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1. Abstract 

Mollusks are among nature’s greatest innovators, representing some of the most ancient 
and evolutionary successful animals, with a tremendous diversity in morphology, 
behavior, lifestyle and habitats. Since the beginning of human civilization, this taxon 
has received a great deal of attention, for example as ornaments, currency, and diet, and 
is nowadays closely linked to the economy, health and ecology of human society. For 
more than two centuries, malacologists have laid a solid foundation for our 
understanding on the evolution of the phylum Mollusca through behavioral and 
environmental observations, as well as morphological and anatomical studies. The 
beginning of the era of genetic and genomic reconstruction of natural history has 
allowed gaining a complementary perspective on molluscan diversity and evolution. 

A genome contains the complete genetic information of an organism or a cell, passed 
from one generation to the next. A reference genome, i.e., a representative nucleic acid 
sequence database of a target species, reveals the structure, organization and functional 
features of genes, and therefore serves as a foundation for molecular and genomic 
studies. Recent improvements in sequencing technologies have provided the ability to 
produce high-quality genome assemblies in a shorter period of time and with affordable 
costs. However, relative to the huge number of extant species, molluscan genomic 
resources lag far behind, and are highly uneven across classes and taxa. For example, 
up to now (August 2022) no sequenced and assembled genomes are available for four 
out of the eight mollusk classes (Scaphopoda, Solenogastres, Caudofoveata, 
Monoplacophora). Gastropods account for 80% of extant species in the phylum 
Mollusca. While the total number of reported gastropod genomes (49) accounts for 45% 
of published mollusk genomes, this only represents 0.05% of all known gastropod 
species. 

During the course of my dissertation, we generated whole-genome and transcriptome 
data for Arion vulgaris Moquin-Tandon, 1855 (Mollusca: Gastropoda: 
Stylommatophora), a notorious agricultural pest in Europe and thus an ecologically and 
economically important species. We assembled a chromosome-level genome of A. 
vulgaris with considerable completeness and contiguous, annotated genes and 
repetitive elements, as well as its mitochondrial genome. Using the mitogenome, we 
explored the mitochondrial evolutionary patterns as well as phylogenetic relationships 
of stylommatophoran land snails and slugs. Using whole-genome data, we identified 
single-copy orthologous genes among major gastropod groups, and recovered 
Psilogastropoda s.l., that is Patellogastropoda as sister to Vetigastropoda and 
Neomphalina, for deep gastropod phylogeny. As the first reported genome of a land 
slug, we have also made extensive comparisons between the genome of Arion vulgaris 
with land snails and other aquatic and marine species of the clade Heterobranchia. We 
identified genes that are specific/expanded/positively selected in A. vulgaris, which 
show functional relatedness to its strong adaptive capacities. Furthermore, we showed 
that the whole-genome duplication event that occurred approximately 93–109 Mya 
shared by Stylommatophora species might have promoted stylommatophoran land 
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invasion, speciation, and adaptive radiation. Small-scale gene duplication, i.e., a 
formidable recent expansion of transposable elements of A. vulgaris, might have 
additionally driven its genetic innovation and quick adaptation, promoting invasion of 
new areas and success in changing habitats and environments. 
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2. Introduction 

2.1 The treasure of evolution—mollusks 

Dating back to 580 million years ago, during the Precambrian, the common ancestor of 
living mollusks has entered the stage of history (Kocot et al. 2020; Slater & Bohlin 
2022; Vinther 2015). The first mollusk was probably a small animal with a single non-
mineralized “shell”/cuticula and a rasping tongue (radula with scraping-type feeding) 
(Haszprunar 1992; Wanninger & Wollesen 2019, but see Kocot et al. 2020 on 
Kimberella-type large stem group mollusks). However, this unremarkable creature was 
able to compete with other successful Cambrian metazoans like arthropods and 
brachiopods; its descendants survived several mass extinctions events and underwent 
significant adaptive radiation (Barnosky et al. 2011; Crick et al. 2020). Today, Mollusca 
is the second largest phylum in the animal kingdom, with around 130,000 living and 
70,000 fossil species described, and an estimated actual extant diversity around 200,000 
(Haszprunar et al. 2008). 
 
Mollusks thus have evolved tremendous diversity of morphology, behavior and lifestyle 
over a long-time span (Hochner & Glanzman 2016). The extant mollusks are 
recognized as divided into eight classes: worm-like and shell-less marine mollusks 
Solenogastres and Caudofoveata, Monoplacophora (sensu Tryblidia) with a single, cup-
like true shell, Polyplacophora with eight serial shell plates, Scaphopoda with elephant 
tusk-like shells, Cephalopoda (nautilus, sepias, squids and octopuses) with external or 
internal, reduced or lost shells and well developed senses and large brains, Bivalvia 
(e.g., mussels and clams) with bisected shells connected dorsally by a hinge, and 
Gastropoda (such as snails, whelks, slugs, and limpets) with an asymmetrical body 
showing the effects of torsion (Haszprunar & Wanninger 2012). The body size of 
mollusks ranges from 0.4 mm (omalogyrid gastropods) to over 7 m (colossal squids), 
lifespan ranges from few months to 500 years, e.g., bivalve Arctica islandica (Linnaeus, 
1767) (Butler et al. 2013). The phylum includes some of the slowest or permanently 
cemented groups, such as most Bivalvia, feeding through sedentary filtering (Kappes 
& Haase 2011), and some of the swiftest carnivorous predators, e.g., octopuses, with 
the largest nervous systems of any invertebrates, complex behaviors such as 
instantaneous camouflage, and arms studded with dexterous suckers (Villanueva et al. 
2017). The diversity of molluscan life forms has become variously adapted for a great 
range of habitats, from the tropics to polar seas, from the coasts to the deepest part of 
the ocean exceeding 7000 m. Mollusks originated in the ocean and most species still 
are marine, only bivalves and gastropods have invaded freshwater habitats, and 
Gastropoda is the only group which conquered terrestrial habitats, several times 
independently (Aktipis et al. 2008). 
 
Mollusks are highly related to human life. For centuries, mollusks have been used 
commercially and artistically, for example as currency or ornaments. Also, mollusks 
comprise a significant share of seafood (mussels, squids, clams, octopuses, snails), 
which are a rich source of protein with essential amino acids, micro/macro minerals 
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and vitamins (Chakraborty & Joy 2020). In recent years, some of the mollusks' 
metabolic components have also been used medically or pharmaceutically, such as 
nutraceuticals, potential anti-inflammatory ingredients, or as an analgesic (Chakraborty 
& Joy 2020; Pereira 2016). Bivalves (oysters, clams, mussels, etc.) also play an 
important role in the ecosystem, such as water purification, carbon sequestration, 
nutrient remediation and so on (Schatte Olivier et al. 2018). However, there are also 
negative impacts. Many freshwater gastropod species act as intermediate hosts for 
various human-pathogenic trematodes, such as schistosomiasis (Fried & Huffman 
2017), and some bivalve and gastropod mollusks are invasive species and agricultural 
pests, causing huge ecological and economical damage (Herbert et al. 2016; Sin 2003; 
Zemanova et al. 2017).  
 
2.2 Complexity and inconsistency of molluscan phylogenetics 

As mollusks are an extremely ancient, diverse, successful and important phylum, they 
have been employed as excellent models in studies of developmental biology, 
neurobiology, physiology, evolution and population genetics for over 100 years 
(Davison & Neiman 2021). The understanding of their biology and evolution provides 
clues to answering fundamental questions on genotypic versus phenotypic adaptation, 
origins of evolutionary novelties, and macroevolutionary processes, which have been 
studied extensively by morphologists, taxonomists and paleontologists. However, 
despite the fact that so many researchers have studied mollusks, their old age and 
aberrant morphology have made it difficult to resolve their relationships: firstly, within 
the system of (Lopho)Trochozoa (Kocot 2016) but also among the eight classes of 
mollusks (Haszprunar & Wanninger 2012; Stöger et al 2013, and in many cases on 
order and family level (Haszprunar 1988; Korshunova et al. 2017). 
 
With the development of novel DNA sequencing technology, molecular data are being 
applied to gradually understand the evolution and phylogeny of mollusks: from the use 
of single or several molecular markers, like e.g., mitochondrial cytochrome c oxidase 
subunit I (COI) gene, 16S rRNA, and nuclear 18S rRNA to the application of 
mitochondrial genomes, large-scale transcriptome data, ultra-conserved elements 
(Pierce 2019), and whole-genome data (Gomes-dos-Santos et al. 2019). Although there 
are still large conflicts and controversies in different studies (regarding the choice of 
included taxa and the type of DNA markers), and sometimes challenging traditional 
views of molluscan evolutionary histories (Formaggioni et al. 2022; Haszprunar & 
Wanninger 2012; Schrödl & Stöger 2014; Sigwart & Lindberg 2015), phylogenetic 
inferences based on molecular level have greatly contributed to the understanding of 
mollusk relationships. Challenging traditional concepts of molluscan evolution, recent 
large-scale phylogenomic studies converge towards the Aculifera hypothesis with 
polyplacophorans sister to the aplacophoran Solenogastres and Caudofoveata (Kocot et 
al. 2011; Smith et al. 2022) and, e.g., recover Monoplacophora as sister to all other 
conchiferans (Gastropoda+Bivalvia+Scaphopoda+Cephalopoda) with strong support 
(Kocot et al. 2020), as had been proposed based on morphology (Haszprunar 2000). 
Transcriptomic data from large taxon sampling by Cunha & Giribet (2019) and Zapata 
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et al. (2014) resulted in congruent topologies for deep gastropod relationships, while a 
study by Moles & Giribet (2021) using ultra-conserved elements from major groups of 
marine heterobranchs recovered the monophyly of all orders tested as well as the larger 
clades Nudipleura, Panpulmonata, and Euopisthobranchia which had been proposed 
based on a couple of molecular markers during the last 15 years (e.g., Jörger et al 2010). 
 
Many reasons may have caused the complexity and inconsistency of mollusk phylogeny. 
For example, the absence of fossils of taxa without shells (mollusks fossils are usually 
well preserved because of their hard shell, but those without a shell, such as slugs and 
octopus, are rarely found as fossils) (Parkhaev 2008; Parkhaev 2017); poor taxon 
sampling for crucial clades; the lack of knowledge on potential transitory characters 
that are restricted to given ontogenetic stages led to incomplete data matrices for the 
morphology-based phylogenetic analyses (Wanninger & Wollesen 2019) which were 
further complicated by long evolutionary history, multiple character losses and 
uncertain homologies (Schrödl & Stöger 2014). Rapid evolution, adaptive radiation and 
convergent evolution provide difficulty in revealing relationships among species 
(Morton 1983; Serb & Eernisse 2008; Stöger et al. 2013; Van Bocxlaer et al. 2020; 
Vinther et al. 2012) and tree reconstructions are hampered by incomplete lineage sorting 
and long internodes with sudden bursts of different species. In the early days of 
molecular phylogenetics, not only the quantity of markers was poor, but also the quality 
of sequences, alignments, model assumptions and phylogenetic analyses may have been 
inadequate (e.g., Stöger & Schrödl 2013). In addition, molecular markers themselves 
have limitations. For example, the commonly used mitochondrial markers, might be 
influenced by introgression and sex-biased reproductive dispersal (Kern et al. 2020). 
Furthermore, the biases of accelerated substitution rates and compositional 
heterogeneity of mitochondrial sequence also affects phylogenetic analyses (Masta et 
al. 2009). Contrary to difficulties in the resolution of deeper, older evolutionary 
relationships, mitochondrial genes and some genomic data already have been useful in 
resolving more recent, intrafamilial phylogenies (Ghiselli et al. 2021a). Evolving 
sequencing techniques, analytical power of computers and bioinformatics paved the 
way to access the full information of whole genomes. 
 
2.3 Towards molluscan genomics 

2.3.1 Development of genome sequencing strategy 

Since the first DNA molecule (12 bases long complementary extremities of phage λ 
cos-site) was sequenced in 1968 (Wu & Kaiser 1968), we have witnessed a dramatical 
development of sequencing technology in the past 50 years (Fig 1). From Sanger 
sequencing (1 kbp, 1% error rate) (Sanger et al. 1977), to next generation sequencing 
(NGS, 110 bp-350 bp, 0.087-0.613 error rate) (Stoler & Nekrutenko 2021), to Third-
generation sequencing represented by Oxford Nanopore Technologies (Nanopore, 100 
kb-1 M, 1% error rate for new R10 flow cell) (Sereika et al. 2022) and Pacific 
Biosciences (Single Molecule RealTime sequencing, 20 kb, 1% error rate for High 
Fidelity (HiFi) reads) (Wenger et al. 2019). The greatly improved throughput, 
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sequencing speed, accuracy, and the dramatically decreased sequencing price would 
permit sequencing a vast number of species (Giani et al. 2020; Shendure et al. 2017). 
At the same time, advances in big data processing and assembly algorithms and 
techniques allowed to correctly reconstruct the original chromosome sequences from 
sequencing reads (Guiglielmoni et al. 2022). For larger genomes, the Bionano optical 
mapping (Schwartz et al. 1993) and Chromosome Conformation Capture (3C) based 
technique (Hi-C) allows to orient and order the contigs, thereby significantly increasing 
the continuity of assembly and even raising the scaffold to the chromosome level 
(Lieberman-Aiden et al. 2009). 
 

 
 

Fig 1. Timeline of introduction of DNA sequencing technologies, platforms and 
Milestones in genome assembly (See Giani et al. 2019; supplemented). 
The year of the first reported mollusk genome was highlighted in orange.  

 
2.3.2 Underrepresented genetic resources of mollusks 

The advent of high-throughput sequencing techniques has extended mitogenome 
characterization to non-model, understudied mollusks, with the number of sequenced 
mitogenomes of mollusks increasing rapidly in the last few years. As of 20 August 2022, 
there were 1,296 molluscan mitochondrial genomes deposited in GenBank (the same 
species was counted only once, and only species with assembly lengths greater than 
10,000 bp were counted). However, the available database of mitogenomes is still 
largely underrepresented and taxon-biased. For example, the proportion of sequenced 
mitogenomes to the number of species per lineage for Mammals was 21%, Osteichthyes 
was 9%, Aves was 7% (as before April 2020) (Zardoya 2020), but as of 20 August 2022, 
for Mollusca was only 1.2%, whereas the smallest was in gastropods (0.7%) and the 
largest was in bivalves (4.5%). 
 
The field of animal genomics is thriving with the advancement of sequencing 
technologies, with around 4.07 genomes deposited in GenBank per day in a recent 
estimate (Hotaling et al. 2021). However, efforts have exceptionally focused on 
vertebrates: Out of 10,509 metazoan assemblies available in the GenBank database 
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(accessed on August 20, 2022), 54.8% (5,755) belong to Vertebrata. Although 
vertebrates represent only 3.5% of the diversity of described metazoan species (IUCN 
2021). Conversely, mollusks were underrepresented with 134 assemblies (1.3% of the 
dataset) for a group that comprises 5.4% of animal species (IUCN 2021). Therefore, 
the overall resources for comparative molluscan genomics are still lacking (Fig 2). 
 

 
Fig 2. Variation in taxonomic richness and genome availability, quality, and 

assembly size across kingdom Animalia in GenBank (as of 28 June 2021) 
Figure was modified from Hotaling et al (2021). Mollusca are highlighted in blue. 

Permission has been obtained from the corresponding author. 
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2.3.3 Unbalanced genetic resources among mollusks 

Despite the maturation of sequencing technologies since a decade ago, the genomic 
resources available for mollusks have been slow to arrive, and only in the last few years 
has the number increased rapidly (Fig 3a). As of August 20, 2022, there are a total of 
110 species whose genomes are available in GenBank (for species with multiple 
assembled versions, we only count once), of which 32.7% (36) have reached the 
chromosome level (Fig 3d). At the same time, the continuity of the assemblies (using 
contig N50 (Alhakami et al. 2017) as an indicator) has been greatly improved, with two 
newly reported bivalve genomes Ostrea edulis Linnaeus, 1758 contig N50 reaching 
95.7M and Mercenaria mercenaria (Linnaeus, 1758) reaching 82.4M (Fig 3b) 
(Gundappa et al. 2022; Varney et al. 2021b). Except for cephalopods and several 
outliners, genome integrity (using % of complete BUSCOs as an indicator) also 
exceeded 80% (Simao et al. 2015). 
 
However, genomic resources still are highly uneven among the various classes within 
the phylum Mollusca (Fig 3c). Gastropoda has the largest number of genome 
assemblies (49), yet it has a large deficit relative to its species number. Bivalves (48) 
and Cephalopoda (11) occupy a higher percentage of assemblies relative to the number 
of extant species, however, they only account for 0.005% and 0.012% of the total 
number of currently known species respectively. Currently (as of September 2022) 
Polyplacophora has only one available genome assembly Acanthopleura granulata 
(Gmelin, 1791) (Varney et al. 2021b), and four classes (Scaphopoda, Solenogastres, 
Caudofoveata, and Monoplacophora) have no publicly available sequenced and 
assembled genomes. 
 
Similarly, the resources of the mitochondrial genome are also unbalanced in mollusks. 
The species numbers with an assembled mitogenome size >10 kbp were counted from 
NCBI, and Gastropoda were largely underrepresented, as well as Scaphopoda in 
comparison with other orders (0.7%, 0.8% of extant species respectively, Fig 3c). 
Cephalopoda and Monoplacophora have the highest number of mitochondrial genomes 
as a proportion of species number (13%, 10% of extant species respectively, Fig 3c). 
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Fig 3. Variation in taxonomic richness and genome/mitogenome availability, 
continuity, and integrity among mollusks 

 (Data from GenBank, as of 20 August, 2022; own analysis)  
Note: Light and dark colors in Fig 3a represent non-chromosome level and 

chromosome level assemblies, respectively. In Fig 3b, contigN50 of all assemblies 
(non-chromosomal/chromosomal level assemblies) of different classes were counted. 

 
 
2.3.4 Challenges and genomic features of mollusks 

Many factors may have impeded and slowed down the advancement of mollusk 
genomics. First, many mollusks, especially pelagic and deep-sea mollusks, are difficult 
to sample and are not easily preserved in optimal conditions for genomic studies. 
Samples that have not been adequately preserved or are taken from animals with very 
small body size, make it difficult to obtain enough High Molecular Weight DNA 
suitable for whole genome sequencing. In addition, sticky mucopolysaccharides and 
inhibitory polyphenolic proteins make DNA extraction exceptionally difficult (Adema 
2021), therefore it was trapped at the first step. Moreover, mollusks in general have 
large and complex genomes (Guiglielmoni et al. 2022). A high-quality assembly with 
large genome size usually requires sufficient sequencing data (hence requirements for 
even higher quality and quantity of DNA), exponentially increased financial investment 
and computational power. Coupled with the fact that the genome is usually highly 
heterozygous and highly repetitive, this greatly increases the difficulty of assembling 
(Leffler et al. 2012).  
 
Genomic characteristics vary widely among and within classes. Specifically, except for 
the only Polyplacophora genome, with an assembled genome size of 607M, 0.65% 
heterozygosity and 23.56% repeat content (Varney et al. 2021b), Cephalopoda have the 
largest assembly size with an average genome size of 3.35 Gb and the number of 
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haploid chromosomes range form 30-48 (Fig 4a, Addition file). Gastropoda have an 
average assembly size of 1.37 Gb and the number of 9-35 chromosomes and bivalves 
have an average assembly size of 1.24 Gb, with 10-19 chromosomes (Fig 4a, Addition 
file). They all have very high heterozygosity, with the vast majority of Gastropoda and 
Bivalvia being greater than 1%, and some species are extremely heterogeneous, e.g., 
Watasenia scintillans (Berry, 1911) (Cephalopoda, estimated heterozygosity of 4.9-
5.9%), Mya arenaria Linnaeus, 1758 (Bivalves, estimated heterozygosity of 4.9-5.9%), 
Elysia chlorotica Gould, 1870 (Gastropoda, estimated heterozygosity of 3.66%) (Fig 
4b, Additional file). The repeat content varies between species in all classes, from 19.2% 
(W. scintillans, Cephalopoda) to 77.3% (Sepia pharaonis Ehrenberg, 1831, 
Cephalopoda) (Fig 4c, Additional file). 
 
 

 
 

Fig 4. Assembly size, heterozygosity, repeat content among available molluscan 
genomes in different classes  

(As of 20 August, 2022; own analysis) 
 
 
2.3.5 Concerns of currently published mollusk genomic studies 

Whole genome assemblies provide a vast resource for expanding our knowledge 
regarding the understanding of species biodiversity, evolution, and adaptation. By 
means of genomic resources, studies have focused on various aspects in different 
classes of mollusks. For Polyplacophora, the genome was explored to explain its iron-
response and biomineralization. As the first reported Polyplacophora genome, it was 
also used to infer molluscan phylogeny and recovered Polyplacophora as the sister 
taxon of all other mollusks (Varney et al. 2021b). For Cephalopoda, comparative 
genomics were used to investigate the development of brain and nervous system 
(Albertin et al. 2022; Albertin et al. 2015), symbiotic organs (Belcaid et al. 2019), eye 
evolution (Zhang et al. 2021), Bioluminescence (Yoshida et al. 2020) and so on (Fig 
5). For bivalves, efforts were greatly focused on economically important species that 
contribute significantly to aquaculture or on invasive species and pests that have a huge 
destructive effect (Gundappa et al. 2022; Li et al. 2020; Mun et al. 2017; Penaloza et 
al. 2021; Uliano-Silva et al. 2018; Yang et al. 2021). In addition to that, there were also 
studies focusing on host-endosymbiont genome integration (Ip et al. 2021) and 
biomineralization (Du et al. 2017) (Fig 5). For Gastropoda, genomic studies were more 
diverse, including of aquaculturally important species, e.g., abalone (Botwright et al. 
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2019; Masonbrink et al. 2019; Orland et al. 2022), pests and invasive species (Ebbs et 
al. 2018; Sun et al. 2019), or exploring the origin of conotoxin diversity (Barghi et al. 
2016; Pardos-Blas et al. 2021; Peng et al. 2021), host-parasite interactions (Nong et al. 
2022; Young et al. 2022), gammaproteobacterial endosymbionts (Lan et al. 2021), 
photosynthesis (Maeda et al. 2021) and territory adaption (Liu et al. 2020). From the 
level of molecular evolution, scientists have also focused on the expansion of 
transposons in the molluscan genome, DNA methylation, whole-genome duplication, 
evolution and recombination of hox genes and so on (Chen et al. 2022; Thomas-Bulle 
et al. 2018). 
  
As one of the main clades of gastropods, Heterobranchia includes marine, aquatic and 
terrestrial species, with very diverse forms and lifestyles (Haszprunar 1985; Wägele et 
al. 2008). Many interesting questions, such as why and how several Heterobranchia 
clades accomplished the aquatic-land transition and adapted to such a diverse 
environment, have not yet been explained on a molecular level. Most of the published 
genomic studies of Heterobranchia nowadays stay in the aspect of data reporting, and 
for some taxa, it is still a big challenge to getting good sequencing data and assembling 
into high quality genomes (Additional file). 
 
 

 
 

Fig 5. Concerns of currently published mollusk genomic studies  
(As of 20 August, 2022; own analysis) 

 
 
2.4 Aims of this thesis 

In this thesis, we started to address this huge gap of knowledge, sequencing, assembling, 
and annotating the whole genome of the “Spanish” slug Arion vulgaris Moquin-Tandon, 
1855. This is a notorious pest land slug in Europe. It causes serious damage in 
agriculture, transmits plant pathogens, outcompetes native species, and thus has great 
negative impact on the economy, ecology, health, and social system. Recently, A. 
vulgaris has been widely noted for its invasiveness, tolerance and adaptability to the 
urban environment. As a member of stylommatophoran pulmonates (land slugs and 
snails), which have completed the water-to-land transition from an aquatic ancestor and 
now flourish on land, we were very curious about the evolutionary mechanism and 
driving force behind it. We expected that the A. vulgaris genome, as the first published 
land slug genome, provides a valuable perspective to answer these questions on genetic 
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level. Meanwhile, we used the new mitogenomic and whole genomic data in an 
undersampled taxon to reconstruct the so far controversial phylogeny of 
Stylommatophora and also Gastropoda. Moreover, with full genomic data available, we 
wanted to test the influence of markers and their numbers selected for phylogenetic 
analyses on the inferred trees. In comparison with the recently published genomes of 
land snails, the genome of the shell-less A. vulgaris will serve as a good molecular 
resource for studying mollusk shell formation, loss, and biomineralization. Furthermore, 
using up-to-date hybrid sequencing techniques and bioinformatics, we expected to 
provide this new genome in such a high quality that it can serve as a reliable resource 
and reference genome for other gastropods and mollusks that are far less well studied 
than expected, in order to facilitate future comparative genomics studies on mollusk 
evolution and diversification. 
 
In the first step, we assembled and annotated the complete mitochondrial genome of A. 
vulgaris (Publication I). We analyzed its mitochondrial genome composition (tRNA 
and rRNA genes, protein coding genes, non-coding and overlapping regions) and 
characteristics (codon usage), and compared the selective pressures and gene 
rearrangements in stylommatophoran mitogenomes. Using the mitogenomic data from 
other 34 published stylommatophorans and six outgroup species, we also inferred the 
stylommatophoran phylogenetic tree and estimated their divergence time. 
 
Second, using single-copy orthologous genes (SOGs) identified from A. vulgaris and 
other 13 gastropods species with whole genomes available which cover five main 
gastropod subclasses, we explored the influence of 1) numbers of SOGs, and 2) the 
represented taxa on the inference of deep Gastropoda relationships, and consequently 
obtained robust gastropod phylogenetic hypotheses (Publication II). 
 
Finally, we assembled and annotated a chromosome-level genome of A. vulgaris with 
up to date sequencing techniques and bioinformatics Using this reference genome, we 
discovered genomic signatures for the water-land transition of stylommatophoran 
ancestors, the specific terrestrial adaptation of shell-less A. vulgaris and for its potential 
invasiveness and we discussed possible evolutionary driving forces i.e., whole-genome 
duplication, small scale gene duplication, positive selection, and the expansion of 
transposable elements (Publication III). We hope that this work will also promote 
future population genetic and phylogeographic studies on A. vulgaris, to further reveal 
its origin, population expansion, or invasiveness. 
 



 20 

3. Results 

3.1 Publication I 

Özgül Doğan, Michael Schrödl, Zeyuan Chen (2019): The complete mitogenome of 
Arion vulgaris Moquin-Tandon, 1855 (Gastropoda: Stylommatophora): mitochondrial 
genome architecture, evolution and phylogenetic considerations within 
Stylommatophora. PeerJ 8:e8603 
 
A pdf of the article is available at: 
http://doi.org/10.7717/peerj.8603 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This is an open access article distributed under the terms of the Creative Commons 
Attribution License, which permits unrestricted use, distribution, reproduction and 
adaptation in any medium and for any purpose provided that it is properly attributed. 
For attribution, the original author(s), title, publication source (PeerJ) and either DOI 
or URL of the article must be cited. 
 
 
 



 21 



 22 



 23 



 24 



 25 



 26 



 27 



 28 



 29 



 30 



 31 



 32 



 33 



 34 



 35 



 36 



 37 



 38 



 39 



 40 



 41 



 42 



 43 



 44 



 45 



 46 



 47 



 48 



 49 



 50 

 



 51 

 
 
 
 
 

Supplemental Tables and Figures for Publication I 
 
 
 

The complete mitogenome of Arion vulgaris Moquin-Tandon, 1855 (Gastropoda: 
Stylommatophora): mitochondrial genome architecture, evolution and phylogenetic 

considerations within Stylommatophora. 
 
 
 



 52 

 
Table S1. Summary of best fit partition schemes and nucleotide substitution models  

 Partition scheme Model 

P1 ATP6 1st + ND1 1st + ND2 1st + ND3 1st + ND4 1st + ND4L 1st + ND5 1st 
+ ND6 1st  GTR + I + G 

P2 ATP6 2nd + CYTB 2nd + ND1 2nd + ND2 2nd + ND3 2nd + ND4 2nd + 
ND4L 2nd + ND5 2nd + ND6 2nd GTR + I + G 

P3 ATP6 3rd + COX1 3rd + COX2 3rd + COX3 3rd + CYTB 3rd + ND1 3rd + 
ND2 3rd + ND3 3rd + ND4 3rd + ND4L 3rd + ND5 3rd + ND6 3rd HKY + I + G  

P4 
ATP8 1st + ATP8 2nd + ATP8 3rd + rrnL + rrnS + trnA + trnR + trnN + trnD 
+ trnC + trnQ + trnE + trnG + trnH + trnI + trnL1 + trnL2 + trnK + trnM + 
trnF + trnP + trnS1 + trnS2 + trnT + trnW + trnY + trnV 

GTR + I + G 

P5 COX1 1st + COX2 1st + COX3 1st + CYTB 1st GTR + I + G 

P6 COX1 2nd + COX2 2nd + COX3 2nd GTR + I + G 
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Table S2. Regression of the pairwise distances of the first and second codon positions of each PCG, all 
positions of RNA genes and the first, second, first and second, and third codon positions of the 
concatenated mitochondrial PCGs. 
Gene Regression  R  Average GTR distance 
ATP6 y = 0.0626x + 0.274 0.7819 1.5624 
ATP8 y = 0.0001x + 0.3919 0.5420 1067.7146 
COX1 y = 0.6084x + 0.0221 0.9935 0.1611 
COX2 y = 0.1909x + 0.1527 0.8960 0.5734 
COX3 y = 0.3148x + 0.0879 0.9620 0.4283 
CYTB y = 0.3148x + 0.0921 0.9594 0.4709 
ND1 y = 0.1695x + 0.1643 0.9133 0.9260 
ND2 y = 9E-06x + 0.4495 0.4323 2040.3701 
ND3 y = 2E-05x + 0.3981 0.5514 1127.3637 
ND4 y = 0.0642x + 0.2721 0.7938 1.7590 
ND4L y = 2E-05x + 0.4225 0.5594 4150.3960 
ND5 y = 0.0465x + 0.3076 0.7014 1.7954 
ND6 y = 0.0002x + 0.3434 0.6349 937.2557 
rRNAs y = 0.0499x + 0.2856 0.7631 2.0819 
tRNAs y = 0.0236x + 0.3405 0.6491 2.5675 
1st codon position y = 0.0712x + 0.2618 0.8148 1.7962 
2nd codon position y = 0.2507x + 0.1118 0.9456 0.5990 
1st and 2nd codon position y = 0.1812x + 0.1606 0.9168 0.9114 
3rd codon position  y = 0.0272x + 0.0951 0.4202 17.2012 

 



 54 

Table S3. Nucleotide compositions and skewness values of whole mitogenomes of stylommatophoran 
species 
Species T% C% A% G% A+T% AT-skew GC-skew 
Achatina fulica 35.47 17.10 27.97 19.46 63.44 -0.1183 0.0645 
Achatinella fulgens 42.55 9.27 36.38 11.79 78.94 -0.0782 0.1194 
Achatinella mustelina 42.76 8.83 37.31 11.10 80.07 -0.0680 0.1140 
Achatinella sowerbyana 42.61 9.18 36.51 11.70 79.12 -0.0770 0.1202 
Aegista aubryana 37.86 14.45 31.32 16.36 69.18 -0.0946 0.0620 
Aegista diversifamilia 38.59 13.26 32.48 15.66 71.07 -0.0860 0.0830 
Albinaria caerulea 37.90 13.81 32.75 15.54 70.65 -0.0728 0.0591 
Arion rufus 37.14 14.61 32.16 16.09 69.30 -0.0720 0.0485 
Arion vulgaris 37.75 14.26 32.45 15.54 70.20 -0.0756 0.0431 
Camaena cicatricose 37.90 13.47 31.90 16.72 69.80 -0.0860 0.1077 
Camaena poyuensis 38.09 13.31 31.29 17.31 69.38 -0.0980 0.1304 
Cepaea nemoralis 33.63 18.94 26.16 21.26 59.79 -0.1249 0.0577 
Cerion incanum 35.97 15.83 29.75 18.45 65.72 -0.0948 0.0765 
Cerion tridentatum costellata 36.08 15.62 28.18 20.11 64.27 -0.1229 0.1257 
Cerion uva 34.45 17.29 28.29 19.98 62.73 -0.0982 0.0721 
Cernuella virgata 36.89 15.59 29.07 18.46 65.96 -0.1186 0.0843 
Cornu aspersum 39.15 13.61 30.72 16.52 69.87 -0.1207 0.0966 
Cylindrus obtusus 35.76 16.61 25.78 21.86 61.53 -0.1622 0.1367 
Deroceras reticulatum 39.14 12.17 31.04 17.65 70.17 -0.1154 0.1838 
Dolicheulota formosensis 41.81 13.12 28.38 16.70 70.18 -0.1914 0.1199 
Gastrocopta cristata 38.39 13.62 30.80 17.19 69.19 -0.1096 0.1159 
Helicella itala 37.28 15.27 28.94 18.51 66.22 -0.1260 0.0958 
Helix pomatia 37.41 15.07 29.60 17.92 67.01 -0.1166 0.0862 
Mastigeulota kiangsinensis 37.91 14.38 29.48 18.22 67.40 -0.1251 0.1176 
Meghimatium bilineatum 39.55 13.92 31.89 14.64 71.44 -0.1072 0.0251 
Microceramus pontificus 39.06 12.29 32.88 15.77 71.94 -0.0860 0.1238 
Naesiotus nux 39.69 12.03 33.57 14.71 73.26 -0.0834 0.1004 
Orcula dolium 35.77 16.28 30.21 17.74 65.98 -0.0844 0.0431 
Partulina redfieldi 42.44 8.87 37.23 11.46 79.67 -0.0654 0.1274 
Philomycus bilineatus 39.44 13.69 32.68 14.20 72.11 -0.0938 0.0182 
Polygyra cereolus 39.78 12.58 28.85 18.78 68.64 -0.1592 0.1978 
Praticolella mexicana 39.42 13.01 28.57 19.00 67.99 -0.1596 0.1869 
Pupilla muscorum 39.27 12.93 32.52 15.27 71.79 -0.0941 0.0829 
Succinea putris 43.06 10.87 33.94 12.13 77.00 -0.1185 0.0551 
Vertigo pusilla 39.66 12.27 32.57 15.49 72.23 -0.0982 0.1159 
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Table S4. Nucleotide and amino acid identities of mitochondrial protein coding genes among 
stylommatophoran and between Arion species 
  Among Stylommatophora   Between Arion species  

Genes Nucleotide 
identity (%) Amino acid identity (%)  Nucleotide 

identity (%) Amino acid identity (%) 

ATP6 20.39 22.36  79.39 81.36 

ATP8 34.73 28.57  74.24 68.18 

COX1 41.94 56.45  87.56 97.45 

COX2 32.30 35.14  86.94 96.40 

COX3 36.69 42.38  86.92 94.23 

CYTB 29.14 34.76  84.87 89.42 

ND1 22.78 25.15  84.78 90.00 

ND2 19.18 17.71  79.14 78.93 

ND3 24.04 21.09  78.84 80.00 

ND4 16.87 16.67  83.30 85.81 

ND4L 28.72 25.16  84.00 83.00 

ND5 18.02 19.83  82.33 84.52 

ND6 15.20 11.92   83.23 79.62 
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Table S5. Codon usages of the mitochondrial PCGs of stylommatophoran species. 

  A. vulgaris A. rufus A. fulica A. fulgens A. mustelina A. sowerbyana A. aubryana 
A. 

diversifamilia A. caerulea 
Codon Count RSCU Count RSCU Count RSCU Count RSCU Count RSCU Count RSCU Count RSCU Count RSCU Count RSCU 
UUU(F) 226 1.64 215 1.55 218 1.48 345 1.93 358 1.95 354 1.90 263 1.67 269 1.74 241 1.81 
UUC(F) 50 0.36 63 0.45 75 0.52 12 0.07 9 0.05 18 0.10 52 0.33 40 0.26 25 0.19 
UUA(L) 389 3.89 347 3.64 215 2.31 456 4.59 472 4.77 465 4.77 321 3.23 363 3.70 341 3.38 
UUG(L) 36 0.36 54 0.57 73 0.79 29 0.28 23 0.23 33 0.33 75 0.75 42 0.43 62 0.63 
CUU(L) 85 0.85 71 0.74 96 1.04 77 0.78 74 0.75 68 0.69 90 0.90 96 0.98 83 0.83 
CUC(L) 8 0.08 14 0.15 35 0.38 5 0.05 1 0.01 3 0.02 18 0.18 10 0.11 14 0.14 
CUA(L) 71 0.71 73 0.77 104 1.12 27 0.27 18 0.18 16 0.16 74 0.74 68 0.69 79 0.79 
CUG(L) 11 0.11 13 0.14 34 0.37 3 0.03 7 0.06 3 0.03 20 0.19 8 0.08 23 0.24 
AUU(I) 230 1.74 218 1.71 192 1.49 335 1.94 326 1.96 309 1.91 229 1.79 231 1.82 267 1.76 
AUC(I) 35 0.26 37 0.29 66 0.51 10 0.06 7 0.04 16 0.09 27 0.21 23 0.18 36 0.24 
AUA(M) 213 1.66 213 1.61 157 1.44 285 1.83 282 1.87 289 1.83 215 1.75 237 1.79 213 1.62 
AUG(M) 43 0.34 51 0.39 61 0.56 26 0.17 20 0.13 27 0.17 31 0.25 29 0.21 49 0.38 
GUU(V) 71 1.17 79 1.24 124 1.50 74 1.48 81 1.64 86 1.63 105 1.48 112 1.64 90 1.57 
GUC(V) 16 0.26 11 0.17 51 0.62 10 0.22 4 0.08 7 0.11 22 0.31 7 0.09 20 0.35 
GUA(V) 110 1.82 117 1.84 99 1.20 108 2.16 105 2.15 107 2.03 116 1.63 124 1.80 98 1.69 
GUG(V) 45 0.74 47 0.74 57 0.69 7 0.14 7 0.12 12 0.23 42 0.58 33 0.48 22 0.38 
UCU(S) 99 2.13 84 1.84 86 1.69 108 2.38 96 1.97 92 1.95 55 1.33 73 1.71 77 1.79 
UCC(S) 30 0.65 32 0.70 39 0.76 10 0.22 13 0.27 7 0.15 20 0.48 14 0.33 16 0.35 
UCA(S) 52 1.12 58 1.27 98 1.90 64 1.41 81 1.67 83 1.76 59 1.40 65 1.52 68 1.58 
UCG(S) 9 0.19 10 0.22 20 0.39 7 0.13 4 0.08 1 0.02 18 0.43 9 0.21 14 0.32 
CCU(P) 54 1.16 46 1.01 55 1.55 68 2.31 70 2.37 72 2.44 66 1.87 66 1.80 49 1.48 
CCC(P) 15 0.32 18 0.39 16 0.45 3 0.10 1 0.03 1 0.03 17 0.48 10 0.27 22 0.67 
CCA(P) 72 1.55 77 1.68 53 1.49 43 1.46 44 1.49 43 1.46 51 1.45 60 1.63 49 1.52 
CCG(P) 40 0.86 41 0.90 18 0.51 4 0.14 3 0.10 3 0.07 7 0.20 10 0.30 10 0.33 
ACU(T) 80 1.71 70 1.43 62 1.41 73 1.97 74 1.90 73 1.96 87 1.72 94 1.98 77 1.66 
ACC(T) 15 0.32 30 0.61 39 0.89 3 0.08 4 0.10 7 0.16 29 0.55 16 0.32 23 0.50 
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ACA(T) 82 1.75 83 1.69 60 1.36 66 1.78 73 1.87 68 1.80 61 1.21 70 1.49 73 1.58 
ACG(T) 10 0.21 13 0.27 16 0.34 7 0.16 5 0.13 3 0.08 26 0.51 10 0.21 12 0.26 
GCU(A) 88 1.91 83 1.83 85 1.94 73 2.21 74 2.21 72 2.17 85 1.73 78 1.72 91 1.89 
GCC(A) 27 0.59 35 0.77 29 0.67 3 0.09 4 0.12 7 0.18 21 0.43 14 0.31 23 0.50 
GCA(A) 55 1.20 44 0.97 43 0.99 51 1.55 52 1.55 49 1.50 64 1.32 72 1.59 66 1.37 
GCG(A) 1 0.04 4 0.15 17 0.39 5 0.15 4 0.12 5 0.15 25 0.52 17 0.38 12 0.25 
UAU(Y) 126 1.40 129 1.35 79 1.05 176 1.85 191 1.89 174 1.82 120 1.53 142 1.72 148 1.59 
UAC(Y) 54 0.60 62 0.65 72 0.95 14 0.15 10 0.11 17 0.18 36 0.47 23 0.28 38 0.41 
CAU(H) 42 1.15 62 1.59 42 1.14 60 1.82 62 1.85 64 1.88 57 1.58 61 1.69 61 1.65 
CAC(H) 31 0.85 16 0.41 31 0.86 7 0.18 5 0.15 4 0.12 16 0.42 10 0.31 13 0.35 
CAA(Q) 53 1.66 50 1.82 21 0.91 48 1.88 43 1.87 47 1.84 43 1.72 42 1.58 42 1.61 
CAG(Q) 11 0.34 5 0.18 25 1.09 3 0.12 3 0.13 4 0.16 7 0.28 10 0.42 10 0.39 
AAU(N) 106 1.64 113 1.61 56 1.29 146 1.87 150 1.84 142 1.80 98 1.50 118 1.71 107 1.54 
AAC(N) 23 0.36 27 0.39 31 0.71 10 0.13 13 0.16 16 0.20 33 0.50 20 0.29 33 0.46 
AAA(K) 62 1.51 62 1.53 48 1.25 109 1.74 118 1.82 105 1.75 77 1.67 81 1.65 73 1.70 
AAG(K) 20 0.49 19 0.47 29 0.75 16 0.26 12 0.18 16 0.25 16 0.33 17 0.35 13 0.30 
GAU(D) 49 1.66 45 1.58 46 1.44 49 1.75 48 2.00 52 1.89 47 1.57 55 1.74 47 1.52 
GAC(D) 10 0.34 12 0.42 18 0.56 7 0.25 0 0.00 3 0.11 13 0.43 8 0.26 16 0.48 
GAA(E) 56 1.42 45 1.18 33 0.85 66 1.69 72 1.92 65 1.78 48 1.37 43 1.19 48 1.32 
GAG(E) 23 0.58 31 0.82 43 1.15 12 0.31 3 0.08 8 0.22 22 0.63 29 0.81 25 0.68 
UGU(C) 31 1.55 40 1.70 46 1.30 39 1.90 42 1.91 39 1.77 36 1.57 39 1.59 34 1.55 
UGC(C) 9 0.45 7 0.30 23 0.70 3 0.10 3 0.09 5 0.23 10 0.43 10 0.41 10 0.45 
UGA(W) 69 1.48 72 1.50 48 1.07 77 1.88 75 1.79 72 1.71 60 1.36 70 1.57 68 1.55 
UGG(W) 24 0.52 24 0.50 42 0.93 5 0.12 9 0.21 12 0.29 29 0.64 20 0.43 20 0.45 
CGU(R) 25 1.82 28 1.81 16 1.07 14 1.17 16 1.25 12 0.96 26 1.58 20 1.27 17 1.39 
CGC(R) 10 0.73 7 0.45 8 0.57 0 0.00 0 0.00 3 0.24 9 0.55 4 0.25 4 0.33 
CGA(R) 17 1.24 21 1.35 18 1.29 33 2.67 29 2.42 34 2.72 20 1.21 25 1.59 22 1.80 
CGG(R) 3 0.22 6 0.39 16 1.07 3 0.17 4 0.33 1 0.08 10 0.67 14 0.89 7 0.49 
AGU(S) 71 2.09 58 1.76 33 0.65 52 1.15 69 1.42 55 1.15 75 1.81 73 1.71 49 1.14 
AGC(S) 21 0.62 26 0.79 23 0.45 8 0.18 9 0.19 5 0.11 20 0.48 20 0.45 29 0.65 
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AGA(S) 34 1.00 31 0.94 51 1.00 101 2.25 109 2.24 114 2.44 72 1.71 64 1.50 64 1.48 
AGG(S) 10 0.29 17 0.52 59 1.16 13 0.29 8 0.16 20 0.42 16 0.36 23 0.56 30 0.70 
GGU(G) 71 1.30 76 1.41 74 1.17 81 1.58 85 1.71 74 1.51 90 1.48 75 1.23 73 1.33 
GGC(G) 19 0.35 21 0.39 35 0.56 5 0.10 5 0.10 9 0.18 23 0.38 16 0.24 23 0.44 
GGA(G) 70 1.28 76 1.41 48 0.76 99 1.95 101 2.05 95 1.94 81 1.31 98 1.57 79 1.44 
GGG(G) 14 0.32 28 0.62 95 1.51 20 0.37 7 0.14 18 0.37 51 0.84 59 0.96 43 0.79 

 
  



 59 

Table S5. (continued) Codon usages of the mitochondrial PCGs of stylommatophoran species. 
  C. cicatricose C. poyuensis C. nemoralis C. incanum C. tridentatum C. uva C. virgata C. aspersum C. obtusus 
Codon Count RSCU Count RSCU Count RSCU Count RSCU Count RSCU Count RSCU Count RSCU Count RSCU Count RSCU 
UUU(F) 251 1.79 250 1.79 216 1.47 198 1.51 224 1.68 195 1.52 251 1.67 278 1.72 265 1.66 
UUC(F) 30 0.21 30 0.21 77 0.53 64 0.49 42 0.32 61 0.48 49 0.33 46 0.28 55 0.34 
UUA(L) 374 3.83 384 3.89 164 1.66 263 2.77 265 2.74 226 2.37 335 3.04 332 3.48 269 2.47 
UUG(L) 72 0.73 74 0.75 103 1.05 72 0.76 99 1.02 87 0.91 82 0.75 61 0.64 86 0.79 
CUU(L) 61 0.62 61 0.62 101 1.04 87 0.92 94 0.96 88 0.93 88 0.80 96 1.01 124 1.14 
CUC(L) 5 0.05 8 0.08 55 0.56 29 0.29 30 0.31 30 0.31 30 0.27 22 0.23 35 0.32 
CUA(L) 62 0.65 49 0.51 104 1.06 94 0.99 69 0.71 101 1.06 101 0.91 55 0.58 107 0.98 
CUG(L) 12 0.12 16 0.15 62 0.64 26 0.27 23 0.25 40 0.42 26 0.24 5 0.05 33 0.30 
AUU(I) 243 1.75 224 1.75 143 1.53 231 1.63 202 1.58 179 1.45 209 1.74 246 1.88 178 1.71 
AUC(I) 34 0.25 33 0.25 44 0.47 52 0.37 53 0.42 69 0.55 31 0.26 16 0.12 30 0.29 
AUA(M) 186 1.63 192 1.67 107 1.28 189 1.45 178 1.47 157 1.37 159 1.51 182 1.78 101 1.29 
AUG(M) 42 0.37 38 0.33 60 0.72 72 0.55 65 0.53 73 0.63 52 0.49 23 0.22 56 0.71 
GUU(V) 112 1.57 117 1.55 101 1.44 100 1.36 120 1.49 127 1.48 125 1.55 120 1.95 112 1.49 
GUC(V) 13 0.18 20 0.27 42 0.58 26 0.35 33 0.41 46 0.52 33 0.40 20 0.33 31 0.41 
GUA(V) 117 1.64 124 1.63 85 1.19 121 1.65 95 1.19 103 1.19 116 1.44 87 1.41 78 1.04 
GUG(V) 44 0.62 42 0.54 56 0.79 47 0.64 72 0.90 70 0.81 49 0.61 20 0.31 79 1.05 
UCU(S) 66 1.60 65 1.58 62 1.34 101 1.96 105 2.11 96 1.88 59 1.29 99 2.19 68 1.52 
UCC(S) 10 0.24 13 0.32 42 0.87 38 0.73 33 0.64 29 0.55 21 0.46 18 0.40 33 0.74 
UCA(S) 55 1.34 56 1.36 34 0.73 86 1.65 64 1.28 72 1.39 62 1.39 55 1.22 36 0.80 
UCG(S) 14 0.34 13 0.32 30 0.64 14 0.27 16 0.32 20 0.37 14 0.31 8 0.18 18 0.40 
CCU(P) 59 1.70 64 1.83 56 1.53 68 1.88 60 1.59 70 1.75 73 1.91 75 2.08 59 1.51 
CCC(P) 13 0.37 10 0.29 33 0.88 25 0.69 46 1.19 44 1.10 30 0.77 9 0.25 42 1.05 
CCA(P) 48 1.38 49 1.43 33 0.90 46 1.24 34 0.90 38 0.95 33 0.86 46 1.28 31 0.79 
CCG(P) 20 0.55 16 0.46 25 0.68 7 0.19 12 0.32 8 0.20 17 0.46 14 0.39 25 0.64 
ACU(T) 86 1.63 77 1.49 64 1.42 82 1.84 95 2.17 62 1.51 78 1.57 88 1.70 60 1.19 
ACC(T) 20 0.36 20 0.39 27 0.60 30 0.67 29 0.64 36 0.89 30 0.59 29 0.56 35 0.70 
ACA(T) 79 1.50 81 1.55 59 1.29 49 1.12 38 0.87 49 1.20 70 1.42 70 1.34 60 1.19 
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ACG(T) 27 0.51 30 0.58 31 0.69 16 0.36 14 0.32 17 0.41 21 0.42 21 0.40 46 0.92 
GCU(A) 96 2.13 87 1.90 96 1.44 98 2.05 94 1.80 78 1.51 90 1.81 90 2.07 82 1.43 
GCC(A) 10 0.24 22 0.48 57 0.85 33 0.70 36 0.70 51 0.99 39 0.79 20 0.44 36 0.65 
GCA(A) 51 1.13 49 1.07 72 1.06 47 0.99 51 0.99 57 1.10 51 1.03 49 1.15 55 0.96 
GCG(A) 22 0.49 25 0.55 43 0.64 12 0.25 27 0.52 21 0.41 18 0.37 16 0.34 55 0.96 
UAU(Y) 134 1.58 139 1.58 107 1.15 107 1.37 111 1.38 98 1.25 148 1.47 148 1.55 121 1.37 
UAC(Y) 36 0.42 36 0.42 79 0.85 49 0.63 49 0.63 59 0.75 53 0.53 43 0.45 56 0.63 
CAU(H) 61 1.39 68 1.53 51 1.17 55 1.38 55 1.36 36 0.97 49 1.33 61 1.58 44 1.14 
CAC(H) 27 0.61 21 0.47 36 0.83 23 0.62 26 0.64 38 1.03 25 0.67 16 0.42 33 0.86 
CAA(Q) 52 1.79 55 1.86 39 1.28 40 1.27 42 1.24 29 1.06 42 1.43 31 1.24 33 1.16 
CAG(Q) 7 0.21 4 0.14 22 0.72 23 0.73 25 0.76 25 0.94 17 0.57 20 0.76 23 0.84 
AAU(N) 109 1.58 111 1.59 49 1.16 66 1.47 68 1.48 55 1.09 75 1.27 99 1.56 57 1.27 
AAC(N) 29 0.42 29 0.41 36 0.84 23 0.53 23 0.52 46 0.91 43 0.73 29 0.44 33 0.73 
AAA(K) 65 1.67 70 1.69 35 1.01 57 1.37 53 1.25 42 1.04 49 1.25 55 1.50 35 1.03 
AAG(K) 13 0.33 13 0.31 34 0.99 26 0.63 33 0.75 39 0.96 30 0.75 18 0.50 33 0.97 
GAU(D) 48 1.60 51 1.67 29 0.97 33 1.14 46 1.32 39 1.15 46 1.42 53 1.63 36 1.16 
GAC(D) 12 0.40 10 0.33 31 1.03 25 0.86 23 0.68 29 0.85 18 0.58 12 0.37 26 0.84 
GAA(E) 48 1.35 43 1.25 30 1.09 48 1.12 33 0.84 35 0.95 55 1.33 49 1.53 34 1.01 
GAG(E) 23 0.65 26 0.75 25 0.91 38 0.88 44 1.16 39 1.05 27 0.67 16 0.47 33 0.99 
UGU(C) 33 1.49 40 1.63 46 1.14 33 1.31 29 1.41 21 1.08 38 1.49 52 1.46 36 1.47 
UGC(C) 10 0.51 9 0.37 34 0.86 17 0.69 12 0.59 18 0.92 13 0.51 20 0.54 13 0.53 
UGA(W) 57 1.34 57 1.30 57 1.25 64 1.33 62 1.33 55 1.09 49 1.16 73 1.62 47 1.15 
UGG(W) 29 0.66 31 0.70 34 0.75 33 0.67 31 0.67 46 0.91 36 0.84 17 0.38 35 0.85 
CGU(R) 22 1.33 20 1.18 31 1.32 16 1.14 17 1.15 16 1.03 26 1.55 33 2.00 30 1.69 
CGC(R) 7 0.42 9 0.53 22 0.94 8 0.57 3 0.14 9 0.58 10 0.65 10 0.63 13 0.73 
CGA(R) 22 1.33 18 1.06 18 0.77 22 1.57 18 1.22 22 1.42 14 0.84 17 1.06 12 0.68 
CGG(R) 16 0.91 21 1.24 23 0.98 10 0.71 22 1.49 16 0.97 17 0.97 5 0.31 16 0.90 
AGU(S) 78 1.90 82 1.99 69 1.47 33 0.63 38 0.76 33 0.63 77 1.70 85 1.88 78 1.74 
AGC(S) 27 0.66 22 0.53 53 1.13 23 0.46 29 0.56 35 0.69 23 0.50 31 0.69 47 1.05 
AGA(S) 46 1.09 36 0.90 49 1.05 72 1.38 59 1.18 68 1.31 53 1.17 43 0.95 27 0.60 
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AGG(S) 34 0.83 42 1.02 36 0.77 47 0.90 57 1.14 60 1.18 53 1.17 23 0.51 52 1.16 
GGU(G) 94 1.67 88 1.59 74 1.38 60 1.07 55 0.97 49 0.90 101 1.60 107 2.06 81 1.29 
GGC(G) 21 0.37 40 0.72 57 1.06 25 0.45 23 0.41 44 0.79 39 0.62 22 0.43 59 0.94 
GGA(G) 47 0.84 42 0.74 40 0.74 87 1.55 62 1.11 36 0.65 43 0.69 59 1.13 21 0.34 
GGG(G) 62 1.12 53 0.95 44 0.82 52 0.93 86 1.52 94 1.67 69 1.09 20 0.39 88 1.44 
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Table S5. (continued) Codon usages of the mitochondrial PCGs of stylommatophoran species. 

  D. reticulatum D. formosensis G. cristata H. itala H. pomatia 
M. 

kiangsinensis M. bilineatum M. pontificus N. nux 
Codon Count RSCU Count RSCU Count RSCU Count RSCU Count RSCU Count RSCU Count RSCU Count RSCU Count RSCU 
UUU(F) 289 1.82 291 1.82 302 1.80 235 1.68 263 1.71 264 1.77 261 1.81 295 1.88 288 1.73 
UUC(F) 29 0.18 29 0.18 34 0.20 44 0.32 44 0.29 34 0.23 27 0.19 20 0.12 45 0.27 
UUA(L) 393 4.07 335 3.33 341 3.32 309 2.95 308 3.00 326 3.25 352 3.48 324 3.51 386 3.80 
UUG(L) 68 0.69 78 0.77 69 0.67 92 0.88 75 0.73 83 0.83 57 0.56 78 0.84 57 0.57 
CUU(L) 64 0.66 125 1.24 122 1.19 85 0.81 90 0.88 88 0.88 118 1.16 83 0.90 85 0.85 
CUC(L) 5 0.05 10 0.11 16 0.16 21 0.20 36 0.35 20 0.19 14 0.15 7 0.06 14 0.14 
CUA(L) 42 0.42 48 0.48 60 0.58 95 0.91 87 0.85 72 0.71 60 0.59 51 0.55 55 0.54 
CUG(L) 10 0.10 7 0.07 9 0.09 26 0.25 21 0.20 14 0.14 7 0.06 12 0.13 10 0.10 
AUU(I) 274 1.88 215 1.85 255 1.86 202 1.71 176 1.64 199 1.78 216 1.77 270 1.79 302 1.82 
AUC(I) 18 0.12 17 0.15 20 0.14 34 0.29 39 0.36 25 0.22 27 0.23 31 0.21 29 0.18 
AUA(M) 189 1.62 185 1.60 134 1.52 159 1.51 166 1.58 166 1.58 156 1.68 230 1.67 200 1.78 
AUG(M) 44 0.38 46 0.40 42 0.48 51 0.49 44 0.42 46 0.42 30 0.32 46 0.33 25 0.22 
GUU(V) 135 1.86 140 1.89 112 1.77 121 1.57 120 1.71 159 2.06 104 1.86 111 1.59 84 1.46 
GUC(V) 13 0.18 16 0.20 20 0.32 29 0.38 23 0.33 16 0.19 9 0.17 10 0.16 8 0.14 
GUA(V) 112 1.54 107 1.43 87 1.38 105 1.36 88 1.26 81 1.05 88 1.58 112 1.62 118 2.03 
GUG(V) 30 0.41 35 0.47 34 0.54 53 0.69 49 0.70 55 0.70 22 0.40 43 0.62 21 0.37 
UCU(S) 88 1.98 114 2.52 88 1.84 72 1.60 62 1.42 73 1.77 99 2.39 104 2.17 119 2.31 
UCC(S) 16 0.36 12 0.26 20 0.40 26 0.58 20 0.43 20 0.46 17 0.41 14 0.29 20 0.37 
UCA(S) 60 1.33 49 1.10 49 1.04 52 1.17 52 1.17 48 1.16 56 1.35 75 1.59 62 1.18 
UCG(S) 10 0.24 7 0.13 10 0.23 7 0.16 23 0.54 20 0.46 8 0.18 22 0.46 8 0.17 
CCU(P) 72 2.09 75 2.25 68 1.93 68 1.89 62 1.88 68 1.88 74 2.27 64 1.91 90 2.52 
CCC(P) 14 0.41 5 0.15 22 0.63 30 0.83 16 0.48 16 0.41 20 0.60 18 0.54 14 0.39 
CCA(P) 46 1.30 44 1.30 42 1.21 36 1.03 44 1.33 53 1.46 34 1.02 49 1.49 34 0.92 
CCG(P) 7 0.20 10 0.30 8 0.23 9 0.25 10 0.30 9 0.25 4 0.11 3 0.06 6 0.17 
ACU(T) 69 1.76 100 2.31 69 1.70 74 1.64 86 1.74 72 1.54 79 1.97 72 1.91 85 2.24 
ACC(T) 14 0.36 18 0.42 18 0.44 23 0.51 25 0.51 25 0.53 18 0.46 18 0.48 14 0.37 
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ACA(T) 68 1.73 47 1.09 62 1.53 66 1.46 66 1.33 64 1.37 53 1.33 52 1.40 45 1.18 
ACG(T) 7 0.15 8 0.18 13 0.32 18 0.40 21 0.42 26 0.56 10 0.25 8 0.21 8 0.21 
GCU(A) 107 2.38 122 2.57 109 2.04 72 1.48 94 1.93 62 1.28 86 2.11 85 2.27 104 2.38 
GCC(A) 20 0.42 16 0.34 36 0.69 40 0.83 18 0.37 64 1.32 21 0.50 8 0.21 15 0.37 
GCA(A) 36 0.82 44 0.93 56 1.05 55 1.15 56 1.15 44 0.91 51 1.23 48 1.28 39 0.90 
GCG(A) 17 0.38 8 0.17 12 0.22 26 0.54 27 0.55 23 0.49 7 0.16 9 0.24 15 0.35 
UAU(Y) 113 1.52 140 1.59 109 1.48 133 1.44 148 1.53 138 1.60 129 1.67 127 1.57 146 1.73 
UAC(Y) 36 0.48 36 0.41 38 0.52 52 0.56 46 0.47 35 0.40 25 0.33 35 0.43 22 0.27 
CAU(H) 59 1.71 49 1.49 52 1.53 49 1.39 55 1.33 55 1.46 65 1.65 66 1.78 64 1.73 
CAC(H) 10 0.29 17 0.51 16 0.47 22 0.61 29 0.67 20 0.54 14 0.35 8 0.22 10 0.27 
CAA(Q) 42 1.35 38 1.49 43 1.59 48 1.55 39 1.59 44 1.69 49 1.77 53 1.63 41 1.71 
CAG(Q) 20 0.65 13 0.51 10 0.41 14 0.45 10 0.41 8 0.31 7 0.23 12 0.37 7 0.29 
AAU(N) 103 1.75 103 1.72 90 1.49 86 1.31 88 1.52 100 1.65 112 1.75 103 1.63 129 1.71 
AAC(N) 16 0.25 17 0.28 31 0.51 46 0.69 29 0.48 21 0.35 16 0.25 23 0.37 22 0.29 
AAA(K) 72 1.71 60 1.38 81 1.78 55 1.48 44 1.21 66 1.47 79 1.60 81 1.64 92 1.84 
AAG(K) 12 0.29 27 0.62 10 0.22 20 0.52 29 0.79 23 0.53 20 0.40 18 0.36 8 0.16 
GAU(D) 52 1.73 52 1.70 51 1.65 33 1.10 42 1.39 46 1.48 40 1.63 46 1.48 48 1.65 
GAC(D) 8 0.27 9 0.30 10 0.35 26 0.90 18 0.61 16 0.52 9 0.37 16 0.52 10 0.35 
GAA(E) 55 1.33 49 1.35 59 1.51 47 1.25 42 1.24 49 1.34 51 1.53 48 1.07 64 1.52 
GAG(E) 27 0.67 23 0.65 20 0.49 29 0.75 26 0.76 23 0.66 16 0.47 42 0.93 20 0.48 
UGU(C) 35 1.63 40 1.67 29 1.37 46 1.64 42 1.35 44 1.80 36 1.66 39 1.70 35 1.79 
UGC(C) 8 0.37 8 0.33 13 0.63 10 0.36 20 0.65 5 0.20 8 0.34 7 0.30 4 0.21 
UGA(W) 69 1.38 65 1.41 65 1.57 49 1.22 57 1.31 56 1.27 65 1.52 77 1.57 69 1.51 
UGG(W) 31 0.62 27 0.59 18 0.43 33 0.78 30 0.69 33 0.73 21 0.48 21 0.43 22 0.49 
CGU(R) 16 1.21 33 2.17 9 0.71 20 1.29 23 1.50 21 1.33 17 1.47 16 1.18 15 1.15 
CGC(R) 1 0.08 1 0.07 5 0.39 10 0.65 10 0.69 7 0.38 5 0.49 3 0.16 1 0.08 
CGA(R) 26 1.96 16 1.08 27 2.12 17 1.10 20 1.19 18 1.14 18 1.63 27 2.12 31 2.38 
CGG(R) 10 0.75 10 0.68 10 0.78 16 0.97 10 0.63 18 1.14 5 0.41 7 0.55 6 0.38 
AGU(S) 65 1.44 81 1.75 66 1.38 75 1.71 74 1.67 61 1.48 49 1.19 39 0.81 34 0.66 
AGC(S) 7 0.13 12 0.26 16 0.33 29 0.63 46 1.04 21 0.51 18 0.43 12 0.25 13 0.25 
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AGA(S) 73 1.62 59 1.29 90 1.88 53 1.19 42 0.95 59 1.43 59 1.42 74 1.55 111 2.13 
AGG(S) 40 0.89 31 0.68 43 0.90 43 0.97 35 0.79 30 0.73 26 0.63 42 0.88 48 0.93 
GGU(G) 91 1.39 112 1.98 70 1.17 96 1.54 109 1.98 78 1.21 77 1.54 49 1.00 46 0.89 
GGC(G) 12 0.18 16 0.27 20 0.32 29 0.45 30 0.55 34 0.53 10 0.20 7 0.14 15 0.29 
GGA(G) 69 1.06 48 0.85 75 1.26 55 0.88 43 0.78 72 1.12 69 1.38 83 1.65 104 2.00 
GGG(G) 88 1.36 51 0.90 75 1.26 70 1.12 38 0.69 73 1.14 44 0.87 61 1.21 42 0.82 
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Table S5. (continued) Codon usages of the mitochondrial PCGs of stylommatophoran species. 

  O. dolium P. redfieldi 
P. 

bilineatus   
P. 

cereolus   
P. 

mexicana   
P. 

muscorum   S. putris V. pusilla 
Codon Count RSCU Count RSCU Count RSCU Count RSCU Count RSCU Count RSCU Count RSCU Count RSCU 
UUU(F) 246 1.59 346 1.93 274 1.72 278 1.72 281 1.71 339 1.76 381 1.88 330 1.86 
UUC(F) 62 0.41 12 0.07 44 0.28 46 0.28 48 0.29 46 0.24 25 0.12 25 0.14 
UUA(L) 256 2.48 439 4.52 387 3.68 361 3.30 358 3.29 354 3.62 398 4.32 397 4.01 
UUG(L) 83 0.80 22 0.23 55 0.52 109 1.00 111 1.01 42 0.42 44 0.48 49 0.49 
CUU(L) 107 1.04 75 0.77 111 1.05 95 0.87 94 0.87 96 0.98 62 0.68 77 0.78 
CUC(L) 36 0.35 1 0.01 5 0.05 16 0.14 14 0.13 10 0.11 5 0.05 18 0.18 
CUA(L) 94 0.90 44 0.45 68 0.64 60 0.55 60 0.55 77 0.79 38 0.41 49 0.49 
CUG(L) 44 0.43 3 0.02 7 0.06 16 0.15 17 0.16 7 0.07 5 0.05 4 0.04 
AUU(I) 195 1.52 311 1.92 239 1.84 205 1.77 205 1.77 257 1.77 359 1.93 264 1.83 
AUC(I) 62 0.48 13 0.08 21 0.16 26 0.23 27 0.23 34 0.23 13 0.07 25 0.17 
AUA(M) 155 1.44 278 1.84 173 1.68 127 1.49 127 1.45 176 1.67 222 1.78 168 1.73 
AUG(M) 60 0.56 23 0.16 33 0.32 44 0.51 48 0.55 35 0.33 29 0.22 26 0.27 
GUU(V) 88 1.30 86 1.58 94 1.56 146 2.11 142 2.04 111 1.86 94 2.15 130 2.11 
GUC(V) 31 0.46 9 0.17 10 0.18 14 0.20 18 0.26 20 0.34 10 0.25 13 0.21 
GUA(V) 81 1.20 111 2.02 107 1.80 83 1.20 87 1.25 88 1.50 65 1.49 88 1.43 
GUG(V) 72 1.05 13 0.24 27 0.45 34 0.49 33 0.46 18 0.30 5 0.11 16 0.26 
UCU(S) 101 1.99 112 2.44 111 2.57 73 1.64 72 1.62 81 1.66 129 2.68 91 1.79 
UCC(S) 31 0.60 8 0.17 16 0.35 30 0.67 30 0.68 16 0.33 20 0.39 14 0.28 
UCA(S) 55 1.07 74 1.61 55 1.26 26 0.58 25 0.56 82 1.70 64 1.33 78 1.54 
UCG(S) 20 0.39 3 0.04 8 0.19 5 0.11 5 0.11 13 0.27 10 0.21 5 0.10 
CCU(P) 60 1.90 70 2.39 87 2.47 65 2.05 68 2.13 85 2.49 81 2.79 55 1.79 
CCC(P) 29 0.89 3 0.10 10 0.28 16 0.50 16 0.47 12 0.36 8 0.28 8 0.26 
CCA(P) 23 0.73 40 1.37 42 1.16 29 0.91 29 0.87 33 0.95 26 0.90 56 1.82 
CCG(P) 16 0.48 4 0.14 3 0.09 17 0.54 17 0.53 7 0.21 1 0.03 4 0.13 
ACU(T) 68 1.66 72 1.87 88 1.91 88 2.06 85 2.00 68 1.92 86 2.34 75 2.04 
ACC(T) 29 0.72 10 0.26 21 0.45 33 0.77 34 0.80 18 0.51 9 0.24 9 0.24 
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ACA(T) 57 1.42 68 1.76 73 1.57 33 0.77 33 0.78 49 1.38 49 1.36 59 1.58 
ACG(T) 8 0.20 4 0.11 3 0.06 17 0.40 18 0.42 7 0.20 3 0.05 5 0.13 
GCU(A) 95 1.84 70 2.09 94 2.01 98 2.34 95 2.30 87 2.00 79 2.47 105 2.13 
GCC(A) 46 0.89 8 0.24 21 0.45 31 0.75 34 0.82 23 0.55 10 0.34 25 0.51 
GCA(A) 44 0.85 52 1.55 62 1.35 23 0.55 21 0.51 55 1.26 36 1.16 56 1.14 
GCG(A) 22 0.43 4 0.12 9 0.19 16 0.36 16 0.36 8 0.18 1 0.03 10 0.22 
UAU(Y) 95 1.16 178 1.85 139 1.73 152 1.65 152 1.66 107 1.47 156 1.76 107 1.53 
UAC(Y) 69 0.84 14 0.15 22 0.27 33 0.35 31 0.34 38 0.53 21 0.24 33 0.47 
CAU(H) 44 1.24 65 1.86 65 1.59 56 1.49 57 1.50 52 1.55 55 1.71 48 1.50 
CAC(H) 27 0.76 5 0.14 17 0.41 20 0.51 20 0.50 16 0.45 9 0.29 16 0.50 
CAA(Q) 36 1.31 46 1.76 59 1.90 59 1.73 56 1.70 43 1.76 44 1.80 46 1.61 
CAG(Q) 20 0.69 7 0.24 3 0.10 9 0.27 10 0.30 7 0.24 5 0.20 10 0.39 
AAU(N) 86 1.33 137 1.77 114 1.67 101 1.70 98 1.68 98 1.53 137 1.72 94 1.56 
AAC(N) 43 0.67 18 0.23 23 0.33 18 0.30 20 0.32 30 0.47 22 0.28 26 0.44 
AAA(K) 94 1.66 100 1.65 85 1.71 62 1.59 62 1.57 85 1.52 82 1.67 82 1.73 
AAG(K) 20 0.34 21 0.35 14 0.29 16 0.41 17 0.43 27 0.48 16 0.33 13 0.27 
GAU(D) 40 1.18 48 1.81 43 1.56 43 1.62 42 1.62 43 1.56 56 1.84 48 1.57 
GAC(D) 29 0.82 5 0.19 12 0.44 10 0.38 10 0.38 12 0.44 5 0.16 13 0.43 
GAA(E) 55 1.46 69 1.82 52 1.51 53 1.58 53 1.58 59 1.38 66 1.63 68 1.61 
GAG(E) 20 0.54 7 0.18 17 0.49 14 0.42 14 0.42 26 0.62 16 0.37 16 0.39 
UGU(C) 36 1.36 40 1.90 42 1.83 39 1.59 36 1.54 35 1.63 38 1.81 34 1.55 
UGC(C) 17 0.64 3 0.10 4 0.17 10 0.41 10 0.46 8 0.37 4 0.19 10 0.45 
UGA(W) 57 1.30 77 1.86 72 1.54 55 1.10 53 1.07 62 1.44 65 1.59 79 1.65 
UGG(W) 31 0.70 7 0.14 21 0.46 44 0.90 46 0.93 23 0.56 17 0.41 17 0.35 
CGU(R) 7 0.54 13 1.06 23 1.84 21 1.35 22 1.42 9 0.67 13 1.02 16 1.15 
CGC(R) 8 0.62 0 0.00 4 0.32 3 0.19 3 0.19 3 0.22 0 0.00 3 0.15 
CGA(R) 23 1.77 31 2.53 16 1.28 12 0.77 12 0.77 29 2.15 31 2.43 27 2.08 
CGG(R) 14 1.08 5 0.41 7 0.56 26 1.68 25 1.61 13 0.96 7 0.55 8 0.62 
AGU(S) 49 0.95 59 1.29 56 1.31 98 2.20 99 2.23 36 0.77 59 1.23 48 0.95 
AGC(S) 36 0.70 4 0.09 12 0.28 23 0.54 23 0.52 25 0.52 12 0.25 20 0.37 
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AGA(S) 75 1.46 90 1.96 61 1.42 57 1.28 56 1.26 100 2.08 83 1.72 116 2.29 
AGG(S) 43 0.84 18 0.39 27 0.63 44 0.99 46 1.01 33 0.66 9 0.19 35 0.69 
GGU(G) 62 1.08 75 1.48 85 1.66 113 1.81 114 1.84 47 0.87 74 1.66 73 1.28 
GGC(G) 36 0.62 7 0.14 7 0.12 26 0.42 27 0.43 20 0.35 7 0.16 12 0.21 
GGA(G) 62 1.08 98 1.93 75 1.50 49 0.78 49 0.78 81 1.47 78 1.75 100 1.75 
GGG(G) 72 1.22 23 0.45 36 0.73 62 0.99 59 0.94 72 1.31 20 0.43 43 0.75 
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Figure S1. Predicted secondary structures for the 22 typical tRNA genes of A. vulgaris mitogenome. 
Watson–Crick pairs are indicated by lines and wobble GU pairs are indicated by dots. 
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Figure S2. The phylogenetic tree constructed under ML using the dataset 8P12RNA. 
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Figure S3. The phylogenetic tree constructed under BI using the dataset P123RNA. 
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Figure S4. The phylogenetic tree constructed under ML using the dataset P123RNA
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Table S1. List of models sorted by BIC scores. The best-fit model according to BIC: JTT+F+R5. AIC, w-AIC: Akaike information criterion scores and weights. 
AICc, w-AICc: Corrected AIC scores and weights. BIC, w-BIC: Bayesian information criterion scores and weights. Plus signs denote the 95% confidence sets. 
Minus signs denote significant exclusion. 
 

Model LogL AIC w-AIC AICc w-AICc BIC w-BIC 
JTT+F+R5 -9617668.9 19235445.82 +0.12 19235445.8 +0.12 19236069.55 +1 
JTT+F+R6 -9617664.9 19235441.83 +0.88 19235441.8 +0.88 19236088.66 -7E-05 
LG+F+R6 -9617709.1 19235530.26 -5.52E-20 19235530.3 -5.52E-20 19236177.09 -4E-24 
LG+F+R5 -9617725.7 19235559.35 -2.67E-26 19235559.4 -2.67E-26 19236183.08 -2E-25 

JTTDCMut+F+R5 -9617961.7 19236031.35 -8.58E-129 19236031.4 -8.59E-129 19236655.07 -7E-128 
JTTDCMut+F+R6 -9617957.8 19236027.5 -5.86E-128 19236027.5 -5.86E-128 19236674.33 -4E-132 

WAG+F+R5 -9632763.6 19265635.28 -0 19265635.3 -0 19266259.01 -0 
WAG+F+R6 -9632758.7 19265629.37 -0 19265629.4 -0 19266276.2 -0 

VT+F+R5 -9634284.1 19268676.19 -0 19268676.2 -0 19269299.92 -0 
VT+F+R6 -9634282.7 19268677.47 -0 19268677.5 -0 19269324.3 -0 

JTT+R5 -9639564.2 19279198.49 -0 19279198.5 -0 19279602.75 -0 
JTT+R6 -9639560.2 19279194.34 -0 19279194.3 -0 19279621.71 -0 

JTTDCMut+R5 -9639889.1 19279848.28 -0 19279848.3 -0 19280252.55 -0 
JTTDCMut+R6 -9639885.5 19279845.01 -0 19279845 -0 19280272.38 -0 

rtREV+F+R5 -9644512.4 19289132.85 -0 19289132.9 -0 19289756.57 -0 
rtREV+F+R6 -9644502.4 19289116.77 -0 19289116.8 -0 19289763.6 -0 

LG+R5 -9646067.8 19292205.66 -0 19292205.7 -0 19292609.93 -0 
LG+R6 -9646056.6 19292187.19 -0 19292187.2 -0 19292614.56 -0 
LG+R4 -9646466.7 19292999.48 -0 19292999.5 -0 19293380.65 -0 
VT+R5 -9648879.4 19297828.73 -0 19297828.7 -0 19298233 -0 
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VT+R6 -9648878.1 19297830.14 -0 19297830.1 -0 19298257.51 -0 
LG+I+G4 -9649218.2 19298494.43 -0 19298494.4 -0 19298829.4 -0 

LG+G4 -9651046.4 19302148.89 -0 19302148.9 -0 19302472.31 -0 
LG+R3 -9651370 19302801.95 -0 19302802 -0 19303160.02 -0 

WAG+R5 -9653905.2 19307880.38 -0 19307880.4 -0 19308284.65 -0 
WAG+R6 -9653900.2 19307874.35 -0 19307874.4 -0 19308301.72 -0 

Dayhoff+F+R6 -9662727 19325565.98 -0 19325566 -0 19326212.8 -0 
Dayhoff+F+R5 -9662744.5 19325596.92 -0 19325596.9 -0 19326220.64 -0 
DCMut+F+R6 -9662790.8 19325693.56 -0 19325693.6 -0 19326340.39 -0 
DCMut+F+R5 -9662808.2 19325724.43 -0 19325724.4 -0 19326348.16 -0 

mtInv+F+R6 -9671163.6 19342439.25 -0 19342439.3 -0 19343086.08 -0 
mtInv+F+R5 -9671195 19342498.02 -0 19342498 -0 19343121.75 -0 

cpREV+F+R6 -9684203.1 19368518.1 -0 19368518.1 -0 19369164.93 -0 
cpREV+F+R5 -9684222.5 19368553.09 -0 19368553.1 -0 19369176.81 -0 

PMB+F+R5 -9693167.3 19386442.61 -0 19386442.6 -0 19387066.34 -0 
PMB+F+R6 -9693165 19386441.97 -0 19386442 -0 19387088.8 -0 

LG+R2 -9696350.1 19392758.18 -0 19392758.2 -0 19393093.15 -0 
Blosum62+F+R5 -9697606.1 19395320.19 -0 19395320.2 -0 19395943.92 -0 
Blosum62+F+R6 -9697604.4 19395320.71 -0 19395320.7 -0 19395967.54 -0 

mtMet+F+R6 -9710893.7 19421899.45 -0 19421899.5 -0 19422546.28 -0 
mtMet+F+R5 -9710951.4 19422010.89 -0 19422010.9 -0 19422634.61 -0 
Dayhoff+R6 -9711459.9 19422993.79 -0 19422993.8 -0 19423421.16 -0 
Dayhoff+R5 -9711476.2 19423022.32 -0 19423022.3 -0 19423426.58 -0 
DCMut+R6 -9711641.1 19423356.17 -0 19423356.2 -0 19423783.54 -0 
DCMut+R5 -9711656.9 19423383.85 -0 19423383.9 -0 19423788.12 -0 
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mtZOA+F+R6 -9714727.9 19429567.84 -0 19429567.9 -0 19430214.67 -0 
mtZOA+F+R5 -9714990.9 19430089.89 -0 19430089.9 -0 19430713.62 -0 

rtREV+R5 -9722048.7 19444167.32 -0 19444167.3 -0 19444571.59 -0 
rtREV+R6 -9722039.1 19444152.24 -0 19444152.2 -0 19444579.61 -0 
PMB+R5 -9725572.9 19451215.83 -0 19451215.8 -0 19451620.09 -0 
PMB+R6 -9725569.1 19451212.16 -0 19451212.2 -0 19451639.53 -0 

cpREV+R5 -9728657.4 19457384.89 -0 19457384.9 -0 19457789.16 -0 
cpREV+R6 -9728646.3 19457366.68 -0 19457366.7 -0 19457794.05 -0 

mtREV+F+R6 -9732086.7 19464285.49 -0 19464285.5 -0 19464932.32 -0 
mtREV+F+R5 -9732158.3 19464424.53 -0 19464424.5 -0 19465048.25 -0 
Blosum62+R5 -9733212.2 19466494.45 -0 19466494.4 -0 19466898.71 -0 
Blosum62+R6 -9733209.4 19466492.76 -0 19466492.8 -0 19466920.13 -0 

FLU+F+R6 -9734824.9 19469761.81 -0 19469761.8 -0 19470408.64 -0 
FLU+F+R5 -9735056.2 19470220.38 -0 19470220.4 -0 19470844.1 -0 

HIVb+F+R6 -9753619.1 19507350.27 -0 19507350.3 -0 19507997.1 -0 
HIVb+F+R5 -9753668.6 19507445.14 -0 19507445.1 -0 19508068.87 -0 

FLU+R6 -9787731.1 19575536.17 -0 19575536.2 -0 19575963.54 -0 
FLU+R5 -9787972.7 19576015.44 -0 19576015.4 -0 19576419.71 -0 

mtART+F+R6 -9791886.5 19583885.01 -0 19583885 -0 19584531.84 -0 
mtART+F+R5 -9792490.8 19585089.63 -0 19585089.6 -0 19585713.36 -0 

mtVer+F+R6 -9812605.2 19625322.36 -0 19625322.4 -0 19625969.19 -0 
mtVer+F+R5 -9812686.5 19625480.94 -0 19625481 -0 19626104.67 -0 

HIVb+R6 -9836157.5 19672389.08 -0 19672389.1 -0 19672816.44 -0 
HIVb+R5 -9836193 19672456.01 -0 19672456 -0 19672860.27 -0 

LG+I -9853377.3 19706810.56 -0 19706810.6 -0 19707133.97 -0 
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mtMAM+F+R6 -9874496.7 19749105.4 -0 19749105.4 -0 19749752.23 -0 
mtMAM+F+R5 -9875083.9 19750275.82 -0 19750275.8 -0 19750899.54 -0 

HIVw+F+R6 -9955266.9 19910645.83 -0 19910645.8 -0 19911292.66 -0 
HIVw+F+R5 -9955368.8 19910845.67 -0 19910845.7 -0 19911469.4 -0 

mtZOA+R6 -10028697 20057467.72 -0 20057467.7 -0 20057895.09 -0 
mtZOA+R5 -10028812 20057693.08 -0 20057693.1 -0 20058097.35 -0 
mtMet+R6 -10106713 20213500.58 -0 20213500.6 -0 20213927.95 -0 
mtMet+R5 -10106771 20213612.8 -0 20213612.8 -0 20214017.07 -0 

LG -10111112 20222278.9 -0 20222278.9 -0 20222590.76 -0 
mtREV+R6 -10125829 20251731.26 -0 20251731.3 -0 20252158.63 -0 
mtREV+R5 -10125882 20251834.98 -0 20251835 -0 20252239.25 -0 

HIVw+R6 -10143980 20288033.12 -0 20288033.1 -0 20288460.49 -0 
HIVw+R5 -10144105 20288279.62 -0 20288279.6 -0 20288683.89 -0 
mtInv+R6 -10171857 20343787.74 -0 20343787.7 -0 20344215.11 -0 
mtInv+R5 -10171879 20343827.44 -0 20343827.4 -0 20344231.71 -0 

mtART+R6 -10186387 20372848.9 -0 20372848.9 -0 20373276.27 -0 
mtART+R5 -10187267 20374603.08 -0 20374603.1 -0 20375007.35 -0 

mtVer+R6 -10194988 20390050.56 -0 20390050.6 -0 20390477.93 -0 
mtVer+R5 -10195102 20390273.7 -0 20390273.7 -0 20390677.97 -0 

mtMAM+R6 -10283473 20567019.46 -0 20567019.5 -0 20567446.83 -0 
mtMAM+R5 -10283866 20567801.1 -0 20567801.1 -0 20568205.37 -0 
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Fig S1. Gastropod phylogeny inferred from 395 single-copy orthologous genes (SOGs) using ASTRAL. posterior probability (PP) is highlighted in red. Branch 
length is marked with blue numbers.  
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Fig S2. Gastropod phylogeny inferred from 933 SOGs using ASTRAL. posterior probability (PP) is highlighted in red. Branch length is marked with blue 
numbers.  
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Fig S3. Gastropod phylogeny inferred from 1331 SOGs using ASTRAL. posterior probability (PP) is highlighted in red. Branch length is marked with blue 
numbers.  
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Fig S4. Gastropod phylogeny inferred from 1610 SOGs using ASTRAL. posterior probability (PP) is highlighted in red. Branch length is marked with blue 
numbers.
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3.3 Publication III 

Zeyuan Chen, Özgül Doğan, Nadège Guiglielmoni, Anne Guichard & Michael 
Schrödl (2022): Pulmonate slug evolution is reflected in the de novo genome of Arion 
vulgaris Moquin-Tandon, 1855. Scientific Reports 12, 14226 
 
A pdf of the article is available at:  
https://www.nature.com/articles/s41598-022-18099-7.pdf. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Open Access. This article is licensed under a Creative Commons Attribution 4.0 
International License, which permits use, sharing, adaptation, distribution and 
reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. 
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Supplemental Tables and Figures for Publication III 
 
 
 

Pulmonate slug evolution is reflected in the de novo genome of 
Arion vulgaris Moquin-Tandon, 1855. 
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Fig S1. Estimation of genome size of Arion vulgaris based on the distribution of 21-mer 
frequency in the combination of short reads and linked reads. Two peaks indicate high 
heterozygosity. 
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Fig S2. Hi-C chromosome contact maps. Each block represents a Hi-C contact between two 
genomic loci within a 1 Mb window. The darker the color of a block, the higher the contact 
intensity. a) An initial Hi-C contact map shows incongruous signals in chromosome 9, which 
might reflect a misassembly. b) Hi-C contact map after manual correction of the chromosome 
9 error in the assembly.  
 
 
 
 
 
 
 
 

a

b
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Fig S3. Read k-mer frequency versus assembly copy number stacked histograms for final Arion 
vulgaris assembly. Read content in black is absent from the assembly, red occurs once, purple 
twice, etc. 
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Fig S4. Genome features and completeness of Mollusca genomes. The figure includes all 
published mollusk genomes (statistics date until December 2021) with reported heterozygosity, 
repeat contents, assembled genome size and BUSCOs assessments. Each icon represents one 
genome, and the area of the icon represents the size of the assembled genome. Color shows the 
percentage of complete BUSCOs. Different classes are represented by different shapes. The 
Arion vulgaris genome is annotated in the Figure. 
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Fig S5. Comparison of mRNA length (a), CDS length (b), exon length (c), exon number per 
gene (d), and intron length (e), between Arion vulgaris, Lissachatina (Achatina) fulica, Li. 
immaculata, Biomphalaria glabrata, and Radix auricularia. 
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Fig S6. Gene trees estimated using 223 orthologous genes. (a) Superimposed ultrametricity 
gene trees in a consensus DensiTree plot. (b) Final ASTRAL tree inferred by gene trees. The 
sole branch without 100% bootstrap support is highlighted by a red dashed line and posterior 
probabilities and bootstrap support are indicated respectively. Arion vulgaris was highlighted 
in bold.  
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Fig S7. Gene Ontology (GO) enrichment analysis of Stylommatophora specific genes. Only 
significantly enriched terms with corrected P < 0.05 were indicated. The color and size of each 
point represented the -log10 (FDR) values and Gene counts. A higher -log10 (FDR) value and 
enrichment score indicated a greater degree of enrichment. Enrichment factor refers to the ratio 
of the number of Stylommatophora-specific genes in the pathway and the number of all 
annotated genes in the pathway. 
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Fig S8. Gene Ontology (GO) enrichment analysis of Stylommatophora expansion genes. Only 
significantly enriched terms with corrected P < 0.05 were indicated. The color and size of each 
point represented the -log10 (FDR) values and gene counts. A higher -log10 (FDR) value and 
enrichment score indicated a greater degree of enrichment. Rich factor refers to the ratio of the 
number of Stylommatophora-expanded genes in the pathway and the number of all annotated 
genes in the pathway. 
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Fig S9. Gene Ontology (GO) enrichment analysis of Stylommatophora contraction genes. Only 
significantly enriched terms with corrected P < 0.05 were indicated. The color and size of each 
point represented the -log10 (FDR) values and Gene counts. A higher -log10 (FDR) value and 
enrichment score indicated a greater degree of enrichment. Rich factor refers to the ratio of the 
number of Stylommatophora-contracted genes in the pathway and the number of all annotated 
genes in the pathway. 
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Fig S10. Gene ontology (GO) Enrichment analysis of putatively positively selected genes in 
Stylommatophora. Only significantly enriched terms with corrected P < 0.05 were indicated. 
The color and size of each point represented the -log10 (FDR) values and Gene counts. A higher 
-log10 (FDR) value and enrichment score indicated a greater degree of enrichment. Rich factor 
refers to the ratio of the number of Stylommatophora-positive selected genes in the pathway 
and the number of all genes annotated in the pathway.



 124 

 

 
Fig S11. Gene ontology (GO) Enrichment analysis of Arion vulgaris species specific genes. 
Only significantly enriched terms with corrected P < 0.05 were indicated. The color and size of 
each point represented the -log10 (FDR) values and Gene counts. A higher -log10 (FDR) value 
and enrichment score indicated a greater degree of enrichment. Rich factor refers to the ratio of 
the number of A. vulgaris specific genes in the pathway and the number of all annotated genes 
in the pathway.
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Fig S12. Gene ontology (GO) Enrichment analysis of Arion vulgaris expansion genes. Only 
significantly enriched terms with corrected P < 0.05 were indicated. The color and size of each 
point represented the -log10 (HDR) values and Gene counts. A higher -log10 (HDR) value and 
enrichment score indicated a greater degree of enrichment. Rich factor refers to the ratio of the 
number of A. vulgaris expansion genes in the pathway and the number of all annotated genes 
in the pathway. 
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Fig S13. Gene ontology (GO) Enrichment analysis of Arion vulgaris contraction genes. Only 
significantly enriched terms with corrected P < 0.05 were indicated. The color and size of each 
point represented the -log10 (FDR) values and Gene counts. A higher -log10 (FDR) value and 
enrichment score indicated a greater degree of enrichment. Rich factor refers to the ratio of the 
number of A. vulgaris contraction genes in the pathway and the number of all annotated genes 
in the pathway. 
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Fig S14. Gene ontology (GO) Enrichment analysis of Arion vulgaris positively selected genes. 
Only significantly enriched terms with corrected P < 0.05 were indicated. The color and size of 
each point represented the -log10 (FDR) values and Gene counts. A higher -log10 (FDR) value 
and enrichment score indicated a greater degree of enrichment. Rich factor refers to the ratio of 
the number of A. vulgaris genes in the pathway and the number of all annotated genes in the 
pathway. 
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Fig S15. A one to two corresponding relationship in the comparison of Arion vulgaris and 
Aplysia californica chromosomes. 
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Fig S16. Ks dot plot in a) Arion vulgaris genome, b) Lissachatina (Achatina) fulica genome, and c) Li. immaculata genome. The corresponding median Ks 
value is shown for each syntenic block. Each block from horizontally left to right, and vertically from top to bottom in turn represents a) A. vulgaris chromosomes 
from 1-26, b) Li. fulica chromosomes from 1-31, and c) Li. immaculata chromosomes from 1-31.
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Fig S17. (a) Homologous gene dot plot in comparison of Arion vulgaris and Lissachatina 
(Achatina) fulica. Horizontally, from left to right, blocks, in turn represent the chromosomes 1-
31 of Li. fulica. Vertically, from top to bottom, blocks, in turn represent chromosomes 1-26 of 
A. vulgaris. The color of red, blue, and gray dots represents the BLAST hit scores from high to 
low. (b) Ks dot plot of syntenic blocks in comparison of A. vulgaris and Li. fulica. Horizontally, 
from left to right, blocks, in turn represent the chromosomes 1-26 of A. vulgaris. Vertically, 
from top to bottom, blocks, in turn represent chromosomes 1-31 of Li. fulica. The chromosomes 
in the red box are more highly conserved than those in the yellow boxes. 
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Fig S18. (a) Homologous gene dot plot in comparison of Arion vulgaris and Lissachatina 
(Achatina) immaculata. The color of red, blue, and gray dots represents the BLAST hit scores 
from high to low. (b) Ks dot plot in comparison of A. vulgaris and Li. immaculata. Horizontally, 
from left to right, blocks in turn represent the chromosomes 1-31 of Li. immaculata. Vertically, 
from top to bottom, blocks in turn represent chromosomes 1-26 of A. vulgaris. The 
chromosomes in the red box are more conservative than in the yellow box. 
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Fig S19. (a) homologous gene dot plot in comparison of Lissachatina (Achatina) fulica and Li. 
immaculata. The color of red, blue, and gray dots represents the BLAST hit scores from high 
to low. (b) Ks dot plot of syntenic blocks in comparison of Li. fulica and Li. immaculata. 
Horizontally, from left to right, blocks, in turn represent the chromosomes 1-31 of Li. 
immaculata. Vertically, from top to bottom, blocks, in turn represent chromosomes 1-31 of Li. 
fulica. The chromosomes in the red box are more conservative than in the yellow box. 
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Fig S20. Ks distributions of gene pairs duplicated by different modes in seven Heterobranchia 
species. WGD: whole-genome duplication, DSD: dispersed duplication, TRD: transposed 
duplication, PD: proximal duplication, TD: tandem duplication.
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Fig S21. Functional enrichment analysis of genes derived by tandem duplication (TD). The 
enriched GO terms with corrected P value <0.005 are presented. The color represents the 
number of genes in a GO term. The radius represents the statistical significance of enriched GO 
terms. ‘P adjust’ is the Benjamini–Hochberg false discovery rate (FDR) adjusted P value. A 
higher -log10 (FDR) value and enrichment score indicated a greater degree of enrichment. 
Functions might be related to adaptation are marked with a gray background. 
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Fig S22. Functional enrichment analysis of genes derived by proximal duplication (PD). The 
enriched GO terms with corrected P value <0.005 are presented. The color represents the 
number of genes in a GO term. The radius represents the statistical significance of enriched GO 
terms. ‘P adjust’ is the Benjamini–Hochberg false discovery rate (FDR) adjusted P value. A 
higher -log10 (FDR) value and enrichment score indicated a greater degree of enrichment. 
Functions might be related to adaptation are marked with a gray background. 
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Fig S23. Functional enrichment analysis of genes derived by transposed duplication (TRD). 
The enriched GO terms with corrected P value <0.005 are presented. The color represents the 
number of genes in a GO term. The radius represents the statistical significance of enriched GO 
terms. ‘P adjust’ is the Benjamini–Hochberg false discovery rate (FDR) adjusted P value. A 
higher -log10 (FDR) value and enrichment score indicated a greater degree of enrichment. 
Functions might be related to adaptation are marked with a gray background. 
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Fig S24. Functional enrichment analysis of genes derived by whole genome duplication (WGD). 
The enriched GO terms with corrected P value <0.005 are presented. The color represents the 
number of genes in a GO term. The radius represents the statistical significance of enriched GO 
terms. ‘P adjust’ is the Benjamini–Hochberg false discovery rate (FDR) adjusted P value. A 
higher -log10 (FDR) value and enrichment score indicated a greater degree of enrichment. 
Functions might be related to adaptation are marked with a gray background. 
 



 138 

 

 

Fig S25. Repetitive content in published gastropod genomes. 
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Fig S26. Dot plot shows the number of TEs in different genic regions under different ages. 
Percentage of divergence from consensus is used as a proxy for age: the older the invasion of 
the TEs, the more copies will have accumulated mutations. Note, we did not include Ap. 
californica in this analysis, as the gene annotation file and TEs annotation file of Ap. californica 
is inconsistent. 
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Fig S27. Relationship between total TE coverage (a), DNAs coverage (b), LTRs coverage (c), 
SINEs coverage (d), and genome size in Heterobranchia species. TE: transposable element; 
DNAs: DNA transposons; LTR: Long Terminal Repeat; SINEs: Short Interspersed Nuclear 
Elements. 
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Fig S28. Frequency distributions of synonymous substitutions (Ks) for homologous gene pairs 
identified using MCScanX in comparisons of Arion vulgaris, Lissachatina (Achatina) fulica 
and Li. immaculata. Shaded areas represent speciation events and solid lines represent whole-
genome duplication events. 
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Table S1. Sequencing data generated for Arion vulgaris genome assembly and annotation. 
 

Library type Platform 
Total bases 
(Gb) Application 

Short reads HiSeq X Ten 56.83 
Genome survey and genomic base 
correction 

Linked reads HiSeq X Ten 138.21 
Genome survey, genomic base correction 
and genome assembly 

Nanopore Nanopore PromethION 74.94 Genome assembly 
HiC HiSeq X Ten 135.28 Chromosome construction 
mRNA-Seq NovaSeq 6000 6.75 Genome annotation 
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Table S2. Statistics of assembly at different assemble stages. 
 

Characteristic 

wtdbg2 wtdbg2-ntEdit-Scaff10X instaGRAAL 

Nanopore reads 
Nanopore reads, short reads, 
linked reads 

Nanopore reads, short 
reads, linked reads, HiC 
reads 

Total Contig length (Gb) 1.535 (6,109) 1.543 (6,109) 1.541 (7,076) 
Contig N50 (Mb) 4.466 (93) 4.488 (93) 8.603 (49) 
Longest Contig (Mb) 23.976 24.090 39.732 
Total scaffold length (Gb) - 1.543 (5,786) 1.543 (6,751) 
Scaffold N50(Mb) - 7.660 (55) 64.342 (10) 
Longest Scaffold (Mb) - 34.170 114.239 
N's per 100 kbp (bp) - 2.09 2.09 
Complete BUSCOs 0.84 0.90 0.91 
Complete and single-copy BUSCOs 0.82 0.84 0.85 
Complete and duplicated BUSCOs 0.02 0.06 0.06 
Fragmented BUSCOs (F) 0.03 0.02 0.02 
Missing BUSCOs (M) 0.13 0.08 0.07 

Note: The number in brackets indicates the number of corresponding scaffolds and contigs. 
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Table S3: Species used for comparative genomics analysis and data citations in this study. 
 
Clade Species GenBank/Database accession 
H Arion vulgaris GCA_020796225.1 
H Lissachatina (Achatina) immaculata1 GCA_009760885.1 
H Li. fulica2 gigadb.org/dataset/100647 

H Aplysia californica3 
GCA_000002075.2 (For gene family, phylogeny, repeats analysis) 
https://www.dnazoo.org/assemblies/Aplysia_californica (For macrosynteny analysis) 

H Biomphalaria glabrata4 GCA_000457365.1 
H Elysia chlorotica5 GCA_003991915.1 
H Radix auricularia6 GCA_002072015.1 
C Pomacea canaliculata7 GCA_004794335.1 
C Marisa cornuarietis7 GCA_004794655.1 
C Conus consors8 GCA_004193615.1 
C Lanistes nyassanus7 GCA_004794575.1 
V Haliotis rufescens9 GCA_003343065.1 
N Chrysomallon squamiferum10 GCA_012295275.1 
P Lottia gigantea11 GCA_000327385.1 
B Argopecten purpuratus12 gigadb.org/dataset/100419 
B Saccostrea glomerata13 GCA_003671525.1 

Note: Clade H, C, V, N, P represents Heterobranchia, Caenogastropoda, Vetigastropoda, Neomphalina, and Patellogastropoda respectively. B: Bivalvia 
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Table S4: Evidence weight file used for Arion vulgaris gene prediction. 
 
Item weight 
Protein  
 Lissachatina (Achatina) fulica 4 

 Biomphalaria glabrata 2 
 Elysia chlorotica 2 
 Haliotis rufescens 2 
 Pomacea canaliculata 2 
 Aplysia californica 2 

ab initio prediction 1 
Transcript 6 
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Table S5: Statistics of predicted protein-coding genes in the Arion vulgaris genome. 
 

Gene set Number 
Average transcript  

length(bp) 
Average CDs 
 length(bp) 

Average exon 
 per gene 

Average exon 
 length(bp) 

Average intron  
length(bp) 

homolog prediction       
 Lissachatina (Achatina) fulica 22,718  10,568.96 1,202.44 4.60 261.53 2,603.49 
 Aplysia californica 12,046  15,833.02 1,412.34 7.39 191.22 2,258.25 
 Biomphalaria glabrata 16,264  15,628.49 1,325.09 7.06 187.81 2,362.09 
 Elysia chlorotica 13,069  13,604.99 1,204.99 6.42 187.82 2,289.63 
 Haliotis rufescens 21,393  5,791.92 863.26 2.82 305.68 2,701.96 
 Pomacea canaliculata 10,993  21,930.11 1,520.19 9.41 161.60 2,427.71 
De novo prediction 44,246  12,668.01 1,146.02 5.08 225.44 2,821.68 
transcriptome prediction 161,478  62,36.37 910.84 2.14 424.68 4,652.03 
final gene set 32,518  15,429.25 1,291.68 5.70 226.43 3,005.06 
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Table S6: Functional annotation of the predicted genes models. 
 

 Number Percent (%) 
eggNOG-mapper 16,791 0.51636017 

KEGG 9,642 0.296512701 
InterPro 26,520 0.815548312 

SwissProt 31,728 0.975705763 
TrEMBL 31,429 0.966510856 

Total 31,763 0.97678209 
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Table S7: Summary of gene family clustering of 16 mollusk species. 
 

Species 
total 
genes 

genes in 
family 

unassigned 
genes 

family 
number 

unique 
family 

genes in 
unique family 

genes  
per family 

Arion vulgaris 32,518  30,636  1,882  13,333  253  881  2.30 
Lissachatina (Achatina) fulica 23,726  23,073  653  12,390  79  310  1.86 
Li. Immaculata 30,194  28,633  1,561  12,513  124  361  2.29 
Biomphalaria glabrata 25,550  24,093  1,457  12,444  366  1,450  1.94 
Radix auricularia 17,338  16,237  1,101  10,310  110  367  1.57 
Aplysia californica 27,576  26,761  815  12,191  396  1,601  2.20 
Elysia chlorotica 24,980  21,936  3,044  12,980  312  1,255  1.69 
Pomacea canaliculata  18,273  17,728  545  12,042  47  159  1.47 
Marisa cornuarietis 23,827  21,988  1,839  13,181  201  1,005  1.67 
Lanistes nyassanus 20,938  19,651  1,287  12,475  138  555  1.58 
Conus consors 17,715  17,023  692  7,654  224  611  2.22 
Chrysomallon squamiferum 16,917  15,498  1,419  9,904  252  1,047  1.56 
Lottia gigantea 23,340  21,940  1,400  12,165  408  2,794  1.80 
Haliotis rufescens 48,956  44,060  4,896  14,580  1,622  8,303  3.02 
Saccostrea glomerata 26,956  26,327  629  11,516  619  3,375  2.29 
Argopecten purpuratus 24,705  22,797  1,908  12,568  501  2,069  1.81 
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Table S8: GO enrichment analysis of Stylommatophora specific gene families. For each GO 
subcategory, a 2 × 2 contingency table was constructed by recording the numbers of genes 
included or not included in a category of ‘genome background’ genes and Stylommatophora-
specific genes. Two-tailed Fisher’s exact test was used to calculate statistical significance. BP: 
biology process; MF: molecular function. 

GO Type Function P value 
Gene 
number 

GO:0072073 BP kidney epithelium development 0.001666 17 
GO:0001657 BP ureteric bud development 0.002973 14 
GO:0001823 BP mesonephros development 0.003725 14 
GO:0072163 BP mesonephric epithelium development 0.003725 14 
GO:0072164 BP mesonephric tubule development 0.003725 14 
GO:0001656 BP metanephros development 0.029842 11 
GO:2001014 BP regulation of skeletal muscle cell differentiation 0.000401 8 
GO:0009208 BP pyrimidine ribonucleoside triphosphate metabolic process 0.002059 6 
GO:0009147 BP pyrimidine nucleoside triphosphate metabolic process 0.004520 6 
GO:0009193 BP pyrimidine ribonucleoside diphosphate metabolic process 4.46E-05 5 
GO:0046048 BP UDP metabolic process 4.46E-05 5 
GO:0070305 BP response to cGMP 4.46E-05 5 
GO:0071321 BP cellular response to cGMP 4.46E-05 5 
GO:0009138 BP pyrimidine nucleoside diphosphate metabolic process 0.000202 5 
GO:0046036 BP CTP metabolic process 0.000202 5 
GO:0021512 BP spinal cord anterior/posterior patterning 4.53E-06 4 
GO:0045967 BP negative regulation of growth rate 4.53E-06 4 
GO:2000818 BP negative regulation of myoblast proliferation 6.56E-05 4 

GO:0001978 BP 
regulation of systemic arterial blood pressure by carotid sinus 
baroreceptor feedback 

0.000559 4 

GO:0001982 BP 
baroreceptor response to decreased systemic arterial blood 
pressure 

0.000559 4 

GO:0003025 BP 
regulation of systemic arterial blood pressure by baroreceptor 
feedback 

0.000559 4 

GO:0048632 BP negative regulation of skeletal muscle tissue growth 0.000559 4 
GO:0014859 BP negative regulation of skeletal muscle cell proliferation 0.003230 4 
GO:0071444 BP cellular response to pheromone 0.003230 4 

GO:1902723 BP 
negative regulation of skeletal muscle satellite cell 
proliferation 

0.003230 4 

GO:1902725 BP negative regulation of satellite cell differentiation 0.003230 4 
GO:0019236 BP response to pheromone 0.048324 4 
GO:2001015 BP negative regulation of skeletal muscle cell differentiation 0.048324 4 
GO:0004382 MF guanosine-diphosphatase activity 1.03E-06 5 
GO:0043273 MF CTPase activity 1.03E-06 5 
GO:0045134 MF uridine-diphosphatase activity 7.82E-06 5 
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Table S9: GO enrichment analysis of Stylommatophora expansion genes. For each GO 
subcategory, a 2 × 2 contingency table was constructed by recording the numbers of genes 
included or not included in a category of ‘genome background’ genes and Stylommatophora 
expansion genes. Two-tailed Fisher’s exact test was used to calculate statistical significance. 
BP: biology process; CC: cellular component. 
 

GO Type Function P value 
Gene 
number 

GO:0032501 BP multicellular organismal process 0.007600 832 
GO:0050896 BP response to stimulus 3.06E-05 807 
GO:0007154 BP cell communication 1.91E-08 534 
GO:0023052 BP signaling 1.88E-10 525 
GO:0051239 BP regulation of multicellular organismal process 0.010047 413 
GO:0050793 BP regulation of developmental process 0.004431 386 
GO:0032879 BP regulation of localization 1.15E-06 378 
GO:0060429 BP epithelium development 0.011049 282 
GO:0045595 BP regulation of cell differentiation 0.006087 277 
GO:0035295 BP tube development 0.005169 235 
GO:0009791 BP post-embryonic development 2.19E-09 229 
GO:0040012 BP regulation of locomotion 1.87E-11 219 
GO:0042325 BP regulation of phosphorylation 0.001597 206 
GO:0048729 BP tissue morphogenesis 0.012526 197 
GO:0001932 BP regulation of protein phosphorylation 0.000909 194 
GO:0051241 BP negative regulation of multicellular organismal process 0.021533 190 
GO:0007267 BP cell-cell signaling 6.96E-10 189 
GO:0051270 BP regulation of cellular component movement 5.06E-10 187 
GO:0002009 BP morphogenesis of an epithelium 0.017699 186 
GO:0051093 BP negative regulation of developmental process 0.008294 173 
GO:2000145 BP regulation of cell motility 8.67E-11 172 
GO:0030334 BP regulation of cell migration 5.97E-11 165 
GO:0010562 BP positive regulation of phosphorus metabolic process 0.021489 150 
GO:0045937 BP positive regulation of phosphate metabolic process 0.021489 150 
GO:0042327 BP positive regulation of phosphorylation 0.004501 144 
GO:0001934 BP positive regulation of protein phosphorylation 0.001870 140 
GO:0007444 BP imaginal disc development 0.007684 129 
GO:0009314 BP response to radiation 0.013070 126 
GO:0002164 BP larval development 5.71E-07 125 
GO:0002119 BP nematode larval development 5.18E-10 105 
GO:0010212 BP response to ionizing radiation 1.15E-11 80 
GO:0040024 BP dauer larval development 2.92E-23 75 
GO:0010332 BP response to gamma radiation 2.63E-17 61 
GO:0034284 BP response to monosaccharide 0.023006 46 
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GO:0009746 BP response to hexose 0.008245 45 
GO:0060259 BP regulation of feeding behavior 0.004137 39 
GO:1903998 BP regulation of eating behavior 1.29E-05 36 
GO:0043051 BP regulation of pharyngeal pumping 2.01E-07 35 
GO:0030952 BP establishment or maintenance of cytoskeleton polarity 0.000244 30 
GO:0007229 BP integrin-mediated signaling pathway 0.039414 18 

GO:0097201 BP 
negative regulation of transcription from RNA polymerase 
II promoter in response to stress 

0.037923 10 

GO:0097458 CC obsolete neuron part 1.29E-05 278 
GO:0036477 CC somatodendritic compartment 3.64E-05 186 
GO:0044297 CC cell body 5.61E-05 162 
GO:0048471 CC perinuclear region of cytoplasm 2.10E-07 156 
GO:0043025 CC neuronal cell body 0.000129 150 
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Table S10: GO enrichment analysis of Stylommatophora contraction genes. For each GO 
subcategory, a 2 × 2 contingency table was constructed by recording the numbers of genes 
included or not included in a category of ‘genome background’ genes and Stylommatophora 
expansion genes. Two-tailed Fisher’s exact test was used to calculate statistical significance. 
BP: biology process; CC: cellular component. 
 

GO Type Function P value 
Gene 
number 

GO:1903961 BP positive regulation of anion transmembrane transport 0.0001013 5 
GO:1903959 BP regulation of anion transmembrane transport 0.0406884 5 
GO:2000118 BP regulation of sodium-dependent phosphate transport 0.0019846 4 
GO:0010966 BP regulation of phosphate transport 0.0110806 4 
GO:0030647 BP aminoglycoside antibiotic metabolic process 0.0124327 3 
GO:0042431 BP indole metabolic process 0.0124327 3 
GO:1901128 BP gentamycin metabolic process 0.0124327 3 
GO:1901684 BP arsenate ion transmembrane transport 0.0124327 3 

GO:1903797 BP 
positive regulation of inorganic anion transmembrane 
transport 

0.0124327 3 

GO:2000187 BP positive regulation of phosphate transmembrane transport 0.0124327 3 
GO:0072733 BP response to staurosporine 0.0309616 3 
GO:0072734 BP cellular response to staurosporine 0.0309616 3 
GO:2000185 BP regulation of phosphate transmembrane transport 0.0309616 3 
GO:0072686 CC mitotic spindle 0.0025335 8 
GO:0031526 CC brush border membrane 0.0216566 6 
GO:0015370 MF solute:sodium symporter activity 0.0405823 6 
GO:0005436 MF sodium:phosphate symporter activity 0.0011070 4 
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Table S11: GO enrichment analysis of Stylommatophora positively selected genes. For each 
GO subcategory, a 2 × 2 contingency table was constructed by recording the numbers of genes 
included or not included in a category of ‘genome background’ genes and Stylommatophora 
positive selected genes. Two-tailed Fisher’s exact test was used to calculate statistical 
significance. BP: biology process; MF: molecular function. 
 

GO Type Function P value 
Gene 
number 

GO:0031641 BP regulation of myelination 0.014147 4 
GO:0007130 BP synaptonemal complex assembly 0.006699 3 
GO:0004525 MF ribonuclease III activity 0.000227 2 
GO:0032296 MF double-stranded RNA-specific ribonuclease activity 0.000227 2 
GO:0031643 BP positive regulation of myelination 3.40E-05 3 
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Table S12: GO enrichment analysis of Arion vulgaris species-specific and unassigned genes. 
For each GO subcategory, a 2 × 2 contingency table was constructed by recording the numbers 
of genes included or not included in a category of ‘genome background’ genes and A. vulgaris 
species-specific genes. Two-tailed Fisher’s exact test was used to calculate statistical 
significance. BP: biology process; CC: cellular component; MF: molecular function. 
 

GO Type Function P value 
Gene 
number 

GO:0019747 BP regulation of isoprenoid metabolic process 1.46E-05 5 
GO:0043226 CC Organelle 0.016755 259 
GO:0043229 CC intracellular organelle 0.004138 250 
GO:0043227 CC membrane-bounded organelle 0.000500 221 
GO:0043231 CC intracellular membrane-bounded organelle 0.001050 205 
GO:0030312 CC external encapsulating structure 1.81E-05 10 
GO:0015016 MF [heparan sulfate]-glucosamine N-sulfotransferase activity 0.005871 3 
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Fig S13: GO enrichment analysis of Arion vulgaris expansion genes. For each GO subcategory, 
a 2 × 2 contingency table was constructed by recording the numbers of genes included or not 
included in a category of ‘genome background’ genes and A. vulgaris species-specific genes. 
Two-tailed Fisher’s exact test was used to calculate statistical significance. BP: biology process; 
CC: cellular component; MF: molecular function. 
 

GO Type Function P value 
Gene 
number 

GO:0009607 BP response to biotic stimulus 0.035756 309 
GO:0043207 BP response to external biotic stimulus 0.00511 308 
GO:0051707 BP response to other organism 0.008506 306 
GO:0030029 BP actin filament-based process 0.034447 251 
GO:0002164 BP larval development 0.000921 243 
GO:0030036 BP actin cytoskeleton organization 0.045313 224 
GO:0009617 BP response to bacterium 0.008316 222 
GO:0071396 BP cellular response to lipid 0.003975 212 
GO:0048545 BP response to steroid hormone 0.009836 175 
GO:0009410 BP response to xenobiotic stimulus 0.030106 162 
GO:0002237 BP response to molecule of bacterial origin 0.010789 133 
GO:0031099 BP Regeneration 8.95E-05 131 
GO:0016042 BP lipid catabolic process 8.40E-05 129 
GO:0071383 BP cellular response to steroid hormone stimulus 5.19E-06 127 
GO:0032496 BP response to lipopolysaccharide 0.012052 126 
GO:0061008 BP hepaticobiliary system development 0.001825 126 
GO:0001889 BP liver development 0.003526 123 
GO:0031960 BP response to corticosteroid 0.000336 123 
GO:0010212 BP response to ionizing radiation 0.011636 120 
GO:0051384 BP response to glucocorticoid 0.000126 118 
GO:0042440 BP pigment metabolic process 2.00E-05 116 
GO:0008202 BP steroid metabolic process 0.035907 111 
GO:0071466 BP cellular response to xenobiotic stimulus 0.009945 101 
GO:0097306 BP cellular response to alcohol 0.031057 99 
GO:0010675 BP regulation of cellular carbohydrate metabolic process 0.002573 91 
GO:0040024 BP dauer larval development 4.26E-09 89 
GO:0016999 BP antibiotic metabolic process 2.91E-05 89 
GO:0031100 BP animal organ regeneration 9.21E-07 85 
GO:0033013 BP tetrapyrrole metabolic process 9.16E-12 84 
GO:0006805 BP xenobiotic metabolic process 3.87E-05 82 
GO:0071385 BP cellular response to glucocorticoid stimulus 5.91E-09 81 
GO:0062014 BP negative regulation of small molecule metabolic process 1.33E-07 81 
GO:0071384 BP cellular response to corticosteroid stimulus 1.33E-07 81 
GO:0045833 BP negative regulation of lipid metabolic process 6.69E-06 80 
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GO:0006720 BP isoprenoid metabolic process 4.34E-06 79 
GO:0007588 BP excretion 4.56E-08 78 
GO:0010332 BP response to gamma radiation 2.48E-08 77 
GO:0034754 BP cellular hormone metabolic process 0.001421 77 
GO:0006778 BP porphyrin-containing compound metabolic process 0 76 
GO:0019217 BP regulation of fatty acid metabolic process 0.000113 76 
GO:0006721 BP terpenoid metabolic process 2.62E-08 75 
GO:0042168 BP heme metabolic process 0 74 
GO:0001523 BP retinoid metabolic process 6.92E-10 73 
GO:0016101 BP diterpenoid metabolic process 3.18E-09 73 
GO:0002526 BP acute inflammatory response 1.83E-11 70 

GO:0010677 BP 
negative regulation of cellular carbohydrate metabolic 
process 

4.12E-11 69 

GO:0045912 BP negative regulation of carbohydrate metabolic process 1.29E-09 69 
GO:0009225 BP nucleotide-sugar metabolic process 1.16E-07 68 
GO:0042447 BP hormone catabolic process 0 66 
GO:0051187 BP obsolete cofactor catabolic process 5.02E-09 64 
GO:0006953 BP acute-phase response 0 63 
GO:0071361 BP cellular response to ethanol 2.40E-07 63 
GO:0071392 BP cellular response to estradiol stimulus 2.33E-08 62 
GO:0006706 BP steroid catabolic process 3.21E-11 61 
GO:0045939 BP negative regulation of steroid metabolic process 3.95E-09 61 
GO:0006011 BP UDP-glucose metabolic process 0 60 
GO:0045922 BP negative regulation of fatty acid metabolic process 0 60 
GO:0008210 BP estrogen metabolic process 0 60 
GO:0042537 BP benzene-containing compound metabolic process 9.16E-12 60 
GO:0017001 BP antibiotic catabolic process 7.33E-11 60 
GO:0018879 BP biphenyl metabolic process 0 59 
GO:0009812 BP flavonoid metabolic process 0 59 
GO:0042178 BP xenobiotic catabolic process 3.18E-09 59 
GO:0033015 BP tetrapyrrole catabolic process 0 58 
GO:0006711 BP estrogen catabolic process 0 57 
GO:0006787 BP porphyrin-containing compound catabolic process 0 57 
GO:0006789 BP bilirubin conjugation 0 57 
GO:0009698 BP phenylpropanoid metabolic process 0 57 
GO:0009804 BP coumarin metabolic process 0 57 
GO:0042167 BP heme catabolic process 0 57 
GO:0046149 BP pigment catabolic process 0 57 
GO:0046226 BP coumarin catabolic process 0 57 
GO:0046271 BP phenylpropanoid catabolic process 0 57 
GO:0051552 BP flavone metabolic process 0 57 
GO:0052695 BP cellular glucuronidation 0 57 
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GO:0052696 BP flavonoid glucuronidation 0 57 
GO:0052697 BP xenobiotic glucuronidation 0 57 
GO:0070980 BP biphenyl catabolic process 0 57 
GO:1904223 BP regulation of glucuronosyltransferase activity 0 57 
GO:1904224 BP negative regulation of glucuronosyltransferase activity 0 57 
GO:2001030 BP negative regulation of cellular glucuronidation 0 57 
GO:0006063 BP uronic acid metabolic process 0 57 
GO:0019585 BP glucuronate metabolic process 0 57 
GO:2001029 BP regulation of cellular glucuronidation 0 57 
GO:0042573 BP retinoic acid metabolic process 3.67E-11 57 
GO:0034663 CC endoplasmic reticulum chaperone complex 0 61 
GO:0070069 CC cytochrome complex 2.02E-10 60 
GO:0046982 MF protein heterodimerization activity 0.042895 212 
GO:0031406 MF carboxylic acid binding 0.039347 106 
GO:0008194 MF UDP-glycosyltransferase activity 0.001112 89 
GO:0005080 MF protein kinase C binding 0 85 
GO:0005496 MF steroid binding 7.70E-10 79 
GO:0033293 MF monocarboxylic acid binding 7.33E-10 75 
GO:0005504 MF fatty acid binding 0 66 
GO:0001972 MF retinoic acid binding 0 60 
GO:0005501 MF retinoid binding 9.16E-12 60 
GO:0019840 MF isoprenoid binding 2.29E-11 60 
GO:0015020 MF glucuronosyltransferase activity 5.96E-11 59 
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Table S14: GO enrichment analysis of Arion vulgaris contraction genes. For each GO 
subcategory, a 2 × 2 contingency table was constructed by recording the numbers of genes 
included or not included in a category of ‘genome background’ genes and Stylommatophora 
expansion genes. Two-tailed Fisher’s exact test was used to calculate statistical significance. 
BP: biology process; CC: cellular component. 
 

GO Type Function P value Gene number 
GO:0006811 BP ion transport 0.002125 105 
GO:0007186 BP G protein-coupled receptor signaling pathway 3.21E-11 75 
GO:0006820 BP anion transport 0.007451 57 
GO:0098656 BP anion transmembrane transport 0.027645 41 
GO:0007218 BP neuropeptide signaling pathway 6.11E-09 27 
GO:0042749 BP regulation of circadian sleep/wake cycle 0.024221 16 
GO:0034308 BP primary alcohol metabolic process 0.001884 15 
GO:0042572 BP retinol metabolic process 0.001194 12 
GO:0007567 BP parturition 0.001688 11 
GO:0097070 BP ductus arteriosus closure 0.003929 10 
GO:0032757 BP positive regulation of interleukin-8 production 0.032495 10 
GO:0070493 BP thrombin-activated receptor signaling pathway 0.003427 8 
GO:0033212 BP iron import into cell 0.000132 7 
GO:0033215 BP reductive iron assimilation 0.000132 7 
GO:0042817 BP pyridoxal metabolic process 0.013186 7 
GO:0006710 BP androgen catabolic process 0.001959 6 
GO:0015746 BP citrate transport 0.048716 6 
GO:0071944 CC cell periphery 0.000104 276 
GO:0044425 CC obsolete membrane part 0.005055 272 
GO:0005886 CC plasma membrane 6.04E-05 266 
GO:0031224 CC intrinsic component of membrane 1.37E-11 201 
GO:0016021 CC integral component of membrane 6.87E-11 194 
GO:0044459 CC obsolete plasma membrane part 0.000562 179 
GO:0031226 CC intrinsic component of plasma membrane 4.58E-12 140 
GO:0005887 CC integral component of plasma membrane 1.37E-11 135 

GO:0031233 CC 
intrinsic component of external side of plasma 
membrane 

2.26E-05 11 

GO:0033573 CC high-affinity iron permease complex 0.000132 7 
GO:1905862 CC ferroxidase complex 0.000132 7 
GO:0038023 MF signaling receptor activity 2.29E-12 83 
GO:0060089 MF molecular transducer activity 6.87E-12 83 
GO:0004888 MF transmembrane signaling receptor activity 2.29E-09 64 
GO:0004930 MF G protein-coupled receptor activity 1.31E-09 44 
GO:0008509 MF anion transmembrane transporter activity 0.020526 38 
GO:0008757 MF S-adenosylmethionine-dependent methyltransferase 0.006238 29 
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activity 
GO:0008168 MF methyltransferase activity 0.041717 29 
GO:0001653 MF peptide receptor activity 6.24E-07 24 
GO:0008528 MF G protein-coupled peptide receptor activity 6.24E-07 24 
GO:0008188 MF neuropeptide receptor activity 1.55E-06 22 
GO:0004745 MF retinol dehydrogenase activity 2.19E-08 13 
GO:0004957 MF prostaglandin E receptor activity 3.10E-05 10 
GO:0004953 MF icosanoid receptor activity 0.000219 10 
GO:0004954 MF prostanoid receptor activity 0.000219 10 
GO:0004955 MF prostaglandin receptor activity 0.000219 10 
GO:0016725 MF oxidoreductase activity, acting on CH or CH2 groups 0.000219 10 
GO:0016722 MF oxidoreductase activity, oxidizing metal ions 0.016515 9 
GO:0042895 MF obsolete antibiotic transmembrane transporter activity 0.016515 9 
GO:0004322 MF ferroxidase activity 0.004202 7 

GO:0016724 MF 
oxidoreductase activity, oxidizing metal ions, oxygen 
as acceptor 

0.004202 7 

GO:0004031 MF aldehyde oxidase activity 0.013186 7 
GO:0004732 MF pyridoxal oxidase activity 0.013186 7 

GO:0016404 MF 
15-hydroxyprostaglandin dehydrogenase (NAD+) 
activity 

0.013186 7 

GO:0016623 MF 
oxidoreductase activity, acting on the aldehyde or oxo 
group of donors, oxygen as acceptor 

0.013186 7 

GO:0015137 MF citrate transmembrane transporter activity 0.048716 6 
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Fig S15: GO enrichment analysis of Arion vulgaris positive selected genes. For each GO 
subcategory, a 2 × 2 contingency table was constructed by recording the numbers of genes 
included or not included in a category of ‘genome background’ genes and A. vulgaris species-
specific genes. Two-tailed Fisher’s exact test was used to calculate statistical significance. BP: 
biology process; CC: cellular component; MF: molecular function. 
 

GO Type Function P value 
Gene 
number 

GO:0051099 BP positive regulation of binding 0.001346 4 
GO:0009794 BP regulation of mitotic cell cycle, embryonic 0.001047 2 
GO:0042509 BP regulation of tyrosine phosphorylation of STAT protein 0.009004 2 
GO:0042531 BP positive regulation of tyrosine phosphorylation of STAT protein 2.92E-05 2 
GO:0051769 BP regulation of nitric-oxide synthase biosynthetic process 1.01E-06 2 
GO:0051770 BP positive regulation of nitric-oxide synthase biosynthetic process 8.16E-12 2 
GO:1900744 BP regulation of p38MAPK cascade 0.002657 2 
GO:0002731 BP negative regulation of dendritic cell cytokine production 1.54E-10 1 
GO:0002825 BP regulation of T-helper 1 type immune response 0.001017 1 
GO:0002826 BP negative regulation of T-helper 1 type immune response 1.54E-10 1 
GO:0006535 BP cysteine biosynthetic process from serine 1.54E-10 1 
GO:0006565 BP L-serine catabolic process 0.001017 1 
GO:0007260 BP tyrosine phosphorylation of STAT protein 1.54E-10 1 
GO:0009092 BP homoserine metabolic process 0.001017 1 
GO:0009093 BP cysteine catabolic process 0.024452 1 
GO:0009403 BP toxin biosynthetic process 5.28E-06 1 
GO:0018343 BP protein farnesylation 0.024452 1 
GO:0019346 BP transsulfuration 0.001017 1 
GO:0019448 BP L-cysteine catabolic process 0.024452 1 
GO:0030223 BP neutrophil differentiation 0.001017 1 
GO:0031959 BP mineralocorticoid receptor signaling pathway 1.54E-10 1 
GO:0032693 BP negative regulation of interleukin-10 production 0.024452 1 
GO:0034050 BP host programmed cell death induced by symbiont 1.54E-10 1 
GO:0034477 BP U6 snRNA 3'-end processing 1.54E-10 1 
GO:0035406 BP histone-tyrosine phosphorylation 1.54E-10 1 
GO:0035409 BP histone H3-Y41 phosphorylation 1.54E-10 1 
GO:0035771 BP interleukin-4-mediated signaling pathway 1.54E-10 1 
GO:0035905 BP ascending aorta development 0.001017 1 
GO:0035910 BP ascending aorta morphogenesis 0.001017 1 
GO:0036015 BP response to interleukin-3 0.001017 1 
GO:0036016 BP cellular response to interleukin-3 0.001017 1 
GO:0038113 BP interleukin-9-mediated signaling pathway 1.54E-10 1 
GO:0038114 BP interleukin-21-mediated signaling pathway 1.54E-10 1 
GO:0038155 BP interleukin-23-mediated signaling pathway 0.001017 1 
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GO:0042262 BP DNA protection 0.024452 1 
GO:0042976 BP activation of Janus kinase activity 5.28E-06 1 
GO:0043418 BP homocysteine catabolic process 5.28E-06 1 
GO:0044375 BP regulation of peroxisome size 5.28E-06 1 
GO:0044854 BP plasma membrane raft assembly 0.024452 1 
GO:0044857 BP plasma membrane raft organization 0.024452 1 
GO:0045219 BP regulation of FasL production 1.54E-10 1 
GO:0045221 BP negative regulation of FasL production 1.54E-10 1 
GO:0045625 BP regulation of T-helper 1 cell differentiation 5.28E-06 1 
GO:0045626 BP negative regulation of T-helper 1 cell differentiation 1.54E-10 1 

GO:0051316 BP 
attachment of spindle microtubules to kinetochore involved in 
meiotic chromosome segregation 

0.024452 1 

GO:0060031 BP mediolateral intercalation 5.28E-06 1 
GO:0060355 BP positive regulation of cell adhesion molecule production 0.001017 1 

GO:0060399 BP 
positive regulation of growth hormone receptor signaling 
pathway 

0.001017 1 

GO:0070106 BP interleukin-27-mediated signaling pathway 1.54E-10 1 
GO:0070757 BP interleukin-35-mediated signaling pathway 1.54E-10 1 
GO:0070813 BP hydrogen sulfide metabolic process 0.001017 1 
GO:0070814 BP hydrogen sulfide biosynthetic process 5.28E-06 1 
GO:0071104 BP response to interleukin-9 1.54E-10 1 
GO:0071355 BP cellular response to interleukin-9 1.54E-10 1 
GO:0098756 BP response to interleukin-21 1.54E-10 1 
GO:0098757 BP cellular response to interleukin-21 1.54E-10 1 
GO:0106005 BP RNA 5'-cap (guanine-N7)-methylation 1.54E-10 1 
GO:1902724 BP positive regulation of skeletal muscle satellite cell proliferation 1.54E-10 1 

GO:1902728 BP 
positive regulation of growth factor dependent skeletal muscle 
satellite cell proliferation 

1.54E-10 1 

GO:1905457 BP negative regulation of lymphoid progenitor cell differentiation 0.001017 1 
GO:2000049 BP positive regulation of cell-cell adhesion mediated by cadherin 0.024452 1 
GO:2000668 BP regulation of dendritic cell apoptotic process 1.54E-10 1 
GO:2000670 BP positive regulation of dendritic cell apoptotic process 1.54E-10 1 
GO:2000974 BP negative regulation of pro-B cell differentiation 0.001017 1 
GO:2000978 BP negative regulation of forebrain neuron differentiation 0.001017 1 
GO:0044450 CC obsolete microtubule organizing center part 0.000180 4 
GO:0034451 CC centriolar satellite 0.000630 2 
GO:0005827 CC polar microtubule 0.024452 1 
GO:0005965 CC protein farnesyltransferase complex 5.28E-06 1 
GO:0008275 CC gamma-tubulin small complex 0.001017 1 
GO:0031533 CC mRNA cap methyltransferase complex 1.54E-10 1 
GO:0004527 MF exonuclease activity 0.000160 3 
GO:0004028 MF 3-chloroallyl aldehyde dehydrogenase activity 1.54E-10 1 
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GO:0004030 MF aldehyde dehydrogenase [NAD(P)+] activity 0.024452 1 
GO:0004122 MF cystathionine beta-synthase activity 1.54E-10 1 
GO:0004124 MF cysteine synthase activity 1.54E-10 1 
GO:0004311 MF farnesyltranstransferase activity 0.001017 1 
GO:0004362 MF glutathione-disulfide reductase activity 1.54E-10 1 
GO:0004482 MF mRNA (guanine-N7-)-methyltransferase activity 1.54E-10 1 
GO:0004660 MF protein farnesyltransferase activity 5.28E-06 1 
GO:0005119 MF smoothened binding 5.28E-06 1 
GO:0005131 MF growth hormone receptor binding 0.001017 1 
GO:0005143 MF interleukin-12 receptor binding 1.54E-10 1 
GO:0015038 MF glutathione disulfide oxidoreductase activity 1.54E-10 1 

GO:0016662 MF 
oxidoreductase activity, acting on other nitrogenous compounds 
as donors, cytochrome as acceptor 

5.28E-06 1 

GO:0017005 MF 3'-tyrosyl-DNA phosphodiesterase activity 0.001017 1 
GO:0031730 MF CCR5 chemokine receptor binding 5.28E-06 1 
GO:0035400 MF histone tyrosine kinase activity 1.54E-10 1 
GO:0035401 MF histone kinase activity (H3-Y41 specific) 1.54E-10 1 
GO:0048020 MF CCR chemokine receptor binding 0.001017 1 
GO:0050421 MF nitrite reductase (NO-forming) activity 5.28E-06 1 
GO:0051428 MF peptide hormone receptor binding 1.54E-10 1 
GO:0070259 MF tyrosyl-DNA phosphodiesterase activity 0.024452 1 
GO:0071568 MF UFM1 transferase activity 5.28E-06 1 
GO:0071820 MF N-box binding 0.001017 1 
GO:0098605 MF selenocystathionine beta-synthase activity 1.54E-10 1 
GO:0098622 MF selenodiglutathione-disulfide reductase activity 1.54E-10 1 
GO:0098809 MF nitrite reductase activity 5.28E-06 1 
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Table S16. Number of gene pairs derived from different modes of duplication in seven 
Heterobranchia species. WGD: whole-genome duplication, DSD: dispersed duplication, TRD: 
transposed duplication, PD: proximal duplication, TD: tandem duplication. 
 

Species DSD PD TD TRD WGD 
Lissachatina (Achatina) fulica 4,685  1,246  2,660  3,492  5,251  
Li. immaculata 10,905  1,056  2,653  3,585  4,021  
Arion vulgaris 10,035  1,030  4,432  3,268  4,999  
Radix auricularia 6,940  601  1,776  56  0  
Biomphalaria glabrata 13,954  663  2,281  128  0  
Elysia chlorotica 11,655  573  1,410  78  0  
Aplysia californica 6,111  270  7,488  24  0  
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Table S17. Number of positive selected gene pairs (Ka/Ks>1) derived from different modes in 
seven Heterobranchia species. The brackets show the percentages of gene pairs with Ka/Ks >1 
in the corresponding duplicated gene pairs. WGD: whole-genome duplication, DSD: dispersed 
duplication, TRD: transposed duplication, PD: proximal duplication, TD: tandem duplication. 
 

Species DSD PD TD TRD WGD 

Lissachatina (Achatina) fulica 
369  
(7.8%) 

47 
(3.77%) 

119 
(4.47%) 

51 
(1.46%) 

2 
(0.04%) 

Li. Immaculata 
1,777 
(16.3%) 

39 
(3.69%) 

168 
(6.33%) 

88 
(2.45%) 

12 
(0.30%) 

Arion vulgaris 
2,041 
(20.3%) 

47 
(4.56%) 

648 
(14.62%) 

46 
(1.41%) 

4 
(0.08%) 

Radix auricularia 
38 
(0.55%) 

3 
(0.50%) 

9 
(0.51%) 

0  0  

Biomphalaria glabrata 
391 
(2.80%) 

2 
(0.30%) 

19 
(0.83%) 

0  0  

Elysia chlorotica 
400  
(3.43%) 

11 
(1.92%) 

20 
(1.42%) 

0  0  

Aplysia californica 
61 
(1.00%) 

8 
(2.96%) 

289 
(3.86%) 

0  0  
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Table S18. Identified repeat classes in the Arion vulgaris genome. TEs: transposable elements; 
DNAs: DNA transposons; LTR: Long Terminal Repeat; LINEs: Long Interspersed Nuclear 
Elements; RC: Rolling Circle; SINEs: Short Interspersed Nuclear Elements;  
 

Repeat type Repeat size (bp) % Of genome 

TEs 941,228,221  61.08 

 LINE 561,000,000  36.39 

 DNA 83,828,750  5.44 

 SINE 27,404,787  1.78 

 LTR 17,654,456  1.15 

 RC 10,002,034  0.65 

 Satellite 8,990,082  0.58 

 Low 864,980  0.06 

Unknown 274,000,000  17.76 

Tandem Repeats 326,134,855 21.14 

Total 1,158,337,369 75.09 
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Table S19. Number of different TEs types in different genic regions in six Heterobranchia species. Down: 1kb down-3’UTR, up: 2kb up-5’UTR. %Total shows 
the percentage of different type of TEs in all types of TEs in correspond genic region. DNAs: DNA transposons; LTR: Long Terminal Repeat; LINEs: Long 
Interspersed Nuclear Elements; SINEs: Short Interspersed Nuclear Elements;  
 

 Region DNA % Total  LINE % Total  LTR % Total  SINE % Total  Unknown % Total  Total  

Lissachatina (Achatina) fulica 

down 4,504  0.20  12,863  0.57  4,231  0.19  9  0.0004  43  0.002  22,615  
exon 1,449  0.19  4,270  0.56  1,572  0.20  3  0.0004  43  0.006  7,686  
intron 119,603  0.19  363,202  0.59  109,786  0.18  236  0.0004  1,442  0.002  618,462  

up 11,519  0.21  30,769  0.56  9,749  0.18  18  0.0003  157  0.003  54,531  

Li. immaculata 

down 5,076  0.44  3,734  0.32  1,307  0.11  76  0.0066  75  0.006  11,539  
exon 902  0.33  533  0.20  942  0.35  33  0.0121  42  0.015  2,728  
intron 76,437  0.39  80,549  0.41  18,104  0.09  1,151  0.0059  1,210  0.006  194,095  

up 12,532  0.43  9,851  0.34  3,131  0.11  221  0.0076  207  0.007  28,914  

Arion vulgaris 

down 4,004  0.09  23,634  0.51  1,156  0.02  1,501  0.0322  15,716  0.337  46,632  
exon 1,046  0.27  1,411  0.36  774  0.20  70  0.0180  468  0.120  3,888  
intron 55,905  0.07  421,028  0.53  14,180  0.02  25,272  0.0317  272,362  0.341  797,679  

up 8,980  0.09  51,112  0.52  2,287  0.02  2,839  0.0288  32,124  0.325  98,719  

Biomphalaria glabrata 

down 2,823  0.13  5,571  0.26  381  0.02  1,857  0.0878  4,455  0.211  21,156  
exon 262  0.12  249  0.11  168  0.08  55  0.0249  120  0.054  2,212  
intron 29,924  0.13  58,573  0.26  3,700  0.02  20,958  0.0920  48,195  0.212  227,804  

up 6,936  0.15  13,318  0.28  870  0.02  3,154  0.0671  10,181  0.217  47,012  

Elysia chlorotica 
down 4,616  0.45  1,629  0.16  1,525  0.15  45  0.0043  209  0.020  10,365  
exon 1,980  0.33  1,765  0.30  1,113  0.19  5  0.0008  87  0.015  5,919  
intron 51,275  0.43  16,579  0.14  16,836  0.14  659  0.0056  2,896  0.024  118,330  
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up 12,641  0.44  4,555  0.16  4,164  0.14  119  0.0041  601  0.021  28,753  

Radix auricularia 

down 3,101  0.36  1,438  0.17  46  0.01  92  0.0106  3,725  0.431  8,645  
exon 4  0.22  6  0.33  1  0.06  1  0.0556  6  0.333  18  
intron 41,113  0.34  15,372  0.13  1,051  0.01  1,126  0.0094  58,573  0.487  120,394  

up 9,837  0.37  3,762  0.14  171  0.01  206  0.0078  11,845  0.446  26,535  
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4. Discussion 

4.1 From A. vulgaris to mollusk mitogenomes 

The mitogenome of A. vulgaris measures 14,547 bp, and the characteristics are mostly 
consistent with other reported stylommatophoran mitogenomes (Publication I, Doğan 
et al. 2020). However, the phylum Mollusca in particular, is replete with examples of 
extraordinary variation in mitogenome architecture, molecular functioning and 
intergenerational transmission (Ghiselli et al. 2021). Mollusk mitogenomes vary widely 
in size, from approximately 13.6–14.1 kb (Heterobranchia gastropods and scaphopods) 
to approximately 51.0 kb in length (bivalves, e.g., Scapharca broughtonii (Schrenck, 
1867)), which is probably a result of expansion of the largest non-coding region (Liu et 
al. 2013). We detected rearrangement events in the A. vulgaris mitogenome: the trnW-
trnY and trnE-trnQ-rrnS-trnM-trnL2-ATP8-trnN-ATP6-trnR gene clusters 
(Publication I, Doğan et al. 2020). Indeed, changes in the gene order are most common 
for tRNAs in mollusks, especially in families like Haliotidae, which exhibit largely 
conserved synteny of the protein-coding genes but exhibit variable tRNA locations (Xin 
et al. 2011). Recent evidence has emerged that mitochondrial DNA is more than an 
evolutionary bystander, and the environment can act as a selective force promoting 
haplotype variation and potentially altering mitochondrial function and heat production 
(Ballard & Pichaud 2014; Ruiz-Pesini & Mishmar 2004; Shtolz 2019). Across all 
mollusks, there has been strong purifying selection in maintaining the minimal set of 
37 mitochondrial genes mitogenome (Ghiselli et al. 2021a). However, diversifying 
selection was observed in our study with different codons in different 
stylommatophoran taxa (Publication I, Doğan et al. 2020). We speculate that this 
pattern might also be present in other mollusks, and might be related to species’ 
different adaptive potentials. 
 
Due to the abundant number of mitochondria per cell in multicellular eukaryotes (Cole 
2016) and relatively short molecular length (11-50 Kb in bilaterians) (Zardoya 2020), 
mitochondrial DNA is comparatively easy to capture and amplify during sequencing. 
Thus, the requirement of DNA quality and quantity is less stringent compared to whole-
genome sequencing, and large-scale sequencing, e.g., multiplexing of up to 300 
samples on the same run is straightforward on the Illumina platform, scalable and 
portable Nanopore-based sequencing offers the ability to generate the entire 
mitochondrial genome in a single contig (Zascavage et al. 2019). Thus, for mollusks, 
especially the most diverse gastropods, the large-scale sequencing for hundreds of 
species remains the best option for understanding evolutionary processes and 
reconstructing their relationships, especially among orders and families. In the near 
future, the genome of A. vulgaris, combined with the upcoming genomes of other 
stylommatophorans, will help us to resolve the phylogeny of stylommatophoran land 
snails and slugs, as well as their history of divergence and prosperity on land (Saadi & 
Wade 2019). However, for more distant groups, long-branch attraction, sequence 
saturation and substitution rate heterogeneity are well worth caution (Stöger & Schrödl 
2013; Varney et al. 2021) and nuclear genomic analyses appear more promising.  
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4.2 From gastropod to molluscan phylogeny 

Gastropoda is the most diverse molluscan group with around 100,000 species and their 
habitats range from the deep sea, to fresh water and land. The relationships among the 
recognized seven subclasses: Patellogastropoda, Neomphalina, Cocculiniformia, 
Neritimorpha, Vetigastropoda, Heterobranchia and Caenogastropoda have been 
extensively discussed for a long time. In recent studies, based on transcriptome data, a 
division into five subclasses has been suggested: They assigned the deep-sea 
Neomphalina and Cocculiniformia to Vetigastropoda (s.1.) resulting in five subclasses 
of Gastropoda: Patellogastropoda, Vetigastropoda, Neritimorpha, Caenogastropoda 
and Heterobranchia (Ponder et al. 2020; Uribe et al. 2022). The key debates are mainly 
focused on deep relationships, whether Patellogastropoda are sister to all gastropods 
(Orthogastropoda hypothesis), or Patellogastropoda sister to Vetigastropoda 
(Psilogastropoda s.l. hypothesis) (Cunha & Giribet 2019; Golikov & Starobogatov 
1975). Morphological inferences in ambiguously supported Orthogastropoda 
(Haszprunar 1988; Ponder & Lindberg 1997), while different molecular datasets, e.g., 
mitogenomic, large transcriptomic, as well as whole-genomic analyses recovered either 
Orthogastropoda or Psilogastropoda (Chen et al. 2020; Cunha & Giribet 2019; Uribe et 
al. 2022; Uribe et al. 2019; Zapata et al. 2014). For example, early large-scale 
transcriptome studies, e.g., Kocot et al. (2011) and Zapata et al. (2014), rejected 
Orthogastropoda. In contrast, Uribe et al. (2019) recovered Orthogastropoda using 
newly sequenced patellogastropod mitogenomes. The newly sequenced mitogenomes 
displayed shorter branches than the one of previously used Lottia, and with gene 
organizations more similar to that of the hypothetical gastropod ancestor. Moreover, 
Uribe et al. (2022) used transcriptome data from twelve taxa belonging to clades with 
little or no prior representation in previous studies and again recovered Orthogastropoda. 
Applying mitogenomes for reconstructing deep phylogeny may have serious 
complications (e.g., Stöger & Schrödl 2013), but also transcriptomic results depend on 
and were limited by the quality and quantity of data and analyses.  
 
Phylogenomics, i.e., the use of large arrays of genome sequences to infer phylogenetic 
relationships, has emerged over the last few years and is increasingly used in molecular 
studies of taxa relationships (Debray et al. 2019). Single-copy orthologous genes 
(SOGs) have long been recognized as ideal molecular markers for inferring 
relationships of previously unresolved lineages (Wu et al. 2006). Genome-wide 
resources have allowed us to obtain SOGs from gastropods from several major clades 
and to test their relationship depending on the number of SOGs considered. In our 
studies, we obtained both of the above mentioned phylogenetic relationships: when 
using 223 SOGs, we recovered Orthogastropoda, and when the gene number increased 
to thousands of genes (with less species coverage), the topology changed to 
Psilogastropoda s.l. (Publication II, Chen & Schrödl 2022), which is also supported 
by other whole-genomic studies (Lan et al. 2021; Sun et al. 2020). A recent study by 
Uribe et al. (2022) explored the impact of missing data on the inferred phylogenetic 
hypotheses using transcriptome data; removing rapidly evolving sites resulted in 
Orthogastropoda, while full data recovered Patellogastropoda sister to Vetigastropoda. 
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It will be crucial for future research to optimize both, the quality and quantity of 
genomic data. 
 
Furthermore, the currently available genomes/transcriptomes and mitogenomes 
constitute a far-from-optimal taxon set for resolving deep gastropod phylogeny. The 
major groups such as Patellogastropoda, Neomphalina and Vetigastropoda have for a 
long time been represented by single or only few members, and should thus be sampled 
much more densely, in a best-case scenario including the entire diversity of early 
branching subclades. As we have shown (Publication II, Chen & Schrödl 2022), robust 
reconstruction of deep gastropod relationships will depend on using sufficient 
molecular data from a large and balanced taxon set. 
 
On a larger scale, the deep mollusk phylogeny suffers from the same dilemma. The 
currently available genomes create a non-optimal set of taxa for resolving deeper 
phylogenetic nodes with frequently studied octopus, bivalves and without e.g., 
Caudofoveata and Solenogastres for comparison (Fig 3). The extreme variability and 
diversity of mollusks and its more than 500 million years of evolutionary history make 
mollusk difficult to be represented by a few single groups and species. Thus, a broad 
and dense sampling and a thoughtful selection of taxa are needed for the future 
resolving of the biology and evolutionary history of mollusks (Sigwart et al. 2021). 
 
4.3 Deep dive into the Arion vulgaris genome 

Today, although studies in genome biology tend to be descriptive, sequencing genomes 
and metagenomes, analyzing epigenomes and transcriptomes allow inference of 
evolutionary histories, and cataloging potential loci associated with particular functions 
(McGuire et al. 2020). Genomes provide the most fundamental databases of genetic 
information that can be directly used for comparison, whether it is between species that 
are distantly related, different individuals of the same species, or different stages of the 
same individual. These comparisons offer insights for genetics and evolution, and 
provide clues for subsequent functional assessment. In this regard, as examples, we 
explored two gene families of our greater interest (Calmodulin-like protein and Mucin 
protein), based on the comparative genomics of A. vulgaris and other Heterobranchia 
species. 
 
4.3.1 Calmodulin-like proteins are reduced/lost in A. vulgaris 

Molluscan shell formation and evolution has been an ongoing concern for 
malacologists (Addadi et al. 2006; McDougall & Degnan 2018). Recent studies 
integrated genomics and proteomics into the study of molluscan biomineralization and 
enabled the identification of genes associated with the shell formation process (Kocot 
et al. 2016), e.g., an analysis of a deep transcriptome from the mantle tissue of Patella 
vulgata revealed candidate biomineralizing genes (Werner et al. 2013). As member of 
a basically shelled clade of terrestrial pulmonates, the genome of the slug A. vulgaris 
provides a good material for comparison with snail species to reveal the evolution and 
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reduction of molluscan shells. In our initial exploration, we downloaded protein 
sequences associated with mollusk shells from NCBI and searched for homologous 
genes in six gastropods (GenBank 2021): A. vulgaris (no visible shell), Lissachatina 
fulica (Bowdich, 1822) and L. immaculata (with coiled external shell), Biomphalaria 
glabrata (Say, 1818) (with coiled external shell), Elysia chlorotica Gould, 1870 (with 
a shell as veliger larva), and Aplysia californica Cooper, 1863 (adults have a small, flat, 
vestigial shell). We found a contraction of Calmodulin-like protein 5 and a complete 
loss of Calmodulin-like protein 4 in A. vulgaris’ genome (Fig 6). In addition, we found 
that all these genes were expanded in the fresh water snail B. glabrata. Specifically, 
Calmodulin-like protein 5 isoform X1, identified from Crassostrea virginica (Gmelin, 
1791), has two copies in A. vulgaris, while it has five to six in the land snails 
Lissachatina, 18 copies in B. glabrata, seven copies in E. chlorotica and eight copies 
in A. californica (Fig 6a). For the Calmodulin-like protein 4, it is present in all five 
species except A. vulgaris, with two sea slugs having one copy each, two land snails 
having two copies each, and B. glabrata with three copies (Fig 6d). However, further 
validation is needed as to what the actual effects of the reduction and loss of these genes 
would be. 
 
In general, shell formation is a complex process controlled by the highly coordinated 
expression of hundreds of genes, and the regulated secretion of proteins and other 
macromolecules (Kocot et al. 2016). Molluscan shells have evolved in many different 
forms and shell loss/ degeneration has occurred independently in several linages (Clark 
et al. 2020; Tanner et al. 2017; Zer 2009). Future studies need to combine genomic, 
transcriptomic, and proteomic data from more representative species sets and may use 
gene editing technologies e.g., CRISPR/Cas9 (Perry & Henry 2015) to decipher the key 
genes and pathways of shell formation revealing the secrets of mollusk shells. However, 
for molluscan functional assessment, additional resources e.g., cell lines are vital for 
gene manipulation studies and for molecule particle tracking, which are still lacking for 
mollusks (Clark et al. 2020). 
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Fig 6. Calmodulin-like proteins are reduced/lost in Arion vulgaris genome. 

Different colors represent different species, red: A. vulgaris, brown: Lissachatina 
fulica, orange: L. immaculata, light blue: Biomphalaria glabrata, green: Elysia 

chlorotica, dark blue: Aplysia californica. 
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4.3.2 Mucin related genes are expanded in land snails and slugs 

Mucus secretion is probably one of the most important survival and adaptation skills 
for land snails and slugs. The viscoelastic mucus, with its adhesive and lubricating 
properties, allows slugs and snails to cling tenaciously to many different surfaces, 
prevents them from dehydrating and makes them unattractive to potential predators 
(Hämäläinen & Järvinen 2012). Mucus and its derived components, such as achacin, 
achatina CRP and mytimacin-AF, show high activity against Gram-positive and Gram-
negative bacteria, viruses and yeasts, and prevent gastropods from being infected by 
microorganisms while also contributing to their innate immunity (Cilia & Fratini 2018; 
Ito et al. 2011). Recently, snail mucins have also become a lucrative source of 
innovation with wide ranging applications across chemistry, biology, biotechnology, 
and biomedicine, e.g., as skin care products, wound healing agents, surgical glues, and 
to combat gastric ulcers (McDermott et al. 2021).  
 
As with our study of shell-associated genes, we blasted genes of six gastropod species 
A. vulgaris, L. fulica and L. immaculata (land), B. glabrata (fresh water), E.  
chlorotica (intertidal, marine), and A. californica (intertidal, marine) against mucin 
genes form NCBI database (GenBank 2021). In agreement with expectations, we found 
substantial expansion of the mucin family in land snails and slugs. Interestingly, A. 
vulgaris has even more copies of these genes compared to the two investigated land 
snails (Fig 7). The expansion of mucins thus may be one of the key factors in the water-
land transition and territorial adaptation of land snails and slugs. Again, functionality 
and transcriptomic and proteomic data are needed for further validation. However, as 
we showed, genomic data can provide us a fundamental resource for identification of 
possible genes, and to accommodate the molecular hypothesis regarding its biology, 
physiology, behavior and adaptability. 



 175 

 
 

Fig 7. Mucin-5AC gene families are expanded in land snails and slugs. 
Different colors represent different species, red: A. vulgaris, brown: Lissachatina 
fulica, orange: L. immaculata, light blue: Biomphalaria glabrata, green: Elysia 

chlorotica, dark blue: Aplysia californica. 
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5. Conclusion and outlook  

During my dissertation, colleagues and I generated the first whole genomic resources 
for any land slug. Our target species, Arion vulgaris, is highly important in terms of 
economic, ecological, and evolutionary status. By using mitogenomic data, we revealed 
evolutionary patterns of Stylommatophora land slugs and snails and their phylogenetic 
relationships. Then, we identified the single-copy orthologous genes form gastropods 
with whole-genome data available and discussed the influence of using different scales 
of dataset and representative species on deep gastropod relationships. Furthermore, we 
explored the molecular evolutionary features, as well as the potential mechanisms of A. 
vulgaris and stylommatophoran land slugs and snails in their aquatic-terrestrial 
transitions and land adaptations. Overall, our results set the stage for further functional 
analysis of genomic innovations, and also serve as a foundation for A. vulgaris 
population studies, as well as for comparative genomic studies of mollusks. 
 
As mollusk genomic studies have gradually increased in recent years, we have come to 
understand the difficulty and complexity of molluscan genomes, which may relate to 
any potential steps, from difficulties in sampling and sample preservation, DNA 
extraction, poor sequencing output, and the genome itself being very large and complex 
with highly repetitive sequences and heterozygous. Nevertheless, mollusk genomic 
studies have made great advances in uncovering genetic innovations, evolution and 
adaptations of specific species/groups, as well as in reconstructing complex and 
controversial genetic relationships in the past few years. Throughout the current 
molluscan genomic database, available resources remain largely limited, unevenly 
distributed in quality, and underrepresented in species and most higher taxa. However, 
this situation should change soon with the ongoing sequencing projects and consortia, 
e.g., the Earth Biogenome Project (Lewin et al. 2018), which has the ambitious aim to 
sequence all eukaryotic species in the next decade; the Darwin Tree of Life (Darwin 
Tree of Life Project 2022), which aims to sequence the genomes of 70,000 species of 
eukaryotic organisms in Britain and Ireland, the Global Invertebrate Genomics Alliance 
(Scientists et al. 2014), which expected to significantly boost the genomic resources of 
non-vertebrates in the near future. Moreover, the genomic database of MolluscDB 
(Caurcel et al. 2021) also compiles and integrates current molluscan 
genomic/transcriptomic resources, provides convenient tools for multi-level integrative 
and comparative genomic analyses. 
 
Future studies, in addition to building a balanced and robust mollusk genomic database, 
should also focus on mining and re-studying available data. A combination of multi-
omics data, functional validation and application is also important for further studies 
(Klein et al. 2019). I expect that these growing genetic resources, combined with 
advancing paleontological, systematics, and developmental methods and new 
discoveries, will help us understand the vivid and fascinating evolutionary history of 
mollusks and the mysteries of life, genetics, and evolution. 
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7. Additional file: Statistics for Mollusca genomes. 

B: Bivalvia, C: Cephalopoda. G: Gastropoda. P: Polyplacophora. Chromosome-level assemblies are shown behind the column of Class, with the number of assembled 
chromosomes shown in parentheses. BUSCOs: Bench marking Universal Single-Copy Orthologs. The column of BUSCOs shows the percentage of: C: Complete 
BUSCOs; S: Complete Single-Copy BUSCOs, D: Complete Duplicated BUSCOs; F: Fragmented BUSCOs; M: Missing BUSCOs; n: Total BUSCO groups searched. 
Citations for unpublished work are filled in by the genome submitter and the year in NCBI. Statistics date until August 2022. 
 

Class Species 
Assembly  
size (Mb) 

Heterozy-
gosity 

Repeat 
content 

Contig N50 Scaffold N50 BUSCOs Reference 

B (10) Crassostrea ariakensis 662.90 1.30% 54.24% 5,932,265 66,336,742 
C:97.1%[S:96.2%;D:0.9%], 
F:0.6%,M:2.3%,n:5295 

(Wu et al., 2021) 

B (10) Crassostrea gigas 647.89 3.20% 43% 1,813,842 58,462,999 
C:95.6%[S:94%;D:1.6%], 
n:978 

(Penaloza et al., 2021) 

B (10) Crassostrea hongkongensis 608.62 1.08% 45% 2,576,225 55,855,599 
C:95.8%, 
F:0.8%,M:3.4%,n:978 

(Peng et al., 2020) 

B (10) Ostrea edulis 1,035.80 1.02% 49.8% 95,771,753 95,771,753 
C:91.8%[S:90.5%;D:1.3%] 
F:1.6%,M:6.6%, n:954 

(Gundappa et al., 2022) 

B (14) Mytilus coruscus 1,903.83 1.39% 47.40% 817,337 898,347 
C:89.4% [S:88.1%;D:1.3%], 
F:1.9%,M:8.7%,n:978 

(Yang et al., 2021) 

B (14) Mytilus edulis 1,903.83 1.64% 36.35% 664,188 898,347 
C:91.1%[S:77.5%;D:13.6%, 
F:5.35%, M:3.56%,n:954 

(Li et al., 2020) 

B (14) Pinctada fucata martensii 990.98 1.30% 48.50% 21,518 59,032,463 
C:81.7%[S:72.5%;D:9.2%], 
F:7.8%,M:10.5%,n:978 

(Du, Fan, et al., 2017) 

B (15) Limnoperna fortunei  1,335.58 - - 1,498,882 97,051,362 - Wellcome Sanger Institute, 2022 
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B (16) Dreissena polymorpha 1,798.01 2.13% 47.43% 1,111,654 117,515,028 
C:92.3%[S:88.5%,D:3.8%], 
n:978 

(McCartney et al., 2021) 

B (18) Mercenaria mercenaria 1,777.63 1.34% 49.11% 1,779,571 91,379,220 
C:90.5% [S:88.4%,D:2.1%], 
F:0.9%, M:8.6%, n:954 

(Song et al., 2021) 

B (18) Tridacna crocea 1,048.99 - - 32,149,973 60,802,674 - Wellcome Sanger Institute, 2022 

B (19) Anadara kagoshimensis 1,115.24 - - 1,935,399 60,635,260 - 
Liaoning Ocean and Fisheries 
Science Research Institute, 2021 

B (19) Archivesica marissinica 1,545.00 0.41% 42% 79,144 74,312,544 
C:91.8%[S:90.1%,D:1.7%], 
F:1.7%,M:6.5%,n:978 

(Ip et al., 2021) 

B (19) Crassostrea virginica 684.74 - - 1,971,208 75,944,018 
C:94.5%, 
F:1.2%,M:4.3%,n:978 

McDonnell Genome Institute - 
Washington University School of 
Medicine, 2017 

B (19) Gari tellinella 1,597.63 - - 19,181,371 85,279,272 - Wellcome Sanger Institute, 2021 

B (19) Mercenaria mercenaria 1,858.20 - 45% 82,432,825 82,914,371 
C:91.8%[S:86.2%,D:5.6%], 
F:4.0%,M:4.2%,n:954  

(Farhat et al.,2022) 

B (19) Pecten maximus 918.31 1.71% 26.95% 1,258,799 44,824,366 
C:94.5%[S:91.2%;D:3.3%], 
F:1.0%,M:4.5%,n:978 

(Kenny et al., 2020) 

B (19) Ruditapes philippinarum 1,123.16 1.04% 38.30% 29,238 345,005 
C:92.2%[S:90.3%;D:1.9%], 
F:1.6%,M:6.2%,n:978 

(Yan et al., 2019) 

B (19) Sinonovacula constricta 1,220.85 1.53% 53.12% 976,936 65,929,677 
C:88.8%[S:85.1%;D:3.7%], 
F:4.0%,M:7.2%,n:978 

(Dong et al., 2020) 

B (19) Solen grandis 1,324.49 - - 50,000 67,678,117 - 
Quanzhou Normal University, 
2021 

B Anadara broughtonii 884.57 - 46.10% 1,797,717 44,995,656 
C:91.7%[S:87.2,D:4.5], 
F:1.1%,M:7.2%,n:978 

(Bai et al., 2019) 
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B 
Argopecten irradians 
concentricus 

874.78 - 47.19% 63,725 1,246,717 
C: 91% [S:87.1;D:3.9%],  
F:5.5%, M:3.5%, n:843 

(Liu et al., 2020) 

B 
Argopecten irradians 
irradians 

835.60 0.90% 46.63% 78,654 1,533,165 
C:91% [S:86.7;D:4.3%],  
F:6.6%, M:2.4%, n:843 

(Du, Song, et al., 2017) 

B Bathymodiolus platifrons 1,658.19 1.24% 47.90% 12,602 343,341 
C:84.67%[S:83%,D:1.7%], 
F:10.4%,M:4.9%,n:978 

(Sun et al., 2017) 

B Corbicula fluminea 1,520 2.41% 69.66% 521,060 70,620,000 
C:86.7%[S:73%,D:13.6%], 
F:1.49%,M:11.86%,n:5295 

(Zhang et al., 2021) 

B Crassostrea gigas 558.60 0.73% 36.10% 19,387 401,319 
C:84.6%[S:81.1%;D:3.5%], 
F:5.7%,M:9.7%,n:978 

(Zhang et al., 2012) 

B Cyclina sinensis 903.12 1.53% 43.14% 2,587,078 46,470,132 
C:92.7%[S:91.6%,D:1.1%], 
F:1.3%,M:6.0%,n:978 

(Wei et al., 2020) 

B Dreissena rostriformis 1,241.70 2.40% 31.88% 45,905 131,390 
C:83.23%[S:80.2%,D:3.1%], 
F:11.66%,M:5.11%,n:978 

(Calcino et al., 2019) 

B Limnoperna fortunei 1,673.22 2.30% 33.40% 32,203 309,123 
C:81.9%[S:78.6%,D:3.3%], 
F:7.4%,M:10.7%,n:978 

(Uliano-Silva et al., 2018) 

B Lutraria rhynchaena 543.90 0.9%-1.6% 29.40% 2,143,760 - 
C:95.8%[S:94.3%,D:1.5%] 
F:0.8%,M:3.4%,n:978 

(Thai et al., 2019) 

B Magallana hongkongensis 757.93 - 41.12% 49,472 72,332,161 C:94.6%,n:978 (Li et al., 2020) 

B Margaritifera margaritifera 2,472.07 
0.127–
0.105% 

59.07% 16,891 288,726 
C:84.9%[S:83.8%,D:1.1%], 
F: 4.9%, M:10.2%,n:954 

(Gomes-Dos-Santos et al., 2021) 

B Megalonaias nervosa 2,365.22 0.78% 25.00% 50,186 50,649 
C:83%[S:80.9%,D:2.1%], 
F:9%, M:8%, n:978 

(Rogers et al., 2021) 

B Mizuhopecten yessoensis 987.69 1.04% 38.87% 6,859 803,631 
C:88.9%[S:88.2%;D:0.7%], 
F:1.5%,M:9.6%,n:5295 

(Wang et al., 2017) 
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B Modiolus philippinarum 2,629.65 2.02% 62.00% 19,700 100,161 
C:70.3%[S:67.0%;D:3.3%], 
F:17.3%,M:12.4%,n:978 

(Sun et al., 2019) 
(Calcino et al., 2019) 

B Mya arenaria 1,324.96 4.6%-6.6% 35.00% 10,552 14,639 
C:76%[S:63%;D:13%], 
F:7%,M:17%,n:978 

(Plachetzki, Pankey, MacManes, 
Lesser, & Walker, 2020) 

B Mytilus californianus 1,651.97 - - 16,323,199 117,871,512 - UCLA, 2022 

B Mytilus galloprovincialis 1,282.21 1.73 ± 0.24% 43.00% 77,157 207,642 
C:69%[S:56%;D:13%], 
F:8.5%, M:22.5%,n:843 

(Gerdol et al., 2020) 

B Ostrea lurida 1,140.79 - - 7,815 12,947 - 
University of Washington School 
of Aquatic and Fishery Sciences, 
2020 

B Panopea generosa 942.35 - - 14,495 57,743,597 C:66.70% 
University of Washington School 
of Aquatic and Fishery Sciences, 
2020 

B Perna viridis 731.87 0.63% 19.57% 3,015 4,106,954 
C:99.4%[S:98.3%;D:1.1%], 
F:0.4%,M:0.2%,n:978 

(Inoue et al., 2021) 

B Pinctada fucata 815.30 - 43.44% 1629 167,048 C:91.10% (Takeuchi et al., 2016) 

B Pinna nobilis 586.48 1.00% 36.20% 5,822 7,576 
C:27%, 
F:13%, M: 60%,n:978 

(Bunet et al., 2021) 

B Potamilus streckersoni 1,776.76 0.57% 51.03% 2,032,685 2,051,244 
C: 94.6%[S:93.7%;D:0.9%], 
F:1.2%,M:4.2%,n:978 

(Smith, 2021) 

B Saccostrea glomerata 788.12 0.51% 45.03% 39,800 804,232 
C:79.7%, 
F:13.5%,M:6.6%,n:843 

(Calcino et al., 2019) 

B Saxidomus purpurata 1,161.00   511,514 52,225,674  Genome Research 
Foundation,2022 

B Tegillarca granosa 797.65 1.17% 53.75% 605,873 42,616,908 
C:93.3% [S:88.7%;D:4.6%], 
F:1.3%,M:5.4%,n:978 

(Bao et al., 2021) 



 190 

B Venustaconcha ellipsiformis 1,590.01 0.60% 37.81% 2813 6657 
C:67.9%[S:66.7%;D:1.2%], 
F:21.2%,M:10.9%,n:978 

(Renaut et al., 2018) 

C (30) Octopus sinensis 2,719.15 0.34% 42.26% 490,217 105,892,736 
C:80.2%[S:72.3%;D:7.9%] 
F:9.9%,M:9.9,n:303 

(Li et al., 2020) 

C (46) Doryteuthis (Loligo) pealeii 4,598.00 1.2% 62.00% 230,938 107,400,528 - (Albertin et al, 2022)3 

C (48) Euprymna scolopes 5,116.32 - - 3,700,000 120,300,000 - (Albertin et al, 2022) 

C Architeuthis dux 3,155.39 - 49.10% 9000 5,478,336 
C:88.5%[S:87.6%;D:0.9%], 
F:3.6%,M:7.9%,n:978 

(da Fonseca et al., 2020) 

C Euprymna scolopes 5,280.01 - 50.00% 3558 3,549,550 C:72.94%,n:978 (Belcaid et al., 2019) 
C Hapalochlaena maculosa 4,009.60 - - 1,130 931,835 - (Greve et al., 2017) 

C Nautilus pompilius 729.02 - 25.26% 1,094,646 - 
C:91.3%[S:89.3%;D:2.0%], 
F:1.02%,M:7.68%,n:978 

(Zhang et al., 2021) 

C Octopus bimaculoides 2,338.19 0.08% 45.00% 5532 475,182 C:86.50% (Albertin et al., 2015) 

C Octopus minor 5,090.35 - 44.43% 41,584 196,941 
C:76.2%[S:64.2%;D:12%], 
F:8.4%,M:15.4%,n:978 

(Kim et al., 2018) 

C Octopus vulgaris 1,772.96 1.10% 50.00% 3,040 265,914 
C:51.6%, 
F:9%, M:39.4%,n:954 

(Zarrella et al., 2019) 

C Sepia pharaonis 4,785.53 0.35% 77.30% 1,926,397 - 
C:79.5%[S:73.6%;D:5.9%], 
F:10.2%,M:10.3%,n:954 

(Song et al., 2021) 

C Watasenia scintillans 649.18 4.9–5.9% 19.20% 1,283 - C:58.9% (Yoshida et al., 2020) 

G (9) Patella pellucida 750.48 2.14% 49.65% 9,229,741 - 
C:96.4%[S:93.3%;D:3.1%], 
F:1.1%,M:2.5%,n:978 

Wellcome Sanger Institute, 2021 

G (9) Patella vulgata 694.48 - - 18,376,887 87,764,759 - Wellcome snager Institute, 2022 
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G (14) Pomacea canaliculata 447.67 1.41% 20.53% 81,153 32,644,854 
C:96.4%[S:95.1%,D:1.3%], 
F:0.7%,M:2.9%,n:978 

(Sun et al., 2019) 

G (15) Chrysomallon squamiferum 404.61 1.38% 25.00% 1,883,489 30,197,426 C:96.6%,n:978 (Sun et al., 2020) 
G (15) Gigantopelta aegis 1,149.61 0.50% 51.00% 461,769 81,591,406 C:94.0%,n:954 (Lan et al., 2021) 

G (17) Aplysia californica 927.64 - - 9,329 52,647,889 - (Di Palma et al., 2020) 

G (18) Gibbula magus 1,470.40 - - 3,416,053 80,454,948 - Wellcome sanger institute, 2022 

G (18) Phorcus lineatus 996.33 1.06% 29.38% 4,947,473 - 
C:85.4%[S:84.6%;D:0.8%], 
F:4.5%,M:10.1%,n:5295 

Wellcome Sanger Institute, 2021 

G (18) Steromphala cineraria 1,462.73 3.55% 55.73% 4,992,915 - 
C:85.5%[S:78.3%,D:7.2%], 
F:5.1%,M:9.4%,n:5295 

Wellcome Sanger Institute, 2021 

G (26) Arion vulgaris 1,541.03 1.55% 75.09% 8,603,329 64,342,731 
C:90.6%[S:85.0%,D:5.6%], 
F:1.9%,M:7.5%,n:978 

(Chen et al, 2022) 

G (31) Lissachatina (Achatina) fulica 1,855.89 0.47% 71.00% 721,038 59,589,303 
C:91.5%[S:84.6%,D:6.9%], 
F:2.5%,M:6.0%,n:978 

(Guo et al., 2019) 

G (31) 
Lissachatina (Achatina) 
immaculata 

1,653.15 0.24% 57.70% 3,802,429 56,367,627 
C:92.0%[S:85.5%,D:6.5%], 
F:1.2%,M:6.8%,n:978 

(Liu et al., 2020) 

G (35) Conus ventricosus 3,591.51 1.05–1.08% 53.36% 114,325 93,519,712 
C:84.9%[S:82%,D:2.9%], 
F:4.3%,M:10.8%,n:978 

(Pardos-Blas et al., 2021) 

G Alviniconcha marisindica 829.61 - - 727,552 - - HKUST, 2021 

G Ampullaceana balthica 1,105.89 - - 435,188 816,280 - 
Senckenber Biodiversity and 
Climate Research Centre Frankfurt 
2022 

G Anentome helena 1,720.19 - - 56,088 2,075,175 - Iruduion Genomes, 2020 
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G Aplysia californica 927.31 0.33% 30.00% 9,586 917,541 
C:92.4%[S:91.9%,D:0.5%], 
F:1.9%,M:5.7%,n:978 

Broad Institute, 2013 

G Babylonia areolata 1,108.40 - - 5,933 6,321 - 
Fisheries and Technical, Economic 
College, 2020 

G Batillaria attramentaria 717.57 - - 1,290,776 - - Ewha Womans University, 2021 

G Biomphalaria glabrata 916.38 0.22-0.69% 44.80% 7,298 48,059 
C:88.4%[S:86.5%,D:1.9%], 
F:4.9%,M:6.7%,n:978 

(Adema et al., 2017) 
(Wethington et al., 2007) 

G Biomphalaria glabrata 852.54 - - 7,313,524 15,088,501 - Oregon State University, 2022 

G Biomphalaria straminea 1,004.75 - 40.68% 9,530 25,272,813 C:87.0% (Nong et al., 2022) 

G Bulinus truncatus 1,221.78 1.36% 51.03% 234,305 4,956,851 
C:95.8%[S:86.2%,D:9.6%], 
F:0.8%,M:3.4%,n:954 

(Young et al., 2022) 

G Candidula unifasciata 1,286.46 1.09% 61.10% 246,413 246,413 
C:92.4%[S:85.3%,D:7.1%], 
F:1.6%,M:6.0%,n:978 

(Chueca, Schell, & Pfenninger, 
2021) 

G Cepaea nemoralis 3,490.92 1.43% 76.40% 330,079 333,110 
C:87.2%[S:74.3%,D:12.9%], 
F:3.8%,M:9.0%,n:954 

(Saenko, Groenenberg, Davison, 
& Schilthuizen, 2021) 

G Colubraria reticulata 67.10 - - 890 - - University of Konstanz, 2016 

G Conus betulinus 3,430.83 - 38.56% 171,480 232,607 
C:89.8%[S:78%;D:11.8%], 
F:3.2%,M:7.0%,n:978 

(Peng et al., 2021) 

G Conus consors 2,049.32 - - 749 1,128 - (Andreson et al., 2019) 

G Conus tribblei 2,160.49 - - 854 2,681 - 
(Barghi, Concepcion, Olivera, & 
Lluisma, 2016) 

G Dracogyra subfuscus 1,160.00 0.50% 50.00% 4,083 5,907 
C:97.1%[S:96.2%,D:0.9%], 
F:0.6%,M:2.3%,n:5295 

(Lan et al., 2021) 

G Elysia chlorotica 557.48 3.66% 32.60% 30,474 441,954 
C:94.7%[S:93.3,D:1.4], 
F:2.5%,M:2.8%,n:978 

(Cai et al., 2019) 
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G Elysia marginata 790.32 - 29.00% 6,205 225,654 
C:91.1%[S:89.6%,D:1.5%], 
F:6.7%,M:2.2%,n:978 

(Maeda et al., 2021) 

G Haliotis cracherodii 1,182.25 1.56% - 17,462,865 60,096,789 
C:97.4 % 
[ S:97.2%,D:0.2%]  
F:1.9%,M:0.7%, n:954 

(Orland et al., 2022) 

G Haliotis discus 1,865.48 - 30.76% 41,000 200,099 
C:73.8%[S:68.4%,D:5.4], 
F:14.6,M:11.6,n:891 

(Nam et al., 2017) 

G Haliotis laevigata 1,762.66 0.68% - 3,353 81,233 
C:86.8%[S:84.6%,D:2.2%], 
F:8.7%,M:4.5%,n:978 

(Botwright et al., 2019) 

G Haliotis rubra 1,378.27 1.27-1.44% - 1,177,711 1,227,833 
C:94.6%[S:91.6%;D:3%], 
F:1.6%,M:3.8%,n:978 

(Gan et al., 2019) 

G Haliotis rufescens 1,779.96 0.95% 33.06% 283,651 1,895,871 
C:95.1%[S:88.7%;D:6.4%], 
F:1%,M:3.9%,n:978 

(Masonbrink et al., 2019) 

G Haliotis rufescens 1,334.45 - - 8,868,657 45,695,856 - UCLA,2022 

G Lanistes nyassanus 509.78 0.60% 28.87% 25,785 317,839 
C:95.0%[S:93.5%;D:1.5%], 
F:1.2%,M:3.8%,n:978 

(Sun et al., 2019) 

G Limacina bulimoides 2,901.93 - - 893 - 
C:30.3%[S:26.8%;D:3.5%], 
F:29.9%,M:39.8%,n:978 

(Choo et al., 2020) 

G Lottia gigantea 359.51 - 22.25% 96,027 1,870,055 
C:96.0%[S:94.9%;D:1.1%], 
F:1.63%,M:2.35%,n:978 

(Simakov et al., 2013) 
(Nam et al., 2017) 

G Lymnaea stagnalis 833.23 - - 5,751 - - BANG, 2016 

G Marisa cornuarietis 535.45 0.08% 30.82% 4,359,112 - 
C:96.4%[S:94.8%;D:1.6%], 
F:0.6%,M:3.0%,n:978 

(Sun et al., 2019) 

G Oreohelix idahoensis  5,404.39 - - 394,446 404,192 - University of Idaho, 2022 
G Phymorhynchus buccinoides 2,114.59 - - 336,037 - - BGI, 2021 
G Physella acuta 764.48 - - 1,333 1,358 - (Ebbs, Loker, & Brant, 2018) 
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G Plakobranchus ocellatus 927.89 - - 5,479 1,453,842 
C:95.0%[S:93.1%;D:1.9%], 
F:3.6%,M:1.4%,n:978 

(Maeda et al., 2021) 

G Pomacea maculata 432.29 1.22% 21.25% 75,997 375,864 
C:96.2%[S:95.0%;D:1.2%], 
F:0.6%,M:3.2%,n:978 

(Sun et al., 2019) 

G Radix auricularia 909.76 
0.263%-
0.939% 

70.00% 24,354 578,730 
C:93.4%, 
F:1.2%,M:5.4%,n:843 

(Schell et al., 2017) 
(Al-Waaly et al., 2018) 
 et al., 2018) 

P Acanthopleura granulata 606.54 0.65% 23.56% 1,098,986 23,921,462 
C:97.4%[S:96.9%;D:0.5%], 
n:978 

(Varney et al., 2021) 
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