

Mitochondrien von terrestrischen Panpulmonaten, jedoch nicht in den 

Transkriptomen. Eine mögliche Erklärung dieses Phänomens mag sein, dass 

sowohl die geringe Größe des mitochondrialen Genoms, als auch die niedrige Zahl 

kodierender Gene und die grundlegende Rolle jener Gene in der Sauerstoffatmung 

die Möglichkeiten für Selektion begrenzt, was häufigere parallele 

Evolutionsereignisse begünstigt. Im Falle der Transkriptionsdaten, in denen die 

Anzahl von Genen wesentlich höher ist, kann Selektion unabhängig in mehreren 

verschiedenen Genen (und Stoffwechselwegen) agieren. Da ich lediglich Hunderte 

von Genen analysierte, bleibt die Möglichkeit auf parallele Evolution im nukleären 

Genom bestehen. Weitere vergleichende genomweite Studien, welche die Zahl von 

Genen mit Schlüsselrollen in der Transition zwischen Lebensräumen erweitern 

könnten, den Einblick in eine mögliche 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 (O3) 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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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 (Schrödl, 2014; Wägele 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 Wägele 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 Röding, 1798, occurring in tropical rainforests (Martins, 
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1995); Carychium Müller 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).  

 

Figure 3. The realms of 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 Schrödl (2014). 
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Figure 4. Phylogenetic relationships in Panpulmonata. 

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

data (e, f). 



 

 

 

 

  

 

  

    

   

 

 

 

 

 

 

   

   

  

 

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 (ω = 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 (ω > 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 ω > 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 
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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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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, 12S rRNA, and cytochrome oxidase I (coi); nuclear 18S 

rRNA, 28S 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.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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).  

 

 

  

 

 

 

 

 

 

 

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 

III, 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). 

 

 

 

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.  

 

 

 

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

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

(a) 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, Jörger and Schrödl, 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).  

 

 

 

 

 

 

 

 

 

 

 

 

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 Tmc1 (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 
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(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*. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 *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). 

 

 

 

 

(a) nad5

Taxon

Nuol 

527 Classification

Nuol 

528 Classification

Nuol 

531 Classification

Nuol 

532 Classification

Aegista I 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 positive M Hydrophobic E Polar negative H Polar positive

Dolicheulota F Polar neutral P Hydrophobic I Hydrophobic N Polar neutral

Gastrocopta S Polar neutral H Polar positive S Polar neutral S Polar neutral

Helicella V Hydrophobic P Hydrophobic S Polar neutral S Polar neutral

Mastigeulota V 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

Taxon

Bos 

cob 

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

Baleanopteridae N Polar neutral
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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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Additional File 1. Phylogram of the relationships within Ellobiidae inferred from concatenated six-gene sequences. 
Posterior probabilities (PP, left) and bootstrap values (BS, right) are indicated on branches. Asterisks denote BS=90%
and PP=0.99; dots are for clades with BS=70% PP=0.95; see Results for individual support values. Colors correspond 
to each of the subfamilies as delineated by Martins (2007); terrestrial taxa are highlighted in bold. 
Abbreviations: A, Ellobiidae sensu lato (Dayrat et al., 2011); B, Ellobiidae sensu stricto (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 BEAST divergence 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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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. 
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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 I (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 Illumina NextSeq500 

platform (150 bp paired- end reads) was performed by StarSEQ GmbH (Mainz, Germany), 

according to their Illumina 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 (PRJNA339817).  

 

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 Illumina 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-

http://www.ncbi.nlm.nih.gov/sra
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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-

quences 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 (ω = dN: non-synonymous sites / dS: synonymous sites); ω = 1 indicates neu-

tral evolution, ω < 1 purifying selection, and ω > 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 (ω = 0.5, ω = 1.0, ω = 5.0). We also calculated the 

likelihood of the null model (model = 2, NSsites = 2, fixed ω = 1.0). Both models were 

compared in a likelihood ratio test (LRT= 2*(lnL model A – lnL 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 10-6. 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 Jörger 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 snails 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     

OG0000060 
tyramine beta-hy-

droxylase-like 

Copper ion binding, 

oxidoreductase ac-

tivity 

Oxidation-reduction 

process 
Tyrosine metabolism 

OG0000137 
sodium glucose co-

transporter 4-like 

Transmembrane 

transport 
Transporter activity 

Carbohydrate digestion and 

absorption 

OG0001172 
alpha- sarcomeric-

like isoform X2 

Actin filament bind-

ing, calcium ion 

binding 

Actin crosslink for-

mation, actin fila-

ment bundle 

assembly 

Focal adhesion 

Freshwater     

OG0000120 
cytochrome P450 

3A7-like 

Monooxygenase 

activity, iron ion 

binding 

Xenobiotic meta-

bolic process 

Aminobenzoate degrada-

tion, steroid hormone bio-

synthesis 

OG0004116 

methylated-DNA-- -

cysteine methyl-

transferase-like iso-

form X2 

methylated-DNA-

[protein]-cysteine S 

methyltransferase 

activity 

DNA repair - 

OG0004174 

cytochrome c oxi-

dase subunit 4 iso-

form mitochondrial-

like 

Cytochrome c oxi-

dase activity 

Proton transport, 

mitochondrial elec-

tron transport, cyto-

chrome c to oxygen 

Oxidative phosphorylation 

OG0002708 
40S ribosomal pro-

tein S3a 
- 

RNA binding, pro-

tein binding 
rRNA processing, translation 
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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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