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ABSTRACT 
 

The discovery of deep-sea chemosynthesis-based ecosystems including hydrothermal 

vents and cold seeps has greatly expanded our view of life on Earth. Nevertheless, for 

many benthic organisms in these ecosystems, little is known about where they come 

from, how scattered populations are connected by larval dispersal, and how they adapt 

to the local environments. Mussels of Bathymodiolus platifrons (Bivalvia: Mytilidae) 

are one of the dominant and foundation species in deep-sea chemosynthesis-based 

ecosystems. They are known to have a wide geographic distribution, and are also one 

of the few deep-sea species capable of living in both hydrothermal vents [in Okinawa 

Trough (OT)] and methane seeps [in the South China Sea (SCS) and Sagami Bay 

(SB)]. Previous population genetics studies of B. platifrons mostly relied on one to 

several genes, which suffered from the lack of sensitivity required to resolve their 

fine-scale genetic structure, and were unable to reveal their adaptation to the local 

environments. With the repaid development of molecular techniques, it is now 

possible to address their demographic mechanisms and local adaptation from a 

genome-wide perspective.  

Therefore, in the first part of my thesis, I aimed to generate genome-wide single 

nucleotide polymorphisms (SNPs) for B. platifrons via a combination of genome 

survey sequencing and the type IIB endonuclease restriction-site associated DNA (2b-

RAD) approach, assess the potential use of SNPs in detecting fine-scale population 

genetic structure and signatures of diversifying selection, as well as their cross-species 

application in other bathymodioline mussels. Genome survey sequencing was 

conducted for one individual of B. platifrons. De novo assembly resulted in 781 720 

sequences with a scaffold N50 of 2.9 kb. Using these sequences as a reference, 9307 

genome-wide SNPs were identified from 28 B. platifrons individuals collected from 

a methane seep in the SCS and a hydrothermal vent in the middle OT (M-OT), with 

nine outlier SNPs showed significant evidence of diversifying selection. The small 

FST value (0.0126) estimated based on the neutral SNPs indicated high genetic 

connectivity between the two populations. However, the permutation test detected 

significant differences (P < 0.00001), indicating the two populations having clearly 

detectable genetic differentiation. The Bayesian clustering analyses and principle 

component analyses (PCA) performed based on either the neutral or outlier SNPs also 

showed that the two populations were genetically differentiated. This initial study 

successfully demonstrated the applicability of combining genome sequencing and 2b-

RAD in population genomics studies of B. platifrons. Besides, using the survey 

genome of B. platifrons as a reference, a total of 10 199, 6429, and 3811 single 
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nucleotide variants (SNVs) were detected from three bathymodioline mussels 

Bathymodiolus japonicus, Bathymodiolus aduloides, and Idas sp. These results 

highlighted the potential of cross-species and cross-genus applications of the B. 

platifrons genome for SNV/SNP identification among different bathymodioline 

lineages, which can be further used in various evolutionary and genetic studies. 

To have a deeper understanding of how individuals of B. platifrons are connected 

among and adapt to their habitats, in the second part of my thesis, I used both 

mitochondrial genes and genome-wide SNPs to conduct a more comprehensive 

population genetics/genomics study of B. platifrons. Three mitochondrial genes (i.e. 

atp6, cox1, and nad4) and 6398 SNPs generated by 2b-RAD were obtained from 110 

B. platifrons individuals from six representative locations along their known 

distribution range in the Northwestern Pacific. The small FST values based on both 

types of genetic markers all revealed high genetic connectivity of B. platifrons, which 

may have been driven by the strong ocean currents (i.e. Kuroshio Current, North 

Pacific Intermediate Water). However, when using SNP datasets rather than 

mitochondrial genes, individuals in the SCS were identified as a distinct genetic group, 

indicating the Luzon Strait may serve as a dispersal barrier that limits their larval 

exchange between the SCS and the open area in the Northwestern Pacific. Moreover, 

a genetic subdivision of B. platifrons in the southern OT (S-OT) from those in M-OT 

and SB was observed when using 125 outlier SNPs for data analyses. The outlier-

associated proteins were found to be involved in various biological processes, such 

as DNA and protein metabolism, transcription and translation, and response to 

stimulus, indicating local adaptation of B. platifrons even they are confronted with 

extensive gene flow in the OT-SB region. Furthermore, by using SNP datasets, 

populations in S-OT were revealed to be the source of gene flow to those in the SCS, 

M-OT, and SB. Overall, these results offered novel perspectives on the potential forces 

that may have led to the genetic differentiation and local adaptation of B. platifrons, 

which can serve as an example for other deep-sea species with high dispersal potential, 

and contribute to the designation of marine protected areas and conservation of deep-

sea chemosynthesis-based ecosystems. 

Molluscan shell formation is one of the most common and abundant 

biomineralization processes in metazoans. Although composed of less than 5 wt% of 

the molluscan shells, shell matrix proteins (SMPs) are known to play multiple key 

roles during shell formation, such as providing a gel-like micro-environment to favour 

mineral precipitation, promoting crystal nucleation, as well as guiding and inhibiting 

crystal growth. To date, all studies on SMPs have focused on molluscs in terrestrial 

and shallow-water ecosystems with no reports for those living in the deep ocean. 
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Herein, the third part of my thesis was to study the shell proteomes of B. platifrons 

and its shallow-water relative Modiolus philippinarum with the aim to bridge such 

knowledge gaps in biomineralization studies. A total of 94 and 55 SMPs were 

identified from the shell matrices of B. platifrons and M. philippinarum, respectively, 

with 31 SMPs shared between two species. These SMPs can be assigned into six broad 

categories, comprising calcium binding, polysaccharide interaction, enzyme, 

extracellular matrix-related proteins, immunity-related proteins, and those with 

uncharacterized functions. Many of them, such as tyrosinases, carbonic anhydrases, 

collagens, chitin-related proteins, peroxidases, as well as proteinase and proteinase 

inhibitor domain-containing proteins, have been widely found in molluscan shell 

matrices and other metazoan calcified tissues (e.g. exoskeletons of corals, tubes of 

tubeworms), whereas some others, such as cystatins, were found for the first time in 

molluscan shell matrices, and ferric-chelate reductase-like proteins and heme-binding 

proteins were to be detected for the first time in metazoan calcified tissues. This is the 

first report of the shell proteome of deep-sea molluscs, which will support various 

follow-up studies to better understand the functions of these SMPs, especially in 

relation to environmental adaptation. 

Overall, my population genetics/genomics studies have improved our 

understanding of the population dynamics, genetic connectivity, fine-scale genetic 

structure, and local adaptation of B. platifrons in the Northwestern Pacific, and my 

proteomics study has shed light on the biomineralization processes of molluscs in the 

deep ocean. 
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Chapter 1 Introduction 

 

1. 1 Geological aspect of hydrothermal vents and cold seeps 

Hydrothermal vents were first discovered along the Galápagos Rift at a depth of 2500 

m in 1977 (Lonsdale, 1977; Corliss et al.,1979). Since then, more than 600 vent fields 

have been found patchily distributed in the mid-ocean ridges, the spreading centres of 

the back-arc basins, and some volcanic seamounts in global ocean (Campbell, 2006; 

Vrijenhoek, 2010; Beaulieu et al., 2013) (Figure 1.1). Formation of hydrothermal vents 

is based on chemical reactions between seawaters and mantle rocks (Martin et al., 2008). 

In general, cold seawaters percolated down into the ocean crust through the cracks and 

fissures along the geologically active regions in the seafloor, and get heated by the 

underlying magma chamber or the dissipates heat from mantle rocks. The heated 

seawaters can chemically react with the mantle rocks where they have been flowed to 

dissolve large amounts of minerals. Afterwards, the hot fluids that contain dissolved 

minerals become buoyant, and rise back to the surface via the openings in the seafloor 

to form hydrothermal vents. Numerous factors, such as the initial composition of the 

seawaters, the structure and the constitution of the rocks that react with the fluids during 

their circulation, the geometry and the nature of the heat sources, and the periodical 

exposure of volcanic eruptions, are capable to influence the concentration and 

composition of chemical substances that vent fluids may include (Tivey, 2007; Martin 

et al., 2008; Podowsk et al., 2010). Nevertheless, vent fluids are generally known rich 

in hydrogen sulfide, methane, hydrogen, other hydrocarbon-rich organic substances, 

various of heavy metals/mineral-rich particulates (e.g. copper, iron, manganese, zinc), 

as well as radionuclides (Van Dover, 2000). 

 Although the temperature of vent fluids varies a lot for those from different 

geological settings (e.g. ≤ 405 °C in the focused vents in the mid-ocean ridges, ≤ 91 °C 

in the off-axis vents in the Los City systems), most vent fluids still exhibit a temperature 

significantly higher than that of the ambient seawaters (Tivey, 2007). Herein, when 
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mixing with cold seawaters above the seafloor, minerals dissolved by the hot vent fluids 

will precipitate, and gradually form a black or white smoker with a chimney-like 

structure that can reach up to dozens of meters high (Tivey, 1995; Martin et al., 2008). 

Effluents from the black smokers are typically acidic (pH = 2–3), and are usually rich 

in sulfide and transition metals (e.g. iron, manganese), whereas the white smokers are 

typically alkaline (pH = 9–11), which contain more barium, calcium, and silicon 

minerals instead (Von Damm,1995; Rathsack et al., 2011). 

Because of the frequent interactions between volcanism, tectonism, and 

hydrothermal circulation, hydrothermal vents tend to be ephemeral (Van Dover, 2000). 

For example, individual vent chimneys, vents along the fast-spreading axis (e.g. 

Southeast Pacific Rise) and low-temperature diffuse vents have been known to suffer 

from a high probability of extinction within serval decades (Fornari & Embley, 1995; 

Vrijenhoek, 2010). Nevertheless, there are still some exceptions found in the slow-

spreading axis (e.g. the Mid-Atlantic Ridge) and the off-axis venting systems (e.g. Lost 

City), which may have persisted for serval hundred or even thousand years (Früh-Green 

et al., 2003; Vrijenhoek, 2010). 

Soon after the discovery of hydrothermal vents, the first cold seep in the deep ocean 

was found at the base of the Florida Escarpment in the Gulf of Mexico at a depth of 

3200 m (Paull et al., 1984). From then on, more than 100 active sites of cold seeps have 

been found in global ocean with a broad range of tectonic contexts, including the active 

continental margins formed by plate convergence, the passive continental margins by 

sedimentation, and by differential compaction in association with vertical tectonics 

(Campbell, 2006; Suess, 2014) (Figure 1.1). In these areas, chemically modified fluids 

raised from methane hydrates, hydrocarbon reservoirs, or pore waters in the sediments 

are driven up by tectonic stresses or pressure gradients from the cracks and fissures 

underlying the seafloor, and finally reach up to the surface to form seepages (Van Dover 

et al., 2002; Levin, 2005).  

The geochemical energy sources (e.g. methane, hydrogen sulfide, hydrogen) in 
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cold seeps are similar to those found in vent fields, however, in contrast to the high 

temperature occurs in venting systems, the temperature of the seep systems is relatively 

stable and without causing an appreciable temperature rise compared to the ambient 

seawaters (Suess, 2014). The rate of fluids flow can be highly variable between 

different or even within a single seep area, even though, it is still much slower compared 

to what has been observed in vent fields (Levin et al., 2016). Another conspicuous 

characteristic of cold seeps is the bubbles escaping from the seabed. Sometimes these 

bubbles are present as acoustical plumes, which are not visible, and can only be detected 

using echo sounding (Levin, 2005). 

Around seep areas, bacterial anaerobic oxidation of methane, oil and/or other 

hydrocarbons via sulfate reduction produce bicarbonate, which can increase the 

alkalinity of the oozed fluids, and thus contribute to carbonate precipitation (Peckmann 

et al., 2001; Joye et al., 2004). These carbonate precipitates are capable to form different 

structures, such as pavements, pipes, mounds, reefs, and chimneys on the seafloor 

(Michaelis et al., 2002; Joye et al., 2004; Roberts et al., 2010; Merinero et al., 2012). In 

contrast with the temporality of hydrothermal vents, cold seeps appear to be more stable, 

which are usually capable to persist active for many thousands of years (Hecker, 1985). 

 

1. 2 Vent and seep (chemosynthesis-based) ecosystems in the deep ocean 

Concurrent with the discovery of hydrothermal vents in the late 1970s (Lonsdale, 1977; 

Corliss et al.,1979) and cold seeps in the early 1980s (Paull et al.,1984), abundant biotic 

communities have also been found thriving these unique ecosystems (Van Dover, 2000). 

To date, more than 700 species have been reported from global vent fields, and more 

than 600 species have been found in global seep ecosystems (Ramirez-Llodra et al., 

2005; German et al., 2011). Fossil records and molecular data indicated that most vent 

and seep-associated fauna in the modern time seem to appear during a short time 

interval between the Late Mesozoic and the Early Cenozoic (Little et al., 2003; Kiel & 

Little, 2006). Some of them are immigrants from the surrounding seawaters, whereas 



 

 

4 

 

others might be the descendants of shallow-water species, which have used organic 

deposits (e.g. sunken woods, whale bones) as “stepping stones” to invade the deep 

ocean, and then evolutionary radiated to colonize various chemosynthesis-based 

habitats in global ocean (Van Dover et al., 2002; Lorion et al., 2013; Levin et al., 2016). 

Hydrothermal vents and cold seeps in the deep ocean are characterized by darkness, 

high hydrostatic pressure, variable temperatures, and high concentrations of hydrogen 

sulfide, methane, heavy metals, and other toxic substances (Levin et al., 2016). Herein, 

deep-sea animals thriving in these habitats have to develop specific strategies to adapt 

to these extreme living conditions. One of the most important life traits is the 

establishment of an association between macrofauna and chemosymbiotic bacteria. In 

the absence of solar energy, chemosymbiotic bacteria in deep-sea vents and seeps are 

capable to use reduced substances (i.e. hydrogen sulfide, methane, hydrogen) as 

electron donors and autotrophically fix carbon dioxide to synthesize organic 

compounds that can be utilized by their hosts (Dubilier et al., 2008; Vrijenhoek, 2010; 

Petersen et al., 2011). For example, vestimentiferan tubeworms (e.g. Riftia, 

Lamellibrachia, Escarpia) harbour sulfide-oxidizing symbionts intracellularly in a 

special structure called trophosome for primary energy production, galatheid crab (e.g. 

Kiwa) farms epibiotic bacteria on the fine hairs of their chelipeds (claws) as their main 

food, vesicomyid clams (e.g. Calyptogena, Vesicomya) depend on sulfide-oxidizing 

symbionts located within the gill epithelial cells for nutritions, and bathymodioline 

mussels (e.g. Bathymodiolus, Idas) host sulfide- and/or methane-oxidizing symbionts 

intracellularly or extracellularly in their gills as main energy resources (Dubilier et al., 

2008; Thurber et al., 2011; Lorion et al., 2013). Therefore, vent and seep ecosystems 

are also known as chemosynthesis-based ecosystems. Nevertheless, besides these 

bacterial symbionts, most vent and seep ecosystems also nourish populations of various 

grazers, scavengers, filter, and suspension-feeding animals (Vrijenhoek, 2010). 

Consequently, the primary productivity and biomass in hydrothermal vents and cold 

seeps are often notably higher than those in the surrounding seawaters (Levin et al., 
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2016). 

The reproductive strategy is another vital factor that contributes to the distribution 

patterns, population dynamics, and evolutionary processes for animals inhabiting 

chemosynthesis-based ecosystems. So far, various types of reproductive strategies, 

including sperm transfer, storage, internal fertilization, and broadcast spawning (Tyler 

& Young, 1999; Adams et al., 2011), have been found for vent- and seep-associated 

species. Only a small part of them with no larval stage and directly brood their progenies 

(e.g. the provannid gastropod Ifremeria nautilei, the amphipod Ventiella sulfuris), 

whereas nearly all the other taxa are known to have a pelagic larval period depends on 

either planktotrophy (e.g. the shrimps Rimicaris exoculata and Alvinocaris spp., the 

limpet Shinkailepas myojinensis, the mussels Bathymodiolus spp.) or lecithotrophy (e.g. 

the giant tubeworm Riftia pachyptila, the limpet Lepetodrilus elevatus, the squat lobster 

Shinkaia crosnieri, the clams Calyptogena spp.) (Tyler & Young, 1999; Vrijenhoek, 

2010; Adams et al., 2011; Yahagi et al., 2015, 2017; Shen et al., 2016). Planktotrophic 

larvae usually feed from the water column, whereas lecithotrophic larvae rely on yolk 

for nutritions instead. Therefore, species with planktotrophic larvae tend to have a 

longer larval duration and a higher degree of population connectivity in comparison 

with those processing lecithotrophic larvae (e.g. Plouviez et al., 2009; Vrijenhoek, 2010; 

Watanabe et al., 2010; Coykendall et al., 2011; Teixeira et al., 2012). 

It has been known that many species are strict endemic to either hydrothermal vents 

or methane seeps (Van Dover, 2000). For instance, based on the species composition 

and faunal assemblages, vent fields can be divided into up to 11 distinct biogeographic 

provinces along the mid-ocean ridges and back-arc spreading centres (Rogers et al., 

2012). Nevertheless, with the mounting investigations of the deep ocean, increasing 

evidences have shown that different chemosynthetic environments (e.g. vents, seeps, 

wood falls, whale carcasses) have biota shared at family, generic, and species levels 

(Van Dover et al., 2002; Little & Vrijenhoek, 2003; Watanabe et al., 2010). This 

phenomenon indicates a shared history of the colonization of chemosynthesis-based 
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ecosystems (Little & Vrijenhoek, 2003), and strongly arouses our desire to investigate 

the biogeographic mechanisms, environmental adaptation, and evolutionary processes 

of vent- and seep-associated fauna in the deep ocean. 

 

1. 3 Bathymodiolinae (Bivalvia: Mytilidae) mussels 

Deep-sea mussels in the superfamily Bathymodiolinae (Bivalvia: Mytilidae) are one of 

the dominant animal groups in global chemosynthesis-based ecosystems (Van Dover, 

2000). Recent phylogenetic analyses suggested that mussels in this superfamily were 

progressively invaded the deep ocean by the modern shallow-water mytilids (Modiolus 

spp.) via organic falls (Distel et al., 2000; Samadi et al., 2007; Miyazaki et al., 2010). 

To date, Bathymodioline mussels have been found in various types of habitats in the 

deep sea, including vent fields, seep areas, sunken woods, whale carcasses, as well as 

muds from oil-drilling platforms (Taylor & Glover, 2010). Many of them are strict vent- 

or seep-endemic, however, three Bathymodiolus spp., namely B. aduloides, B. 

japonicus, and B. platifrons, have been found inhabit both hydrothermal vents and 

methane seeps in the Northwestern Pacific (Fujikura et al., 2007; Watanabe et al., 2010). 

The dense mussel beds formed by Bathymodiolus spp. serve as favorable habitats and 

settlement substrates for many other species, such as small gastropod limpets, 

polychaete annelids, and swimming lysianassid amphipods (Govenar, 2010; Vrijenhoek, 

2010), making them of great ecological and biological importance for the entire 

chemosynthesis-based ecosystems. 

Since their first description in 1985 (Kenk & Wilson), at least 61 extant species 

belonging to seven genera have been elucidated, including 25 species of Bathymodiolus, 

16 species of Idas, ten species of Adipicola, four species of Benthomodiolus, four 

species of Gigantidas, one species of Tamu, and one species of Vulcanidas (Saether et 

al., 2010; Bouchet, 2012; Bouchet & Gofas, 2017). Recent phylogenetic work using 

several nuclear and mitochondrial genes has revealed that Bathymodiolus is the most 

divergent genus among Bathymodiolinae, which is paraphyletic with three evolutionary 
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clades, including B. thermophilus, “B.” childressi and “B.” aduloides clade (Iwasaki 

et al., 2006; Cosel & Janssen, 2008; Saether et al., 2010). 

Found in the aphotic zone from 200 to 3600 m (Saether et al., 2010), 

bathymodioline mussels mainly rely on high densities of sulfide- and/or methane-

oxidizing symbionts either intracellularly or extracellularly hosted in their enlarged 

gills for nutrition (Dubilier et al., 2008; Lorion et al., 2013). Besides hydrogen sulfate 

and methane, recent studies showed that Bathymodiolus mussels can also take 

advantage of hydrogen in ambient waters as electron donors for chemosynthesis 

(Petersen et al., 2011). Most bathymodioline species harbor only one type of symbionts 

(Lorion et al., 2013). Nevertheless, several Bathymodiolus spp., including B. azoricus, 

B. childressi, B. puteoserpentis, B. boomerang, and B. brooki, have been found to 

concurrently host both two symbiotic types within the same gill cells, a phenomenon 

known as “dual symbiosis” (Duperron et al., 2006; Lorion et al., 2013). With the 

application of molecular techniques, multiple co-occurring of symbionts has also been 

found in bathymodioline mussels. For instance, Bathymodiolus heckerae from cold 

seeps in the Gulf of Mexico was reported to host four bacterial phylotypes (Dubilier et 

al., 2008) and Idas sp. from cold seeps in the Mediterranean was reported to host six 

co-occurring bacterial symbionts (Duperron et al., 2008). Besides chemosynthesis, 

bathymodioline mussels still retain the ability to uptake additional energy via filter-

feeding to ingest particulate organic substances and assimilate free amino acids from 

the seawaters (Page et al., 1991), which may also contribute to their thriving in various 

habitats. 

Due to these remarkable biological characteristics and their wide distribution, 

nowadays, bathymodioline mussels have been recognized as a feasible model in many 

research areas, such as host-symbiont relationships (e.g. Dubilier et al., 2008; Detree et 

al., 2016; Sun et al., 2017), immunity (e.g. Bettencourt et al., 2007, 2009, 2010b; Wong 

et al., 2015; Sun et al., 2017), environmental adaptation (e.g. Inoue et al., 2008; Boutet 

et al., 2009; Bettencourt et al., 2010a; Company et al., 2012; Martins et al., 2011; Cole 
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et al., 2014; Sun et al., 2017), biogeography and evolution (e.g. Van Dover et al., 2001; 

Won et al., 2003; Vrijenhoek, 2010; Van der Heijden et al., 2012; Johnson et al., 2013; 

Lorion et al., 2013; Miyazaki et al., 2013; Breusing et al., 2015, 2016; Xu et al., 2017), 

as well as discovery of natural products for biotechnological applications (Thornburg 

et al., 2010). 

 

1. 4 Significance of studying population connectivity in chemosynthesis-

based ecosystems 

Population connectivity refers to the exchange of individuals among different habitats 

or ecosystems. For most benthic marine species including those in the deep-sea 

chemosynthesis-based ecosystems, this exchange is mainly achieved by the dispersal 

of pelagic larvae in their early life-history stage (Cowen & Sponaugle, 2009). The scale, 

intensity, direction, and frequency of dispersal determine the degree of connectivity 

among natural populations, which can further affect their distribution patterns, source-

sink dynamics, population structure, biogeography, macroevolution, as well as species 

interactions (Kinlan & Gaines, 2003; Figueira & Crowder, 2006; Baco et al., 2016).  

Chemosynthesis-based ecosystems not only largely contribute to the biodiversity 

in the deep ocean, but are also involved in biogeochemical cycling and elemental 

transformation of carbon, sulfur, and nitrogen on a global scale (Levin et al., 2016). 

Nevertheless, similar to terrestrial and shallow-water ecosystems, vent and seep 

ecosystems in the deep ocean are also under various threats derived from both natural 

and anthropic aspects. One the one hand, these ecosystems are subject to energy 

depletion when the release of geofluids ceases in the surroundings, or confront with 

catastrophic disturbances (e.g. earthquakes, volcanic eruptions) (Vanreusel et al., 2009; 

Mullineaux et al., 2010). What’s more, with the advanced development of marine 

biotechnologies, vent and seep ecosystems have faced an increasing threat from 

ongoing or upcoming anthropogenic activities, including scientific explorations, 

trawling fisheries, and most noticeably, natural resources exploitations (e.g. minerals 
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and ores at vents; methane hydrates, oil and gas at seeps) (Ramirez-Llodra et al., 2011; 

Van Dover, 2014; Nakajima et al., 2015; Levin et al., 2016). Such anthropogenic 

disturbances haven been known to be hazardous to the entire chemosynthesis-based 

ecosystems, which can result in numerous adverse effects, such as degradation and loss 

of habitats, decrease of diversity, shift of community structure, and alteration of 

ecological function, additionally, global phenomena, including marine pollution, ocean 

acidification, and climate change, were also considered can affect the health of vent and 

seep ecosystems (Ramirez-Llodra et al., 2011; Van Dover, 2014; Nakajima et al., 2015; 

Levin et al., 2016). Under these conditions, increasing international efforts have been 

carried out or put on the agenda with the aims of allowing the rational use of deep-sea 

resources while minimizing the potential geological and ecological impacts (Van Dover 

et al., 2012; Baco et al., 2016). Nevertheless, huge knowledge gaps associated with the 

degree of connectivity, and resilience of vent and seep ecosystems hinder the 

effectiveness and implementation of such management to a large extent (Van Dover et 

al., 2011). 

Studying population connectivity of deep-sea fauna inhabiting hydrothermal vents 

and/or cold seeps can help us gain a deeper understanding of various ecological, 

demographical, and evolutionary processes in these chemosynthesis-based ecosystems, 

such as how their communities have developed, connected between discrete habitats, 

and adapted to the extreme environments (Vrijenhoek, 2010; Baco et al., 2016). More 

importantly, such knowledge is essential for determining the distinct biogeographic 

regions of vent and seep-associated fauna, evaluating the recovery potential of local 

vent and seep ecosystems in response to disturbances, designing of the deep-sea 

protected areas, which will eventually contribute to a balance between the development 

and conservation of deep-sea resources (Jones et al., 2007; Vrijenhoek, 2010; Van 

Dover et al., 2011, 2014; Baco et al., 2016; Levin et al., 2016).  

 



 

 

10 

 

1. 5 Traditional genetic markers for population genetics studies in 

chemosynthesis-based ecosystems 

The small size of larvae along with the complex oceanic regimes make the direct 

measurements of connectivity (e.g. field observation, capture-mark-recapture 

approaches) a great challenge even for habitants in shallow-water environments (Pradel, 

1996; Levin, 2006; Cowen & Sponaugle, 2009; Vrijenhoek, 2010). Herein, estimation 

of connectivity, especially for species living in the deep ocean, is usually carried out in 

an indirect way. One feasible method is to use biophysical models and deep-profiling 

float experiments to predict the trajectories of larval dispersal (e.g. Metaxas & Saunders, 

2009; Young et al., 2012; Breusing et al., 2016; Mitarai et al., 2016), and another widely 

applied approach is to use molecular techniques to evaluate connectivity via the degree 

of genetic exchange, i.e. genetic connectivity (e.g. Hellberg et al., 2002; Lowe & 

Allendorf, 2010).  

Up till now, most studies for revealing connectivity of biotic communities in 

chemosynthesis-based ecosystems have been carried out based on traditional genetic 

markers, such as allozymes, AFLP, microsatellites, and nuclear and mitochondrial 

genes (Vrijenhoek, 2010; Baco et al., 2016). A brief introduction of each of these 

genetic markers and their applications in population genetics for vent and seep-

associated fauna are presented as below. 

 

1. 5. 1 Allozymes 

Allozymes are variant forms of a particular enzyme that coded by different alleles at 

the same locus. Since their first application in population genetics in the 1970s, they 

have been widely used in various taxa within a short period of time, including in some 

deep-sea species such as the mussels Bathymodiolus spp., the limpet Lepetodrilus 

elevatus, and the tubeworm Riftia pachyptila (Baco et al., 2016; Allendorf, 2017). 

However, allozymes can only reveal a limited proportion of the total DNA variation (i.e. 

only for amino acid-changing substitutions that alter charge density), and only live or 
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frozen samples (i.e. to ensure the enzyme activity) are suitable for allozyme analyses 

(Hellberg et al., 2002). As a result, this method has gradually stepped down in studies 

of population genetics.  

With the development of biotechnology, PCR-based DNA markers including those 

mention below have emerged. Their developments only require a small amount of fresh, 

frozen, or ethanol preserved tissues, and have become the mainstream for population 

genetics studies. 

 

1. 5. 2 AFLPs 

AFLP markers are generated based on selective PCR amplification of restriction 

fragments from complete digestion of gDNA using restriction endonuclease (Vos et al., 

1995; Mueller & Wolfenbarger, 1999). AFLPs usually generate abundant polymorphic 

loci representing DNA regions randomly distributed throughout the genome for each 

examined individual, which cannot be achieved by allozymes (Wong et al. 2001). In 

addition, AFLPs also overcome drawbacks of the labour-intensive and time-consuming 

hybridization-based DNA marker RFLPs, and solve the reliability issue of the PCR-

based DNA marker RAPDs raised from non-specific amplifications (Yang et al., 2013).  

Even though, AFLPs also have some unavoidable shortcomings. For instance, 1) 

in most cases, AFLPs are dominant bi-allelic markers, which are unable to distinguish 

homozygous from heterozygous individuals (Vos et al., 1995; Wong et al., 2001); 2) it 

has been proven that various degree of codominance can also occur due to the presence 

of repetitive sequences of some AFLP fragments, which may result in biases when 

applied in population genetics analyses (Wong et al., 2001); 3) although reproducible, 

AFLPs can also result in single-band differences between laboratories (Stewart et al., 

2011).  

Since their first development in 1995, AFLPs have been widely applied in 

population genetics and genome typing for various taxa of plants and animals (Yang et 

al., 2013; Idrees & Irshad, 2014). Nevertheless, only a few population genetics studies 
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for vent and seep-associated fauna have been carried out based on the utilization of 

AFLPs to date (Baco et al., 2016; Taylor & Roterman, 2017). 

 

1. 5. 3 Microsatellites 

Microsatellites, also known as SSRs, STRs or VNTRs, are generally composed of 

tandem repeats with 1 to 6 bp in length throughout nuclear genomes of most taxa 

(Selkoe & Toonen, 2006). The flanking regions of repeated sequences at microsatellite 

loci are mostly conservative which can be used for primer design. In contrast, the 

number of tandem repeats of a microsatellite locus is usually highly variable (i.e. 

typically ranging from 5 to 50 times) because of their high-mutation rates (i.e. up to 

0.001gamates/generation), resulting in a high level of allelic diversity among different 

species or individuals within populations (Turnpenny & Ellard, 2005; Pokhriyal et al., 

2012). Due to the length variation of the repeat units, different alleles of a specific 

microsatellite locus for an individual can be distinguished using high-resolution gel or 

capillary electrophoresis (Selkoe & Toonen, 2006; Vemireddy et al., 2007). This 

characteristic enables rapid and repeatable identification of genetic polymorphisms for 

many samples at numerous loci simultaneously. Moreover, compared to AFLPs, 

microsatellites are co-dominant markers, which can distinguish homozygotes from 

heterozygotes (Yang et al., 2013). Nevertheless, microsatellites are also known for 

several constraints, including long-time and low-throughput of the development 

processes, and species specificity during applications (Squirrell et al., 2003; Selkoe & 

Toonen, 2006).  

Up till now, microsatellites have been developed for various deep-sea fauna, such 

as snails, mussels, tubeworms, shrimps, and squat lobster, however, only a few of them 

have been applied in inference of genetic diversity and population structure (e.g. 

Daguin & Jollivet, 2005; Carney et al., 2006; Fusaro et al., 2008; McMullin et al., 2010; 

Schultz et al., 2011; Cowart et al., 2013; Thaler et al., 2011, 2014). 
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1. 5. 4 Nuclear genes 

Nuclear genes are genes in the cell nucleus. The invention and prevalent applications 

of PCR and Sanger sequencing have made it possible to obtain the complete sequences 

of nuclear genes. However, for diplonts, PCR products of a specific nuclear gene are 

not suitable to be used directly for Sanger sequencing, as it might easily result in 

unparsed or amphibious signals especially when two alleles are differed by a single 

insertion and/or deletion (Hellberg et al., 2002). Herein, nuclear genes for diplonts are 

supposed to be sequenced independently in most cases, which usually requires cloning 

of PCR products in advance. Although different methods have been reported for cloning 

of PCR products (e.g. Kronforst et al., 2006; Bierne et al., 2007), this process is still 

considered to be time- and resource-consuming especially for population genetics 

studies based on serval nuclear genes for hundreds of individuals. Moreover, except for 

those under natural selection, genetic divergence for nuclear genes from multiple 

individuals of the same species is usually very low (i.e. 1-2%) (Zhang & Hewitt, 2003). 

Such low level of genetic divergence makes it challenging for using serval nuclear 

genes alone to address population-genetic questions, especially for marine including 

vent and seep-associated species with high dispersal potential (e.g. Breusing et al., 

2015). 

 

1. 5. 5 Mitochondrial genes 

Mitochondrial genes are genes in the mitochondria, which are usually inherited as a 

single non-recombining unit from the mother to their offspring (with some exceptions 

such as the occurrence of DUI in molluscs; e.g. Zouros, 2013). Each cell harbours 

between 103 and 104 copies of mitochondrial DNA on average, although this number 

may vary between cell type and developmental stage (Rooney et al., 2015). These 

features enable mitochondrial DNA to be easier amplified through PCRs, and the PCR 

products can be used directly for Sanger sequencing. Additionally, mitochondrial DNA 

evolves faster than single-copy nuclear DNA in general (Brown et al., 1979, 1982), 
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which makes them be more informative in revealing genetic divergence compared with 

nuclear genes in some cases. For example, the most frequent haplotypes of 

mitochondrial genes cox1 and nad4 for Bathymodiolus septemdierum complex in the 

Western Pacific were entirely absent from those in the Indian Ocean, whereas the 

dominant haplotypes of nuclear genes H3, EF1a, and Col-1 were shared between 

samples from these two regions (Breusing et al., 2015). Overall, these features allow 

mitochondrial genes to become one of the major applications in population genetics, 

including for vent- and seep-associated fauna in the deep ocean (Vrijenhoek, 2010; 

Baco et al., 2016). 

However, it should be noted that due to the maternal inherence of mitochondrial 

DNA, gene flow that derived from males will not be detectable (Pardini et al., 2001). 

As a result, the inference we obtained on population history or population dynamics is 

likely to be biased if without cautious evaluation. Moreover, even if the evolutionary 

rate of mitochondrial DNA is higher than that of many single-copy nuclear genes, the 

utilization of serval mitochondrial DNA may still not be powerful enough to uncover 

fine-scale genetic structure for vent- and seep-associated species that have high 

dispersal capacities (Vrijenhoek, 2010). 

 

1. 6 Genome-wide SNP markers for population genomics studies 

1. 6. 1 Advantages of genome-wide SNPs in population genomics studies 

The concept of SNP was first proposed by Lander in 1996. It refers to a variation on a 

single nucleotide that occurs at a specific position in the genome. This kind of variation 

includes single base transitions, transversions, insertions, and deletions (Lander, 1996). 

Among them, transitions are the most common type of polymorphisms (i.e. around 2/3; 

Zhao & Boerwinkle, 2002). 

During the past decade, the advent of high-throughput DNA sequencing technology 

has allowed rapid generation of abundant SNP markers from multiple individuals, and 

made it possible to study population dynamics and biogeography at a genomic level. 



 

 

15 

 

Although SNPs are known to have the limitation of low mutation rate and lower 

diversity due to only four possible allelic states, it has been revealed that genome-wide 

SNPs are more powerful than limited number of traditional genetic makers in assigning 

individuals to their origin and reveling fine-scale genetic structure, especially for 

species with weakly differentiation populations (Reitzel et al., 2013; Willette et al., 

2014; Allendorf, 2017; Taylor & Roterman, 2017). For example, by using 10 539 

genome-wide SNP markers, Vendrami et al. (2017) identified two genetic clusters of 

the great scallops Pecten maximus from nine populations around Northern Ireland, in 

contrast, only one genetic group was observed when they used 13 microsatellites for 

data analyses. More importantly, a variety of outlier SNP screening approaches are now 

available, making it possible for us to detect genes or other genomic regions potentially 

under natural selection. Such outlier-associated genomic loci can afterwards contribute 

to a deeper understanding of local adaptation and evolutionary processes of natural 

populations in face of environmental stresses (Moen et al., 2008; Allendorf, 2017). 

Nevertheless, population genetics studies based on traditional genetic markers are not 

capable to achieve this purpose. 

 Nowadays, population genomics studies based on thousands of genome-wide SNPs 

have been carried out in many marine species (e.g. Catchen et al., 2013a; Hohenlohe et 

al., 2010, 2011; Pujolar et al., 2013; Reitzel et al., 2013; Willette et al., 2014; Benestan 

et al., 2015; Blanco-Bercial & Bucklin, 2016; Pecoraro et al., 2016; Vendrami et al., 

2017). Even though, such applications in vent- and seep-associated communities in the 

deep ocean remains limited (e.g. Herrera et al., 2015), leading to a huge knowledge gap 

in the fine-scale genetic structure and population dynamics for habitants in global 

chemosynthesis-based ecosystems. 

 

1. 6. 2 Identification of genome-wide SNPs using RAD-seq 

RAD-seq is one of the most effective genotyping-by-sequencing approaches that allows 

high-density identification of SNPs for multiple individuals from natural populations 
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(Andrews et al., 2016). By using particular restriction enzymes, RAD-seq only 

sequences the stretches of DNA adjacent to recognition sites of the restriction 

endonuclease to reduce the fragments of each individual genome sequenced (Miller et 

al., 2007; Baird et al., 2008). This strategy largely decreases the sequencing budget, 

therefore, comes into widely used for various ecological, biological, and evolutionary 

studies for many model and non-model organisms (Andrews et al., 2016). 

Besides the traditional RAD-seq technology (i.e. mbRAD) (Miller et al., 2007; 

Baird et al., 2008), several major modified methods have also emerged during the past 

years, such as ddRAD (Peterson et al., 2012), ezRAD (Toonen et al., 2013), and 2b-

RAD (Wang et al., 2012). All these approaches have both strengths and shortages. For 

example, the protocol of mbRAD is the most technically complex one in comparison 

with the others, which includes a random-shearing step of digested DNA that can result 

in DNA fragments of variable lengths. This step will make it easier to remove PCR 

duplicates (i.e. can be determined for DNA fragments that are identical in both insert 

length and sequence composition) after obtaining the sequencing data, since random 

shearing ensures that DNA fragments at a given locus are not likely to be identical in 

length unless they are duplicates (Andrews et al., 2014). However, the variety in 

fragment length can also bias the sequencing depth of RAD loci (Davey et al., 2013).  

ddRAD is the most customized approach due to its combination with two restriction 

enzymes (Peterson et al., 2012). Proper fragment ligation during its library construction 

requires both the complete digestion of two restriction enzymes, and completely intact 

5’ and 3’ overhangs, therefore, to ensure the quality and number of resultant RAD loci, 

gDNA used for ddRAD shall have a very high quality (Puritz et al., 2014). However, 

this demand can be rigorous for specimens collected from the deep ocean. Since they 

have to suffer from pressure changes from the seafloor to the surface waters during the 

collecting processes. Herein, specimens that unable to survive the pressure gradients 

may face a high risk of DNA damage and degradation (Dixon et al., 2004).  

ezRAD is the only method that requires the use of a commercial kit. The application 
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of Illumina® TruSeq® DNA PCR-Free Library Prep kits for library construction of 

ezRAD largely reduces the bias potentially raised from PCR duplicates, but increases 

the experimental cost at the same time.  

2b-RAD takes advantage of type IIB restriction enzymes (e.g. BsaXI, AlfI) to cut 

both strands of genomic DNA upstream and downstream of their recognition sites 

(Wang et al., 2012). The protocol of 2b-RAD is the simplest and the most cost-effective 

when compared with other RAD methods (Puritz et al., 2014). The short RAD loci (33–

36 bp) generated by 2b-RAD are considered to have less potential in cross-species 

applications (Puritz et al., 2014). Even though, this approach still has been widely used 

in genetic variation screening and linkage mapping especially in many non-model 

organisms (e.g. Fletcher et al., 2013; Seetharam & Stuart, 2013; Jiao et al., 2014; Shi et 

al., 2014; Cui et al., 2015; Blanco-Bercial & Bucklin, 2016; Pecoraro et al., 2016). 

 

1. 7 Molluscan shells 

1. 7. 1 Biological and applicable importance of molluscan shells 

Mollusca is one of the most ecologically and morphologically diverse metazoan phyla, 

with more than 123 000 extant species and an evolutionary history dating back at least 

to the Early Cambrian (Haszprunar & Wanninger, 2012). There are two major clades in 

molluscs, the Aculifera, which consists of shell plate and sclerite-containing 

polyplacophorans, neomeniomorphs, and chaetodermomorphs, and the Conchifera, 

which includes the shell-bearing monoplacophorans, cephalopods, bivalves, gastropods, 

and scaphopods (Figure 1.2; Kocot et al., 2011; Smith et al., 2011). The evolutionary 

success of molluscs can be partially ascribed to the innovation of the calcified shells. 

To date, at least 100 000 living mollusc species are known to have calcified shells, with 

habitats ranging from terrestrial, lacustrine, to the marine environments (Marin & 

Luquet, 2004). As an external biomineralized structure, the shells not only provide 

support to their internal organs, but also play an important role in preventing molluscs 

from predators, pathogens, and environmental agents, such as desiccation, rock damage, 
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tidal emersion, iceberg scour, and accidental breakage during burrowing (Harper et al., 

2012). 

Biomineralization refers to a highly orchestrated biological process of mineralized 

structures formation by living organisms (Addadi et al., 2006). Besides coral 

mineralization, molluscan shell secretion is possibly one of the most common and 

abundant biomineralization processes in metazoans (Marin & Luquet, 2004). The 

superior mechanical properties (e.g. flintiness, fracture toughness, tensile strength) and 

the magnificent morphologies (e.g. colourfulness, diversified shell forms) of molluscan 

shells have attracted intensive research interests from various aspects, such as 

paleontological studies on shell fossils, biomaterial studies on pearl formation, 

ecological studies on impacts of ocean acidification, biomineralized studies on shell 

formation and pigmentation, and biological studies on evolution and environmental 

adaptation of shell-forming molluscs (Marin et al., 2012; Sun et al., 2015; Arivalagan 

et al., 2016b; Aguilera et al., 2017). 

 

1. 7. 2 Molluscan shell layers and microstructures 

Most molluscan shells are generally composed of multiple layers. The outermost thin 

and generally uncalcified layer is periostracum (Figure 1.3), which is primarily made 

up of organic compounds, such as proteins, mucopolysaccharides, and lipids 

(Nakayama et al., 2013). The primary function of periostracum is to serve as a 

waterproof covering to prevent the shells from acids in the environments (Taylor & 

Kennedy, 1969). Besides, it usually gives the shells their external colour, although 

pigments disseminated within the mineralized layers have also been reported can 

contribute to the shell colours in other species (Marin et al., 2012). Furthermore, 

periostracum plays an important role during the processes of biomineralization, 

including completely encloses the extrapallial space, which lays between the outer 

epithelia of the mantle and the shell (Figure 1.3), from the external environments to 

enable the generation of a supersaturate condition for crystal formation, provides an 
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organic basis for the initial mineral deposition, and functions in the growth of molluscan 

calcified shells (Taylor & Kennedy, 1969; Neff, 1972; Nakahara & Bevelander, 1971; 

Suzuki et al., 2013). 

Beneath periostracum is the calcium carbonate mesocrystals, which occupy 

approximately 95 to 99 wt% of the exoskeleton, and are generally composed of a 

combination of calcite and aragonite, including these for mussels in the family 

Mytilidae (Lowenstam & Weiner, 1989; Marin et al., 2012; Gao et al., 2015; Liao et al., 

2015; Arivalagan et al., 2016b). Among them, calcite is the most stable form of calcium 

carbonate polymorph with a rhombic shape, and aragonite is the metastable form of 

calcium carbonate polymorph with a needle-like structure (Ni & Ratner, 2008; Spann 

et al., 2010). However, shells of some molluscs are formed by only one of those two 

types of calcium carbonate polymorph. For instance, shells of the Pacific oyster 

Crassostrea gigas are fully composed of calcite (Marie et al., 2011b), in contrast, shells 

of the soft-shell clam Mya truncata are made up of aragonite alone (Arivalagan et al., 

2016a). Additionally, the presence of vaterite, an extremely unstable form of calcium 

carbonate polymorph with a spherical structure (Ni & Ratner, 2008; Spann et al., 2010), 

was also reported in molluscs, especially during some unusual biomineralization events, 

such as shell regeneration and deformation (Lowenstam & Weiner, 1989; Spann et al., 

2010).  

The calcified shell layers in molluscs usually process various microstructures, 

which can be categorized into at least eight categories, including prismatic (Figure 

1.4A,B), laminar (Figure 1.4C,D), crossed (Figure 1.4E), homogeneous (Figure 1.4F), 

spherulitic, helical, isolated spicules, and isolated crystal morphotypes based on SEM 

observations (Carter & Clark, 1985; Marin et al., 2012). Nacre, the so-called mother-

of-pearl, belongs to the category of laminar microstructure (Carter & Clark, 1985). It is 

always made up of aragonite, and constitutes the inner lustrous shell layer, which has 

been widely found in bivalves, gastropods, cephalopods, as well as monoplacophorans 

(Checa et al., 2009). Due to its remarkable toughness (i.e. 3000 times tougher than pure 
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aragonite), economic value in jeweler business, and remarkable biocompatibility, nacre 

has become the most studied molluscan shell microstructure to date (Currey, 1977; 

Marin & Luquet, 2004; Marin et al., 2012). 

 

1. 7. 3 Sources and transport mechanisms of the precursors elements for shell 

formation 

The calcium carbonate present in molluscan shells is derived from calcium and 

bicarbonate ions (Ca2+ + HCO3-  CaCO3 + H+) in the extrapallial fluid, which located 

in the extrapallial space between the outer epithelia of mantle and the inner surface of 

the shell (Figure 1.3). For calcium ions, they can be obtained from food resources or 

water filtration (i.e. only for marine and freshwater molluscs) (Marin et al., 2012). For 

bicarbonate ions, they can be acquired from the external mediums similar as calcium 

ions, but can be also generated through metabolism (i.e. the hydration of carbon dioxide 

which is catalyzed by CA) (Marin et al., 2012). These calcium and bicarbonate ions can 

then be transported within the hemolymph, and go through the whole body. When 

reaching mantle, they can pass across its outer epithelial layer and be pumped into the 

extrapallial space via membrane-bound ionic channels (e.g. Ca-ATPases, bicarbonate 

channels), and eventually results in a supersaturation condition for biomineral 

deposition (Marin & Luquet, 2004; Marin et al., 2012).  

Furthermore, calcium and bicarbonate ions can also be stored and transported as 

ACC, the precursor phase of both aragonite and calcite (Addadi et al., 2003), to the 

crystallization front. It has been proposed that ACC is possibly involved in shell 

formation as well as shell reparation in two ways as bellows. One is to be redissolved 

into ironic forms, followed by transportation from the epithelial cells of mantle into the 

extrapallial space, and the other is to be directly introduced into the extrapallial space 

via vesicles within the mantle cell through exocytosis (Sud et al., 2002; Fleury et al., 

2008; Xiang et al., 2014).  

Besides calcium and bicarbonate ions, some minor ions, such as Na+, K+, Mg2+, 
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Fe3+, Sr2+, Cl-, SO4
2-, can also be transported to the extrapallial space by ion channels, 

and subsequently be incorporated into the calcified shells (Marin et al., 2012). 

 

1. 8 Molluscan SMPs 

1. 8. 1 A brief history and study progress of molluscan SMPs 

There are no more than 5 wt% organic matrices composed of proteins, pigments, 

glycoproteins, polysaccharides, and lipids in molluscan shells, which are synthesized 

and secreted by the outer epithelial cells of the calcifying mantle (Mann, 1988; 

Lowenstam & Weiner, 1989). Among them, SMPs are the major components to interact 

with the precursor elements described above, and have become one of the hotspots for 

studies of biomineralization since their first discovery. 

The initial study on the organic matrix of molluscan shells was published by Frémy 

in 1855. By decalcifying shells using HCl, he found the first insoluble shell matrix and 

named it as “conchiolin”. However, until nearly one century later, conchiolin has firstly 

been biochemically analyzed by Gregoire, Duchateau, and Florkin (1955), with results 

shown that conchiolin was a heterogeneous mixture of proteinaceous substances. 

Sooner after that, the first EDTA-soluble shell matrices were also reported by 

Meenakshi et al. (1971) and Crenshaw (1972) in molluscan shells. During the following 

decades, numerous studies related to molluscan shells have been conducted but mainly 

based on the observation with electron microscopes or the amino acid composition 

analyses of the shell matrices alone (Zhang & Zhang, 2006). Since the late 1990s, the 

development of molecular techniques has made it possible to retrieve the primary 

structure of newly identified SMPs via RT-PCR with degenerate oligonucleotide probes 

derived from partial sequences of shell peptides, or screening of cDNA libraries with 

oligonucleotides or antibodies (Marin et al., 2013). Moreover, expression analyses and 

in vitro tests have also started to be applied in SMPs (e.g. Marin et al., 2000; Tsukamoto 

et al., 2004; Suzuki et al., 2004). These studies laid profound foundations for our 

knowledge of the shell formation processes, nevertheless, such “protein per protein” 
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search strategy is still not comprehensive enough to obtain an integrated picture of the 

protein constituents of molluscan shells, consequently, other approaches are strongly 

desired. 

The emerging of transcriptomic, genomics, and proteomic techniques during the 

past decade have brought many biological, ecological, and environmental studies to a 

new height, which have also contributed to a breakthrough in the field of molluscan 

biomineralization. The transcriptomic approach applied in the shell-forming tissue, i.e. 

mantle, can produce up to tens of thousands of transcripts, which allows the rapid 

identification of genes encoding potential SMPs, as well as other proteins that might be 

indispensable for biomineral deposition whereas not incorporated into the shells 

(Aguilera et al., 2017). However, one drawback of this approach is that it may also 

include gene products that are not truly involved in shell formation, unless being 

verified with functional experiments (e.g. in situ hybridization) (Marin et al., 2013). 

The application of proteomic approach in the extracted proteins from the molluscan 

shells makes it possible for identification of the true SMPs. Nevertheless, due to the 

technological limitation, only short peptide sequences (i.e. to tens of residues) can be 

obtained by using this approach alone (e.g. Marie et al., 2009, 2010b). 

A more effective method for SMP identification is to combine transcriptomic 

and/or genomic with proteomic data, using the peptide fragments derived from the shell 

proteome to search against a given database of mantle transcripts or predicted gene 

models from the genomic resources. Nowadays, this approach has become the most 

prevailing one and has been carried out for various molluscan species, such as the 

abalone Haliotis asinine (Marie et al., 2010a), the giant limpet Lottia gigantean (Mann 

et al., 2012; Marie et al., 2013a; Mann & Edsinger, 2014), the grove snail Cepaea 

nemoralis (Mann & Jackson, 2014), the pearl oysters Pinctada margaritifera (Marie et 

al., 2012), Pinctada maxima (Marie et al., 2012), and Pinctada fucata (Liu et al., 2015), 

the Pacific oyster C. gigas (Zhang et al., 2012; Arivalagan et al., 2016b; Feng et al., 

2017), the blue mussels Mytilus coruscus (Liao et al., 2015), Mytilus galloprovincialis 
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(Gao et al., 2015), and Mytilus edulis (Arivalagan et al., 2016b), the Antarctic clam 

Laternula elliptica (Sleight et al., 2016), the king scallop P. maximus (Arivalagan et al., 

2016b), the soft-shell clam M. truncate (Arivalagan et al., 2016a), and the freshwater 

unionids Elliptio complanata (Marie et al., 2017) and Villosa lienosa (Marie et al., 

2017).  

Up till now, studies on SMPs have been only focused on molluscs in terrestrial and 

shallow-water ecosystems. Nevertheless, the composition of SMPs for species living in 

the deep ocean, where is known to have hydraulic pressure and lower temperature, 

remains largely unknown. 

 

1. 8. 2 Function and characteristics of SMPs 

Although only occupies a small proportion of the calcified shells, SMPs have been 

known play multiple key functions during shell formation. For example, they can 

provide a gel-like micro-environment to favour mineral precipitation, promote crystal 

nucleation, guide crystal growth in privileged directions, and inhibit crystal growth 

when and where necessary (Mann, 1988, 2001). Moreover, SMPs secreted from 

different regions in the outer epithelia of mantle are responsible for the formation of 

different crystal polymorphisms and well-defined microstructures (Mann, 1988, 2001; 

Zhang & Zhang, 2006). Specifically, SMPs secreted by the mantle edge are generally 

related to the formation of the outmost periostracum and the outer calcite prismatic 

layer, whereas those secreted from the mantle pallium are always contributing to the 

formation of the inner nacreous layer of molluscan shells (e.g. Hillman, 1961; Jolly et 

al., 2004; Marie et al., 2012).  

 Although the amino acid composition of SMPs identified from different molluscan 

clades can be extremely divergent, there are still some common characteristics exist. 

Firstly, SMPs usually process a signal peptide at the N-terminus, which allows them to 

be secreted from the outer epithelia of mantle to the extrapallial space to function in 

shell formation. Secondly, high abundances of (R)LCD-containing proteins have been 
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observed in the molluscan shell proteomes, which are generally composed by a few (i.e. 

generally ≤ 4) predominant amino acids, such as glycine, aspartic acid, serine, and, to 

a lesser extent, proline, cysteine, tyrosine, leucine, and asparagine (Marin & Lequet, 

2004). Thirdly, functional domains related to extracellular matrix (e.g. Collagen, EGF, 

FN3, VWA, ZP), calcium binding (e.g. Calponin, EFh), enzyme (e.g. CA, Cu_oxidase, 

Peroxidase, SOD, Tyrosinase), polysaccharide interacting (e.g. CBD, Chit_bind, 

CLECT, Glyco_hydro, LamG), and immunity (e.g. IG, KU, SERPIN, TIMP, WAP) 

have been widely found in SMPs of different molluscan lineages, although with the 

occurrence of extensive domain shuffling (e.g. Arivalagan et al., 2016b; Aguilera et al., 

2017; Marie et al., 2017). 

 

1. 9 Overview of the thesis 

The central focus of my Ph.D. study is to use omics-based approaches to study 

population connectivity, local adaptation, and biomineralization of the deep-sea mussel 

B. platifrons, which is organized into five chapters in this thesis. Chapter 1 is a general 

introduction. Chapter 5 is general conclusions and perspectives based on the subjects 

presented in Chapter 2 to Chapter 4, which have been prepared as three separate 

manuscripts for submission to international academic journals. 

Specifically, in Chapter 2, I applied genome survey sequencing and 2b-RAD 

approach for 28 B. platifrons individuals collected from a methane seep in the SCS and 

a hydrothermal vent in M-OT, and three other bathymodioline mussels (B. japonicus, 

B. aduloides and Idas sp.). The aims of this study were to develop genome-wide 

SNPs/SNVs for these bathymodioline mussels, assess the potential use of SNPs in 

detecting fine-scale genetic structure and signatures of diversifying selection for B. 

platifrons collected from the two locations, as well as test the feasibility of this 

sequencing strategy (i.e. combing genome survey sequencing and 2b-RAD) for various 

cross-species applications. Overall, this study showed the feasibility of genome-wide 

SNPs in detecting fine population structure of B. platifrons, which has been published 
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in Deep Sea Research Part II: Topical Studies in Oceanography. However, there are 

still some questions needed to be further addressed. For example, what are the main 

forces that contribute to the observed genetic subdivision of B. platifrons, what are the 

migration patterns of B. platifrons in the entire Northwestern Pacific, and how can they 

adapt to their local environments? 

To have a deeper understanding of these questions, in Chapter 3, I applied both 

traditional mitochondrial genes (i.e. atp6, cox1, and nad4) and genome-wide SNPs 

generated via 2b-RAD in 110 individuals of B. platifrons collected from six 

representative localities along their known distribution range in the Northwestern 

Pacific, including one methane seep in the SCS, two hydrothermal vents in S-OT, two 

hydrothermal vents in M-OT, and one methane seep in SB for a more comprehensive 

population genetics/genomics study. The aims of this study were to compare the 

powerfulness of genome-wide SNPs over traditional mitochondrial genes in revealing 

fine-scale population genetic structure of B. platifrons, uncover potential forces that 

have contributed to their source-sink dynamics and genetic divergences among different 

population groups, and their local adaptation in response to natural selection. This study 

has been submitted to Evolutionary Applications, which can serve as an example for 

population genomics of other deep-sea species with high dispersal potential, and 

contribute to an effective management and conservation of deep-sea resources. 

The calcified shells are one of the main structures for protection and environmental 

adaptation of molluscs. In the first part of my thesis, one homolog of a SMP previously 

identified from a shallow-water mytilid was also found in the deep-sea mussel B. 

platifrons. Moreover, an outlier SNP was found close to this gene, indicating the shell-

forming process in B. platifrons may have been influenced by natural selection. 

Currently, most studies on SMPs have mainly focused on shallow-water molluscs, 

whereas the composition of SMPs for molluscs living in the deep ocean is still a mystery. 

Therefore, in Chapter 4, I studied the shell proteomes of B. platifrons and its most close-

related shallow-water relative M. philippinarum using the proteomics approach. This 
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study was carried out with the aims to identify and characterize the SMP composition 

of these two mytilids, shed light on the biomineralization toolkit of the deep-sea 

molluscs, and generate molecular resources for further studies with focus on adaptation 

and evolution of molluscan SMPs from the shallow to the deep ocean. 
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Figure 1.1 Distribution map of the global chemosynthesis-based settings, including 

archean and recent hydrothermal vents and hydrocarbon seeps with associated 

metazoan and/or microbial signatures. Adopted from Campbell (2006). 
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Figure 1.2 Phylogenetic position of molluscs as inferred by Kocot et al. (2011) and 

Smith et al. (2011). The origin of shells is shown at the base of Conchifera (red 

rectangle), whereas the origin of shell plates and sclerites is shown at the base of 

Aculifera (blue rectangle). Phylogenetic tree was redrawn based on Smith et al. 

(2011) and Kocot et al. (2011). 

  



 

 

29 

 

 

 

Figure 1.3 Schematic representation of a section through the shell and mantle of a 

bivalve mollusc. Green and blue triangles indicate the organic macromolecules 

secreted by the mantle. Adopted and edited from Kocot et al. (2011). 
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Figure 1.4 SEM images of a few bivalve and gastropod examples depict the (A, B) 

prismatic, (C, D) laminar, (E) crossed, and (F) homogeneous shell microstructures. 

Adopted from Marin et al. (2012).  
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Chapter 2 Genome-wide discovery of SNPs and SNVs in deep-sea 

mussels: Potential use in population genomics and cross-species 

applications 

 

2. 1 Introduction 

Mussels in Bathymodiolinae (Bivalvia: Mytilidae) are often dominant species in deep-

sea chemosynthesis-based communities (Van Dover, 2000). Albeit several smaller 

species have been found on whale carcasses or sunken woods (Smith & Baco, 2003; 

Ockelmann & Dinesen, 2011), most species within this subfamily of Mytilidae are 

dominant in cold seeps or/and hydrothermal vents. Since their first description in 1985 

(Kenk & Wilson), at least 61 extant species belonging to seven genera have been 

elucidated, including 25 species of Bathymodiolus, 16 species of Idas, ten species of 

Adipicola, four species of Benthomodiolus, four species of Gigantidas, one species of 

Tamu, and one species of Vulcanidas (Saether et al., 2010; Bouchet, 2012; Bouchet & 

Gofas, 2017). Found in the aphotic zone ranging from 200 m to 3600 m deep (Lorion 

et al., 2013), bathymodioline mussels retain the ability for filter-feeding, but rely 

heavily on the ectosymbiotic or endosymbiotic bacteria associated with their enlarged 

gills for nutrition (Duperron et al., 2009). 

There have been quite a few studies of the phylogenetics and biogeography of these 

bathymodioline mussels, with a focus on when they colonized the deep-sea, how they 

spread across the world ocean, and how large-scale geographic barriers have 

contributed to the genetic differentiation among populations (Won et al., 2003; 

Vrijenhoek, 2010; Van der Heijden et al., 2012; Johnson et al., 2013, Lorion et al., 2010, 

2013). However, very little is known about the fine-scale genetic structure and 

population connectivity of bathymodioline mussels. For example, previous studies 

based on one to several mitochondrial genes detected no genetic differentiation among 

vent and seep populations of B. platifrons in the Northwestern Pacific (Kyuno et al., 

2009; Miyazaki et al., 2013; Shen et al., 2016), indicating a well-mixed metapopulation 
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in the Northwestern Pacific. However, this conclusion may be imprecise as one 

mitochondrial locus might not be sensitive enough for detecting fine-scale population 

genetic structure of deep-sea mussels with a long pelagic larval stage (Vrijenhoek, 

2010). Although microsatellites are robust for inferring fine-scale population genetic 

structures (Zhan et al., 2009; Ni et al., 2011), and have been developed for the deep-sea 

mussel Bathymodiolus childressi (Carney et al., 2006) and Bathymodiolus manusensis 

(Schultz et al., 2011), they have not been widely applied in studies of deep-sea 

biogeography, probably due to a number of constraints, such as low throughput in the 

development processes, and species specificity in their applications (Squirrell et al., 

2003; Selkoe & Toonen, 2006). 

Over the past decade, the advent of high-throughput DNA sequencing technology 

has enabled the rapid characterization of thousands of SNP markers (e.g. McKay et al., 

2008), and it has been shown that SNPs are more effective for assessment of population 

structure in comparison with traditional genetic markers (Liu et al., 2005; Glover et al., 

2010). More importantly, the characterization of outlier SNPs allows for detection of 

genes or genomic regions under diversifying selection in natural populations, which 

brings population genetics studies to an unprecedented depth (Moen et al., 2008). At 

present, RAD-seq is one of the most effective genotyping-by-sequencing approaches 

that allows for high-throughput SNP discovery across the target genome from multiple 

individuals (Miller et al., 2007; Baird et al., 2008; Helyar et al., 2011), and has been 

successfully applied in population genomics of many non-model organisms (e.g. 

Hohenlohe et al., 2010, 2011; Pujolar et al., 2013; Wang et al., 2013). 

In the present study, I aimed to generate genome-wide SNP markers for the deep-

sea mussel B. platifrons using a combination of high-throughput genome survey 

sequencing and RAD-seq, test the potential of these markers in resolving fine-scale 

population genetic structure for individuals collected from two populations, identify 

genes and genomic regions for diversifying selection, and determine the cross-species 

applicability of the assembled B. platifrons sequences in detection of SNVs in other 
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bathymodioline mussels with different phylogenetic distances from B. platifrons. 

 

2. 2 Materials and methods 

2. 2. 1 Sample collection and genomic DNA extraction 

A total of 28 B. platifrons, one Bathymodiolus aduloides, one Bathymodiolus japonicus, 

and one Idas sp. were used in the present study (Table 2.1). Among them, 18 B. 

platifrons were collected from a methane seep population in JR of the SCS, and the 

other ten were collected from a vent population in IR of M-OT (Figure 2.1). 

Bathymodiolus aduloides, B. japonicus, and Idas sp. was collected from the same 

methane seep of the SCS, a methane seep in OH of SB, and a sunken wood of 

Yettisburgh, Costa Rica, respectively. Upon arrival at the sea surface, the mussels were 

dissected immediately, or frozen at -80C for later dissection. The adductor muscle, 

mantle, and foot of each specimen were preserved in 100% ethanol. Genomic DNA of 

the adductor muscle of each specimen was extracted using the phenol/chloroform 

extraction protocol (Maniatis et al., 1989). The concentration and purity of DNA were 

checked by a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, 

Wilmington, U.S.A.), and the integrity of DNA was checked using 1% agarose gel 

electrophoresis. 

 

2. 2. 2 Amplification and sequencing of mitochondrial genes for phylogenetic 

analyses 

The DNA fragments of mitochondrial cox1 and nad4 for one individual of B. platifrons, 

B. japonicus, B. aduloides and Idas sp. used in this study were amplified using PCRs. 

The primers LCO1490 and HCO2198 (Folmer et al., 1994) were used to amplify cox1, 

and the primers ArgBL and NAP2H (Arévalo et al., 1994; Bielawski & Gold, 1996) 

were used to amplify nad4. Reactions were performed in a thermocycler (Mastercycler 

Gradient, Eppendorf, Germany) under the following conditions: initial denaturation for 

2 mins at 94˚C followed by 35 cycles of denaturation for 30 s at 94˚C, annealing for 30 
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s at 50˚C, and extension for 30 s at 72˚C, then ended with final extension for 10 mins 

at 72˚C. PCR products were purified with ZymocleanTM Gel DNA Recovery Kit 

(Zymo Research, Irvine, CA, USA) following the manufacturer’s protocol and then 

sequenced by Sanger Sequencing at BGI (Shenzhen, China), using the same primers as 

for PCRs. The sequence data were deposited in GenBank under accession numbers 

given in Table 2.2. 

Based on Lorion et al. (2013), the partial cox1 and nad4 sequences of other 30 

bathymodioline mussels, including sequences of two Benthomodiolus, ten 

Bathymodiolus, and 18 Idas which included 12 Idas ESUs were chosen and extracted 

from GenBank (accession numbers refer to Table 2.2) for phylogenetic analyses. 

Alignment of cox1 and nad4 dataset was separately conducted with MUSCLE v.3.8.31 

(Edgar, 2004) under default settings and checked by manual inspection. Subsequently, 

the aligned sequences in each dataset were trimmed by Gblocks v.0.91b (Castresana, 

2000; Talavera & Castresana, 2007) under default settings and then concatenated using 

SequenceMatrix v.1.7.8 (Vaidya et al., 2011).  

Three different methods, namely ML, MP and BI, were used for phylogenetic 

analyses. ML analysis was carried out using raxmlGUI v.1.3.1 (Silvestro & Michalak, 

2012), running with the thorough bootstrap (10 runs; 1000 pseudoreplicates) under the 

GTR+G model for each partition of the combined data. MP analysis was conducted 

with PAUP* v.4.0 (Swofford, 2002) using heuristic searches with the TBR branch-

swapping algorithm, and 1000 random addition replicates. Clade supports were 

determined by 1000 bootstrap replicates under heuristic search option, each with 100 

random addition replications. BI analysis was performed with MrBayes v.3.2.0 

(Ronquist & Huelsenbeck, 2003) using the GTR+G model for each partition of the 

combined data. Four MCs were applied for 10 million generations and sampled every 

1000 generations with first 25% discarded as the burn-in. 
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2. 2. 3 Survey sequencing and assembly of the B. platifrons genome 

To provide a reference for SNP/SNV discovery, genome survey sequencing was 

conducted for an individual of B. platifrons collected from the SCS. Three paired-end 

DNA libraries with insert sizes of 200, 500, and 900 bp were constructed using the 

NEBNext UltraTM DNA Library Prep Kit, and sequenced using the Illumina 

HiSeq2000 (2×101 bp) platform in Macrogen (Seoul, South Korea). Raw reads were 

initially filtered to remove adapters and low-quality reads using Trimmomatic v.0.32 

(Bolger et al., 2014) with the following parameters: the NEB adapters were trimmed by 

a custom supplied file, the sliding window size was set up to 4 with an average Phred 

quality of 15, and the minimum length of reads to be reserved was set as 36. The 

trimmed reads were then error-corrected using Musket (Liu et al., 2013) with the k-mer 

size of 27. The obtained high-quality reads were assembled using SOAPdenovo v.2.0.4 

(Luo et al., 2012) with the k-mer sizes ranging from 45 to 63, and CLC Genomics 

Workbench v.7.5 (http://www.clcbio.com) with the automatic word size option. The 

resultant scaffolds less than 300 bp in length were removed. The CEGMA pipeline 

(Parra et al., 2007) was used to evaluate the completeness of the assembled sequences 

based on 248 ultra-conserved CEGs. Furthermore, the transcriptomic database of B. 

platifrons (Wong et al., 2015) was searched against our assembled sequences using 

BLASTn with an E-value of 1e-10. 

 

2. 2. 4 RAD library construction, sequencing, and SNP/SNV calling 

Currently, RAD-seq has four main variants, and each variant has its strengths and 

weaknesses (Puritz et al., 2014). In this study, we used the 2b-RAD approach (Wang et 

al., 2012) because of the simplicity and cost-efficiency of its protocol. This method has 

been successfully applied in genetic variation screening and linkage mapping in a 

variety of species (Fletcher et al., 2013; Jiao et al., 2014; Shi et al., 2014; Cui et al., 

2015; Pecoraro et al., 2016; Blanco-Bercial & Bucklin, 2016). Genomic DNA of each 

individual was digested using the type IIB restriction enzyme BsaXI (New England 
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BioLabs, Ipswich, MA, USA). Two adaptors with compatible (5’-NNN-3’) overhangs 

were used to cohere the digestion products. A unique 6 bp barcode was used to enrich 

the extended ligation products of each individual for sample tracking, resulting in a 

library of DNA sequences with a length of ~155 bp. The libraries were purified with a 

QIAquick PCR Purification Kit (Qiagen, Chatsworth, CA, USA), checked by 8% 

PAGE, and quantified using a Qubit 2.0 Fluorometer and its associated dsDNA HS 

Assay Kit (Invitrogen, Carlsbad, CA, USA). All the constructed libraries (25 ng DNA 

each) were pooled for one lane of single-end sequencing (1×36 bp) on an Illumina 

Hiseq1500 sequencer at the Centre for Genomic Sciences, the University of Hong Kong. 

Raw reads were processed using a custom Perl script to trim adaptor sequences, 

and remove the 3 bp terminal positions of each read to avoid possible interferences that 

might have resulted from the ligation sites (Jiao et al., 2014). Reads with ambiguous 

bases (N), long homopolymer regions (≥ 30%), poor quality (≥ 10 nucleotide positions 

with a Phred quality < 20), or without restriction sites were all discarded. 

The BsaXI tags in the assembled survey genome of B. platifrons were extracted 

based on the enzyme’s recognition site, which served as a reference for SNP/SNV 

discovery in the 2b-RAD datasets of two B. platifrons populations as well as in the 

datasets of B. japonicus, B. aduloides and Idas sp.. HQ reads of each individual were 

aligned to the genome reference using SOAP v.2.21 (Li et al., 2009) with the match 

mode set to “find the best hits” (-M 4). A maximum of two mismatches (-v 2) was 

allowed for each read, and those mapped onto more than one position in the genomic 

reference were removed (-r 0) to reduce the potential influence of paralogs derived from 

whole-genome duplication (i.e. homeologs). Next, the aligned data for each individual 

were respectively converted into the SAM format using the script soap2sam.pl 

(http://soap.genomics.org.cn/soapaligner.html). The obtained results were then used for 

loci construction and SNP/SNV detection by the ref_map.pl pipeline implemented in 

Stacks v.1.21 (Catchen et al., 2013b) with the following three components: 1) the 

pstacks component built stacks with a minimum depth of ten aligned reads (-m 10), and 
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identified polymorphic or variant nucleotide sites in each dataset with a multinomial-

based likelihood model; 2) the cstacks component grouped the stacks into consensus 

loci across individuals in each dataset to build four catalogues separately; 3) the sstacks 

component matched loci from each individual in each dataset against the corresponding 

catalogue to clarify the allelic state of each locus in each individual. 

 

2. 2. 5 SNP filtering, validation, and genetic statistics in B. platifrons populations 

In order to obtain robust results in the subsequent analyses, a series stringent criteria 

were applied for SNP filtering as follows: 1) polymorphic loci with more than two 

alleles possibly derived from sequencing or clustering errors were excluded; 2) loci had 

to be present in both populations and genotyped in at least 70% of the individuals in 

each population (Benestan et al., 2015); 3) SNPs with a MAF < 0.05 within two 

populations were discarded since these polymorphisms might be artifacts derived from 

PCRs or sequencing errors, which would lead to bias in tests for selection (Roesti et al., 

2012); 4) loci with an observed heterozygosity ≥ 0.5 were abandoned to avoid 

homeologs (Hohenlohe et al., 2011); 5) the exact test implemented in Arlequin v.3.5.2.2 

(Excoffier & Lischer, 2010) was performed to test the HWE using 100,000 

dememorization steps followed by 1,000,000 MC steps to remove loci that departed 

from equilibrium in both populations (P < 0.05). The resultant high-quality SNPs were 

consequently used to calculate several genome-wide genetic statistics, including Ho, He, 

π, and FIS at each SNP for all individuals in each population using Stacks, and the data 

were then averaged across all the genetic sites (i.e. all the polymorphic and 

monomorphic loci). Different formats essential for the outlier detection and population 

structure analyses were converted using PGDSpider v.2 (Lischer & Excoffier, 2012) 

based on the .vcf file, which was generated from the Population mode implemented in 

Stacks. 
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2. 2. 6 Outlier SNP detection within two B. platifrons populations 

Loci potentially influenced by diversifying selection between the two B. platifrons 

populations were identified using the Bayesian method implemented in BayeScan v.2.1 

(Foll & Gaggiotti, 2008). The Bayesian method is one of the most widely used 

approaches to detect outliers due to its lower rate of type I and type II errors compared 

with other methods available (Narum & Hess, 2011). It is based on a logistic regression 

model to decompose locus-population FST coefficients into a population-specific (beta) 

and a locus-specific (alpha) component for outlier detection. A positive value of alpha 

indicates diversifying selection, whereas a negative value suggests balancing or 

purifying selection. The BayeScan analysis was conducted using default settings of the 

software: 20 pilot runs with a length of 5000 iterations, and an additional burn-in of 

50,000 iterations followed by 50 000 iterations (thinning interval = 10; sample size = 

5000). After running the program, SNPs were ranked according to their estimated 

posterior probability. The posterior probability of a SNP > 0.76 (i.e. BF > 3), was 

considered as a candidate for selection according to Jeffrey’s scale of evidence (Foll, 

2008), and candidate SNPs with a q-value < 0.05 were considered as outliers. To obtain 

the functional annotation around the identified outliers, the contigs/scaffolds where the 

outliers were located were extracted to run a BLASTx search with an E-value of 1e-10 

against the NCBI nr database. 

 

2. 2. 7 Genetic differentiation and population structure 

The level of genetic differentiation between the two B. platifrons populations was 

determined by calculating the pairwise FST value based on the putatively neutral and 

outlier SNPs separately using Arlequin, with 10 000 permutations to test for 

significance. The Bayesian clustering implemented in STRUCTURE v.2.3.4 (Pritchard 

et al., 2000) was conducted with putatively neutral and outlier SNPs separately to infer 

individual assignments and population structure. It should be noted that the model 

applied in STRUCTURE assumes that the marker loci are not in LD (Pritchard et al., 
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2000). Therefore, only one putatively neutral SNP was used per locus to minimize the 

influence of LD (Pritchard et al., 2000; Catchen et al., 2013a). The program was run 

with corrected allele frequencies and under the admixture model with no prior 

information on sampling location provided. The number of genotypic clusters K was 

set from 1 to 5 with ten replicates for each K value. Each analysis started with a period 

burn-in length of 50 000 followed by 500 000 MCMC steps. The optimal K was 

assessed based on the deltaK method (Evanno et al., 2005) calculated using 

STRUCTURE HARVESTER v.0.6.94 (Earl & vonHoldt, 2012). The FullSearch 

algorithm in CLUMPP v.1.1.2 (Jakobsson & Rosenberg, 2007) was then used to find 

the best alignments of ten replicate cluster analyses at the optimal K, and the genetic 

structure of clusters resulted from CLUMPP was visualized using DISTRUCT v.1.1 

(Rosenberg, 2004). In addition, variations in the genetic structure of the two B. 

platifrons populations were evaluated using PCA implemented in the R package 

SNPRelate (Zheng et al., 2012) using both all the putatively neutral and the outlier 

SNPs.  

 

2. 3 Results 

2. 3. 1 Phylogenetic relationship of selected bathymodioline mussels 

Alignment and trimming of the concatenated cox1 and nad4 dataset resulted in a final 

matrix consisted of 34 taxa each with 929 bp sequence in length. Phylogenetic analyses 

conducted here indicated that both Bathymodiolus and Idas were paraphyletic (Figure 

2.2), which is consistent with previous studies (Saether et al., 2010; Lorion et al., 2013). 

Bathymodiolus japonicus was closely related to B. platifrons, and both species were 

grouped in the “B.” childressi clade. Bathymodiolus aduloides was outside the “B.” 

childressi clade, and clustered with Bathymodiolus manusensis in the “B.” aduloides 

clade. Our Idas sp. sample was most closely related to Idas macdonaldi, both were 

clustered in a clade with several Idas spp., which was sister to a clade with all 

Bathymodiolus spp. as well as several species of Idas spp.. 
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2. 3. 2 Survey sequencing and assembly of the B. platifrons genome 

The Illumina whole-genome shotgun sequencing produced 134.3 Gb raw reads from 

the three libraries, and removing adapters and low-quality reads resulted in 116.3 Gb 

(86.6%) HQ reads (Table 2.3). The genome size of B. platifrons was estimated to be 

1.64 Gb (Sun et al., 2017), which is comparable to those of the vent-endemic 

Bathymodiolus mussels, B. azoricus and B. thermophilus (Bonnivard et al., 2009). 

Genome assembly using CLC Genomics Workbench resulted in 756 623 scaffolds with 

a N50 of 2.3 kb, and the longest scaffold of 46.9 kb (Table 2.4). The SOAPdenovo 

results were better, which had 781 720 scaffolds with a N50 of 2.9 kb and the longest 

scaffold of 68.1 kb (Table 2.4), and thus were used for subsequent SNP/SNV detection. 

Although only 14.9% complete and 48.0% partial of 248 CEGs applied in CEGMA 

were found in the SOAPdenovo assembly, a total of 95 283 (98.6%) out of 96,683 

transcripts of B. platifrons (Wong et al., 2015) had a significant match (E-value of 1e-

10) with these assembled scaffolds, indicating the assembly was quite fragmented but 

there was abundant useful information on the protein-coding regions. The combined 

length of the SOAPdenovo assembly was around 1.35 Gb, being 260 kb longer than 

that of the CLC Genomics Workbench assembly, corresponding to approximately 80% 

of the estimated genome size. The discrepancy between the assembled and estimated 

genome sizes is likely due to the presence of repetitive elements in the genome, which 

lead to the collapse of a proportion of the genomic regions. Assembly of the repetitive 

regions is challenging when only short reads are used. This problem could be overcome 

when resources from long-range mate-pair reads or PacBio long reads become available 

in the future. 

 

2. 3. 3 SNP calling, filtering, and genetic statistics in B. platifrons populations 

Sequencing the 28 B. platifrons 2b-RAD libraries produced a total of 310.4 million 

reads. The output ranged from 7.7 to 14.6 million raw reads with an average of 11.1 
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million per individual. After removing low-quality reads, 246.3 million reads remained. 

The number of HQ reads ranged from 6.1 to 12.4 million with an average of 8.8 million 

per individual. The sequencing depth of each individual ranged from 12.8 to 27.6 with 

a mean of 20.2. The statistics of Illumina raw reads, HQ reads, recalls (% HQ reads), 

and sequencing coverage of each 2b-RAD library are shown in Table 2.5. Every single 

read consisted of 27 bp, including 6 bp BsaXI recognition sites which were removed 

and 21 bp which were used for SNP identification.  

A total of 284 562 BsaXI tags were detected in 13 991 contigs and 156 560 

scaffolds, with one cutting site every 4740 bp on average and approximately 0.4 million 

BsaXI recognition sites in the whole genome. After excluding 3632 sites with 

ambiguous bases (N), 280 930 sites remained, among which 146 915 had only one 

count while the other 37 149 had 2 to 2624 counts (mean = 3.6) on the survey genome.  

The average alignment efficiency was 87.1%, but 52.7% of them with more than 

one alignment were excluded for SNP detection (Figure 2.3). Analysis using the pstacks 

component of Stacks v.1.21 resulted in an average of 167 623 unique stacks, 

corresponding to 118 140 loci per individual. After eliminating an average of 40 652 

loci with a depth coverage below 10, a total of 77 488 (65.6%) loci per individual were 

retained (Table 2.6), and consequently constructed into a catalog of 132 350 loci. A total 

of 53 306 loci among the catalog were polymorphic. After stringent filtering, 7943 loci 

with 9307 candidate SNPs were retained, with 7675 SNPs fixed between the 

two B. platifrons populations. Statistics of putative loci after each step of filtering and 

the final results of candidate SNPs are summarized in Table 2.7. For the seep population, 

the Ho and He was 0.00190 and 0.00193, respectively. For the vent population, the He 

and Ho was 0.00171 and 0.00174, respectively. The estimated π was 0.00199 for the 

seep population, and 0.00185 for the vent population. All these results showed that the 

two B. platifrons populations had a low degree of polymorphism. Nevertheless, genetic 

statistics from other populations are needed to clarify the contributing factors for their 

low genetic diversity. The estimated FIS was also very small for both the seep (0.00018) 
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and vent (0.00031) populations, which indicated no inbreeding or cryptic genetic 

structure within these two populations (Catchen et al., 2013a). 

 

2. 3. 4 Outlier SNP detection within two B. platifrons populations 

The Bayesian method implemented in BayeScan detected nine candidate outlier SNPs 

showing a clear evidence (q-value < 0.05) of diversifying selection (alpha > 0) (Figure 

2.4; Table 2.8). The nine outliers were each located in a scaffold with SNP-specific FST 

coefficient ranging from 0.0818 to 0.1385. BLASTx analysis identified three putative 

genes on these scaffolds based on the best hit (Table 2.9). Scaffold 11059, which 

contained the outlier SNP 1071, is homologous to an uncharacterized gene in the Pacific 

oyster Crassostrea gigas. The polymorphism occurred within the protein-coding region, 

which resulted in a change in amino acid from leucine to histidine. The 2b-RAD tags 

associated with the outlier SNPs 1117 and 3901 had no annotation. Nevertheless, there 

was a sulfate transporter-like gene downstream the outlier SNP 1117 in the scaffold 

113 488, and a putative KS-rich gene upstream the outlier SNP 3901 in the scaffold 272 

371. 

 

2. 3. 5 Genetic structure of two B. platifrons populations 

The pairwise FST value calculated based on 9298 putatively neutral SNPs was small 

(0.0126), indicating a high genetic connectivity between the two populations. However, 

the permutation test detected significant differences (P < 0.00001), indicating that these 

two populations had clearly detectable genetic differentiation. The pairwise FST value 

calculated using nine outlier SNPs was 0.6293 (P < 0.00001), which is, as expected, 

much larger than that estimated based on the neutral SNPs. Using either the 7936 

putatively neutral (the first neutral SNPs per locus) or nine outlier SNPs, the Bayesian 

clustering analysis implemented in STRUCTURE identified two distinctive genetic 

clusters (K = 2), with each cluster including all individuals from the methane seep or 

hydrothermal vent (Figure 2.5), which was consistent with the geographical distribution 
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of these two B. platifrons populations. In addition, the results of PCA based on all 9298 

neutral or nine outlier SNPs also showed a similar pattern of genetic divergence, with 

individuals from the methane seep clearly separated from those in the hydrothermal 

vent by the first eigenvector (Figure 2.6). These results support that the seep and vent 

B. platifrons populations had a clear genetic differentiation. 

 

2. 3. 6 2b-RAD data analysis and cross-species detection of SNVs in the other 

bathymodioline mussels 

Sequencing the 2b-RAD libraries generated 11.1 million (77.4%), 14.2 million (90.4%), 

and 15.4 million (88.3%) HQ reads for B. japonicus, B. aduloides, and Idas sp., 

respectively (Table 2.5). The high-quality reads were aligned to the B. platifrons 

reference genome for cross-species SNV detection. The alignment efficiency of these 

three species decreased with an increase in phylogenetic distance from B. platifrons, 

with 86.6% for B. japonicus, 53.3% for B. aduloides and 31.0% for Idas sp., 

respectively (Figure 2.3). Only the 2b-RAD tags aligned to one position (i.e. unique 

alignments) in the reference genome were retained for SNV identification, which 

resulted in 8512 loci associated with 10 199 SNVs in B. japonicus, 5081 loci associated 

with 6429 SNVs in B. aduloides, and 3026 loci associated with 3811 SNVs in Idas sp. 

The transition to transversion ratio, calculated based on the obtained SNVs, was 1.15 

in B. japonicus, 1.10 in B. aduloides, and 0.87 in Idas sp. (Table 2.10). 

 

2. 4 Discussion 

2. 4. 1 Genome-wide SNP markers in B. platifrons 

Bathymodiolus platifrons exhibits a wide range of latitudinal and bathymetric 

distribution, with populations spanning from 22°N in the SCS to 35°N in SB, from a 

depth of 647 m in the Kuroshima Knoll of the Nankai Trough to a depth of 1523 m in 

HK of S-OT (http://www.godac.jamstec.go.jp/bio-sample/index_e.html; Fujikura et al., 

2007). This species is among the few species of deep-sea mussels that inhabit both 
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methane seeps and hydrothermal vents in the Northwestern Pacific (Fujikura et al., 

2007; Watanabe et al., 2010). This distribution pattern makes B. platifrons a good model 

for population genetic studies among different chemosynthesis-based ecosystems. 

However, the few genomic resources in the current public databases have hindered the 

development of genetic markers to implement such genetic studies. In the present study, 

we reported the first survey genome of B. platifrons. Although this genome is 

incomplete and the scaffold N50 is only approximately 3 kb in length, the sequences 

represent one of the most comprehensive genomic resources currently available for 

eukaryotes living in the deep ocean. Sequencing the 28 B. platifrons individuals 

collected from the two populations using the 2b-RAD method and mapping the RAD-

tags to its reference genome resulted in the rapid discovery of more than nine-thousand 

high-quality SNPs. To our knowledge, it is one of the first studies generating such a 

large number of SNP markers, and the first application of such genome-wide SNP 

markers in population genomics study of a deep-sea bivalve. 

 

2. 4. 2 Insights from comparing two populations of B. platifrons 

Previous studies based on one to several mitochondrial genes showed extensive gene 

flow and no genetic differentiation among B. platifrons populations in the Northwestern 

Pacific (Kyuno et al., 2009; Miyazaki et al., 2013; Shen et al., 2016). These results 

indicated the high dispersal capability of B. platifrons, which is consistent with the 

small egg size and long larval dispersal period in Bathymodiolus mussels (Lutz et al., 

1986; Arellano & Young, 2009; Arellano et al., 2014; Mitarai et al., 2016). The advent 

of genome-wide genotyping-by-sequencing methods has been proven to be effective in 

identifying weakly structured population in many marine species (e.g. Reitzel et al., 

2013; Willette et al., 2014; Benestan et al., 2015), however, few such applications have 

been carried out for deep-sea invertebrates with high dispersal potential. By using 

genome-wide SNP markers produced by RAD-seq in the present study, our permutation 

test for FST (P < 0.00001) indicated clearly detectable genetic differentiation between 
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the two studied populations. Besides, results of STRUCTURE and PCA using either 

the neutral or the outlier SNPs also demonstrated a clear genetic subdivision of the two 

B. platifrons populations. These different evidences in our study illustrated the 

effectiveness of genome-wide SNPs in revealing fine-scale population genetic structure 

and to perform individual assignments for highly genetically connected deep-sea 

invertebrates.  

Reference genomic sequences allowed us to associate outlier SNPs with genes or 

genomic regions. Outlier tests in BayeScan identified nine candidate outlier SNPs under 

diversifying selection. Due to the scarce genomic information for bivalves in current 

public databases, only three out of nine scaffolds that with the outliers had an annotation, 

but analyzing these scaffolds could provide some insights into their potential roles in 

the population differentiation. In particular, the outlier SNP 1071, located within the 

protein-coding region of the scaffold 11 059, had an amino acid mutation between the 

small hydrophobic leucine residue and the larger basic histidine residue. Given that 

these two amino acids have very different chemical properties, this protein could be a 

candidate in future functional studies. Additionally, a putative KS-rich gene was 

annotated upstream the outlier SNP 3901 in the scaffold 272 371. A recent study has 

shown that KS-rich protein is a matrix protein in the shell nacre layer of the shallow-

water blue mussel Mytilus coruscus based on LC–MS/MS analysis (Liao et al., 2015). 

This gene was found highly expressed in the mantle of B. platifrons (Wong et al., 2015), 

indicating that the different environmental conditions could have affected shell 

formation through a mutation nearby the KS-rich protein. Finally, a sulfate transporter-

like gene was found downstream the outlier SNP 1117 in the scaffold 113 488. In the 

past decades, significant efforts have been put in understanding the functions of sulfate 

transporters in both eukaryotic and prokaryotic species, such as human (Dawson, 2011), 

fish (Renfro & Dickman, 1980), plants (Smith et al., 2000), and bacteria (Kuwahara et 

al., 2007), but the functions of these genes in deep-sea benthic invertebrates have not 

been depicted. The sulfate transporter-like gene associated with an outlier SNP in B. 
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platifrons could thus be a candidate for more detailed functional studies, including its 

role in the differentiation of the mussel populations living in vent and seep ecosystems. 

With the availability of the large set of SNP markers and the preliminary results 

shown in this study, samples from more vent and seep populations of B. platifrons are 

desired for a large-scale population genomics study. The results would help us 

understand the source-sink dynamics of these populations, the contributions of various 

ocean currents (i.e. Kuroshio Current, NPIW, Pacific Deep Water) for the larval 

dispersal, the geographical barriers (e.g. the narrow Luzon Strait between Taiwan and 

the Philippines) in structuring the mussel populations thriving in the SCS and OT, as 

well as the potential differences between vent and seep habitats that serve as the driving 

forces for diversifying selection in these mussel populations. 

 

2. 4. 3 Potential cross-species applications 

RAD-seq has been used in several types of cross-species applications, such as inferring 

phylogenies (e.g. Rubin et al., 2012; Seetharam & Stuart, 2013; Herrera et al., 2015; 

Darwell et al., 2016), and assessing patterns of hybridization and introgression (e.g. 

Hohenlohe et al., 2011; Combosch & Vollmer, 2015). However, the shorter length of 

2b-RAD tags when compared with tags produced by other RAD-seq methods makes it 

less likely used for cross-mapping over large phylogenetic distances, such as across 

different genera. Indeed, our study has presented a set of empirical data to show that 

the number of identified SNVs in B. japonicus, B. aduloides, and Idas sp. decreased 

rapidly with the increase in phylogenetic distance from B. platifrons. Specifically, 

mapping the Idas sp. tags to the B. platifrons reference sequences (overall mapping 

efficiency 31.0%) resulted in only 3811 SNVs. Nevertheless, the large number of SNVs 

identified in B. japonicus and B. aduloides indicated the potential for applications in 

estimating genome-wide divergence, potential introgression, or gene flow within the 

genus (e.g. Keller et al., 2013). Candidates for such cross-species applications in the 

Northwestern Pacific include B. platifrons and B. aduloides which inhabit the same 
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methane seep in the SCS (Feng et al., 2015), and B. platifrons and B. japonicus which 

inhabit the same methane seeps in SB and vents in M-OT (Watanabe et al., 2010). 

 

2. 5 Conclusions and prospects 

Using B. platifrons as an example, the feasibility of combining genome survey 

sequencing and the 2b-RAD method in detecting fine-scale population genetic 

differentiation for deep-sea animals with high dispersal capability was demonstrated. 

Applying an outlier analysis on the genetic markers made it possible to detect some 

signatures of diversifying selection between the two studied B. platifrons populations. 

Mapping RAD tags to the B. platifrons reference sequences allowed us to determine 

the potential utilization of the genomic sequences generated here in cross-species 

phylogenetic and introgression studies at the genus level. Overall, these genomic 

resources will enable many studies of deep-sea mussels at both the population and 

genus level. 
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Table 2.1 Sampling information on the deep-sea mussels. 

 

Sample site Sample name Habitat Depth (m) Coordinate Sample size Dive No. Date 

South China Sea B. platifrons Seep 1122 22°06.921'N, 

119°17.131'E 

18 Jiaolong Dive 55 06.19.2013 

Iheya Ridge, 

Okinawa Trough 

B. platifrons Vent 1402 27°32.994'N, 

126°58.158'E 

10 HPD#1245 

 

02.10.2011 

 

South China Sea B. aduloides  Seep 1120 22°06.922'N, 

119°17.130'E 

1 Jiaolong Dive 61 07.09.2013 

Off Hatsushima, 

Sagami Bay 

B. japonicus Seep 1172 35°0.174'N,  

139°3.470'E 

1 HPD Dive 1237 01.20.2011 

Yettisburgh, 

Costa Rica 

Idas sp. Wood 1018 8°55.836'N,  

84°18.732'W 

1 Alvin Dive 4587 01.08.2010 
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Table 2.2 List of deep-sea mussels used in phylogenetic analyses with GenBank 

accession numbers. Those in bold were generated in this study. Code: Be., 

Benthomodiolus; Ba., Bathymodiolus; I., Idas.  

 

Species/ESU# cox1 nad4 

Ba. aduloides KU975034 KU975038 

Ba. azoricus AY649795 AY649795 

Ba. boomerang FJ890503 HF545213 

Ba. brooksi HF545110 HF545178 

Ba. childressi KM024268 KM044723 

Ba. japonicus KU975035 KU975039 

Ba. manusensis HF545107 HF545184 

Ba. platifrons KU975036 KU975040 

Ba. puteoserpentis HF545102 HF545176 

Ba. securiformis HF545109 HF545186 

Ba. taiwanensis GU966638 HF545215 

Ba. tangaroa HF545121 HF545203 

Ba. thermophilus GU966639 AY649808 

Be. geikotsucola HF545103 HF545180 

Be. lignocola AY275545 AY649817 

I. japonicus FJ937078 HF545210 

I. macdonaldi AY649804 AY649816 

I. sp. KU975037 KU975041 

I. sp. ESU C EU702375 HF545208 

I. sp. ESU D HF545116 HF545193 

I. sp. ESU F FJ937160 HF545205 

I. sp. ESU G FJ937166 HF545206 

I. sp. ESU I FJ937185 HF545209 

I. sp. ESU J FJ937189 HF545195 

I. sp. ESU L FJ937198 HF545196 

I. sp. ESU M FJ937202 HF545212 

I. sp. ESU O FJ937211 HF545199 

I. sp. ESU P FJ937228 HF545211 

I. sp. ESU R HF545114 HF545191 

I. sp. ESU S HF545117 HF545194 

I. sp. SAL1 FJ937271 DQ863951 

I. sp. SAL3 FJ937273 DQ863949 
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I. sp. SAL4 HF545124 HF545179 

I. washingtonia AY275546 AY649815 
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Table 2.3 Summary statistics of library insert size, read length, Illumina raw data, HQ 

data, and recalls (% HQ reads). 

 

Paired-end 

library 

Insert size 

(bp) 

Read length 

(bp) 

Raw data 

(G) 

HQ data 

(G) 

Recall 

(%)  

L1 200 101 49.8 42.3 84.9 

L2 500 101 49.4 43.0 87.1 

L3 900 101 35.1 31.0 88.4 

Total – – 134.3 116.3 86.6 
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Table 2.4 Summary statistics of genome assembly for B. platifrons using 

SOAPdenovo and CLC Genomics Workbench, respectively. 

 

Scaffold SOAPdenovo CLC Genomics Workbench 

Size (bp) 1 348 811 028 1 086 224 853 

Number 781 720 756 623 

Longest length (bp) 68 116 46 946 

Average length (bp) 1725 1436 

Length ≥ 2kb 186 288 150 363 

N20 (bp) 7188 5484 

N50 (bp) 2941 2343 

N80 (bp) 1065 769 

Base composition (%GC) 33.7 30.9 

Base composition (%N) 1.8 10.1 
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Table 2.5 Summary statistics of Illumina raw reads, HQ reads, recalls (% HQ reads), 

and sequencing coverage of each 2b-RAD library. 

 

Sample name Raw reads 

(M) 

HQ reads (M) Recall  

(%) 

Sequencing 

coverage (X) 

JR_1 10.3  9.1  88.4  21.2  

JR_2 7.7  6.6  85.6  15.7  

JR_3 10.4  8.6  82.5  21.0  

JR_4 11.2  9.8  87.6  22.0  

JR_5 10.1  8.9  88.4  21.6  

JR_6 10.4  9.4  90.7  22.4  

JR_7 7.8  6.8  87.3  16.3  

JR_8 10.2  9.1  89.3  22.8  

JR_9 12.0  9.8  82.1  20.7  

JR_10 11.0  9.5  86.3  21.5  

JR_11 9.7  7.9  81.4  17.9  

JR_12 12.3  9.7  79.1  20.9  

JR_13 11.7  9.2  78.7  20.3  

JR_14 11.4  9.7  85.3  21.8  

JR_15 11.9  9.8  82.1  23.1  

JR_16 10.5  8.3  79.0  18.8  

JR_17 12.5  10.1  80.9  22.3  

JR_18 14.6  12.4  85.2  27.6  

IR_1 11.4  8.6  74.9  19.9  

IR_2 12.8  9.6  75.1  23.5  

IR_3 8.3  6.1  74.3  15.1  

IR_4 12.9  9.0  70.0  19.7  

IR_5 11.8  9.0  76.7  22.3  

IR_6 12.1  8.4  69.1  19.5  

IR_7 11.0  8.4  76.4  21.1  

IR_8 11.8  7.9  67.3  17.9  

IR_9 11.8  7.6  64.1  14.7  

IR_10 10.9  6.8  62.3  12.8  

Average 11.1  8.8  79.6  20.2  

Total 310.4  246.3      

B. japonicus 14.4  11.1  77.4  24.1  

B. aduloides 15.7  14.2  90.4  36.1  

Idas sp. 17.5  15.4  88.3  31.4  
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Table 2.6 Summary statistics of the number of unique stacks, total loci, loci with 

insufficient coverage depth (< 10), and resultant loci per individual obtained by the 

pstacks component implemented in Stacks. 

 

Sample name Unique stacks Total loci Loci with 

depth < 10 

Resultant loci 

JR_1 162 585  116 816  40 732  76 084  

JR_2 150 772  113 345  62 992  50 353  

JR_3 162 777  116 855  38 258  78 597  

JR_4 181 875  122 003  48 907  73 096  

JR_5 164 336  116 772  39 172  77 600  

JR_6 162 217  116 052  38 593  77 459  

JR_7 151 589  113 575  60 867  52 708  

JR_8 156 897  112 046  51 742  60 304  

JR_9 165 789  117 986  34 609  83 377  

JR_10 168 938  118 097  31 113  86 984  

JR_11 164 534  119 281  43 568  75 713  

JR_12 176 983  122 125  39 313  82 812  

JR_13 166 116  118 854  34 655  84 199  

JR_14 173 249  119 572  33 605  85 967  

JR_15 171 085  119 457  26 862  92 595  

JR_16 168 889  120 643  41 957  78 686  

JR_17 174 267  120 188  30 026  90 162  

JR_18 184 453  119 855  25 683  94 172  

IR_1 169 483  118 254  36 249  82 005  

IR_2 175 460  118 625  24 391  94 234  

IR_3 158 560  116 781  54 516  62 265  

IR_4 170 807  118 398  38 069  80 329  

IR_5 171 748  117 888  25 981  91 907  

IR_6 172 735  119 820  36 183  83 637  

IR_7 170 996  118 341  27 443  90 898  

IR_8 177 775  122 386  43 572  78 814  

IR_9 161 030  117 293  58 490  58 803  

IR_10 157 508  116 615  70 703  45 912  

Average 167 623  118 140  40 652  77 488  
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Table 2.7 Summary statistics of putative loci after each step of filtering and the final 

results of putative SNPs. 

 

Category Count 

Filtering steps   

Putative 2b-RAD loci (stacks depth > 10) 132 350 

Polymorphic loci  53 306 

Biallelic loci 46 799 

Present in both populations and genotyped 

individuals > 70% 
20 741 

Overall MAF ≥ 0.05 10 447 

Observed heterozygosity < 0.5 8274 

HWE 7941 

Candidate SNPs  

Total number 9307 

Fixed between populations 7675 

Polymorphic within JR 9065 

Polymorphic within IR 7917 

Outlier SNPs 9 

Neutral SNPs 9298 

Keep one SNP of each locus 7936 
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Table 2.8 Candidate outlier SNPs under diversifying selection (alpha > 0) showing 

significant levels (q-value < 0.05) of FST detected by BayeScan. 

 

Outlier 

SNP ID 

Scaffold Posterior  

probability 

log10 (PO) q-value Alpha FST 

1071 Scaffold11059-GGAG-1 0.9988 2.9202 0.0007 2.1950 0.1303 

1117 Scaffold113488-CTCC-1 0.9994 3.2215 0.0003 2.2727 0.1385 

2159 Scaffold165408-CTCC-1 0.9764 1.6166 0.0069 1.9278 0.1062 

3901 Scaffold272371-CTCC-1 0.9982 2.7439 0.0009 2.1801 0.1296 

4194 Scaffold295031-GGAG-1 0.9906 2.0227 0.0028 2.1651 0.1292 

4678 Scaffold333045-GGAG-1 0.9816 1.7270 0.0048 1.9703 0.1100 

6913 Scaffold535763-CTCC-1 0.9990 2.9995 0.0005 2.2226 0.1338 

7480 Scaffold596769-CTCC-1 0.8490 0.7498 0.0236 1.6101 0.0875 

8593 Scaffold85130-CTCC-1 0.8278 0.6818 0.0360 1.5237 0.0818 
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Table 2.9 Functional annotation of scaffolds with outlier SNPs. Information includes the location of 2b-RAD tag that harbouring outlier SNP on 

the scaffold, annotated protein name, accession number, E-value, potential position of the annotated gene, and AA change. 

 

Outlier 

SNP ID 

Scaffold 

No. 

Length of 

scaffold (bp) 

2b-RAD 

tags position 

on scaffold 

(bp) 

Functional annotation (BLASTx results) AA change 

Protein Accession No. E-value Potential position 

on scaffold (bp) 

1071 11 059 3212 1370–1396 
Uncharacterized protein  

[Crassostrea gigas] 
XP_011432796 6e-12 1330–1989 L/H 

1117 113 488 11 183 2665–2691 

Sulfate transporter-like 

protein 

[Crassostrea gigas] 

XP_011439977 0 6702–9218 – 

3901 272 371 23 485 
10,092–

10,118 

KS-rich protein  

[Mytilus coruscus] 
AKS48160 2e-32 3422–4690 – 
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Table 2.10 Occurrence of transitions and transversions in different bathymodioline 

mussels. 

 

SNP types B. japonicus B. aduloides  Idas sp. 

A-G 2576 1592 858 

C-T 2874 1770 912 

Total transitions 5450 3362 1770 

A-C 1395 845 555 

A-T 1487 1051 688 

G-C 714 416 305 

G-T 1153 755 493 

Total transversions 4749 3067 2041 

Transi/Transv 1.15 1.10 0.87 
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Figure 2.1 Sampling locations of B. platifrons. The blue cross represents the seep 

population collected from JR in the SCS, and the red cross represents the vent 

population collected from IR in M-OT. 
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Figure 2.2 Phylogenetic tree of selected bathymodioline mussels inferred from the 

concatenated nucleotide sequences of cox1 and nad4 based on the ML topology. The 

asterisks, squares, and circle symbols at nodes represent ML and MP bootstrap 

supports ≥ 70, and Bayesian posterior probabilities ≥ 0.90. Bootstrap supports ≥ 90 

and posterior probabilities ≥ 0.99 are highlighted in blue. Species sequenced in this 

study are labelled with red round rectangles. Three evolutionary clades in the genus 

Bathymodiolus are indicated by vertical lines in green. Code: Ba., Bathymodiolus; Be., 

Benthomodiolus (two species used as the outgroup); I., Idas. 
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Figure 2.3 Alignment efficiency for the four species of deep-sea mussels. Data for B. 

platifrons were the mean value of 28 individuals. 
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Figure 2.4 Graphical representation of the outlier detection among 9307 putative 

SNPs. The SNP-specific FST coefficient is plotted against the log10 (q-value). Green 

dots represent SNPs detected as putative outliers (q-value < 0.05). 
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Figure 2.5 Bayesian clustering analyses based on (A) 7936 neutral SNPs (K = 2) and 

(B) nine outlier SNPs (K = 2). Only one SNP per locus was retained to avoid the 

potential influence of LD. Each individual was represented by a single bar with 

different colours shown membership fractions belonging to each of the inferred 

cluster. 

  



 

 

64 

 

 

 

Figure 2.6 Results of PCA based on (A) 9298 neutral SNPs and (B) nine outlier 

SNPs.
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Chapter 3 Genome-wide SNPs reveal fine-scale genetic structure and 

local adaptation of Bathymodiolus platifrons in the Northwestern 

Pacific 

  

3. 1 Introduction 

Hydrothermal vents and cold seeps are patchily distributed in tectonically active areas 

and along continental margins, which are often separated by tens to hundreds of 

kilometers. These habitats support a high abundance of megafauna, such as giant 

tubeworms, mussels, and clams, resulting in an increased primary productivity and 

biomass in these areas when compared to those in the surrounding seawaters (Levin et 

al., 2016). Despite differences in water temperature and main source of fluid (i.e. 

geothermal or biogenic), vent and seep ecosystems are both fueled by chemosynthesis, 

the conversion of simple carbon-containing molecules, such as carbon dioxide and 

methane, into organic matters in microbes by oxidation of substances, such as hydrogen 

sulfide, methane, hydrogen as energy sources; unlike shallow-water ecosystems that 

are driven by photosynthesis (Levin et al., 2016). However, vent and seep ecosystems 

are subject to energy depletion in face of volcanic eruptions or geofluid cessations, 

which can result in shifts in community composition or even local extinctions 

(Vanreusel et al., 2009; Mullineaux et al., 2010). As megabenthos of many vent and 

seep macrobenthos are sessile (e.g. tubeworms, barnacles) or have limited mobility (e.g. 

limpets, crabs, mussels, clams), the persistence of such communities have to be 

achieved mainly through larval dispersal during their early life-history stage 

(Vrijenhoek, 2010; Baco et al., 2016; Levin et al., 2016). 

Deep-sea mussels in the genus Bathymodiolus are one of the dominant and 

foundation animal groups in vent and seep ecosystems (Van Dover, 2000). The dense 

mussel beds they form can serve as favourable habitats and settlement substrates for 

many other species, and are therefore critical to the maintenance and development of 

deep-sea chemosynthesis-based ecosystems (Vrijenhoek, 2010). Bathymodiolus 
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mussels produce planktotrophic larvae which are capable to migrate to the surface 

waters and disperse a long distance along with the impetus of ocean currents (Arellano 

et al., 2014). To date, at least 25 species of Bathymodiolus have been reported (Bouchet 

& Gofas, 2017). Among them, B. platifrons is a good candidate for population genetic 

studies due to its wide horizontal (i.e. 22°N to 35°N) and bathymetric (i.e. 642 to 1559 

m) distribution patterns, as well as its capability to inhabit both the diffuse venting areas 

and methane seeps in the Northwestern Pacific (http://www.godac.jamstec.go.jp/bio-

sample/index_e.html, June 2017; Fujikura et al., 2007; Watanabe et al., 2010). 

Knowledge on population connectivity and genetic structure for chemosynthesis-

based communities can shed light on the dynamics that facilitate the establishment and 

development of vent- and seep-associated fauna (Vrijenhoek, 2010; Baco et al., 2016). 

More importantly, it can also serve as the scientific basis for management and 

conservation of these unique ecosystems in face of the increasing threats from 

anthropogenic disturbances, such as trawling fisheries and natural resources 

exploitations (Ramirez-Llodra et al., 2011; Van Dover et al., 2011; Van Dover, 2014; 

Baco et al., 2016; Levin et al., 2016). However, most previous population genetic 

studies for deep-sea fauna have mainly based on traditional genetic markers [e.g. 

allozymes, microsatellites, AFLPs, nuclear and mitochondrial genes], which may lack 

the sensitivity to detect fine-scale genetic structure, overestimate the degree of 

connectivity, and eventually bias our understanding of their population dynamics 

especially for species that have high dispersal potential (Vrijenhoek, 2010; Baco et al., 

2016). For instance, previous studies based on one to several mitochondrial genes 

revealed no genetic differentiation among vent and seep populations of B. platifrons in 

the Northwestern Pacific (Kyuno et al., 2009; Miyazaki et al., 2013; Shen et al., 2016). 

However, using 9307 genome-wide SNPs generated by a combination of genome 

survey sequencing and 2b-RAD, the preliminary work as shown in Chapter 2 had 

detected a clear genetic divergence between B. platifrons from a methane seep in the 

SCS and a vent field in M-OT (Xu et al., 2017). 
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Herein, in this chapter, B. platifrons individuals collected from six representative 

locations along their known distribution range were used with the aim to conduct a 

more comprehensive population genetics/genomics study, which involved the 

utilization of both mitochondrial genes and genome-wide SNPs. So far, this is the first 

study comparing these two kinds of genetic markers in revealing genetic structure for 

deep-sea species with high dispersal capability. More importantly, the source-sink 

dynamics of B. platifrons in the Northwestern Pacific and the potential forces that may 

be responsible for their observed genetic divergence were also discussed in this study. 

 

3. 2 Materials and Methods 

3. 2. 1 Sample collection and DNA extraction 

Adults of 110 B. platifrons (5-11 cm shell length) collected from four hydrothermal 

vents and two methane seeps between 2009 and 2014 were used in this study (Figure 

3.1; Table 3.1). Among them, hydrothermal vents included DK (1344 m depth) and HK 

(1482 m depth) in the S-OT, and IR (1402 m depth) and IN (two sites at 993 m and 

1002 m depth) in the M-OT; methane seeps included one in JR (1122 m depth) in the 

SCS, and one in OH (two sites at 858 m and 1172 m depth) in SB. These sampling 

locations span a horizontal distance of more than 2400 km. Mussels were either 

dissected immediately and preserved in 95-100% ethanol when brought on board the 

research vessel, or frozen at -80 °C for later dissection. Genomic DNA from adductor 

muscle of each individual was extracted using the phenol/chloroform extraction 

protocol (Sambrook et al., 1989). Concentration and purity of DNA were measured 

using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, 

U.S.A.). The integrity of DNA was checked by electrophoresis using 1% agarose gels. 

 

3. 2. 2 Amplification of mitochondrial genes 

Primers BP_atp6F (5'-CATAGGAGCAAAGTAAGTGG-3') and BP_atp6R (5'-

GGTTCTACCACCATCCTCG-3'), newly designed in this study, and the primers 
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LCO1490 and HCO2198 (Folmer et al., 1994), and ArgBL and NAP2H (Arèvalo et al., 

1994; Bielawski & Gold, 1996) were used to amplify sequences of atp6, cox1, and nad4, 

respectively. PCR was performed using a Mastercycler Gradient thermocycler 

(Eppendorf, Germany) with the following program: 2 min initial denaturation at 94°C, 

30 cycles of 30 s denaturation at 94°C, 30 s annealing at 50˚C, 30 s extension at 72°C, 

and a final extension for 10 mins at 72˚C. PCR products were separated using 1.0% 

agarose gels, and purified using a ZymocleanTM Gel DNA Recovery Kit (Zymo 

Research, Irvine, CA, USA) following the manufacturer’s protocol. Purified PCRs 

products were bi-directionally sequenced on an ABI PRISM® 3730xl DNA Analyzer. 

 

3. 2. 3 Population genetic analyses using mitochondrial genes 

Obtained bi-directional sequences were visually checked, and assembled into contigs 

using the DNASTAR Lasergene package (DNASTAR Inc., Madison, WI, USA). 

Alignment for each assembled mitochondrial gene was carried out using MUSCLE 

v.3.8.31 (Edgar, 2004) under the default settings, and trimmed into the same length (i.e. 

removed the low-quality flanking sequences for each mitochondrial gene) for 

subsequent analyses. The number of haplotypes (H), haplotype diversity (Hd), and 

nucleotide diversity (π) of each mitochondrial gene for individuals collected from each 

location (i.e. local population) were calculated using Arlequin v.3.5.2.2 (Excoffier & 

Lischer, 2010). Two neutrality tests, Tajima’s D (Tajima, 1989a) and Fu’s FS (Fu, 1997) 

statistics, implemented in Arlequin were conducted for each mitochondrial gene to infer 

demographic changes of each local population. A total of 10 000 simulations were 

performed to test for significance, and significant negative values for these two statistics 

would indicate a signature of recent demographic expansion (Tajima, 1989b; Fu, 1997). 

Pairwise sequence divergence for each mitochondrial gene among all the individuals 

was estimated based on the K2P model (Kimura, 1980) implemented in MEGA v.7 

(Kumar et al., 2016). Three mitochondrial genes were concatenated using 

SequenceMatrix v.1.7.8 (Vaidya et al., 2011) to estimate pairwise FST values between 
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local populations of B. platifrons using Arlequin, with 10 000 permutations applied to 

test for significance. TCS haplotype networks were constructed for each mitochondrial 

gene using POPART v.1.7 (Leigh & Bryant, 2015) to investigate the population genetic 

structure. 

 

3. 2. 4 RAD library construction, sequencing, and data filtering 

The 2b-RAD method (Wang et al., 2012) was applied to construct RAD libraries. In 

brief, genomic DNA from each individual was digested with the type IIB restriction 

enzyme BsaXI (New England BioLabs, Ipswich, MA, USA). Two adaptors with 

compatible (5’-NNN-3’) overhangs were used to link the digested products, and a 6 bp 

unique barcode was subsequently added to each individual, resulting in DNA libraries 

of approximately 155 bp. These libraries were then purified using a QIAquick PCR 

Purification Kit (Qiagen, Chatsworth, CA, USA), analyzed for integrity by 

electrophoresis using 8% polyacrylamide gels, and quantified using a Qubit 2.0 

Fluorometer (Invitrogen, Carlsbad, CA, USA). Equal amounts (25 ng) of individual 

libraries were pooled for single-end sequencing in two lanes of Illumina HiSeq 1500 (1 

× 36 bp), one lane of HiSeq 2000 (1 × 36 bp), and three lanes of HiSeq 4000 (1 × 50 

bp). 

Raw sequencing reads were filtered using a custom Perl script to remove adaptors 

and the 3 bp terminal sequences of each read (Jiao et al., 2014). Reads with ≥ 10 

nucleotide positions having a Phred quality index < 20, without restriction sites, with 

ambiguous bases, or ≥ 30% homopolymer regions were all discarded. 

 

3. 2. 5 SNP identification and genetic statistics 

Based on recognition sites of the BsaXI enzyme, 2b-RAD tags were extracted from the 

draft genome of B. platifrons (Sun et al., 2017), and then served as a reference for SNP 

identification. SOAP v.2.21 (Li et al., 2009) was used to align the filtered reads of each 

individual to the reference using the match mode of “find the best hits” (-M 4), the 



 

 

70 

 

maximum number of allowed mismatches of two (-v 2), and no repeat allowed (-r 0). 

Output files for each individual were converted into .sam format using soap2sam.pl 

(http://soap.genomics.org.cn/soapaligner.html). 

 The ref_map.pl pipeline implemented in Stacks v.1.41 (Catchen et al., 2013b) was 

applied for SNP detection with the following stringent criteria: 1) there must be ≥ 10 

aligned reads to build a stack (-m 10); 2) loci must be biallelic as those with more alleles 

were likely caused by sequencing or clustering error; 3) loci must have a depth coverage 

≤ 120 × to reduce bias derived from repetitive genomic contents; 4) loci must be present 

in all local populations, and were genotyped in ≥ 70% individuals for each local 

population; 5) SNPs must have an overall MAF ≥ 0.02 to reduce PCR and sequencing 

errors, as well as uninformative markers (Roesti et al., 2012); 6) loci must have an 

observed heterozygosity ≤ 0.5 among all individuals to avoid inclusion of paralogs 

(Hohenlohe et al., 2011); 7) SNPs must conform to HWE (P ≥ 0.01) as assessed by the 

exact test implemented in Arlequin for each local population, with 100 000 

dememorization steps followed by 1 000 000 steps in a MC; 8) number of SNPs per 

locus must be ≤ 3. 

Stacks was also applied to calculate genome-wide genetic statistics, including 

observed heterozygosity (Ho), expected heterozygosity (He), π, and inbreeding 

coefficient (FIS) at each filtered SNP for individuals from each local population, and 

the values were averaged across all polymorphic and monomorphic loci. Filtered SNP 

datasets were formatted using the POPULATIONS module in Stacks, 

FORMATOMATIC v.0.8.1 (Manoukis, 2007), or PGDSpider v.2.0.8.3 (Lischer & 

Excoffier, 2012) for downstream analyses. 

 

3. 2. 6 Relatedness between genetic and geographic distance 

Pairwise FST values between local populations of B. platifrons were estimated using 

Arlequin based on the entire set of and the outlier SNPs respectively, with 10 000 

permutations to determine significance. The Mantel test implemented in the same 
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software was carried out to correlate genetic distance (i.e. FST values calculated based 

on the entire set of SNPs) and geographic distance (km), also with 10 000 permutations 

applied to test for significance. Approximate geographic distance between each pair of 

the local populations was measured using the Latitude/Longitude Distance Calculator 

(http://jan.ucc.nau.edu/~cvm/latlongdist.html). An intermediate geographical point 

between the two sampling sites of IN and OH was generated separately to simplify the 

calculation. 

 

3. 2. 7 Evaluation of population genetic structure using the entire and the 

outlier SNP datasets 

STRUCTURE v.2.3.4 (Pritchard et al., 2000) was applied to the entire and the outlier 

SNP datasets separately to determine the genetic clusters of B. platifrons in the 

Northwestern Pacific. For both datasets, only one SNP per locus was retained to avoid 

bias derived from potential LD (Pritchard et al., 2000; Catchen et al., 2013a). We used 

the LOCPRIOR model, which includes the prior population information for admixture, 

together with the corrected allele frequencies for data analyses. The number of genetic 

clusters K was set from 1 to 6, each with five replicates with a burn-in of 1 00 000 

followed by 1 000 000 iterations. The optimal K was evaluated using STRUCTURE 

HARVESTER v.0.6.94 (Earl & vonHoldt, 2012). An optimal alignment of replicate 

runs at the optimal K was determined using CLUMPP v.1.1.2 (Jakobsson & Rosenberg, 

2007), and the graph of genetic structure was visualized using DISTRUCT v.1.1 

(Rosenberg, 2004). PCA was conducted to reveal the genetic variation among 

individuals of B. platifrons using the R package SNPRelate (Zheng et al., 2012) based 

on the same datasets used in STRUCTURE analyses. 

 

3. 2. 8 Detection and annotation of the candidate outlier SNPs under natural 

selection 

According to values of the pairwise FST (Table 3.3) and the results of STRUCTURE 
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and PCA based on the entire SNP dataset (Figures 3.5 and 3.6), an extensive genetic 

exchange was detected among B. platifrons distributed in OT and SB. Nevertheless, a 

minor genetic differentiation was still observed between individuals in S-OT and those 

in M-OT and SB (Figure 3.6A; for details please refer to Section 3. 3. 4). Therefore, to 

screen candidate genomic loci that may uncover local adaptation and fine-scale genetic 

structure of B. platifrons in the OT-SB region, outlier analyses were carried out only for 

77 individuals in OT and SB (excluded the three individuals that showed high genetic 

similarity to those in JR; for details please refer to Section 3. 3. 4 and Section 3. 4) 

using both Arlequin and BayeScan v.2.1 (Foll & Gaggiotti, 2008). 

 The hierarchical island model instead of the finite island model, implemented in 

Arlequin is powerful in outlier detection for hierarchically subdivided populations or 

populations with a recent common ancestry (Excoffier et al., 2009). Based on the 

geographic affinity (Figure 3.1) and results of PCA (Figure 3.6A), we assumed a 

hierarchical island mode in Arlequin by grouping B. platifrons into three groups: S-OT 

= DK & HK, M-OT = IR & IN, and SB = OH, and carried out outlier screening analyses 

by running 100 000 simulations along with 100 simulated demes and 50 stimulated 

groups (P < 0.01). Besides, the Bayesian method implemented in BayeScan was applied 

to detect candidate outliers under natural selection using default settings. A posterior 

probability > 0.76, corresponding to a BF > 3 (Foll, 2012), and a q-value < 0.05, were 

used to define candidate outliers under natural selection. 

Genomic regions of the candidate outliers were determined by mapping the outlier-

containing 2b-RAD tags against the draft genome of B. platifrons (Sun et al., 2017). 

For those mapped to the genic regions [i.e. CDS, intron, or 3/5’-UTR], their 

corresponding proteins (i.e. outlier-associated proteins) were then extracted for 

functional annotation. Functional annotation was carried out by searching against the 

NCBI non-redundant database using BLASTp with an E-value cut-off of 1e-5. The 

resultant .xml format file was then submitted to Blast2GO v.3.1 (Conesa et al., 2005) 

to obtain the GO information. 
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3. 2. 9 Estimation of contemporary gene flow and historical migration patterns 

using SNPs 

BayesAss v.3.0 (Wilson & Rannala, 2003) was used to estimate the contemporary gene 

flow of B. platifrons over the last few generations based on four groups of populations, 

namely SCS (i.e. JR), S-OT, M-OT, and SB. Due to the computational limitation of this 

software, three separate datasets each with 400 randomly selected neutral SNPs with 

only one SNP per locus were used for analyses. For each dataset, a total of 100 000 000 

iterations were conducted, with the first 10 000 000 discarded as burn-in and sampling 

at every 1000 iterations. Mixing parameters for allele frequencies (-a), inbreeding 

coefficients (-f), and migration rates (-m) were all set to 1. Three independent runs 

initiated with different seeds were performed for each SNP dataset. Trace files 

generated for each run were visualized using Tracer v.1.6 (Rambaut et al., 2014) to 

examine consistency of the estimation between independent runs. 

TreeMix v.1.13 (Pickrell & Pritchard, 2012) was applied to estimate the historical 

migration patterns of B. platifrons based on the entire set of SNPs, with only one SNP 

per locus retained, blocks of 20 SNPs (-k 20) applied, and -global option turned on. JR 

was set as the root due to its larger genetic divergence from other populations, and the 

ML tree was constructed allowing 1 to 8 migration events (-m option). Variance 

explained (%) in relation to the number of migration events by the population graph 

was used to determine the best-fit model. 

 

3. 3 Results 

3. 3. 1 Population genetic analyses based on mitochondrial genes 

Alignment and trimming of the amplified sequences resulted in 717 bp full-length atp6, 

647 bp partial cox1, and 597 bp partial nad4 sequences. Values of Hd for each local 

population ranged from 0.7273 to 0.9778 for atp6, 0.4909 to 0.8286 for cox1, and 

0.6476 to 0.8667 for nad4; π ranged from 0.0015 to 0.0030 for atp6, 0.0008 to 0.0022 
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for cox1, and 0.0015 to 0.0027 for nad4 (Table 3.2). Most Tajima’s D and all Fu’s FS 

statistics showed significant negative values (P < 0.05) for local populations of B. 

platifrons (Table 3.2). Pairwise sequence divergence ranged from 0 to 0.84% (mean: 

0.20%) for atp6, 0 to 0.78% (mean: 0.17%) for cox1, and 0 to 1.02% (mean: 0.22%) 

for nad4. Pairwise FST values calculated based on the three concatenated mitochondrial 

genes ranged from -0.0134 to 0.0782, with no significance detected after Bonferroni 

correction (P > 0.1) (Table 3.3). TCS haplotype networks based on each mitochondrial 

gene all roughly exhibit a star-like shape, with the most frequent haplotype shared 

among different locations in the center that is surrounded by several low frequency and 

private haplotypes (Figure 3.2). 

 

3. 3. 2 SNP identification and genetic statistics 

Sequencing of 2b-RAD libraries generated approximately 2.2 billion reads in total, with 

a mean of 19.9 million reads per individual. Quality control reduced the data to a mean 

of 15.5 million reads per individual, providing an average depth coverage of 46.3 ×. A 

total of 314 151 2b-RAD tags were extracted from the 1.64 Gb genome of B. platifrons 

(Sun et al., 2017), with one cutting site in every 5.2 kb. Among these tags, 177 365 

(56.5%) occurred uniquely, 965 (0.3%) contained ambiguous bases (N), and 28 161 

(43.2%) had repeats (range: 2 to 1378). All of them were used as the reference for 

subsequent SNP identification. 

After genotyping and strict filtering, a total of 6398 SNPs were identified from 

5458 2b-RAD tags (Table 3.4). The number of polymorphic nucleotide sites for the six 

local populations varied from 4452 (accounts for 3.0% of the total nucleotide sites) to 

5769 (accounts for 3.9% of the total nucleotide sites). Since loci were retained only 

when they were present in all local populations, a few private SNPs were present in 

each local population after filtering: 19 in JR, one in HK, three in OH, and no have been 

detected in DK, IR or IN. Local populations of DK and HK, which are distributed in S-

OT, were calculated to have lower values of Ho (DK: 0.0064; HK: 0.0066) and π (DK: 
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0.0069; HK: 0.0072), and higher values of FIS (DK: 0.0019; HK: 0.0020), compared to 

those distribute in the SCS (JR: 0.0070, 0.0074, 0.0013), M-OT (IR: 0.0071, 0.0074, 

0.0008; IN: 0.0071, 0.0074, 0.0011) and SB (OH: 0.0071, 0.0074, 0.0012). All these 

statistics are summarized in Table 3.5. 

 

3. 3. 3 Genetic differentiation estimated based on the entire set of and the outlier 

SNPs and its relatedness to geographic distance 

Values of FST calculated based on 6398 SNPs ranged from -0.0010 to 0.0206 (Table 3.3) 

with significance detected only between JR and all the other local populations (FST 

range: 0.0139 to 0.0206) after Bonferroni correction (P < 0.00001). In contrast, FST 

values calculated based on 138 candidate outlier SNPs (for details please refer to 

Section 3. 3. 5) ranged from 0.0417 to 0.1964 (Table 3.6), with significance detected in 

all pairwise estimations among local populations of B. platifrons in the OT-SB region 

after Bonferroni correction (P < 0.00001). Among them, FST values calculated between 

the two local populations in S-OT (FST = 0.0685), as well as those among the three local 

populations in M-OT and SB (FST range: 0.0417 to 0.0778) are smaller, whereas FST 

values for the two local populations in S-OT between those in M-OT or SB (FST range: 

0.0799 to 0.1964) are larger (Table 3.6). 

 The Mantel test revealed no correlation between genetic distance represented using 

FST values calculated based on 6398 SNPs and the geographic distance (Figure 3.3), 

showing no evidence for isolation-by-distance throughout the known distribution range 

of B. platifrons. 

 

3. 3. 4 Population genetic structure inferred based on the entire and the outlier 

SNP datasets 

STRUCTURE analyses based on 5458 SNPs (only one SNP per locus retained) reveled 

two distinct genetic clusters (the optimal K = 2) of B. platifrons in the Northwestern 

Pacific as assessed by STRUCTURE HARVESTER (Figure 3.4A,B). One genetic 
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cluster consisted of all the individuals in JR in the SCS, as well as three individuals in 

OH, whereas the other cluster was formed by the rest individuals in the OT-SB region 

(Figure 3.5A). This pattern of population genetic structure was also observed in the 

results of PCA along the first eigenvector (Figure 3.6A). What’s more, a minor but clear 

genetic subdivision for most individuals in S-OT from the others in M-OT and SB was 

detected along the second eigenvector in PCA (Figure 3.6A). This result indicates that 

there may exist a subtler genetic structure in the OT-SB region even in face of extensive 

gene flow. 

 To test our conjecture, SNP data for 77 individuals of B. platifrons in the OT-SB 

region, with the three in OH that showed high genetic similarity to those in JR excluded, 

were used for outlier identification. A total of 125 (only one SNP per locus retained) 

out of the resultant 138 outliers (details please see next section) were afterwards applied 

for STRUCTURE analyses and PCA. As evaluated by STRUCTURE HARVESTER 

(Figure 3.4C,D), STRUCTURE analyses based on these 125 candidate outliers showed 

that B. platifrons in the OT-SB region formed two genetic clusters (the optimal K = 2), 

with individuals in S-OT forming one genetic cluster, whereas the rest forming another 

one (Figure 3.5B). Results of PCA also separated individuals in S-OT from the others 

in M-OT and SB along the first eigenvector (Figure 3.6B). Moreover, individuals in IR, 

IN, and OH also tended to cluster into three independent genetic units along the second 

eigenvector (Figure 3.6B). A similar pattern of genetic divergence can also be achieved 

by STRUCTURE analyses when forcing K = 4 (Figure 3.7). 

 

3. 3. 5 Characterization of the candidate outlier SNPs 

The coalescent method implemented in Arlequin identified 138 candidate outliers 

associated with 125 loci (Figure 3.8A; Table 3.7), which included all 13 candidate 

outliers associated with 10 loci identified by the Bayesian method implemented in 

BayeScan (Figure 3.8B; Table 3.8). Among them, 46 outlier SNPs associated with 39 

loci were mapped to 38 proteins derived from the draft genome of B. platifrons. These 
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outliers were found to locate in different regions throughout the genome, including 11 

(8.0%) in CDSs, among which five are nonsynonymous substitutions, 28 (20.3%) in 

introns, and seven (5.1%) in 3’-UTRs (Figure 3.8C). A total of 33 out of these 38 outlier-

associated proteins had an annotation, with eight of them having more than one outlier 

SNPs (Tables 3.10 and 3.11). Based on the results of BLASTp and GO annotation 

(Table 3.9), supplemented with manual annotation using the UniProt database, we 

tentatively classified them into ten broad categories, including carbohydrate and lipid 

metabolism (3, 7.9%), cell death (1, 2.6%), DNA metabolism (3, 7.9%), localization (6, 

15.8%), protein folding, assembly, and metabolism (4, 10.5%), response to stimulus (3, 

7.9%), signaling (6, 15.8%), system development and processing (3, 7.9%), 

transcription and translation (4, 10.5%), as well as those with unknown functions (5, 

13.2%) (Figure 3.8D; Table 3.10). 

  

3. 3. 6 Contemporary gene flow and historical migration patterns inferred based 

on SNPs 

Results of BayesAss analyses revealed that B. platifrons in S-OT had an extremely high 

local retention rate of 96.9 ± 1.5%, and a very low proportion of migrants from the other 

places over the last several generations (Table 3.11). In contrast, those in the SCS, M-

OT, and SB had a moderate local retention rate of 67.6 ± 1.0%, 68.0 ± 1.3%, and 67.9 

± 1.1%, respectively, and nearly all the rest proportions (i.e. 30.4 ± 1.6% in the SCS, 

29.3 ± 2.1% in M-OT, and 29.8 ± 1.9% in SB) were derived from recent migrants from 

S-OT (Table 3.11). It has been reported that the Bayesian method implemented in 

BayesAss would perform best when FST values are high than 0.05 (Faubet et al., 2007). 

However, the quite regular oscillations observed in the trace plot (Figure 3.9) and the 

consistent results of the three datasets each with three independent runs (Table 3.11) 

indicate a satisfactory mixing and the reliability of our estimation (Rannala, 2007). 

The rooted ML tree derived from TreeMix without migration events (m = 0, Figure 

3.10A) explained 94.9% of the variance in relatedness between local populations. When 
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the migration events reached six, the explained variance increased to nearly 100%, and 

then became saturated when the number of migration events further increased (Figure 

3.11). Hence, a ML graph allowing six migration events (m = 6) was selected as the 

best-fit model (Figure 3.10B). Under this model, individuals of B. platifrons in 1) HK 

had 53.8%, and those in OH had 43.2% ancestry from their most recent common 

ancestry in the OT-SB region; 2) IR had 13.2% ancestry from DK; 3) OH had 3.1% 

ancestry from HK, and DK and IR had 10.5% and 4.9% ancestry from JR, respectively. 

 

3. 4 Discussion 

During the past few years, the development of high-throughput sequencing techniques 

has allowed rapid generation of abundant genetic markers from wild populations to 

address biogeographic and evolutionary questions from a genomic aspect (Davey et al., 

2011). Although SNPs are known to have the limitation of low mutation rate and lower 

diversity due to only four possible allelic states, it has been shown that thousands of 

SNPs obtained via high-throughput sequencing techniques, such as RAD-seq, are more 

powerful than traditional genetic makers in assigning individuals to their origin and 

reveling fine-scale genetic structure especially for species with weakly differentiation 

populations (e.g. Rašić et al., 2014; Dierickx et al., 2015; Blanco-Bercial & Bucklin, 

2016; Puckett, 2017; Vendrami et al., 2017). Nowadays, most population studies for 

deep-sea chemosynthesis-based ecosystems have been carried out mainly using 

traditional genetic markers, with quite a few of them revealed no obvious genetic 

structure especially for species with high dispersal potential (Vrijenhoek, 2010; Baco 

et al., 2016). As far as we know, our study is one of the few population genomics studies 

based on genome-wide genetic markers for habitants from chemosynthesis-based 

ecosystems in the deep ocean (Herrera et al., 2015), and for the first time to directly 

compare the powerfulness of mitochondrial genes and thousands of SNPs in revealing 

population genetic structure for deep-sea species with high dispersal capability.  

By using individual mitochondrial genes, a moderate to high Hd together with low 
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π values were observed for local populations of B. platifrons, which indicates these 

local populations had a small historical effective population size and have undergone a 

recent demographic expansion (Avise, 2000). The signal of demographic expansion 

was also supported by the star-like haplotype network for each mitochondrial gene, and 

the significant negative values of Tajima’s D and Fu’s FS (Tajima, 1989b; Fu, 1997). 

Such demographic instability has been observed for various vent and seep-associated 

fauna, which might be a consequence of bottlenecks derived from regional extinction 

events, or founder effects due to colonization of re-activated chemosynthetic habitats 

(e.g. Plouviez et al. 2009; Teixeira et al., 2011; Yahagi et al., 2015). 

 Analyses of only a single or a few genetic markers usually lead to relatively larger 

confidence intervals for very small F values, resulting in non-statistical significance for 

species with extensive gene flow and/or very large population sizes (Blanco-Bercial & 

Bucklin, 2016). Using three concatenated mitochondrial genes, our analyses did not 

detect significant genetic differentiation among local populations of B. platifrons. In 

contrast, by applying 6398 SNPs that are randomly distributed throughout the genome, 

we detected significant genetic differentiation between individuals in JR and those in 

the OT-SB region. Moreover, when using 138 candidate outliers for estimation, the 

resultant larger significant FST values for the two local populations in S-OT between 

those in M-OT or SB indicate a further population subdivision. Besides, the haplotype 

networks of mitochondrial genes revealed no obvious population genetic structure, 

whereas when using the entire and outlier SNP datasets, three genetic clusters 

composed of individuals in the SCS, S-OT, and those in M-OT and SB were identified. 

All these results strongly uncovered the outperformance of genome-wide SNPs over 

limited numbers of mitochondrial genes in detecting minor genetic differentiation and 

delineating fine-scale genetic structure of B. platifrons. Herein, we mainly discuss our 

understanding of population connectivity, genetic structure, source-sink dynamics, and 

local adaptation of B. platifrons based on the implication of SNPs as below. 

Life history traits, ocean currents, and geographical barriers all play important roles 
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in shaping the population genetic structures of marine organisms (Vrijenhoek, 2010). 

Larvae of Bathymodiolus mussels are capable of swimming from the spawning sites to 

the surface waters, which can facilitate their long-distance dispersal in the teleplanic 

mode (Arellano & Young, 2009; Arellano et al., 2014). In our study, results of BayesAss 

showed that local populations of B. platifrons in S-OT served as the source, which is 

consistent with their lower values of Ho and π, as well as higher values of FIS compared 

to the other sink populations. Estimation of contemporary gene flow revealed that 

individuals in JR in the SCS formed one of the sink populations, which have received 

migrants from S-OT over the past several generations. This migration pattern might be 

achieved by the intrusion of the NPIW into the SCS, especially during winter (Figure 

3.1A; Wu et al., 2015), which has been shown to be the spawning season for other 

Bathymodiolus mussels (Dixon et al., 2006; Tyler et al., 2007). Nevertheless, an 

opposite direction of historical migration from the SCS to OT was also detected, where 

the larval dispersal might be facilitated by the looping path of the Kuroshio Current in 

the SCS (Nan et al., 2011). 

The Kuroshio Current is a strong warm current in the Northwestern Pacific that 

originates from the North Equatorial Current and runs northeastward along the 

Philippines coast. When passing by the Luzon Strait, a branch of Kuroshio Current can 

intrude into the SCS with a strong anticyclonic circulation with the loop extending to 

116°–117°E, and then flows out of the SCS to join its mainstream that runs towards 

eastern Taiwan, the outer shelf of the East China Sea, and passes by SB (Figure 3.1A; 

Nan et al., 2011; Andres et al., 2015). Such a flow pattern may facilitate the dispersal 

of B. platifrons, as the larvae that have vertically migrated from the JR site up to the 

surface waters may disperse out of the SCS, and drift northwards along the main route 

of the Kuroshio Current. Moreover, this regional flow pattern may explain why three 

individuals in OH showed high genetic similarity to individuals in JR, since the larval 

duration of Bathymodiolus mussels was estimated to last for up to one year (Arellano 

& Young, 2009), which may enable their arrival and settlement from the SCS to SB. 
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However, if it was the case, such migrants were supposed to be found also in OT. Based 

on the genetic structure identified here, we could infer that types of habitats (i.e. vents 

and seeps) or water depth may not serve as the primary factors leading to their genetic 

subdivision. Herein, we hypothesized that the non-presence of migrants that showed 

high genetic similarity to those from JR in OT could be a consequence of sampling bias. 

Alternatively, individuals of B. platifrons from JR might be under a process of 

speciation with gene flow (Nosil, 2008), and are only capble to mate with others in the 

Northwestern Pacific at some specific locations (e.g. OH). Similar situations have been 

widely observed in marine ecosystems, including Bathymodiolus mussels from the 

Mid-Atlantic Ridge (O’ Mullan et al., 2001; Faure et al., 2009, Breusing et al., 2017) 

and the Eastern Pacific (Johnson et al., 2013; Plouviez et al., 2013). 

Oceanographic connection between the SCS and the Northwestern Pacific is 

mainly achieved through the seasonal intrusions of the Kuroshio Current, NPIW, as 

well as the Pacific Deep Water (depth > 1500 m) through the narrow Luzon Strait at 

different water depths (Nan et al., 2011; Wu et al., 2015). Such a low-level water 

exchange between two sides of the Luzon Strait can lead to reduced larval transport, 

and limited genetic exchange between B. platifrons in the SCS and the open area in the 

Northwestern Pacific. As a result, it may contribute to the clear genetic separation of B. 

platifrons in the SCS from those in the OT-SB region. In contrast, the main stream of 

Kuroshio Current in the Northwestern Pacific passing from OT to SB (Andres et al., 

2015) may explain the contemporary and historical migration patterns of B. platifrons, 

as well as their homogeneity at a whole-genome scale in this region. 

Although confronted with extensive gene flow, individuals of B. platifrons in S-OT 

were still detected to be genetically distinct from those distributed in M-OT and SB 

when using the entire SNP dataset in PCA. It has been known that genomic regions 

with a high level of genetic differentiation across samples might be due to natural 

selection in response to local adaptation, and thus impel population divergence even at 

a small geographic scale (Milano et al., 2014; Gagnaire et al., 2015). Herein, we carried 
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out outlier analyses focusing on only B. platifrons in the OT-SB region. The outlier-

associated proteins were found to have broad functions (Table 3.10), indicating that 

environmental stresses derived from local conditions can impact the genetic materials 

functioning in various biological processes of B. platifrons. For instance, two outliers 

(ID: 17897_12, 17897_22) were identified in the intron of an isoform of Alkbh8, a gene 

known to have both DNA repair and tRNA modification activities in response to 

oxidative stress (Endres et al., 2015). Two outliers (ID: 63215_15, 63215_22) were 

found in the intron of the glutathione peroxidase 1 gene, which belongs to the 

glutathione peroxidase family that is known to play a central role in biocatalysis and 

detoxification in aquatic organisms (Liu et al., 2016). An outlier (ID: 78652_20) was 

identified in the intron of a MAM and LDL-receptor class A domain-containing 1-like 

gene, which has been found to have a high expression level in the gills of B. platifrons, 

and might be involved in the interaction between B. platifrons and its symbionts (Sun 

et al., 2017). An outlier (ID: 40929_24) was identified in the intron of twitchin-1 gene, 

which encodes a thick-filament protein from molluscan adductor muscle that can 

benefit the maintenance of their catching forces (Shelud’ko et al., 2004). Moreover, an 

outlier (ID: 47380_13) was identified in the intron of an isoform of ribonuclease 3-like 

gene, which is capable to cleavage double-stranded RNAs to facilitate their decay and 

maturation (Nicholson, 2014). 

By using these candidate outlier SNPs, a distinct genetic separation of B. platifrons 

in S-OT from those in M-OT and SB was observed. This phenomenon infers that these 

outliers may be responsible for adaptation of B. platifrons to their local environments 

in the OT-SB region. What’s more, the outlier-associated genes identified here would 

provide a starting point for more detailed population and functional studies in the future, 

and thus contribute to a deeper understanding of the evolution and adaptation of vent- 

and seep-associated communities in chemosynthesis-based ecosystems. 
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3. 5 Conclusions and prospects 

Regardless of natural disturbances derived from volcanic eruptions or geofluid 

cessations (Vanreusel et al., 2009; Mullineaux et al., 2010), vent and seep ecosystems 

are facing an increasing threat from anthropogenic activities during the past decades 

(Ramirez-Llodra et al., 2011; Van Dover et al., 2011; Van Dover, 2014; Baco et al., 

2016; Levin et al., 2016). Such disturbances can disrupt the entire chemosynthesis-

based ecosystems, resulting in adverse effects, such as exhaustion of natural resources, 

degradation of habitat quality, alteration of community structure, and extinction of 

species, moreover, large-scale phenomena, including climate change and ocean 

acidification, can also adversely impact the entire deep-sea ecosystems (Ramirez-

Llodra et al., 2011; Van Dover et al., 2011; Van Dover, 2014; Nakajima et al., 2015; 

Levin et al., 2016). Under such conditions, it is urgent to protect these unique 

ecosystems while allowing their rational utilization. In this context, understanding the 

connectivity and resilience of vent and seep ecosystems will provide essential scientific 

basis for adequate management of these deep-sea resources (Van Dover et al., 2011; 

Baco et al., 2016). 

By using genome-wide SNPs rather than mitochondrial genes, this study revealed 

three genetic groups of B. platifrons within their known distribution range, illuminated 

their contemporary and historical migration patterns, and detected loci or genomic 

regions potentially under diversifying selection in relation to local adaptation. These 

results not only have bridged the knowledge gaps in population genetics in the Western 

Pacific, but also can serve as an example of population genomics studies for other deep-

sea species, especially those that have high dispersal potential, or those that have been 

detected as a homogenous metapopulation with a wide distributional range (i.e. 

geographical and/or bathymetrical) by using few traditional genetic markers alone. 

These studies will have the potential to uncover the fine-scale genetic structure and 

population dynamics for vent- and seep-associated fauna, contributing to an effective 

determination of distinct biogeographic regions, establishment of informed 
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management plans, and designation of deep-sea reserves in global chemosynthesis-

based ecosystems.
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Table 3.1 Information on sampling locations of B. platifrons in the Northwestern Pacific. 

 

Region Location Habitat Depth (m) Coordinate Sample size Cruise no. Dive no. Date 

SCS Jiaolong Ridge (JR) Methane seep 1122 22° 06.921' N, 

119° 17.131' E 

30 Dayang-31 Jiaolong 

Dive 55 

06.19.2013 

S-OT Dai-yon Yonaguni 

Knoll (DK) 

Vent 1344 24° 50.911' N, 

122° 42.093' E 

20 KY14-02 HPD#1623 02.06.2014 

Hatoma Knoll (HK) Vent 1482 24° 51.474' N, 

123° 50.514' E 

15 KY14-02 HPD#1621 02.03.2014 

M-OT Iheya Ridge (IR) Vent 1402 27° 32.994' N, 

126° 58.158' E 

10 KY11-02 leg2 HPD#1245 02.10.2011 

Iheya North (IN) Vent 993 27° 47.464' N, 

126° 53.804' N 

8 NT13-22 HPD#1593 11.14.2013 

1002 27° 47.995' N, 

126° 53.815' E 

3 KY14-01 HPD#1612 01.20.2014 

SB Off Hatsushima (OH) Methane seep 1172 35° 0.174' N, 

139° 13.470' E 

12 KY11-01 leg1 HPD#1237 01.20.2011 

858 35° 0.954' N, 

139° 13.332' E 

12 NT09-06 leg1 HPD#0981 04.29.2009 
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Table 3.2 Summary genetic statistics of B. platifrons based on each mitochondrial 

gene. Code: N, sample size; H, number of haplotypes. Significance: *P < 0.05; **P < 

0.01; ***P < 0.001. 

 

Gene Location N H Hd π Tajima's D Fu's FS  

atp6 

(717 bp) 

JR 30 12 0.7356 0.0016 -2.1248** -9.2918*** 

DK 20 10 0.7579 0.0016 -2.0474** -7.6398*** 

HK 15 8 0.8286 0.0020 -1.5158 -4.3642** 

IR 10 9 0.9778 0.0030 -1.7295* -7.0432*** 

IN 11 6 0.7273 0.0015 -1.8506* -3.3039** 

OH 24 13 0.8478 0.0023 -2.0706** -9.6958*** 

cox1 

(647 bp) 

JR 30 12 0.7655 0.0022 -1.8726* -7.8294*** 

DK 20 10 0.7105 0.0014 -2.2189** -9.3321*** 

HK 15 8 0.8286 0.0020 -1.4664 -4.9120*** 

IR 10 4 0.5333 0.0009 -1.5622* -1.9637** 

IN 11 4 0.4909 0.0008 -1.6000* -2.0423** 

OH 24 10 0.7065 0.0016 -1.9029* -7.7136*** 

nad4 

(597 bp) 

JR 30 12 0.8184 0.0021 -1.7635* -8.7518*** 

DK 20 13 0.8526 0.0025 -2.1633** -12.1714*** 

HK 15 6 0.6476 0.0015 -1.4512 -3.2353** 

IR 10 7 0.8667 0.0023 -1.8391** -4.5227*** 

IN 11 6 0.8000 0.0018 -1.4646 -3.4118** 

OH 24 15 0.8659 0.0027 -2.0000** -14.2081*** 
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Table 3.3 Pairwise FST estimated based on three concatenated mitochondrial genes 

(above diagonal) and 6398 putative SNPs (below diagonal). Significance: *P < 

0.00001 after Bonferroni correction. 

 

  JR DK HK IR IN OH 

JR - 0.0038 0.0052 0.0008 0.0103 -0.0097 

DK 0.0201* - 0.0255 -0.0124 -0.0087 -0.0041 

HK 0.0188* 0.0013 - 0.0048 0.0782 -0.0014 

IR 0.0162* 0.0032 -0.0008 - 0.0138 -0.0134 

IN 0.0206* 0.0049 -0.0008 0.0004 - 0.0008 

OH 0.0139* 0.0022 -0.0010 0.0008 -0.0005 - 
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Table 3.4 Number of putative loci retained following each step of filtering and the 

final results of candidate SNPs. 

 

Category Count 

Putative loci after filtering steps  

Putative 2b-RAD loci 159 223 

Polymorphic loci  91 487 

Biallelic loci 76 317 

Coverage depth ≥ 10 and ≤ 120 54 554 

Present in all six local populations and genotyped 

individuals ≥ 70% 

12 981 

Overall MAF ≥ 0.02 5815 

Observed heterozygosity ≤ 0.5 5661 

Hardy-Weinberg equilibrium (P < 0.01) 5464 

Number of SNPs per locus ≤ 3 5458 

Candidate SNPs  

Total number 6398 

Number when one per locus was retained 5458 

Outliers detected by Arlequin (P < 0.01) 138 

Outliers detected by BayeScan (Pos. prob. > 0.76, q-

value < 0.01) 

13 

Total number of outliers 138 

Number of outliers when one per locus was retained 125 
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Table 3.5 Summary genetic statistics of B. platifrons based on 6398 SNPs. Code: N, 

average number of individuals genotyped at each locus; Poly sites, number of 

polymorphic loci; % Poly, percentage of polymorphic sites accounts for the total 

nucleotide sites; Private, number of unique SNPs in each local population. Values of 

Ho, π, and FIS were averaged across all polymorphic and monomorphic loci. 

 

Location N Poly sites % Poly Private Ho π FIS 

JR 27.7 5769 3.9 19 0.0070 0.0074 0.0013 

DK 19.5 5227 3.5 0 0.0064 0.0069 0.0019 

HK 13.7 4914 3.3 1 0.0066 0.0072 0.0020 

IR 9.5 4452 3.0 0 0.0071 0.0074 0.0008 

IN 10.9 4656 3.2 0 0.0071 0.0074 0.0011 

OH 22.3 5683 3.9 3 0.0071 0.0074 0.0012 

Note: Total nucleotide sites: 27 nucleotide sites per locus × 5458 loci = 147 366 

nucleotide sites 
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Table 3.6 Pairwise FST estimated based on the 138 candidate outlier SNPs. 

Significance: *P < 0.00001 after Bonferroni correction. 

 

    S-OT M-OT SB 

    DK HK IR IN OH 

S-OT DK -     

HK 0.0685* -    

M-OT IR 0.1964* 0.1099* -   

IN 0.1816* 0.0799* 0.0742* -  

SB OH 0.1623* 0.0917* 0.0778* 0.0417* - 
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Table 3.7 A total of 138 candidate outlier SNPs identified using Arlequin (P < 0.01). 

The observed heterozygosity (Obs. het.) between sampling locations, observed FST 

along with its associated P value, and 1 – the quantile of the observed FST for each 

outlier derived from the software output are shown. The first 13 outliers were also 

identified by the Bayesian method implemented in BayeScan. 

 

No. Outlier SNP ID  Obs. het. Obs. FST P 1-FST quantile 

1 10984_25 0.2734  0.1849  5.4e-6 5.4e-6 

2 21472_1 0.4655  0.2680  1.1e-23 1.1e-23 

3 21472_2 0.4655  0.2680  1.1e-23 1.1e-23 

4 31643_4 0.3897  0.1541  3.3e-4 3.3e-4 

5 66306_0 0.3643  0.2052  9.6e-9 9.6e-9 

6 66306_1 0.3643  0.2052  9.6e-9 9.6e-9 

7 80936_8 0.4658  0.2738  1.3e-25 1.3e-25 

8 89506_7 0.2994  0.2106  7.4e-9 7.4e-9 

9 89506_11 0.2994  0.2106  7.4e-9 7.4e-9 

10 93903_4 0.4739  0.1665  6.0e-5 6.0e-5 

11 100889_3 0.4541  0.2179  6.3e-10 6.3e-10 

12 105353_0 0.3044  0.2304  2.3e-12 2.3e-12 

13 108017_4 0.4975  0.1745  1.1e-4 1.1e-4 

14 1159_13 0.0294  0.0765  3.9e-3 3.9e-3 

15 2436_4 0.2804  0.0908  7.8e-3 7.8e-3 

16 3957_12 0.1433  0.1284  2.7e-3 2.7e-3 

17 4001_22 0.3235  0.0952  7.2e-3 7.2e-3 

18 4665_20 0.1126  0.1983  5.8e-4 5.8e-4 

19 6016_1 0.0649  0.1137  3.5e-3 3.5e-3 

20 6757_15 0.0613  0.0959  6.9e-3 6.9e-3 

21 6919_23 0.0797  0.1005  8.0e-3 8.0e-3 

22 8132_25 0.3516  0.1181  2.3e-3 2.3e-3 

23 8416_20 0.1019  0.1740  8.3e-4 8.3e-4 

24 9297_21 0.4807  0.1212  1.6e-3 1.6e-3 

25 9332_2 0.1039  0.1101  6.0e-3 6.0e-3 

26 9332_7 0.1039  0.1101  6.0e-3 6.0e-3 

27 13119_23 0.0533  0.1019  4.3e-3 4.3e-3 
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28 14564_23 0.0333  0.0902  2.0e-3 2.0e-3 

29 15634_2 0.0655  0.1234  2.2e-3 2.2e-3 

30 15932_3 0.3183  0.1308  1.2e-3 1.2e-3 

31 16272_25 0.2801  0.1142  2.6e-3 2.6e-3 

32 16278_24 0.0785  0.1563  8.0e-4 8.0e-4 

33 17897_12 0.1458  0.0937  9.6e-3 9.6e-3 

34 17897_22 0.4036  0.1721  8.5e-5 8.5e-5 

35 19543_2 0.0545  0.0990  5.0e-3 5.0e-3 

36 19543_23 0.0545  0.0990  5.0e-3 5.0e-3 

37 22665_12 0.0701  0.1100  4.6e-3 4.6e-3 

38 23188_6 0.0263  0.0599  8.4e-3 8.4e-3 

39 23387_12 0.0976  0.1635  9.8e-4 9.8e-4 

40 23510_8 0.1329  0.1063  6.6e-3 6.6e-3 

41 23861_22 0.0761  0.1178  3.7e-3 3.7e-3 

42 24895_12 0.1998  0.1158  3.0e-3 3.0e-3 

43 25456_15 0.2882  0.0902  7.7e-3 7.7e-3 

44 25810_22 0.4387  0.0887  9.8e-3 9.8e-3 

45 26600_4 0.1350  0.1087  6.0e-3 6.0e-3 

46 26647_12 0.5072  0.1082  3.0e-3 3.0e-3 

47 27030_2 0.2296  0.1034  6.2e-3 6.2e-3 

48 27746_26 0.0804  0.1013  7.7e-3 7.7e-3 

49 28615_4 0.2855  0.0865  9.5e-3 9.5e-3 

50 29385_14 0.4112  0.1359  7.5e-4 7.5e-4 

51 29566_7 0.2628  0.1041  5.5e-3 5.5e-3 

52 31207_6 0.1410  0.1233  3.5e-3 3.5e-3 

53 31947_3 0.0532  0.0963  5.6e-3 5.6e-3 

54 32022_26 0.2409  0.0987  7.9e-3 7.9e-3 

55 32196_2 0.2761  0.1256  2.0e-3 2.0e-3 

56 32395_3 0.0443  0.1381  3.2e-4 3.2e-4 

57 34385_6 0.3106  0.1170  2.0e-3 2.0e-3 

58 34385_23 0.2819  0.1344  1.3e-3 1.3e-3 

59 36090_21 0.0437  0.1233  9.0e-4 9.0e-4 

60 36450_0 0.1147  0.1169  4.9e-3 4.9e-3 

61 37846_5 0.4974  0.1050  3.6e-3 3.6e-3 

62 39160_21 0.1174  0.1080  6.5e-3 6.5e-3 

63 39587_14 0.1376  0.0955  9.4e-3 9.4e-3 

64 39611_23 0.4812  0.1779  1.1e-5 1.1e-5 
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65 40005_11 0.5159  0.1200  1.7e-3 1.7e-3 

66 40728_7 0.4809  0.1222  1.5e-3 1.5e-3 

67 40929_24 0.4225  0.1087  3.3e-3 3.3e-3 

68 41280_4 0.1412  0.1081  5.9e-3 5.9e-3 

69 47380_13 0.0264  0.0628  7.3e-3 7.3e-3 

70 48396_23 0.2976  0.1131  2.3e-3 2.3e-3 

71 48872_23 0.3540  0.1184  2.3e-3 2.3e-3 

72 49044_13 0.1861  0.1328  1.8e-3 1.8e-3 

73 50107_13 0.2128  0.1120  3.9e-3 3.9e-3 

74 50364_26 0.1896  0.1610  5.2e-4 5.2e-4 

75 52596_23 0.5104  0.0881  8.8e-3 8.8e-3 

76 53168_8 0.1979  0.1198  2.6e-3 2.6e-3 

77 54433_1 0.2040  0.0902  9.3e-3 9.3e-3 

78 55329_15 0.0650  0.1275  1.7e-3 1.7e-3 

79 55739_0 0.2243  0.1697  3.4e-4 3.4e-4 

80 57166_6 0.3358  0.0927  8.8e-3 8.8e-3 

81 57166_7 0.3358  0.0927  8.8e-3 8.8e-3 

82 57230_5 0.3253  0.1164  2.5e-3 2.5e-3 

83 57662_3 0.1682  0.0938  9.7e-3 9.7e-3 

84 61253_0 0.0534  0.1035  4.0e-3 4.0e-3 

85 61418_7 0.0295  0.0789  3.3e-3 3.3e-3 

86 61955_11 0.2022  0.1440  9.0e-4 9.0e-4 

87 62663_24 0.0488  0.1386  4.0e-4 4.0e-4 

88 62885_8 0.0686  0.1362  1.2e-3 1.2e-3 

89 63215_15 0.0824  0.1010  8.0e-3 8.0e-3 

90 63215_22 0.0824  0.1010  8.0e-3 8.0e-3 

91 66516_26 0.0263  0.0590  8.8e-3 8.8e-3 

92 66665_7 0.0946  0.0988  8.8e-3 8.8e-3 

93 71605_20 0.3595  0.0987  6.4e-3 6.4e-3 

94 72275_15 0.1053  0.0978  9.4e-3 9.4e-3 

95 73051_15 0.2676  0.1050  4.8e-3 4.8e-3 

96 74413_22 0.2503  0.1040  6.2e-3 6.2e-3 

97 74707_24 0.3766  0.1095  3.4e-3 3.4e-3 

98 76716_21 0.1745  0.1385  1.4e-3 1.4e-3 

99 78161_5 0.1114  0.1160  5.0e-3 5.0e-3 

100 78161_14 0.1675  0.1107  5.0e-3 5.0e-3 

101 78652_20 0.1051  0.1093  6.2e-3 6.2e-3 



 

 

94 

 

102 79094_14 0.5194  0.1394  8.8e-4 8.8e-4 

103 79584_4 0.1067  0.1684  9.7e-4 9.7e-4 

104 80081_13 0.3379  0.1077  4.1e-3 4.1e-3 

105 81296_2 0.0790  0.1533  8.9e-4 8.9e-4 

106 81350_7 0.0399  0.1255  6.2e-4 6.2e-4 

107 82476_2 0.0789  0.1575  7.9e-4 7.9e-4 

108 84623_2 0.3513  0.1166  2.5e-3 2.5e-3 

109 84660_8 0.3442  0.1122  3.2e-3 3.2e-3 

110 85505_12 0.0577  0.1133  2.8e-3 2.8e-3 

111 85584_12 0.3667  0.1059  4.3e-3 4.3e-3 

112 90240_15 0.2670  0.1058  4.7e-3 4.7e-3 

113 90434_5 0.1147  0.1091  6.4e-3 6.4e-3 

114 90484_7 0.0608  0.0883  9.9e-3 9.9e-3 

115 93522_4 0.3590  0.1292  1.4e-3 1.4e-3 

116 93522_8 0.3590  0.1292  1.4e-3 1.4e-3 

117 94709_5 0.3477  0.1222  2.0e-3 2.0e-3 

118 95390_1 0.3859  0.1382  7.5e-4 7.5e-4 

119 95391_26 0.2174  0.1146  3.8e-3 3.8e-3 

120 96266_15 0.2431  0.0975  8.3e-3 8.3e-3 

121 97784_2 0.0957  0.0969  9.5e-3 9.5e-3 

122 97840_13 0.3066  0.0946  6.4e-3 6.4e-3 

123 98293_20 0.2872  0.0942  6.2e-3 6.2e-3 

124 98293_24 0.2872  0.0942  6.2e-3 6.2e-3 

125 99807_1 0.2995  0.1236  1.4e-3 1.4e-3 

126 103294_4 0.1874  0.0972  7.2e-3 7.2e-3 

127 103357_22 0.0264  0.0642  6.9e-3 6.9e-3 

128 104716_15 0.1239  0.1106  5.9e-3 5.9e-3 

129 105353_1 0.3134  0.2169  7.5e-10 7.5e-10 

130 105819_12 0.0782  0.0985  8.6e-3 8.6e-3 

131 106403_4 0.1560  0.0962  9.0e-3 9.0e-3 

132 107163_5 0.0263  0.0657  6.3e-3 6.3e-3 

133 107846_15 0.1052  0.1807  7.6e-4 7.6e-4 

134 109978_14 0.2975  0.1055  3.4e-3 3.4e-3 

135 110486_11 0.4561  0.1326  1.0e-3 1.0e-3 

136 111364_5 0.2749  0.1345  1.6e-3 1.6e-3 

137 111584_23 0.3518  0.0987  6.3e-3 6.3e-3 

138 125656_7 0.4407  0.1099  3.4e-3 3.4e-3 
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Table 3.8 A total of 13 candidate outlier SNPs identified using BayeScan (Prob > 

0.76, q-value < 0.05). The posterior probability (Pos. prob.), log10 (PO), q-value, 

alpha, and FST averaged over sampling locations for each outlier derived from the 

software output are shown. 

 

No. Outlier SNP ID Pos. prob.  log10 (PO) q-value Alpha FST 

1 10984_25 0.9142  1.0275 0.0298  2.1486 0.0603  

2 21472_1 0.9992  3.0965 0.0005  2.5106 0.0744  

3 21472_2 0.9992  3.0965 0.0005  2.5179 0.0752  

4 31643_4 0.8900  0.9079 0.0365  1.8531 0.0452  

5 66306_0 0.9872  1.8871 0.0036  2.2084 0.0585  

6 66306_1 0.9838  1.7833 0.0061  2.1886 0.0573  

7 80936_8 1 1000 0 2.7751 0.0909  

8 89506_7 0.9632  1.4178  0.0158  2.2945 0.0652  

9 89506_11 0.9646  1.4353  0.0128  2.2808 0.0643  

10 93903_4 0.9764  1.6166  0.0090  2.0061 0.0476  

11 100889_3 0.9452  1.2367  0.0201  1.9606 0.0471  

12 105353_0 0.8408  0.7227  0.0459  1.9095 0.0513  

13 108017_4 0.9392  1.1888  0.0242  1.8754 0.0434  
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Table 3.9 Results of BLASTp and GO annotation of each outlier-associated protein obtained using Blast2GO. Outlier-associated protein IDs are 

derived from Sun et al. (2017). 

 

Protein ID Length Annotation (BLASTp) Hits E-value Mean sim (%) GO ID 

Bpl_scaf_1989-12.16 639 Alkylated DNA repair alkB homolog 8 

isoform X5 

10 0 62.3  GO:0003824, GO:0008152, GO:0044424, 

GO:0097159, GO:1901363 

Bpl_scaf_4150-3.34 395 Neutral cholesterol ester hydrolase 1-like 10 4.40e-160 59.0  GO:0008152, GO:0016787 

Bpl_scaf_5538-23.1 4648 Titin-like, partial 10 0 44.2  - 

Bpl_scaf_9687-0.3 340 Hypothetical protein KFL_013010010, partial 3 1.10e-16 54.3  - 

Bpl_scaf_10550-1.3 462 Vacuole membrane 1-like 10 0 75.8  GO:0000407, GO:0005783, GO:0006887, 

GO:0007029, GO:0007030, GO:0010506, 

GO:0016020 

Bpl_scaf_13605-5.12 220 E3 ubiquitin- ligase UBR3-like 10 3.90e-80 64.1  GO:0003824, GO:0044267, GO:0044424 

Bpl_scaf_14973-0.11 268 NA 0 - - - 

Bpl_scaf_15478-2.5 322 Probable hydrolase PNKD isoform X1 10 8.60e-131 70.7  GO:0016787 

Bpl_scaf_16407-1.54 605 Short-chain collagen C4-like 10 4.20e-39 55.2  - 

Bpl_scaf_20952-5.2 242 Transposable element Tcb1 transposase, 

partial 

10 4.30e-23 56.5  - 

Bpl_scaf_23410-0.24 477 Foot 1 variant 2-like 3 9.30e-10 51.3  - 

Bpl_scaf_24834-1.9 123 RecQ-mediated genome instability 1 10 5.30e-45 71.0  - 

Bpl_scaf_24861-0.25 181 Transcriptional SWT1 10 1.20e-25 48.7  - 
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Bpl_scaf_24996-15.7 493 Dynein assembly factor 3, axonemal-like 10 1.10e-155 70.1  - 

Bpl_scaf_31802-2.10 431 PREDICTED: uncharacterized protein 

LOC105320673 

2 4.40e-14 58.0  - 

Bpl_scaf_32204-5.6 1017 Histone H2A deubiquitinase MYSM1-like 10 0 62.6  GO:0003713, GO:0004843, GO:0005654, 

GO:0006338, GO:0008237, GO:0015630, 

GO:0032403, GO:0035522, GO:0042393, 

GO:0045944 

Bpl_scaf_32713-2.9 4700 Twitchin -1 10 0 76.3  GO:0004672, GO:0005524, GO:0006468 

Bpl_scaf_36180-8.9 954 Ribonuclease 3-like isoform X2 10 0 83.7  GO:0003723, GO:0004525, GO:0006396, 

GO:0016075, GO:0090502 

Bpl_scaf_36689-0.13 91 T-complex 1 subunit delta isoform X2 10 9.90e-37 88.3  - 

Bpl_scaf_40888-3.15 294 Sperm flagellar 1-like isoform X1 10 2.40e-96 62.7  - 

Bpl_scaf_43972-3.11 1016 DnaJ homolog subfamily C member 1-like 10 2.90e-136 56.0  - 

Bpl_scaf_44832-3.6 838 Snurportin-1-like isoform X2 10 0 70.1  GO:0044424 

Bpl_scaf_45114-0.19 367 Glutathione peroxidase 1 10 5.20e-55 64.5  GO:0004601, GO:0006979, GO:0009966, 

GO:0030154, GO:0042221, GO:0043066, 

GO:0044237, GO:0044707, GO:0048585, 

GO:0048856, GO:0055114, GO:0071704 

Bpl_scaf_46651-2.42 1044 Elongation factor Tu GTP-binding domain-

containing 1 

10 0 69.1  GO:0000166, GO:0008152 

Bpl_scaf_49352-5.9 468 cGMP-specific 3 ,5 -cyclic 

phosphodiesterase-like isoform X1 

10 0 83.8  GO:0004114, GO:0007165, GO:0008152, 

GO:0046872 
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Bpl_scaf_50887-2.10 10308 Microtubule-actin cross-linking factor 1, 

isoforms 1 2 3 5-like isoform X5 

10 0 66.1  - 

Bpl_scaf_52750-0.10 438 Retinol dehydrogenase 12-like 10 4.30e-124 71.4  GO:0008152 

Bpl_scaf_52941-1.7 1079 MAM and LDL-receptor class A domain-

containing 1-like 

10 0 56.0  GO:0008152, GO:0016787 

Bpl_scaf_54193-0.28 2489 Alstrom syndrome 1 10 1.20e-148 58.3  - 

Bpl_scaf_55632-0.5 106 ORF17 IAP-3 10 1.80e-18 58.8  - 

Bpl_scaf_57424-5.12 137 Fatty acid-binding 2, liver-like 6 2.40e-8 49.2  - 

Bpl_scaf_57883-0.6 495 Monocarboxylate transporter 12-like 10 7.60e-160 54.5  - 

Bpl_scaf_59537-1.6 246 Neuronal membrane glyco M6-a-like isoform 

X3 

10 7.70e-99 72.7  - 

Bpl_scaf_59648-2.7 360 Guanine nucleotide-binding subunit alpha-12-

like 

10 0 84.0  GO:0001664, GO:0003924, GO:0004871, 

GO:0005525, GO:0005622, GO:0007186, 

GO:0007264, GO:0008152, GO:0031683 

Bpl_scaf_60489-1.22 977 Beta-hexosaminidase 10 0 54.7  - 

Bpl_scaf_61662-4.17 621 Dihydropyrimidinase-like isoform X5 10 0 88.4  GO:0005737, GO:0008152, GO:0016810 

Bpl_scaf_62500-5.5 987 PREDICTED: uncharacterized protein 

LOC105346612 isoform X2 

10 2.00e-148 51.3  - 

Bpl_scaf_64029-6.15 152 Mitochondrial inner membrane protease 

subunit 1 

10 1.80e-54 68.6  GO:0016787 
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Table 3.10 Tentative functions and genomic regions of the annotated outlier SNPs. Outlier SNPs identified by both Arlequin and BayeScan are 

shown with outlier SNP IDs in bold. Outlier-associated protein IDs are derived from Sun et al. (2017). Code: Syn, synonymous substitution. 

 

Function Outlier SNP ID Protein ID Genomic region AA change Annotation (BLASTp) 

Carbohydrate and 

lipid metabolism 

57230_5 Bpl_scaf_4150-3.34 CDS Syn Neutral cholesterol ester hydrolase 1-like 

78161_14 Bpl_scaf_52750-0.10 3'-UTR - Retinol dehydrogenase 12-like 

78161_5 Bpl_scaf_52750-0.10 3'-UTR - Retinol dehydrogenase 12-like 

95390_1 Bpl_scaf_60489-1.22 Intron - Beta-hexosaminidase 

95391_26 Bpl_scaf_60489-1.22 Intron - Beta-hexosaminidase 

Cell death 85505_12 Bpl_scaf_55632-0.5 CDS Q/R ORF17 IAP-3 

DNA metabolism 17897_12 Bpl_scaf_1989-12.16 Intron - Alkylated DNA repair alkB homolog 8 isoform X5 

17897_22 Bpl_scaf_1989-12.16 Intron - Alkylated DNA repair alkB homolog 8 isoform X5 

19543_2 Bpl_scaf_20952-5.2 Intron - Transposable element Tcb1 transposase, partial 

19543_23 Bpl_scaf_20952-5.2 Intron - Transposable element Tcb1 transposase, partial 

26600_4 Bpl_scaf_24834-1.9 CDS S/T RecQ-mediated genome instability 1 

Localization 103294_4 Bpl_scaf_64029-6.15 Intron - Mitochondrial inner membrane protease subunit 1 

1159_13 Bpl_scaf_10550-1.3 3'-UTR - Vacuole membrane 1-like 

55329_15 Bpl_scaf_40888-3.15 Intron - Sperm flagellar 1-like isoform X1 

62885_8 Bpl_scaf_44832-3.6 Intron - Snurportin-1-like isoform X2 

81350_7 Bpl_scaf_54193-0.28 CDS Syn Alstrom syndrome 1 

90484_7 Bpl_scaf_57883-0.6 3'-UTR - Monocarboxylate transporter 12-like 
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Protein folding, 

assembly, and 

metabolism 

27030_2 Bpl_scaf_24996-15.7 Intron - Dynein assembly factor 3, axonemal-like 

48396_23 Bpl_scaf_36689-0.13 CDS Syn T-complex 1 subunit delta isoform X2 

6016_1 Bpl_scaf_13605-5.12 CDS Syn E3 ubiquitin- ligase UBR3-like 

61253_0 Bpl_scaf_43972-3.11 Intron - DnaJ homolog subfamily C member 1-like 

Response to 

stimulus 

10984_25 Bpl_scaf_16407-1.54 Intron - Short-chain collagen C4-like 

63215_15 Bpl_scaf_45114-0.19 Intron - Glutathione peroxidase 1 

63215_22 Bpl_scaf_45114-0.19 Intron - Glutathione peroxidase 1 

89506_11 Bpl_scaf_57424-5.12 Intron - Fatty acid-binding 2, liver-like 

89506_7 Bpl_scaf_57424-5.12 Intron - Fatty acid-binding 2, liver-like 

Signaling 71605_20 Bpl_scaf_49352-5.9 Intron - cGMP-specific 3,5-cyclic phosphodiesterase-like isoform X1 

74707_24 Bpl_scaf_50887-2.10 CDS F/I Microtubule-actin cross-linking factor 1, isoforms 1 2 3 5-like 

isoform X5 

78652_20 Bpl_scaf_52941-1.7 Intron - MAM and LDL-receptor class A domain-containing 1-like 

9332_2 Bpl_scaf_15478-2.5 3'-UTR - Probable hydrolase PNKD isoform X1 

9332_7 Bpl_scaf_15478-2.5 3'-UTR - Probable hydrolase PNKD isoform X1 

93903_4 Bpl_scaf_59648-2.7 3'-UTR - Guanine nucleotide-binding subunit alpha-12-like 

97840_13 Bpl_scaf_61662-4.17 Intron - Dihydropyrimidinase-like isoform X5 

System 

development and 

processing 

40929_24 Bpl_scaf_32713-2.9 Intron - Twitchin-1 

84623_2 Bpl_scaf_5538-23.1 Intron - Titin-like, partial 

93522_4 Bpl_scaf_59537-1.6 CDS A/T Neuronal membrane glyco M6-a-like isoform X3 

93522_8 Bpl_scaf_59537-1.6 CDS Syn Neuronal membrane glyco M6-a-like isoform X3 

26647_12 Bpl_scaf_24861-0.25 Intron - Transcriptional SWT1 
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Transcription and 

translation 

40005_11 Bpl_scaf_32204-5.6 CDS Syn Histone H2A deubiquitinase MYSM1-like 

47380_13 Bpl_scaf_36180-8.9 Intron - Ribonuclease 3-like isoform X2 

66516_26 Bpl_scaf_46651-2.42 Intron - Elongation factor Tu GTP-binding domain-containing 1 

Unknown 111584_23 Bpl_scaf_9687-0.3 CDS I/K Hypothetical protein KFL_013010010, partial 

23387_12 Bpl_scaf_23410-0.24 Intron - Foot 1 variant 2-like 

39611_23 Bpl_scaf_31802-2.10 Intron - PREDICTED: uncharacterized protein LOC105320673 

8416_20 Bpl_scaf_14973-0.11 Intron - NA 

99807_1 Bpl_scaf_62500-5.5 Intron - PREDICTED: uncharacterized protein LOC105346612 isoform X2 
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Table 3.11 Summary of contemporary gene flow estimation using BayesAss for populations of four groups (i.e. SCS; S-OT = DK & HK; M-OT 

= IR & IN; SB). Migration regime represented as m[i][j] refers to the fraction of individuals in population i that are migrants derived from 

population j (per generation). Code: MR, migration rates. 

 

Dataset Regime MR (%) Regime MR (%) Regime MR (%) Regime MR (%) 

1 

m[SCS][SCS] 67.6 ± 1.0 m[SCS][S-OK] 30.4 ± 1.6 m[SCS][M-OK] 1.0 ± 1.0 m[SCS][SB] 1.0 ± 1.0 

m[SCS][SCS] 67.6 ± 1.0 m[SCS][S-OK] 30.4 ± 1.6 m[SCS][M-OK] 1.0 ± 1.0 m[SCS][SB] 1.0 ± 1.0 

m[SCS][SCS] 67.7 ± 1.0 m[SCS][S-OK] 30.4 ± 1.6 m[SCS][M-OK] 1.0 ± 1.0 m[SCS][SB] 1.0 ± 1.0 

m[S-OK][SCS] 0.9 ± 0.8 m[S-OK][S-OK] 96.6 ± 1.6 m[S-OK][M-OK] 0.9 ± 0.8 m[S-OK][SB] 1.7 ± 1.2 

m[S-OK][SCS] 0.9 ± 0.8 m[S-OK][S-OK] 96.6 ± 1.6 m[S-OK][M-OK] 0.9 ± 0.8 m[S-OK][SB] 1.7 ± 1.2 

m[S-OK][SCS] 0.9 ± 0.8 m[S-OK][S-OK] 96.6 ± 1.6 m[S-OK][M-OK] 0.9 ± 0.8 m[S-OK][SB] 1.7 ± 1.2 

m[M-OK][SCS] 1.3 ± 1.3 m[M-OK][S-OK] 29.3 ± 2.1 m[M-OK][M-OK] 68.0 ± 1.3 m[M-OK][SB] 1.3 ± 1.3 

m[M-OK][SCS] 1.3 ± 1.3 m[M-OK][S-OK] 29.3 ± 2.1 m[M-OK][M-OK] 68.0 ± 1.3 m[M-OK][SB] 1.3 ± 1.3 

m[M-OK][SCS] 1.3 ± 1.3 m[M-OK][S-OK] 29.3 ± 2.1 m[M-OK][M-OK] 68.0 ± 1.3 m[M-OK][SB] 1.3 ± 1.3 

m[SB][SCS] 1.2 ± 1.2 m[SB][S-OK] 29.8 ± 1.9 m[SB][M-OK] 1.2 ± 1.2 m[SB][SB] 67.9 ± 1.2 

m[SB][SCS] 1.2 ± 1.1 m[SB][S-OK] 29.8 ± 1.9 m[SB][M-OK] 1.2 ± 1.2 m[SB][SB] 67.9 ± 1.2 

m[SB][SCS] 1.2 ± 1.1 m[SB][S-OK] 29.8 ± 1.9 m[SB][M-OK] 1.2 ± 1.2 m[SB][SB] 67.9 ± 1.2 

2 

m[SCS][SCS] 67.7 ± 1.0 m[SCS][S-OK] 30.4 ± 1.6 m[SCS][M-OK] 1.0 ± 1.0 m[SCS][SB] 1.0 ± 1.0 

m[SCS][SCS] 67.7 ± 1.0 m[SCS][S-OK] 30.4 ± 1.6 m[SCS][M-OK] 1.0 ± 1.0 m[SCS][SB] 1.0 ± 1.0 

m[SCS][SCS] 67.6 ± 0.9 m[SCS][S-OK] 30.4 ± 1.6 m[SCS][M-OK] 1.0 ± 1.0 m[SCS][SB] 1.0 ± 1.0 
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m[S-OK][SCS] 0.9 ± 0.8 m[S-OK][S-OK] 97.4 ± 1.4 m[S-OK][M-OK] 0.9 ± 0.8 m[S-OK][SB] 0.9 ± 0.8 

m[S-OK][SCS] 0.9 ± 0.8 m[S-OK][S-OK] 97.4 ± 1.4 m[S-OK][M-OK] 0.9 ± 0.8 m[S-OK][SB] 0.9 ± 0.8 

m[S-OK][SCS] 0.9 ± 0.8 m[S-OK][S-OK] 97.4 ± 1.4 m[S-OK][M-OK] 0.9 ± 0.8 m[S-OK][SB] 0.9 ± 0.8 

m[M-OK][SCS] 1.3 ± 1.3 m[M-OK][S-OK] 29.3 ± 2.1 m[M-OK][M-OK] 68.0 ± 1.3 m[M-OK][SB] 1.3 ± 1.3 

m[M-OK][SCS] 1.3 ± 1.3 m[M-OK][S-OK] 29.3 ± 2.1 m[M-OK][M-OK] 68.0 ± 1.3 m[M-OK][SB] 1.3 ± 1.3 

m[M-OK][SCS] 1.3 ± 1.3 m[M-OK][S-OK] 29.3 ± 2.1 m[M-OK][M-OK] 68.0 ± 1.3 m[M-OK][SB] 1.3 ± 1.3 

m[SB][SCS] 1.2 ± 1.2 m[SB][S-OK] 29.8 ± 1.9 m[SB][M-OK] 1.2 ± 1.1 m[SB][SB] 67.9 ± 1.2 

m[SB][SCS] 1.2 ± 1.2 m[SB][S-OK] 29.8 ± 1.9 m[SB][M-OK] 1.2 ± 1.1 m[SB][SB] 67.9 ± 1.2 

m[SB][SCS] 1.2 ± 1.2 m[SB][S-OK] 29.8 ± 1.9 m[SB][M-OK] 1.2 ± 1.2 m[SB][SB] 67.9 ± 1.1 

3 

m[SCS][SCS] 67.7 ± 1.0 m[SCS][S-OK] 30.4 ± 1.6 m[SCS][M-OK] 1.0 ± 1.0 m[SCS][SB] 1.0 ± 0.9 

m[SCS][SCS] 67.7 ± 1.0 m[SCS][S-OK] 30.4 ± 1.6 m[SCS][M-OK] 1.0 ± 1.0 m[SCS][SB] 1.0 ± 1.0 

m[SCS][SCS] 67.7 ± 1.0 m[SCS][S-OK] 30.4 ± 1.6 m[SCS][M-OK] 1.0 ± 1.0 m[SCS][SB] 1.0 ± 0.9 

m[S-OK][SCS] 0.9 ± 0.8 m[S-OK][S-OK] 96.6 ± 1.6 m[S-OK][M-OK] 0.9 ± 0.8 m[S-OK][SB] 1.7 ± 1.2 

m[S-OK][SCS] 0.9 ± 0.8 m[S-OK][S-OK] 96.6 ± 1.6 m[S-OK][M-OK] 0.9 ± 0.8 m[S-OK][SB] 1.7 ± 1.2 

m[S-OK][SCS] 0.9 ± 0.8 m[S-OK][S-OK] 96.6 ± 1.6 m[S-OK][M-OK] 1.7 ± 1.2 m[S-OK][SB] 0.9 ± 0.8 

m[M-OK][SCS] 1.3 ± 1.3 m[M-OK][S-OK] 29.3 ± 2.1 m[M-OK][M-OK] 68.0 ± 1.3 m[M-OK][SB] 1.3 ± 1.3 

m[M-OK][SCS] 1.3 ± 1.3 m[M-OK][S-OK] 29.3 ± 2.1 m[M-OK][M-OK] 68.0 ± 1.3 m[M-OK][SB] 1.3 ± 1.3 

m[M-OK][SCS] 1.3 ± 1.3 m[M-OK][S-OK] 29.3 ± 2.1 m[M-OK][M-OK] 68.0 ± 1.3 m[M-OK][SB] 1.3 ± 1.3 

m[SB][SCS] 1.2 ± 1.2 m[SB][S-OK] 29.8 ± 1.9 m[SB][M-OK] 1.2 ± 1.1 m[SB][SB] 67.9 ± 1.2 

m[SB][SCS] 1.2 ± 1.1 m[SB][S-OK] 29.8 ± 1.9 m[SB][M-OK] 1.2 ± 1.2 m[SB][SB] 67.9 ± 1.2 

m[SB][SCS] 1.2 ± 1.1 m[SB][S-OK] 29.8 ± 1.9 m[SB][M-OK] 1.2 ± 1.2 m[SB][SB] 67.9 ± 1.1 
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Summary 

m[SCS][SCS] 67.6 ± 1.0 m[SCS][S-OT] 30.4 ± 1.6 m[SCS][M-OT] 1.0 ± 1.0 m[SCS][SB] 1.0 ± 0.9 

m[S-OT][SCS] 0.9 ± 0.8 m[S-OT][S-OT] 96.9 ± 1.5 m[S-OT][M-OT] 0.9 ± 0.9 m[S-OT][SB] 1.3 ± 1.0 

m[M-OT][SCS] 1.3 ± 1.3 m[M-OT][S-OT] 29.3 ± 2.1 m[M-OT][M-OT] 68.0 ± 1.3 m[M-OT][SB] 1.3 ± 1.3 

m[SB][SCS] 1.2 ± 1.1 m[SB][S-OT] 29.8 ± 1.9 m[SB][M-OT] 1.2 ± 1.1 m[SB][SB] 67.9 ± 1.1 
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Figure 3.1 (A) Sampling locations of B. platifrons in the Northwestern Pacific. Vents 

and seeps are represented in red and green dots, respectively. Ocean currents were 

redrawn based on Nan et al. (2011) and Wu et al. (2015). Three flow patterns of 

Kuroshio Current when passing through the Luzon Strait, i.e. the leaping, the leaking, 

and the looping path, are indicated by 1, 2, and 3, respectively. Code: ECS, East 

China Sea; KC, Kuroshio Current; NWP: Northwestern Pacific; OH, Off Hatsushima. 

(B) Communities of B. platifrons found in JR. 
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Figure 3.2 TCS haplotype networks inferred based on atp6, cox1, and nad4. The 

number of hatch marks along edges indicates the number of nucleotide substitutions. 

Colour of each circle represents the sampling location where the haplotype was found, 

and size of each circle is proportional to the frequency of the respective haplotype. 

Black circles indicate unknown or missing haplotypes. 
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Figure 3.3 Pairwise genetic distance (FST) calculated based on 6398 SNPs plotted 

against geographic distance (km) between sampling locations, indicating barely no 

relatedness between genetic and geographic distance of B. platifrons. 
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Figure 3.4 Estimation of the optimal K for STRUCTURE analyses to interpret 

population genetic structure of B. platifrons using STRUCTURE HARVESTER. 

Delta K plotted against each K for STRUCTURE analyses based on (A) 5458 SNPs 

and (C) 125 candidate outlier SNPs. Mean Ln (PD) plotted against each K, including 

standard deviation bars to display likelihood variance, for STRUCTURE analyses 

based on (B) 5458 SNPs and (D) 125 candidate outlier SNPs. Only one SNP per locus 

was retained to avoid the potential influence of LD. 
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Figure 3.5 Population genetic structure of B. platifrons inferred using STRUCTURE 

based on (A) 5458 SNPs and (B) 125 candidate outlier SNPs. Only one SNP per locus 

was retained to avoid the potential influence of LD. Each individual was represented 

by a single bar with different colours shown membership fractions belonging to each 

of the inferred cluster. 
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Figure 3.6 Population genetic structure of B. platifrons inferred using PCA 

implemented in SNPRelate based on (A) 5458 SNPs and (B) 125 candidate outlier 

SNPs. Only one SNP per locus was retained to avoid the potential influence of LD. 
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Figure 3.7 Population genetic structure of B. platifrons inferred using STRUCTURE 

based on 125 candidate outlier SNPs when forcing K = 3 and K = 4. Only one SNP 

per locus was retained to avoid the potential influence of LD. Each individual was 

represented by a single bar with different colours shown membership fractions 

belonging to each of the inferred cluster. 
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Figure 3.8 Identification and characterization of the candidate outlier SNPs. (A) 

Outlier identification using Arlequin. Locus-specific FST is plotted against observed 

heterozygosity with red circles indicating loci potentially under diversifying selection 

(P < 0.01). (B) Outlier identification using BayeScan. Locus-specific FST is plotted 

against posterior probability with red circles indicating loci potentially under 

diversifying selection (Pos. prob. > 0.76; q-value < 0.05). Filled yellow circles 

represent SNPs identified as outliers by both approaches. (C) Statistics of the 

occurrence of the outlier SNPs throughout the genome, with number and percentage 

shown along with the relevant genomic region. (D) Statistics of the tentative 

functional categories of the outlier-associated proteins, with number and percentage 

shown along with the relevant functional group. 
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Figure 3.9 Trace plot for log probability (LogPro) in BayesAss analyses created using 

Tracer based on the three combined runs for (A) dataset 1, (B) dataset 2, and (C) 

dataset 3. The burn-in period was excluded for each independent run. The quite 

regular oscillation observed in plot of each dataset indicates a signature of satisfactory 

mixing. 
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Figure 3.10 Migration patterns of B. platifrons inferred by TreeMix. (A) Maximum 

likelihood tree with no migration event (m = 0). (B) Maximum likelihood tree with 

six migration events (m = 6). Migration arrows are coloured based on migration 

weight. Migration events with P > 0.05 are shown in dotted lines. Horizontal branch 

lengths are proportional to the amount of genetic drift that has occurred on the branch. 

The scale bar shows ten times the average standard error of the entries in the sample 

covariance matrix. 
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Figure 3.11 Variance explained (%) in relation to the number of migration events (m 

range: 1 to 8) using TreeMix, showing that six migration events (m = 6) is the best-fit 

model. 
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Chapter 4 Biomineralization toolkits of the deep-sea mussel 

Bathymodiolus platifrons and its shallow-water relative Modiolus 

philippinarum 

 

4. 1 Introduction 

Mollusca is one of the most ecologically and morphologically diverse metazoan phyla 

with an evolutionary history dating back at least to the Early Cambrian (Haszprunar & 

Wanninger, 2012). To date, more than 123 000 extant species have been discovered in 

various habitats, ranging from the tropics to the polar regions, and the terrestrial 

environments to the deep ocean (Valdovinos et al., 2003; Haszprunar & Wanninger, 

2012). Such evolutionary success can be partially ascribed to the innovation of the 

calcified shells, which support and protect their soft body. Approximately 95 to 99 wt% 

of the molluscan shells are generally composed of calcite and/or aragonite, which 

assemble in superimposed layers with different microstructures (Lowenstam & Weiner, 

1989; Marin et al., 2012). The rest constituents in the calcified shells are organic 

matrices made up of proteins, pigments, glycoproteins, polysaccharides, and lipids, 

which are synthesized and secreted by the external mantle epithelia (Mann, 1988; 

Lowenstam & Weiner, 1989). Among them, SMPs are the major components to interact 

with calcium and bicarbonate ions, and are known to play central roles during shell 

formation, such as creating a gel-like micro-environment for mineral precipitation, 

promoting crystal nucleation, guiding the orientation and formation of different crystal 

polymorphisms, and inhibiting crystal growth when and where necessary (Mann, 1988, 

2001; Marin & Luquet, 2004; Zhang & Zhang, 2006). 

 Identification of SMPs is the first vital step in studying shell formation and 

biomineralization, which will improve our understanding of the evolution and 

environmental adaptation of molluscs. Moreover, it can also benefit the development 

of new materials for medical and industrial applications. To date, all studies on SMPs 
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have been focused on molluscs in terrestrial and shallow-water ecosystems. 

Nevertheless, there have been no reports on SMPs for molluscs inhabit the deep ocean, 

where the high hydraulic pressure and low water temperature can impact the solubility 

of calcium carbonate (Nichols, 2009). 

Mytilidae (Bivalvia) is a large family of mussels with members living in almost all 

corners of the world ocean. Fossil evidence shows that the ancestor of mytilids invaded 

the deep sea in Late Cretaceous, and radiated rapidly in Middle Eocene to Early 

Oligocene to colonize various chemosynthesis-based habitats in global ocean (Lorion 

et al., 2013). Deep-sea mussels in the subfamily Bathymodiolinae (Bivalvia: Mytilidae) 

are one of the dominant animal groups in worldwide chemosynthesis-based ecosystems 

(Van Dover, 2000). During the past few years, they have been recognized as an 

emerging model to study adaptation of macrofauna in the deep ocean, such as symbiosis 

(e.g. Dubilier et al., 2008; Detree et al., 2016; Sun et al., 2017), ecotoxicology (e.g., 

Company et al., 2008), immunity (e.g. Bettencourt et al., 2007, 2009, 2010b; Wong et 

al., 2015; Sun et al., 2017), and response to environmental stresses (e.g. Inoue et al., 

2008; Boutet et al., 2009; Bettencourt et al., 2010a; Company et al., 2012; Martins et 

al., 2011; Cole et al., 2014; Sun et al., 2017). In the present study, I aimed to reveal the 

biomineralization toolkits of the deep-sea mussel Bathymodiolus platifrons and its 

shallow-water relative Modiolus philippinarum (Bivalvia: Mytilidae) by using a 

proteomic approach. This study will not only reveal the SMP compositions of these two 

mytilids, but will also provide valuable resources for follow-up studies to understand 

the environmental adaption of deep-sea molluscs in the context of shell formation. 

 

4. 2 Materials and methods 

4. 2. 1 Sample collection and observation of shell microstructures 

Specimens of the deep-sea mussels B. platifrons (Figure 4.1A) were collected by the 

manned submersible Jiaolong from a methane seep (22° 06.921′ N, 119° 17.131′ E) 
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with a depth of 1122 m in the SCS in July 2013, and their shallow-water relatives M. 

philippinarum (Figure 4.1B) were collected from a sandy shore at Ting Kok, Hong 

Kong (22° 46.989′N, 114° 21.389′E) during a low tide in April 2014. Mussels were cut 

open using a dissecting knife with internal soft tissue removed to obtain the shells. The 

shells were then incubated in NaOCl solution (6–14%) for 1 h, cleaned with Milli-Q 

water, and air-dried in room temperature to remove organic contaminants on the surface. 

Afterwards, selected shells were fractured into small pieces, and sputter-coated with 

gold for examination of shell microstructures under observed under a LEO 1530 field 

emission SEM at an acceleration voltage of 15 kV.  

 

4. 2. 2 SMP extraction 

Four pairs of shells (8–10 cm in length) of each species were used for SMP extraction 

following a stringent method to avoid contamination derived from intracellular proteins 

(Marie et al., 2013b; Ramos-Silva et al., 2013). Firstly, the outmost organic layer, 

periostracum, was mechanically removed in Milli-Q water using a fine silicon carbide 

abrasive paper. Next, the shells were rinsed with Milli-Q water, air-dried, and immersed 

in NaOCl solution (6–14%) for 24 h with mild agitation (30 rpm) to remove any residual 

organic contaminants. After that, the shells were rinsed several times with Milli-Q water 

to eliminate NaOCl solution on the shell surface. The shells were then air-dried, 

grounded into fine powder using a mortar and pestle, and sieved through a 200 μm 

nylon mesh. The obtained fine powder was bleached in NaOCl solution (6–14%) for 8 

h, and centrifuged at 8000 rpm for 15 min at 4°C. After discarding the supernatant 

NaOCl solution, the shell powder was washed several times with Milli-Q water, 

lyophilized, and decalcified using 10% acetic acid with agitation (100 rpm) at 4°C until 

no more powder was dissolved. The ASM and AIM fractions were separated by 

centrifugation at 14 000 rpm for 20 min at 4 °C. Afterwards, ASM was concentrated 

using the Amicon® Ultra 3K Centrifugal Filter membranes, purified using the 
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methanol/chloroform method (Jiang & Fountoulakis, 2004), and then reconstituted 

using 8M urea, whereas AIM was washed several times with Milli-Q water, lyophilized, 

and re-suspended using 2% SDS solution. 

 

4. 2. 3 SDS-PAGE and LC-MS/MS analyses 

Purified ASM and AIM were divided into two parts equally (i.e. two replicates for each 

fraction), and subsequently mixed with the SDS-PAGE sample buffer (0.2 M Tris-HCl 

pH 6.8, 10 mM dithiothreitol, 10% SDS, 0.05% bromophenol blue, and 50% glycerol) 

at a ratio of 3:1 (v/v), and placed on a heating block at 105 °C for 5min. Proteins in the 

two replicates of both ASM and AIM were separated by SDS-PAGE, stained using 

Coomassie Brilliant Blue, and destained by using 1% acetic acid. Each sample was 

divided into five slices based on protein molecular weight and band intensity (Mu et al., 

2017). 

Gel slices were further destained with a mixed solution of 50 mM NH4HCO3/50% 

methanol, washed with Milli-Q, dried with 100% ACN, and re-hydrated in 100mM 

NH4HCO3. Solutions of 10 mM dithiothreitol and 55 mM iodoacetamide were 

sequentially applied to reduce the disulfide bonds and alkylate the exposed sulfhydryl 

groups, respectively. Afterwards, gel slices were digested with sequencing grade 

trypsin (Promega, Madison, WI) in a solution of 50 mM NH4HCO3. Peptide solutions 

recovered from the gels were desalted using Sep-Pak C18 cartridges (Waters, Milford, 

MA), and then dried in a vacuum concentrator (Eppendorf, Hamburg, Germany). 

Methods for LC-MS/MS analyses followed our previous work (Mu et al., 2017). 

The dried fraction of each sample was reconstituted with 0.1% formic acid, and 

analyzed with a LTQ-Orbitrap Elite coupled to an Easy-nLC (Thermo Fisher, Bremen, 

Germany). Peptides were separated using a 60-min gradient in a C18 capillary column 

(Michrom BioResources, CA). Mass spectrometry scans with a range of 350 to 1600 

m/z were acquired with a resolution of 60 000 under the positive charge mode. The five 
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most abundant multiple-charged ions having a minimum signal threshold of 500.0 were 

selected for fragmentation using CID. The CID scanning strategies adopted an isolation 

width of 2.0 m/z. For CID fragmentation, the activation time was 10 ms, and the 

normalized collision energy was 35%. 

 

4. 2. 4 Sequence analyses 

Raw LC-MS/MS data files were converted into .mgf format using Proteome Discovery 

v.1.3.0.339 (Thermo Finnigan, CA). A total of 33 584 predicted proteins of B. platifrons 

and 36 549 predicted proteins of M. philippinarum derived from their draft genomes 

(Sun et al., 2017) were submitted to Mascot v.2.3.2 (Matrix Sciences, London, U.K.) 

respectively, and served as the database for identifying SMPs in each species with their 

reversed sequences included to control FDR. The search parameters were +2, +3 and 

+4 for peptide charge, 5 ppm for precursor, 20 mmu for fragments, methylthio (cysteine) 

for fixed modification, oxidation (methionine) and deamidation (NQ) for variable 

modification, and at most two missed cleavages. Peptides with a confidence level less 

than 0.95 were discarded. Besides, those with less than eight AAs were also removed 

due to their high tendency to match the decoy sequences. A FDR of 0 was applied to 

filter potential protein contaminates, and only proteins had at least two unique matched 

peptides were retained in the end. 

 Signal peptides were identified using the SignalP v.4.1 server 

(http://www.cbs.dtu.dk/services/SignalP/). Transmembrane regions were identified 

using the TMHMM v.2.0 server (http://www.cbs.dtu.dk/services/TMHMM/). 

Following signal peptide removal, the AA composition of identified SMPs were 

determined using ProtParam from the EXPASY online server 

(https://web.expasy.org/protparam/). XSTREAM (Newman & Cooper, 2007) was 

conducted to detect proteins with TR motifs with the following parameters: moderate 

TR degeneracy, high TR significance, minimum character match = 0.8, minimum 
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period = 3, minimum copy number = 3, minimum domain length: 10 AAs, minimum 

consensus match = 0.8, and maximum gaps = 2. Annotation of SMPs was attempted 

using BLASTp to search against the NCBI nr database with an E-value of 1e-6. When 

multiple annotations were returned, the annotation with the lowest E-value, best score, 

and/or the highest proportion of hit was taken. To identify shared SMPs in both species, 

an all-against-all search of B. platifrons SMPs versus M. philippinarum SMPs, and vice 

versa was conducted using BLASTp with an E-value of 1e-6. Functional domains in the 

protein sequences were predicted using SMART (http://smart.embl-heidelberg.de/), 

including the optional searches for homologues of known structure and Pfam domains. 

Sequence alignments were conducted using CLUSTAL W (Thompson et al., 1994) or 

MultAlin (Corpet, 1988), and checked with manual inspection. Aligned sequences were 

then trimmed by using Gblocks sever 

(http://molevol.cmima.csic.es/castresana/Gblocks_server.html) allowing smaller final 

blocks, gap positions with the final blocks, as well as less strict flanking positions. 

Phylogenetic trees were constructed based on the ML method using raxmlGUI v.1.3.1 

(Silvestro & Michalak, 2012), running with the rapid bootstrap with 1000 

pseudoreplicates. 

 

4. 3 Results and discussion 

4. 3. 1 Shell microstructures 

The shells of B. platifrons and M. philippinarum consist of two calcified layers, the 

outer prismatic layer and inner the nacreous layer (Figure 4.1). Among them, the 

prismatic layer was characterized by the occurrence of needle-like prisms stacked 

towards the shell margin, whereas the nacreous layer was characterized by the presence 

of small flat tablets, which are organized into a brick wall-like structure. This type of 

shell microstructure has commonly found in various molluscs, including other species 

in the family Mytilidae (e.g. Marin et al., 2012; Gao et al., 2015; Liao et al., 2015). 
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4. 3. 2 Identification, characterization, and functional assignment of SMPs 

By combining the MS data with database interrogation, we identified a total of 94 SMPs 

from B. platifrons (Figure 4.2). Among them, 80 SMPs were found in ASM, 66 in AIM, 

and 52 in both ASM and AIM. Meanwhile, we identified a total of 55 SMPs from M. 

philippinarum (Figure 4.2), with 42 of them found in ASM, 41 in AIM, as well as 28 in 

both ASM and AIM. The large number of SMPs presents in both ASM and AIM might 

be a consequence of successive protein maturation events, such as progressive 

insolubilization through cross-linking and/or protein tanning (Marie et al., 2010a). 

Estimation of emPAI revealed that the abundance of the 94 SMPs identified from B. 

platifrons ranged from 0.04 to 11.37%, and those of the 55 SMPs from M. 

philippinarum ranged from 0.13 to 21.91% (Tables 4.1, 4.2, 4.3, and 4.4), indicating 

our analytical methodology was sensitive enough to detect proteins with low abundance.  

SMPs are known generally to have a signal peptide at the N-terminus, allowing 

them to be secreted from the mantle outer epithelia to the extrapallial space to function 

during biomineralization. In this study, 49 SMPs (52.1%) identified from B. platifrons 

and 31 SMPs (56.4%) from M. philippinarum were found to present a signal peptide, 

indicating these SMPs are secreted by the mantle epithelia via a classic cellular 

secretion pathway. Besides, a total of 17 SMPs (18.1%) identified from B. platifrons 

and nine SMPs (16.4%) from M. philippinarum were predicted to have transmembrane 

helices. This result infers that these SMPs may bind to the cell membranes of the mantle 

tissue before functioning in shell formation, especially taking account of the fact that 

most of these SMPs in the two shell proteomes (i.e. 14 in B. platifrons and six in M. 

philippinarum) were also predicted to possess a signal peptide. 

A total of 57 SMPs (60.6%) identified from B. platifrons (Table 4.1), and 24 SMPs 

(43.6%) identified from M. philippinarum (Table 4.2) have significant blast hits and 

functional annotation when searched against the NCBI nr database. Meanwhile, a total 
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of 23 (i.e. PILP-A, PILP-E, PILP-G1, and BPUSP-1 to BPUSP-20; 24.5%) and 17 (i.e. 

PILP-G2 to PILP-G4, and MPUSP-1 to MPUSP-14; 30.9%) SMPs with no 

characterized blast homology were identified from B. platifrons (Table 4.3) and M. 

philippinarum (Table 4.4), respectively. Besides, 14 SMPs (i.e. SUSP-1 to SUSP-14) 

have no characterized homology or functional domain were found to be shared between 

the shell proteomes of B. platifrons and M. philipinarum (Figure 4.2; Tables 4.3 and 

4.4). Based on results of BLASTp, SMART domains, supplemented with manual 

annotation using the UniProt database, SMPs identified from B. platifrons and M. 

philippinarum can be broadly classified into six categories (Figure 4.3) with details 

discuss bellow. 

 

4. 3. 2. 1 Calcium binding 

Four SMPs (4.3%) of B. platifrons and one SMP (1.8%) of M. philippinarum may have 

calcium-binding capability. For example, an ependymin protein was identified from B. 

platifrons, and it was also found to be highly expressed in its mantle tissue (Figure 4.4). 

Ependymin-related proteins were previously reported in the shell proteomes of the 

gastropods H. asinina (Marie et al., 2010a) and L. gigantea (Mann et al., 2012), and the 

bivalve C. gigas (Zhang et al., 2012). It has been reported that these proteins are capable 

of binding calcium through N-linked sialic acids residues and polymerizing into the 

insoluble fibrils (Marie et al., 2010a). Herein, proteins belong to this family were 

thought to be involved in organization of the shell-matrix framework, although this role 

in molluscan biomineralization needs to be verified by more evidences. Besides, Efh 

domain-containing protein SUSP-11 that shared between the shell proteomes of B. 

platifrons and M. philippinarum was assigned into this group. Proteins with Efh domain 

is known to exhibit high affinity to calcium ions, which have been widely detected in 

the shell matrices of gastropod, such as L. gigantea, and bivalve species, such as P. 

margaritifera (Marie et al., 2012), C. gigas (Zhang et al. 2012), and V. lienosa (Marie 
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et al., 2017). Although shared by both species, SUSP-11 in B. platifrons showed a 

higher expression level in its ovary than the mantle (Figure 4.4), whereas SUSP-11 was 

highly expressed in the mantle of M. philipinarum (Figure 4.5). This expression pattern 

indicates SUSP-11 may also participate in other biological processes than 

biomineralization. 

 

4. 3. 2. 2 Polysaccharide interaction 

A total of 15 (16.0%) and 6 SMPs (10.9%) were identified from B. platifrons and M. 

philipinarum, respectively, which may play a role in polysaccharide interaction during 

shell formation. Chitin and other insoluble polysaccharides are the major non-protein 

components of molluscan organic shell matrices (Goffinet & Jeuniaux, 1979). They can 

cooperate with the silk-like and/or acidic proteins in constructing a three-dimensional 

framework for crystal growth (Addadi et al., 2006). Here, both examined species had 

SMPs with lectin (e.g. Gal_lectin, CLECT) and chitin-binding domains (e.g. ChtBD2, 

chitin_bind_3), such as BMSP, matrix protein-1-like, and sushi-like proteins, that are 

deeply conserved among molluscs. For example, BMSP is a preproprotein firstly 

identified from the nacreous layer of the M. galloprovincialis shell, which composed of 

a signal peptide and two proteins, i.e., BMSP 120 and BMSP 1000 (Suzuki et al., 2011; 

Figure 4.6A). BMSP 120 has four VWA and one ChtBD2 domains, which may help to 

construct and maintain the structure of shell matrices; BMSP 100 was found throughout 

the nacreous layer of M. galloprovincialis with dense localisation showing in the 

myostracum, indicating its roles in regulating the orientation of aragonite crystals in 

both nacre and myostracum (Suzuki et al., 2011). Here, similar primary sequence 

structure was observed in both the BMSP of B. platifrons and M. philippinarum (Figure 

4.6B). Nevertheless, BMSP of B. platifrons was found to have a higher expression level 

in its adductor muscle compared to the mantle tissue (Figure 4.4), whereas that of M. 

philippinarum showed an opposite expression pattern (Figure 4.5). The adductor 
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muscle in bivalves are the principal organ to control the opening and closing of their 

two valves, and the adductor muscle scar is the place where myostracum is located (Lee 

et al., 2011). Therefore, we deduce that BMSP might have a major role in regulating 

the crystal orientation of the myostracum in B. platifrons, whereas that of M. 

philippinarum may mainly execute such function in its nacreous layer. In addition, 

BMSP has been identified from the mantle transcriptome of M. coruscus (Liao et al., 

2015) and the shell proteome of M. edulis (Arivalagan et al., 2016b), and its 

homologous forms, e.g. Pif and BMSP-like proteins, have been identified from the 

shells of Pinctada spp. (Suzuki et al., 2011) and L. gigantea (Mann et al., 2012; Marie 

et al., 2013a; Mann & Edsinger, 2014), respectively, indicating a common ancestral 

origin of BMSP during evolution.  

One beta-hexosaminidase and two chitinases containing domains belonging to the 

glycosyl hydrolases family (e.g. Glyco_18, Glyco_20, and Glyco_20b) were identified 

from the shell matrices of B. platifrons. These proteins were initially reported from 

Pinctada spp., and were suggested to play a key role in the reconstruction of chitin 

framework (Marie et al., 2012; Feng et al., 2017). Since then, chitinase-like proteins 

have been widely found in the shell matrices of molluscs (e.g., Arivalagan et al., 2016a; 

Sleight et al., 2016; Marie et al., 2017). Nevertheless, no such proteins were detected 

in the shell of M. philipinarum. 

 

4. 3. 2. 3 Enzyme 

Only two SMPs of M. philipinarum were assigned into this group, which were also 

found in the shell proteome of B. platifrons. One is tyrosinase, a copper-containing 

oxidase that controls the melanin production via hydroxylation of a monophenol to o-

quinone (Sánchez-Ferrer et al., 1995). Nevertheless, four tyrosinases were found in B. 

platifrons, but only one was detected in M. philipinarum. Phylogenetic analyses based 

on tyrosinases derived from representative shell forming bivalves (Figure 4.7) showed 



 

 

126 

 

that the four tyrosinases identified in the shell proteomes of B. platifrons were clustered 

together with that of M. philippinarum and M. coruscus (Liao et al., 2015) with a high 

bootstrap support. Moreover, the tyrosinase of M. philipinarum was highly expressed 

in its mantle (Figure 4.5). In contrast, only two tyrosinases of B. platifrons were highly 

expressed in the mantle, whereas the other two were found to have a high expression 

level in its ovary (Figure 4.4). Tyrosinases are known to play central roles in various 

biological processes, such as pigmentation, innate immunity, oxygen transport, and 

wound healing (Aguilera et al., 2014). In molluscs, it has been suggested that 

tyrosinases are associated with the deposition of periostracum (Zhang et al., 2006) and 

the pigmentation of prismatic layer (Nagai et al., 2007) in P. fucata, the larval shell 

biogenesis in C. gigas (Huan et al., 2013), as well as shell reparation in L. elliptica 

(Sleight et al., 2015). The presence of tyrosinases in the mantle transcriptomes and shell 

proteomes of molluscs, and its diverse proposed roles including in shell formation 

indicate that tyrosinases is an ancient gene family that has co-opted into the 

biomineralization toolkits (Aguilera et al., 2017).  

The other enzymatic SMP shared between B. platifrons and M. philipinarum is the 

ferric-chelate reductase-like protein (with a Reeler domain). Ferric-chelate reductases 

are capable to reduce Fe (III) chelates to form soluble ferrous iron. Iron is one of the 

most important trace elements found in the calcified skeletons (Marin et al., 2012). 

Previous study has identified a ferritin subunit from P. fucata that potentially involves 

in shell formation via iron storage (Zhang et al., 2003). Moreover, it has been reported 

that iron in magnetite form (Fe3O4) can be incorporated into and harden the teeth within 

the radula of chitons and limpets (González et al., 2012). Although this is the first report 

of ferric-chelate reductase-like proteins from the molluscan shells, we hypnotized that 

they may also function in iron incorporation and accumulation in shell calcification. 

 Beside these two SMPs in this category, two CA2-like proteins, a byssal 

peroxidase-like protein (with a An_peroxidase domain), a CuZn-SOD (with a Sod_Cu 
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domain), a PcaH-like protein (with a Dioxygenase_C domain), and a laccase-7-like 

protein (with three Cu-oxidase-related domains) were also identified from the shell 

matrices of B. platifrons. Among them, CAs belong to a group of metalloenzymes 

widely found in animals, plants, and bacteria. They can catalyse the reversible hydration 

of carbon dioxide to produce one bicarbonate ion and one proton (H2O + CO2 ⇔ H2CO3 

⇔ HCO3- + H+). Since bicarbonate ion can directly react with calcium ions to produce 

calcium carbonate, CAs are thought to be essential for biomineral formation. Indeed, to 

date, CAs have been identified in various biomineralization models, such as sponge 

spicules, coral skeletons, mollusc shells, annelid tubes, arthropod exoskeletons, 

echinoderm spines, urochord spicules, as well as vertebrate otoliths and eggshells (Le 

Roy et al., 2014). Although occurs in different scaffold, the two CA2-like proteins 

identified from the shell matrices of B. platifrons showed an extreme high sequence 

identity (91.7%), indicating they might be generated through a gene duplication event. 

Besides, these two proteins were found to be rich in R and G [i.e. CA2-like (1): R, 

12.0%; G, 10.8%; CA2-like (2): R (11.6%); G (10.5%)], which has been rarely found 

in other reported CA domain containing-proteins in molluscan shells. In addition, these 

two proteins were found to have the same type of TR motif with a copy number of 5.8 

(Table 4.5), but have no G-Xaa-N (Xaa = D, N, or E) repeat domain presence as in 

Pinctada Nacrein proteins (Miyamoto et al., 1996). In comparison, SMPs identified 

with CA domains in Mytilus shells (Marie et al., 2011a; Liao et al., 2015) were found 

to have either the TR motifs as shown in B. platifrons or the G-Xaa-N (Xaa = D, N, or 

E) repeats. Although the specific roles of the TR motifs in the two CA2-like proteins of 

B. platifrons remain puzzling, previous studies have deduced that CA domain-

containing proteins in molluscan shells may be related to the formation and regulation 

of biomineral deposition in both prismatic and nacreous layers (Miyashita et al., 2002; 

Marie et al., 2011a; Liao et al., 2015). 

To date, various redox enzymes, such as peroxidases, Cu_oxidase-related domain-
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containing proteins, SOD identified here, have also been reported in various molluscan 

shell matrices (e.g., Marie et al., 2012, 2017; Zhang et al., 2012; Liao et al., 2015; 

Arivalagan et al., 2016b; Feng et al., 2017). However, their primary roles in shell 

formation is still enigmatic, and needs further investigation. 

 

4. 3. 2. 4 Extracellular matrix-related proteins 

Many extracellular matrix-related proteins identified here are commonly found in 

molluscan shell matrices, with the occurrence of different extracellular matrix domains, 

such as collagen, EGF, FN3, SCP, VWA, and ZP. Furthermore, mucin-like proteins from 

both B. platifrons and M. philipinarum were also found. Among them, the mucin-2-like 

protein identified in B. platifrons was detected to have a T-rich TR motif (i.e. TTTEPTT) 

with a copy number up to 20.1. Although the mucin-2-like protein identified in M. 

philipinarum has no such TR motif, it was detected to possess several T- and S-rich 

LCDs. Mucins are a family of heavily glycosylated proteins associated with epithelial 

tissues, which are capable of forming disulfide-dependent soluble dimers (Perez-Vilar 

& Hill, 1999) and multimeric insoluble hydrogels via cross-linking (Perez-Vilar et al., 

1998). They are known to play essential roles in epithelial lubrication, formation of 

barriers to against biological (e.g., bacteria, viruses) and chemical aggression, as well 

as cell signaling (Marin et al., 2007). The first molecular evidence for involvement of 

mucins in molluscan biomineralization was the report of mucoperlin from the nacre of 

the fan mussel Pinna nobilis (Marin et al., 2000). The primary role of these proteins 

was suggested to inhibit the precipitation of calcium carbonate to terminate crystal 

growth (Marin et al., 2000). More recently, mucin-like proteins have also been 

identified from the skeleton of the coral Acropora millepora (Ramos-Silva et al., 2013) 

and the nacre of L. elliptica (Sleight et al., 2016). Taking together with the three mucin-

like proteins identified in B. platifrons and M. philippinarum, these results largely 

emphasize the functional importance of mucins in biomineralization. 
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  Another SMP of interest found in this category is SUSP-7, which had a SCP domain 

whereas with no clear function determined in the context of biomineralization. 

Estimation of emPAI revealed that SUSP-7 was among the top five most abundant 

SMPs in both B. platifrons (emPAI = 3.05%) and M. philippinarum (emPAI = 3.88%). 

What’s more, this protein was found to be expressed specifically in the mantle of both 

these two species. These characters strongly revealed the significance of this protein in 

their shell formation, and thus desire to be further studied in the future. 

 

4. 3. 2. 5 Immunity-related proteins 

Besides those with unknown functions, immunity-related proteins form the largest 

group in both B. platifrons (i.e. 27 SMPs, 28.7%) and M. philippinarum (i.e. 15 SMPs, 

27.3%), which was predominant by PILPs. Specifically, a total of 16 PILPs and eight 

types of domains with putative functions of protease inhibition were identified in the 

shell matrices of B. platifrons, comprising CY domain in a cystatin-B like protein, 

TIMP domain in PILP-A, SERPIN domain in PILP-B1–3, KU domain in PILP-C1–5, 

A2M domain in PILP-D1–3, ShKT domain in PILP-F, C345C domain in PILP-E, and 

WAP domain in PILP-G1. In comparison, a total of 10 PILPs and four types of protease 

inhibitor-associated domains were found in the shell matrices of M. philippinarum, 

including CY domain in a cystatin-B like protein, KU domain in PILP-C1 and C3–5, 

WAP domain in PLIP-G2–5, and KAZAL domain PILP-H. The occurrence of protease 

inhibitor domains is common in skeletal matrix proteins, and many of these protease 

inhibitor domains identified here have also been widely found in calcified shells of 

various molluscan linages (Marin et al., 2013, 2016). Nevertheless, it is the first report 

of both KAZAL and KU domain-containing SMPs in the same shell-forming species 

(Arivalagan et al., 2016b). Cystatins are a group of proteinase inhibitors that inhibit 

cysteine proteinases (Fossum & Whitaker, 1968), which have been well studied in the 

hemocytes of molluscs that function in anti-infection response (e.g., Kang et al., 2006). 
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Although they have already been observed in vertebrate bones (Laitala-Leinonen et al., 

2006) and chicken eggshells (Mann et al., 2006), it is the first report of their occurrence 

in molluscan shell matrices. 

 Moreover, a mytilin-3-like and a heme-binding protein 2-like protein (with a SOUL 

domain) was identified from both B. platifrons and M. philipinarum. Among them, the 

mytilin-3-like protein is the most abundant protein found in the shell proteome of B. 

platifrons with an emPAI value up to 11.37%, and it was also found to have a relative 

high abundance in the shell proteome of M. philipinarum (rank 7th) with an emPAI value 

of 3.13%. Mytilins are a group of anti-microbial peptides that were initially isolated 

from the haemocytes and plasma of Mytilus mussels (Charlet et al., 1996; Mitta et al., 

1999, 2000). Besides the detection of mytilin-3-like proteins here, they have also been 

recently identified from the shell matrices of L. elliptica (Sleight et al., 2015), E. 

complanata, and V. lienosa (Marie et al., 2017), which indicates mytilins may also 

function in anti-microbial defence during the biomineralization processes. The SOUL 

heme-binding protein superfamily are known to have multiple functions in eucaryon, 

ranging from heme biosynthesis and transportation, porphyrin induction buffering, as 

well as apoptosis and immune response (Fortunato et al., 2016). Since it is the first time 

to identify heme-binding proteins in molluscan shells, their functional significance 

during shell formation is still obscure. 

Cyclophilins, FKBPs, along with parvulins form the immunophilin superfamily, 

and many of them process PPIase enzymatic activity with functions mainly include 

protein folding and trafficking, as well as immune response (Kumari et al., 2013). 

Recent studies have revealed that cyclophilin A and FKBP-related proteins also play 

important roles in bone anabolism and resorption in vertebrates (e.g. Kimura et al., 2013; 

Guo et al., 2016). In this study, cyclophilin A was identified from B. platifrons, and a 

FKBP2-like protein was found in M. philipinarum. Moreover, cyclophilins have also 

been detected in the tooth matrices of the sea urchin Strongylocentrotus purpuratus 
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(Mann et al., 2008) and the shell matrices of L. gigantea (Marie et al., 2013a; Mann & 

Edsinger, 2014). These findings signify the importance of immunophilins in 

biomineralization, although how they contribute to the shell-forming processes in 

molluscs needs further characterization. 

Interestingly, a PGRP-SC2-like protein was identified from the shell matrix of B. 

platifrons. PGRPs are evolutionary conserved innate immunity molecules widely occur 

in metazoans, which have diverse functions in immune defence against bacterial 

infection (Royet et al., 2011). Previous work in our lab has found that PGRPs were 

expanded in the genome of B. platifrons, which may be associated with the symbiont 

recognition in its gills and pathogen recognition in the visceral mass (Sun et al., 2017). 

The gene encodes the PGRP-SC2-like protein identified here was found in the scaffold 

Bpl_scaf_21183, where a tandem duplication of five PGRP-SC2-like genes was 

observed (Sun et al., 2017). Moreover, this gene was found to have a high expression 

level in both the gills and mantle tissue in B. platifrons (Figure 4.4). All these results 

revealed that PGRP in B. platifrons may also contribute to the anti-microbial defence 

during its biomineralization processes. 

Besides, six SMPs that may exhibit protease functions, including a gigainin-6 like 

protein (with a beta-lactamase domain), which has been identified in the shell of C. 

gigas (Marie et al., 2011b), a ADAMTS18-like protein (with a Reprolysin_4 domain), 

a THSD4-like protein (with a ADAM_spacer1 and PLAC domains, and 6 TSP1 repeats), 

and three trypsin-like serine proteases, were identified from B. platifrons. Meanwhile, 

a hemicentin-1-like protein (contain IG and IG_like domains), which was previously 

found in the shell matrices of the brachiopod Magellania venosa (Jackson et al. 2015) 

and Lingula anatine (Luo et al., 2015), and the coral skeleton of A. millepora, has 

also be identified in the calcified shells of M. philippinarum. 

 Collectively, the huge number of immunity-related proteins identified in both B. 

platifrons and M. philippinarum highlight their importance in molluscan 
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biomineralization, which may control and regulate the formation of shell matrices, more 

importantly, largely protect them from extracellular proteolysis and pathogen infection. 

 

4. 3. 2. 6 Proteins with no predicted functions 

Due to the absence of homology or putative functional domains, 28 SMPs (29.7%) in 

B. platifrons and 22 SMPs (40.0%) in M. philippinarum, with 14 shared between the 

two species, were assigned into this category. Nevertheless, many of them were found 

to have TR motifs (Figure 4.8; Tables 4.5 and 4.6). For instance, in B. platifrons, SUSP-

8 was observed to have a TR motif (14 AAs in length) with a copy number up to 24.4, 

BPUSP-18 had a TR motif (12 AAs in length) with a copy number of 11.8, and SUSP-

12 had nine composed of seven types of A-, G-, and S- rich TR motifs. In M. 

philippinarum, MPUSP-10 had three types of Q- or T- rich motifs, and SUSP-5 had a 

G-rich TR motif (6 AAs in length) with a copy number of 9.3, together with a G- and 

M-rich motif (5 AAs in length) with a copy number of 4.6. Besides, numerous proteins 

in this group had LCDs that were rich in one to serval AAs, such as G, Q, D, S, E, T, R, 

K, P, and W (Figure 4.9). These regions can enhance the flexibility of proteins, allowing 

them to pass across the cell membrane of mantle epithelia and reach the calcification 

front more easily (Wright & Dyson, 1999; Arivalagan et al., 2016b). The TR or 

(R)LCD-containing proteins, including those with characterized and uncharacterized 

functions, have been reported in all calcifying metazoans (Marin et al., 2016). Many of 

them tend to be lineage-specific, and may contribute to the construction of a framework 

for calcium carbonate deposition, specific physical properties (e.g. fracture resistance) 

of the calcified tissues, or serve as an environmental adaptive response (Marie et al., 

2013a; Arivalagan et al., 2016b; Marin et al., 2016). 

 

4. 4 Conclusion and prospects 

By using a proteomic approach, a total of 94 and 55 SMPs were identified from the 
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shell matrices of B. platifrons and M. philippinarum in this study, among which 31 of 

them were shared between these two species. These SMPs can be assigned into six 

broad categories, including calcium binding, polysaccharide interaction, enzyme, 

extracellular matrix-related proteins, immunity-related proteins, and those with 

uncharacterized functions but have unusual AA composition. Many of these proteins, 

such as tyrosinases, CAs, collagens, galectin-binding proteins, C-type lectins, chitin-

binding proteins, chitinases, peroxidases, sushi-like proteins, BMSP, mytilin-3, mucins, 

cyclophilin A, SOD, ependymin, hemicentin, gigasin-6-like proteins, galaxin-like 

proteins, along with those with proteinase and proteinase inhibitor domains, have been 

reported in diverse molluscan shell matrices or other calcified tissues in metazoans, 

indicating the existence of a conserved molecular toolkit for biomineralization. In 

addition, some other proteins were found for the first time in molluscan shell matrices 

(e.g. cystatins), or in metazoan calcified tissues (e.g. ferric-chelate reductase-like 

proteins, heme-binding proteins). These results revealed that some protein products 

may have been independently recruited into the biomineralization context and function 

in specific lineages. 

 Overall, this is the first report of shell proteome for molluscs from the deep ocean, 

which not only unveiled the shell matrix composition for biomineralization of the deep-

sea animals, but also will support various follow-up studies to better understand the 

functions of these SMPs, especially those with no homology or functional domains, in 

relation to environmental adaptation.
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Table 4.1 SMPs of B. platifrons with blast homology. # Normalized emPAI value; S Signal peptide; TM Transmembrane helice. 

 

Protein name emPAI  

(%) # 

Matched transcript BLASTp E-value Domain or feature 

ADAMTS18-like 0.16 Bpl_scaf_16621-9.10 A disintegrin and metalloproteinase with thrombospondin motifs 

18-like isoform X1 [Biomphalaria glabrata] 

8.2e-19 Reprolysin_4; Leu (10.3%) 

Beta-hexosaminidase 0.49 Bpl_scaf_23-3.11 Putative beta-hexosaminidase [Crassostrea gigas] 0 CHB_HEX; Glyco_hydro_20b; Glyco_hydro_20  

BMSP 0.79 Bpl_scaf_31275-1.0 BMSP [Mytilus galloprovincialis] 0 VWA; ChtBD2 

Byssal peroxidase-like 0.25 Bpl_scaf_11942-4.73 Byssal peroxidase-like protein 1 [Mytilus coruscus] 0 An_peroxidase 

CA2-like (1) 0.84 Bpl_scaf_22588-0.14 Carbonic anhydrase 2-like isoform X2 [Crassostrea virginica] 1.4e-69 Carb_anhydrase; Arg (12.0%); Gly (10.8%) 

CA2-like (2) 1.21 Bpl_scaf_22771-0.36 Carbonic anhydrase 2-like isoform X2 [Crassostrea virginica] 7.0e-80 Carb_anhydrase; Arg (11.6%); Gly (10.5%) 

Chitinase (1) 0.19 Bpl_scaf_63348-7.45 Chitinase-3 [Hyriopsis cumingii] 0 Glyco_18; ChtBD2 

Chitinase (2) 2.12 Bpl_scaf_63348-8.53 Chitinase-like protein [Mizuhopecten yessoensis] 2.4e-96 Glyco_18 

Collagen alpha-like 0.83 Bpl_scaf_57301-0.5 Collagen alpha-1(X) chain-like [Boleophthalmus pectinirostris] 7.7e-27 Collagen; Gly (32.7%); Pro (21.7%) 

C-type lectin 5-like S 0.59 Bpl_scaf_41182-4.3 C-type lectin 5 [Azumapecten farreri] 4.6e-32 CLECT 

CuZn-SOD 0.18 Bpl_scaf_26339-0.12 CuZn superoxide dismutase [Mytilus galloprovincialis] 6.3e-84 Sod_Cu; His (14.2%); Asp (11.5%); Gly (10.2%)  

Cyclophilin A S,TM 0.55 Bpl_scaf_63854-12.51 Peptidylprolyl isomerase A, partial [Mytilus edulis] 1.0e-104 Pro_isomerase; Gly (13.6%) 

Cystatin-B-like S,TM 0.75 Bpl_scaf_41182-3.1 Cystatin-B-like [Mizuhopecten yessoensis] 1.3e-20 CY; Val (12.2%) 

EGF-like domain-containing 

protein-like 

1.06 Bpl_scaf_34403-0.6 EGF-like domain-containing protein 2 [Crassostrea virginica] 1.6e-20 ZP; Thr (10.3%) 

Ependymin S 0.39 Bpl_scaf_13985-0.24 Ependymin-related protein 1-like [Saccoglossus kowalevskii] 2.3e-17 Ependymin 

Extensin-like (1) 0.27 Bpl_scaf_11334-4.44 Extensin-like [Crassostrea virginica] 3.4e-48 ChtBD2 

Extensin-like (2) S 2.50 Bpl_scaf_44118-3.18 Extensin-like [Mizuhopecten yessoensis] 1.6e-20 Gln (21.1%); Gly (11.4%) 

Ferric-chelate reductase-like (1) 0.27 Bpl_scaf_24996-18.8 Ferric-chelate reductase 1-like [Crassostrea virginica] 3.1e-45 Reeler; Gly (20.7%) 
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Ferric-chelate reductase-like (2) 1.86 Bpl_scaf_51657-7.2 Putative ferric-chelate reductase 1 isoform X4 [Mizuhopecten 

yessoensis] 

6.9e-25 Reeler; Arg (11.9%) 

Galectin-binding (1) 1.05 Bpl_scaf_52346-3.2 Rhamnose binding lectin [Tribolodon brandtii] 1.6e-23 Gal_Lectin; Ser (12.6%); Gly (10.1%) 

Galectin-binding (2) S 0.86 Bpl_scaf_59439-0.12 Galectin-3-binding protein [Exaiptasia pallida] 4.1e-22 Gal_Lectin; Ser (12.0%); Arg (10.9%) 

Gigasin-6-like S,TM 0.45 Bpl_scaf_27805-9.30 Gigasin-6-like [Crassostrea virginica] 1.3e-117 Beta-lactamase; Thr (10.0%) 

Heme-binding protein 2-like 1.04 Bpl_scaf_9026-3.17 Heme-binding protein 2 [Crassostrea gigas] 3.2e-40 SOUL 

IP-rich protein TM 0.43 Bpl_scaf_14919-4.11 IP-rich protein-1 [Mytilus coruscus] 2.3e-10 Ile (14.0%); Pro (12.1%) 

Laccase-7-like S 0.09 Bpl_scaf_47430-9.34 Laccase-7-like isoform X1 [Mizuhopecten yessoensis] 0 Cu-oxidase_3; Cu-oxidase; Cu-oxidase_2 

Matrix protein-1-like 2.57 Bpl_scaf_58215-0.5 Matrix protein-1 [Mytilus coruscus] 0 ChtBD2; Ser (12.6%); Lys (10.0%) 

Mucin-19-like 2.54 Bpl_scaf_30205-0.0 Mucin-19 isoform X9 [Crassostrea gigas] 3.9e-16 Ala (12.1%); Ile (12.1%); Asp (10.3%); Gly (10.3%) 

Mucin-2-like S 0.41 Bpl_scaf_49975-0.20 Mucin-2-like [Crassostrea virginica] 4.5e-135 ChtBD2; LamG; Thr (17.9%) 

Mytilin-3-like S 11.37 Bpl_scaf_64028-0.4 Mytilin-3 [Mytilus californianus] 7.4e-34 Phe (12.7%); Gly (11.5%) 

Nacre protein-like S,TM 0.52 Bpl_scaf_49189-0.7 Nacre protein [Pinctada fucata] 1.5e-29 Arg (10.5%) 

N-rich protein S,TM 2.20 Bpl_scaf_64229-2.12 NK-rich protein-1, partial [Mytilus coruscus] 9.2e-56 Asn (13.9%) 

Nucleobindin-2-like S 0.23  Bpl_scaf_38338-12.14 Nucleobindin-2-like [Crassostrea virginica] 2.2e-160 EFh; Gln (16.6%); Glu (11.7%) 

PcaH-like 0.65 Bpl_scaf_7079-2.11 Protocatechuate 3,4-dioxygenase beta chain [Crassostrea gigas] 5.3e-46 Dioxygenase_C; Arg (11.5%) 

PGRP-SC2-like 0.45 Bpl_scaf_21183-0.78 Peptidoglycan recognition protein 3 [Mytilus galloprovincialis] 1.6e-110 PGRP; Gly (11.1%); Ser (10.1%)  

PILP-B1 0.61 Bpl_scaf_54251-1.2 Protease inhibitor-like protein-B1 [Mytilus coruscus] 7.3e-137 SERPIN 

PILP-B2 0.45 Bpl_scaf_58140-2.0 Protease inhibitor-like protein-B1 [Mytilus coruscus] 5.1e-131 SERPIN 

PILP-B3 0.45 Bpl_scaf_58140-2.3 Protease inhibitor-like protein-B1 [Mytilus coruscus] 5.4e-127 SERPIN 

PILP-C1 S 1.81 Bpl_scaf_28382-3.2 Nacre protease inhibitor-like protein 1 [Mytilus galloprovincialis] 4.1e-19 KU; Arg (12.2%); Asn (10.8%); Gln (10.8%) 

PILP-C2 S,TM 0.75 Bpl_scaf_28382-3.3 Nacre serine protease inhibitor 1 [Pinctada martensii] 3.1e-25 KU; Lys (17.6%); Ser (16.3%); Arg (11.6%) 

PILP-C3 S 2.46 Bpl_scaf_28382-3.15 Protease inhibitor-like protein-C [Mytilus coruscus] 2.3e-51 KU; Ser (14.0%); Lys (13.4%) 

PILP-C4 1.05 Bpl_scaf_28382-2.3 Carboxypeptidase inhibitor SmCI [Crassostrea gigas] 2.1e-41 KU; Gly (21.9%); Ser (10.8%)  
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PILP-C5 S 0.62 Bpl_scaf_28382-2.8 Nacre serine protease inhibitor 1 [Pinctada maxima] 8.4e-23 KU; Pentapeptide_2; Gly (21.8%); Met (12.8%); Asn 

(11.9%) 

PILP-D1 S,TM 0.40 Bpl_scaf_5248-5.31 CD109 antigen-like isoform X4 [Crassostrea virginica] 1.4e-60 A2M_N 

PILP-D2 0.92 Bpl_scaf_5248-5.30 CD109 antigen-like [Aplysia californica] 0 A2M_N_2; A2M; Thiol-ester_cl; A2M_comp; A2M_recep 

PILP-D3 S 0.20 Bpl_scaf_59459-0.10 Protease inhibitor-like protein-1 [Mytilus coruscus] 0 A2M_N; A2M_N_2; A2M; Thiol-ester_cl; A2M_comp 

PILP-F 0.13 Bpl_scaf_38653-0.9 Peptidase inhibitor 16 [Crassostrea gigas] 3.8e-35 SCP;ShKT; Thr (10.4%) 

Shell protein-6-like 3.04 Bpl_scaf_53107-1.8 Shell protein-6 [Mytilus coruscus] 0 FN3; Val (10.3%) 

Sushi-like 1.32 Bpl_scaf_43413-0.2 Sushi-like protein [Mytilus coruscus] 0 VWA; ChtBD2 

Temptin-like S,TM 0.38 Bpl_scaf_41123-0.11 Temptin-like [Crassostrea virginica] 9.4e-36 Lys (13.3%); Gly (11.7%) 

THSD4-like 0.12 Bpl_scaf_28870-11.5 Thrombospondin type-1 domain-containing protein 4-like isoform 

X1 [Octopus bimaculoides] 

5.6e-144 TSP1; ADAM_spacer1; PLAC 

Trypsin-like serine protease (1) S 3.10 Bpl_scaf_3805-1.21 Suppressor of tumorigenicity 14 protein homolog [Crassostrea 

virginica] 

3.1e-62 Gal_Lectin; LDLa; Tryp_SPc 

Trypsin-like serine protease (2) 5.51 Bpl_scaf_19386-3.27 Suppressor of tumorigenicity 14 protein-like isoform X1 

[Branchiostoma belcheri] 

5.8e-64 Gal_Lectin; LDLa; Tryp_SPc 

Trypsin-like serine protease (3) S 0.22 Bpl_scaf_19386-3.28 Suppressor of tumorigenicity 14 protein homolog [Crassostrea 

virginica] 

2.5e-68 Gal_Lectin; LDLa; Tryp_SPc 

Tyrosinase (1) 0.12 Bpl_scaf_39502-0.14 Tyrosinase-like protein-1, partial [Mytilus coruscus] 2.2e-170 Tyrosinase 

Tyrosinase (2) 0.34 Bpl_scaf_41294-0.7 Tyrosinase-like protein-1, partial [Mytilus coruscus] 5.1e-82 Tyrosinase 

Tyrosinase (3) S 1.32 Bpl_scaf_55476-0.6 Tyrosinase-like protein-1, partial [Mytilus coruscus] 4.3e-143 Tyrosinase 

Tyrosinase (4) 1.09 Bpl_scaf_65436-6.33 Tyrosinase-like protein-1, partial [Mytilus coruscus] 6.0e-122 Tyrosinase; Leu (10.5%) 
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Table 4.2 SMPs of M. philippinarum with blast homology. # Normalized emPAI value; S Signal peptide; TM Transmembrane helice. 

 

Protein name emPAI  

(%) # 

Matched transcript BLASTp E-value Domain or feature 

BMSP 1.23 Mph_scaf_68118-0.4 BMSP [Mytilus galloprovincialis] 0 VWA; ChtBD2 

Collagen alpha-like 0.20 Mph_scaf_7583-0.10 Collagen alpha-2(I) chain [Papilio machaon] 7.5e-29 Collagen; Pro (14.2%) 

Cystatin-B-like S 1.67 Mph_scaf_34094-0.5 Cystatin-B-like [Nothobranchius furzeri] 2.0e-19 CY; Val (12.4%) 

EGF-like domain-containing 

protein-like TM 

0.23 Mph_scaf_57795-0.8 EGF-like domain-containing protein 2 [Mizuhopecten yessoensis] 6.3e-59 ZP 

Ferric-chelate reductase-like 0.91 Mph_scaf_65030-0.3 Ferric-chelate reductase 1-like [Crassostrea virginica] 5.6e-08 Gly (26.6%) 

FKBP2-like S,TM 0.86 Mph_scaf_17065-0.17 Peptidyl-prolyl x1 cis-trans isomerase fkbp2 isoform, partial [Mytilus 

galloprovincialis] 

4.5e-74 FKBP_C; Gly (13.3%); Lys (13.3%)  

Galaxin-like S 0.54 Mph_scaf_68758-0.11 Galaxin [Exaiptasia pallida] 5.3e-36 Cys (15.1%); Gly (10.8%) 

Galectin-binding 0.86 Mph_scaf_48075-0.2 L-rhamnose-binding lectin CSL3-like [Crassostrea virginica] 1.6e-39 Gal_Lectin 

Heme-binding protein 2-likeS 1.22 Mph_scaf_21594-0.9 Heme-binding protein 2 [Crassostrea gigas] 2.3e-32 SOUL 

Hemicentin-1-like 0.62 Mph_scaf_37428-0.4 Hemicentin-1-like, partial [Mizuhopecten yessoensis] 9.0e-27 IG_like; IG 

Matrix protein-1-like S 6.65 Mph_scaf_72150-0.9 Matrix protein-1 [Mytilus coruscus] 0 ChtBD2; Ser (14.2%) 

Mucin-2-like S 0.21 Mph_scaf_68926-0.4 Mucin-2-like [Crassostrea virginica] 1.1e-62 ChtBD2; Thr (14.0%); Ser (12.0%) 

Mytilin-3-like S 3.13 Mph_scaf_29686-0.5 Mytilin-3 [Mytilus californianus] 1.4e-30 Phe (11.9%); Gly (10.7%) 

PILP-C1 S 0.76 Mph_scaf_6733-0.12 Nacre protease inhibitor-like protein 1 [Mytilus galloprovincialis] 1.6e-38 KU; Gln (16.2%); Ser (14.3%); Gly (12.1%) 

PILP-C3 S 2.02 Mph_scaf_6733-0.6 Protease inhibitor-like protein-C [Mytilus coruscus] 9.3e-48 KU; Ser (19.7%); Lys (14.0%) 

PILP-C4 S 0.33 Mph_scaf_37888-0.5 Carboxypeptidase inhibitor SmCI [Crassostrea gigs] 1.5e-39 KU; Gly (22.5%); Ser (13.7%) 

PILP-C5 0.71 Mph_scaf_56967-0.0 Spore wall protein 2-like [Strongylocentrotus purpuratus] 1.3e-12 KU; Gly (28.6%); Met (14.7%); Asn (10.5%) 
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PILP-G5 S 1.84 Mph_scaf_34052-0.27 WAP four-disulfide core domain protein 18-like isoform X2 [Myotis 

lucifugus] 

3.6e-08 WAP; Ser (14.7%); Gly (14.4%) 

PILP-H 1.61 Mph_scaf_49773-0.5 Serine protease inhibitor dipetalogastin [Crassostrea gigas] 3.7e-37 KAZAL; Ser (13.9%); Ala (11.1%); Pro (10.9%) 

PRQFV-amide-like S 0.72 Mph_scaf_483-0.20 Protein PRQFV-amide-like [Mizuhopecten yessoensis] 1.4e-23 – 

Shell protein-6-like 0.41 Mph_scaf_37796-0.2 Shell protein-6 [Mytilus coruscus] 0 FN3; Val (10.1%) 

Sushi-like S 0.35 Mph_scaf_31160-0.6 Sushi-like protein [Mytilus coruscus] 0 VWA; ChtBD2 

Trefoil factor-like S 0.64 Mph_scaf_9984-0.12 Trefoil factor [Polyandrocarpa misakiensis] 3.8e-44 PD; Cys (13.2%); Glu (11.4%) 

Tyrosinase S 0.16 Mph_scaf_65647-0.5 Tyrosinase-like protein-1, partial [Mytilus coruscus] 1.4e-180 Tyrosinase 
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Table 4.3 SMPs of B. platifrons without characterized blast homology. # Normalized 

emPAI value; S Signal peptide; TM Transmembrane helice. 

 

Protein name emPAI (%) # Matched transcript Domain or feature 

PILP-A S 2.17 Bpl_scaf_3643-3.5 TIMP 

PILP-E S,TM 0.47 Bpl_scaf_39147-3.6 C345C; Lys (10.8%) 

PILP-G1 0.47 Bpl_scaf_63013-1.19 Antistasin; WAP; Pro (11.8%); Cys (10.5%) 

BPUSP-1 S 0.17 Bpl_scaf_681-5.8 Ser (11.2%) 

BPUSP-2 S 2.43 Bpl_scaf_3643-3.6 Gly (11.5%) 

BPUSP-3 S 1.34 Bpl_scaf_5347-0.22 Glu (10.5%) 

BPUSP-4 0.16 Bpl_scaf_21209-4.12 Gly (14.2%); Ser (14.2%); Thr (12.2%) 

BPUSP-5 S 0.93 Bpl_scaf_23816-0.1 – 

BPUSP-6 S 0.29 Bpl_scaf_36046-0.3 Ser (15.7%); Asp (10.9%); Thr (10.5%) 

BPUSP-7 S,TM 0.35 Bpl_scaf_39502-0.15 Arg (12.6%) 

BPUSP-8 S 0.37 Bpl_scaf_41130-0.10 Gly (39.4%); Phe (10.6%); Ser (10.6%) 

BPUSP-9 S,TM 0.22 Bpl_scaf_57424-5.29 – 

BPUSP-10 S 0.62 Bpl_scaf_63360-1.0 Cys (11.9%); Met (10.4%) 

BPUSP-11 S,TM 0.40 Bpl_scaf_64903-0.5 Arg (10.2%); Val (10.2%) 

BPUSP-12 S 0.04 Bpl_scaf_19387-0.2 ChtBD2 

BPUSP-13 S 1.15 Bpl_scaf_31673-2.16 VWA; Ser (12.0%) 

BPUSP-14 TM 0.70 Bpl_scaf_33270-3.5 Chitin_bind_3; Gly (10.5%) 

BPUSP-15 S 0.30 Bpl_scaf_46913-2.8 DUF3105 

BPUSP-16 0.33 Bpl_scaf_51427-1.33 Chitin_bind_3 

BPUSP-17 0.23 Bpl_scaf_54665-4.13 – 

BPUSP-18 S 0.65 Bpl_scaf_62441-4.19 Lys (15.4%); Thr (14.7%) 

BPUSP-19 1.37 Bpl_scaf_62476-0.0 Arg (15.9%); Gly (12.8%)  

BPUSP-20 S 0.38 Bpl_scaf_65566-1.7 – 

SUSP-1 TM 0.66 Bpl_scaf_12374-1.1 Gly (11.1%); Leu (10.4%) 

SUSP-2 S 2.46 Bpl_scaf_12374-1.21 Gly (16.8%); Ser (14.9%); Leu (13.9%) 

SUSP-3 S,TM 3.58 Bpl_scaf_12478-3.0 Gly (15.2%); Met (13.9%); Asn (12.1%) 

SUSP-4 S,TM 2.38 Bpl_scaf_20890-3.4 Arg (18.9%) 

SUSP-5 S 0.28 Bpl_scaf_49975-0.5 Gly (18.2%); Gln (14.9%); Met (12.5%) 

SUSP-6 0.43 Bpl_scaf_53908-3.0 – 

SUSP-7 3.05 Bpl_scaf_8329-0.21 SCP 

SUSP-8 0.21 Bpl_scaf_8329-0.22 ShKT; Gln (11.0%); Leu (10.8%) 

SUSP-9 S 0.16 Bpl_scaf_13316-0.4 ChtBD2; Thr (13.4%); Ser (11.4%) 
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SUSP-10 S 0.48 Bpl_scaf_46578-1.14 Thr (10.7%); Ser (10.2%) 

SUSP-11 S 0.29 Bpl_scaf_50919-17.10 EFh; Gly (13.8%) 

SUSP-12 S 0.23 Bpl_scaf_3643-6.4 Gly (29.1%); Ala (25.8%); Ser (13.9%) 

SUSP-13 S 1.10 Bpl_scaf_36046-0.1 Asn (11.1%) 

SUSP-14 2.59 Bpl_scaf_36046-0.4 Arg (11.7%) 
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Table 4.4 SMPs of M. philippinarum without characterized blast homology. # 

Normalized emPAI value; S Signal peptide; TM Transmembrane helice. 

 

Protein name emPAI (%) # Matched transcript Domain or feature 

PILP-G2 S 2.19 Mph_scaf_4039-0.8 WAP; Gly (13.8%); Ser (13.8%) 

PILP-G3 2.89 Mph_scaf_34052-0.25 WAP; Gly (14.3%); Ser (12.7%) 

PILP-G4 S 2.07 Mph_scaf_34052-0.26 WAP; Gly (14.7%); Ser (14.2%) 

MPUSP-1 TM 1.46 Mph_scaf_6387-0.13 Gly (25.3%); Met (11.6%) 

MPUSP-2 S,TM 3.91 Mph_scaf_29771-0.1 Pro (19.8%) 

MPUSP-3 0.86 Mph_scaf_40654-0.4 Lys (15.4%) 

MPUSP-4 0.20 Mph_scaf_40654-0.5 Lys (18.0%); Ser (12.3%) 

MPUSP-5 2.28 Mph_scaf_44631-0.1 Pro (11.7%); Ser (11.1%) 

MPUSP-6 S 0.75 Mph_scaf_44721-0.4 Cys (11.1%); Pro (10.5%) 

MPUSP-7 0.13 Mph_scaf_45857-0.2 Ser (12.6%); Lys (12.3%) 

MPUSP-8 TM 0.42 Mph_scaf_46969-0.5 Lys (14.0%) 

MPUSP-9 1.37 Mph_scaf_50628-0.8 Fz; Ile (10.6%); Thr (10.6%) 

MPUSP-10 0.16 Mph_scaf_57615-0.4 Chitin_bind_3; Thr (14.8%); Ser (11.3%) 

MPUSP-11 0.59 Mph_scaf_61852-0.1 Pro (23.8%) 

MPUSP-12 S 0.47 Mph_scaf_70007-0.0 EGF; Ser (14.1%); Lys (13.2%); Thr (10.1%) 

MPUSP-13 S 0.27 Mph_scaf_33320-1.1 – 

MPUSP-14 S 0.48 Mph_scaf_68948-0.18 Gly (13.4%); Ser (13.0%); Val (13.0%) 

SUSP-1 S,TM 2.15 Mph_scaf_6387-0.6 Gly (11.4%) 

SUSP-2 S,TM 21.91 Mph_scaf_6387-0.12 Gly (16.7%); Ser (14.9%); Leu (12.3%) 

SUSP-3 3.58 Mph_scaf_40399-0.1 Gly (15.3%); Met (12.6%); Asn (11.1%) 

SUSP-4 S 12.26 Mph_scaf_51905-1.38 Arg (13.3%); Glu (11.2%) 

SUSP-5 S,TM 0.38 Mph_scaf_68926-0.3 Gly (23.1%); Met (14.3%); Gln (13.9%) 

SUSP-6 1.76 Mph_scaf_60133-0.1 Gly (10.6%) 

SUSP-7 S 3.88 Mph_scaf_71096-0.4 SCP 

SUSP-8 1.20 Mph_scaf_71096-0.6 ShKT; Pro (19.6%); Gln (15.0%) 

SUSP-9 S 0.44 Mph_scaf_47858-1.14 ChtBD2; Thr (12.6%) 

SUSP-10 S 0.57 Mph_scaf_37880-0.10 Ser (12.1%); Thr (10.8%); Glu (10.5%) 

SUSP-11 S,TM 0.85 Mph_scaf_1180-0.16 Efh; Gly (12.5%); Asp (11.9%) 

SUSP-12 1.19 Mph_scaf_68597-0.2 Leu (13.1%） 

SUSP-13 S 0.24 Mph_scaf_52963-0.0 Asn (10.5%); Ser (10.5%) 

SUSP-14 1.22 Mph_scaf_30624-0.3 Arg (13.2%); Pro (12.0%) 
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Table 4.5 TR motifs identified by XSTREAM in the shell proteome of B. platifrons. 

 

Type Protein name Period TR motif Copy 

number 

Consensus 

error 

1 IP-rich protein 31 NEPGPIIKYPFPGSIFDPRTLDQPTKTIDIA 3.7 0.02 

2 Nucleobindin-2-like 15 QQMHHGGQQAQHPEL 5.0 0.07 

3 SUSP-8 14 GKSLQ--VSLRYNASL 24.4 0.09 

4 CA2-like (1) 12 GQFPGSSIIPGR 5.8 0.14 

  CA2-like (2) 12 GQFPGQSIISGR 5.8 0.07 

  BPUSP-19 12 GQFPGSSIIAGR 3.8 0.11 

5 BPUSP-18 12 TDDGTAKTKPSV 11.8 0.09 

6 BPUSP-7 9 ARKTTSRGG 3.8 0.14 

7 Mucin-2-like 7 TTTEPTT 20.1 0.08 

8 BPUSP-6 6 TTPSEL 8.3 0.06 

9 SUSP-12 6 AASASA 4.5 0.17 

10 SUSP-5 6 GMMGGP 3.8 0.04 

11 PILP-C5 5 GMGNM 8.2 0.12 

  PILP-C5 5 GMGNQ 8.2 0.09 

12 BPUSP-8 5 GGFGG 4.4 0.05 

13 PILP-C2 4 SKKS 6.0 0.19 

14 SUSP-12 4 AGAS 5.5 0.05 

  SUSP-12 4 ASAG 4.0 0.12 

  SUSP-12 4 GASA 3.8 0 

15 SUSP-12 4 GGSA 3.0 0 

16 SUSP-12 4 GAGG 5.8 0.04 

17 CuZn-SOD 3 DHH 3.7 0.17 

18 SUSP-12 3 DSS 4.3 0.07 

19 SUSP-12 3 GAG 3.7 0 

20 SUSP-12 3 GSG 6.3 0.05 
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Table 4.6 TR motifs identified by XSTREAM in the shell proteome of M. 

philippinarum. 

 

Type Protein name Period TR motif Copy 

number 

Consensus 

error 

1 Matrix protein-1-like 25 GQQLNTNAQNNIAGTLKGIGSNVQS 6.3 0.15 

2 Collagen alpha-like 19 APQYQTQGPPAPPTQPQYP 3.2 0.1 

3 Matrix protein-1-like 13 RNLKPLVSGPSKT 3.9 0.06 

4 MPUSP-10 11 QYSQAATSGQG 5.4 0.19 

5 Collagen alpha-like 11 AATDIQIDTDK 7.7 0.06 

6 MPUSP-10 9 KISTADTTH 3.0 0 

7 SUSP-9 8 DPFAKPDI 3.4 0.04 

8 PRQFV-amide-like 8 EFLGKRNM 5.3 0.1 

9 PILP-H 8 PPPNRPPV 3.4 0.04 

10 PILP-C5 8 GMGSMGNP 5.4 0.09 

11 PILP-C5 8 GGMGNQGM 4.5 0.11 

12 SUSP-5 6 GMMGQG 9.3 0.15 

13 MPUSP-10 6 PTTTTT 5.0 0.1 

14 MPUSP-14 6 GSVLPG 5.0 0.1 

15 SUSP-5 5 GMMGH 4.6 0.12 

16 Collagen alpha-like 4 PMGP 3.8 0.07 
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Figure 4.1 Shell morphology and microstructures of B. platifrons and M. 

philippinarum. Shells of (A) B. platifrons (10.7 cm in length) and (B) M. 

philippinarum (6.5 cm in length), adopted from Sun et al., (2017). Shell 

microstructures of (C) B. platifrons and (D) M. philippinarum, showing two layers 

consist of fibrous prism (FP, upper) and nacre (N, lower). 
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Figure 4.2 A total of 94 and 55 SMPs identified from B. platifrons and M. 

philippinarum, respectively. SMPs labelled with asterisks were found to have 

homologs in the shell proteome of B. platifrons (i.e., two ferric-chelated reductase-

like proteins, two galectin-binding proteins, and four tyrosinases). SMPs with red 

underlines and those in blue represent the top five abundant SMPs in B. platifrons 

and M. philippinarum, respectively. 
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Figure 4.3 Distribution of functional classifications of SMPs identified from (A) B. 

platifrons and (B) M. philippinarum. 
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Figure 4.4 Expression profile of 94 SMPs in the adult tissues of B. platifrons based 

on data from Wong et al. (2015) and Sun et al. (2017). The underlined SMPs were 

found to be expressed specifically in the mantle. Code: AM, adductor muscle; F, 

foot; G, gill; M, mantle; O, ovary; VM, visceral mass. 
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Figure 4.5 Expression profile of 55 SMPs in the adult tissues of M. philippinarum 

based on data from Wong et al. (2015) and Sun et al. (2017). The underlined SMPs 

were found to be expressed specifically in the mantle. Code: AM, adductor muscle; 

F, foot; G, gill; M, mantle; VM, visceral mass. 
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Figure 4.6 (A) Schematic diagram shown the structure of BMSP firstly identified 

from the shell matrices of M. galloprovincialis (Suzuki et al., 2011), which includes 

a signal peptide (blue box), BMSP 120 containing four VWA (green box) and one 

ChtBD2 domains (purple box), and BMSP 100 (yellow box). (B) Sequence 

alignments of BMSP conducted using Multalin, with highly (= 90%) conserved AAs 

in red, weakly (= 50%) conserved AAs in blue, and neutral AAs in black. 
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Figure 4.7 Phylogenetic tree of tyrosinases derived from shell proteomes of B. 

platifrons, M. philippinarum, and other shell-forming bivalves. Bootstrap supports ≤ 

50 are not shown. 
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Figure 4.8 Examples of uncharacterized SMPs shared between B. platifrons and M. 

philippinarum that had TR motifs. (A) SUSP-8 identified from B. platifrons had a 

TR motif (GKSLQ--VSLRYNASL) with 24.4 copies. (B) SUSP-5 identified from 

B. platifrons had a TR motif (GMMGGP) with 3.8 copies, whereas that identified 

from M. philippinarum had two TR units (i.e. GMMGQG and GMMGH) with 9.3 

and 4.6 copies, respectively. Sequence alignments were conducted using Multalin. 

  



 

 

152 

 

 

 

Figure 4.9 Examples of uncharacterized SMPs with LCDs. The blue box represents 

the signal peptide. The purple box represents LCDs shown along with the dominant 

AAs. 
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Chapter 5 General conclusions and perspectives 

 

Overall, my Ph.D. study has contributed to a better understanding of population 

connectivity, local adaptation, and biomineralization of the deep-sea mussels B. 

platifrons, a dominant and foundation species in chemosynthesis-based ecosystems in 

the Northwestern Pacific. 

 By using a combination of genome survey sequencing and the 2b-RAD strategy, 

a total of 9307 candidate SNPs were identified from 28 B. platifrons collected from a 

methane seep in the SCS and a hydrothermal vent in M-OT. The Bayesian clustering 

analysis performed based on either putative neutral or outlier SNPs consistently 

revealed a distinct genetic separation of B. platifrons from the two studied populations. 

These results demonstrated the feasibility and effectiveness of combining genome 

survey sequencing and 2b-RAD to rapidly generate genome-wide SNP markers for 

population genomics studies of Bathymodiolus mussels. Besides, the 2b-RAD 

approach was also carried out for detection of SNVs in other three bathymodioline 

mussels B. japonicus, B. aduloides, and Idas sp.. Using the survey genome of B. 

platifrons as a reference, a total of 10 199, 6429, and 3811 SNVs were detected from 

the three species, respectively. Although the number of identified SNVs in these 

species declined with the increasing of phylogenetic distance from B. platifrons, these 

results still highlighted the potential of cross-species and cross-genus applications of 

the B. platifrons genome for SNV/SNP identification to apply in population genomics 

and evolutionary studies among different bathymodioline lineages. 

 To have a deeper understanding of how individuals of B. platifrons are connected 

among the scattered vent and seep habitats in the Northwestern Pacific, and how they 

adapt to the local environments, specimens from six representative locations along 

their known distribution range were afterwards used for population genetics/genomics 

studies based on three mitochondrial genes (i.e. atp6, cox1, and nad4) and 6398 
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genome-wide SNPs generated via genome sequencing and the 2b-RAD approach. The 

small FST values based on both types of genetic markers all uncovered high genetic 

connectivity of B. platifrons in the Northwestern Pacific, which may have been driven 

by the strong Kuroshio Current and NPIW. The utilization of mitochondrial genes 

revealed no genetic differentiation of B. platifrons in the Northwestern Pacific. In 

contrast, when using genome-wide SNPs, individuals in the SCS were detected to 

form a distinct group, and genetically separated from those in the open areas in the 

Northwestern Pacific. This might be due to the barrier effect of the Luzon Strait, which 

may limit the larval dispersal and genetic exchanges of B. platifrons between its two 

sides. Moreover, a subtle subdivision of populations in S-OT from those in M-OT and 

SB was noticed especially when using outlier SNPs for data analyses. These outliers 

were found to be associated with various biological functions, such as DNA and 

protein metabolism, transcription and translation, and response to stimulus, indicating 

local adaptation of B. platifrons even confront with extensive gene flow in the OT-SB 

region. To sum up, by using genome-wide SNPs rather than mitochondrial genes, this 

study revealed three genetic groups of B. platifrons in the Northwestern Pacific, 

uncovered their contemporary and historical migration patterns, and detected loci or 

genomic regions potentially under diversifying selection corresponding to local 

adaptation. These results not only filled in the knowledge gaps in population genetics 

in the Western Pacific, but also can act as an example of population genomics studies 

for other deep-sea species, especially those having high dispersal potential, or those 

having been detected as a homogenous metapopulation with a wide distributional 

range by using a few traditional genetic markers alone. Some example candidates in 

the Western Pacific include the tubeworm Lamellibrachia sagami, the false limpet 

Shinkailepas myojinensis, and the shrimp Alvinocaris longirostris (Watanabe et al., 

2010; Kobayashi et al., 2015; Yahagi et al., 2015, 2017). These studies will help to 1) 

reveal the fine-scale genetic structure and population dynamics for vent- and seep-
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associated fauna; 2) provide novel insights, including possible biological strategies 

and molecular mechanisms, for their tolerances and responses to environmental 

changes; 3) facilitate the construction of basic guideline for development of deep-sea 

resources; 4) contribute to the determination of distinct biogeographic regions, 

establishment of effective management plans, as well as designation of deep-sea 

reserves and protected areas in global chemosynthesis-based ecosystems. 

 By using a proteomic approach, a total of 94 and 55 SMPs were identified from 

the shell matrices of B. platifrons and its shallow-water relative M. philippinarum, 

with 31 SMPs shared between these two species. These SMPs can be grouped into six 

broad categories, including calcium binding, polysaccharide interaction, enzyme, 

extracellular matrix-related proteins, immunity-related proteins, and those with 

uncharacterized functions but have unusual AA composition. Many of these proteins, 

such as tyrosinases, CAs, collagens, chitin-related proteins, peroxidases, as well as 

proteinase and proteinase inhibitor domain-containing proteins, have been reported in 

a variety of molluscan shells or calcified tissues (e.g. exoskeletons of corals, tubes of 

tubeworms) in metazoans, indicating the existence of a conserved molecular toolkit 

for biomineralization. What’s more, some other proteins were found for the first time 

in molluscan shell matrices (e.g. cystatins), or in metazoan calcified tissues (e.g. 

ferric-chelate reductase-like proteins, heme-binding proteins), which may have been 

independently co-opted into the biomineralization context and only function in 

specific taxa. In brief, this study not only revealed the shell proteomes of two 

Mytilidae mussels, but also for the first time uncover the SMP constitution of molluscs 

living in the deep ocean. The molecular resources generated here will lay a profound 

foundation for a variety of follow-up studies to better understand the functional 

significances and evolutionary history of these SMPs, and shed light on the 

biomineralization processes from the shallow to the deep ocean, especially when shell 

proteomes of more deep-sea molluscs become available. 
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 In summary, by using omics-based approaches and the deep-sea mussel B. 

platifrons as an example, my Ph.D. study during the past four years has enhanced our 

understanding of the population dynamics, genetic connectivity, fine-scale genetic 

structure, and local adaptation of vent- and seep-associated fauna that have high 

dispersal capability, and shed light on the shell-forming molecular toolkit for molluscs 

inhabit the deep ocean. These studies will contribute to further biogeographic, 

evolutionary, and biomineralization studies with the focus on other animals in the 

deep-sea ecosystems, and pave the way for further regional collaboration in deep-sea 

research. 

  



 

 

157 

 

Literature cited 

 

Adams, D. K., Arellano, S. M., & Govenar, B. (2012). Larval dispersal: vent life in 

the water column. Oceanography, 25, 256–268. 

Addadi, L., Joester, D., Nudelman, F., & Weiner, S. (2006). Mollusk shell formation: 

a source of new concepts for understanding biomineralization processes. 

Chemistry-A European Journal, 12, 980–987. 

Addadi, L., Raz, S., & Weiner, S. (2003). Taking advantage of disorder: amorphous 

calcium carbonate and its roles in biomineralization. Advanced Materials, 15, 

959–970. 

Aguilera, F., McDougall, C., & Degnan, B. M. (2014). Evolution of the tyrosinase 

gene family in bivalve molluscs: independent expansion of the mantle gene 

repertoire. Acta Biomaterialia, 10, 3855–3865. 

Aguilera, F., McDougall, C., & Degnan, B. M. (2017). Co-option and de novo gene 

evolution underlie molluscan shell diversity. Molecular Biology and Evolution, 

34, 779–792. 

Allendorf, F. W. (2017). Genetics and the conservation of natural populations: 

allozymes to genomes. Molecular Ecology, 26, 420–430. 

Andres, M., Jan, S., Sanford, T. B., Mensah, V., Centurioni, L. R., & Book, J. W. 

(2015). Mean structure and variability of the Kuroshio from northeastern Taiwan 

to southwestern Japan. Oceanography, 28, 84–95. 

Andrews, K. R., Good, J. M., Miller, M. R., Luikart, G., & Hohenlohe, P. A. (2016). 

Harnessing the power of RADseq for ecological and evolutionary genomics. 

Nature Reviews Genetics, 17, 81–92. 

Andrews, K. R., Hohenlohe, P. A., Miller, M. R., Hand, B. K., Seeb, J. E., & Luikart, 

G. (2014). Trade-offs and utility of alternative RADseq methods: Reply to Puritz 

et al. Molecular Ecology, 23, 5943–5946. 



 

 

158 

 

Arellano, S. M., & Young, C. M. (2009). Spawning, development, and the duration of 

larval life in a deep-sea cold-seep mussel. The Biological Bulletin, 216, 149–

162. 

Arellano, S. M., Van Gaest, A. L., Johnson, S. B., Vrijenhoek, R. C., & Young, C. M. 

(2014). Larvae from deep-sea methane seeps disperse in surface 

waters. Proceedings of the Royal Society of London B: Biological Sciences, 281, 

20133276. 

Arèvalo, E., Davis, S. K., & Sites Jr, J. W. (1994). Mitochondrial DNA sequence 

divergence and phylogenetic relationships among eight chromosome races of 

the Sceloporus grammicus complex (Phrynosomatidae) in central 

Mexico. Systematic Biology, 43, 387–418. 

Arivalagan, J., Marie, B., Sleight, V. A., Clark, M. S., Berland, S., & Marie, A. (2016a). 

Shell matrix proteins of the clam, Mya truncata: roles beyond shell formation 

through proteomic study. Marine Genomics, 27, 69–74. 

Arivalagan, J., Yarra, T., Marie, B., Sleight, V. A., Duvernois-Berthet, E., Clark, M. 

S., ... & Berland, S. (2016b). Insights from the shell proteome: biomineralization 

to adaptation. Molecular Biology and Evolution, 34, 66–77. 

Avise, J. C. (2000). Phylogeography: The History and Formation of Species. Harvard 

University Press, Cambridge. 

Baco, A. R., Etter, R. J., Ribeiro, P. A., Heyden, S., Beerli, P., & Kinlan, B. P. (2016). 

A synthesis of genetic connectivity in deep-sea fauna and implications for 

marine reserve design. Molecular Ecology, 25, 3276–3298. 

Baird, N. A., Etter, P. D., Atwood, T. S., Currey, M. C., Shiver, A. L., Lewis, Z. A., ... 

& Johnson, E. A. (2008). Rapid SNP discovery and genetic mapping using 

sequenced RAD markers. PLoS One, 3, e3376. 

Beaulieu, S. E., Baker, E. T., German, C. R., & Maffei, A. (2013). An authoritative 

global database for active submarine hydrothermal vent fields: Global vent 



 

 

159 

 

database. Geochemistry Geophysics Geosystems, 14, 4892–4905. 

Benestan, L., Gosselin, T., Perrier, C., Sainte‐Marie, B., Rochette, R., & Bernatchez, 

L. (2015). RAD genotyping reveals fine-scale genetic structuring and provides 

powerful population assignment in a widely distributed marine species, the 

American lobster (Homarus americanus). Molecular Ecology, 24, 3299–3315. 

Bettencourt, R., Costa, V., Laranjo, M., Rosa, D., Pires, L., Colaço, A., ... & Serrão 

Santos, R. (2010a). Out of the deep sea into a land-based aquarium environment: 

investigating physiological adaptations in the hydrothermal vent mussel 

Bathymodiolus azoricus. ICES Journal of Marine Science, 68, 357–364. 

Bettencourt, R., Dando, P., Collins, P., Costa, V., Allam, B., & Santos, R. S. (2009).  

Innate immunity in the deep sea hydrothermal vent mussel Bathymodiolus 

azoricus. Comparative Biochemistry and Physiology A-Molecular & Integrative 

Physiology, 152, 278–289. 

Bettencourt, R., Pinheiro, M., Egas, C., Gomes, P., Afonso, M., Shank, T., & Santos, 

R. S. (2010b). High-throughput sequencing and analysis of the gill tissue 

transcriptome from the deep-sea hydrothermal vent mussel Bathymodiolus 

azoricus. BMC Genomics, 11, 559. 

Bettencourt, R., Roch, P., Stefanni, S., Rosa, D., Colaço, A., & Santos, R. S. (2007). 

Deep sea immunity: unveiling immune constituents from the hydrothermal vent 

mussel Bathymodiolus azoricus. Marine Environmental Research, 64, 108–127. 

Bielawski, J. P., & Gold, J. R. (1996). Unequal synonymous substitution rates within 

and between two protein-coding mitochondrial genes. Molecular Biology and 

Evolution, 13, 889–892. 

Bierne, N., Tanguy, A., Faure, M., Faure, B., David, E., Boutet, I., ... & David, P. 

(2007). Mark-recapture cloning: a straightforward and cost‐effective cloning 

method for population genetics of single‐copy nuclear DNA sequences in 

diploids. Molecular Ecology Resources, 7, 562–566. 



 

 

160 

 

Blanco-Bercial, L., & Bucklin, A. (2016). New view of population genetics of 

zooplankton: RAD-seq analysis reveals population structure of the North 

Atlantic planktonic copepod Centropages typicus. Molecular Ecology, 25, 

1566–1580. 

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: a flexible trimmer for 

Illumina sequence data. Bioinformatics, 30, 2114–2120. 

Bonnivard, E., Catrice, O., Ravaux, J., Brown, S. C., & Higuet, D. (2009). Survey of 

genome size in 28 hydrothermal vent species covering 10 families. Genome, 52, 

524–536. 

Bouchet, P. (2012). Mytilidae. In: MolluscaBase (2017). In: MolluscaBase (2017). 

Available from: World Register of Marine Species at 

http://marinespecies.org/aphia.php/aphia.php?p=taxdetails&id=510719 on 

2017-10-1.  

Bouchet, P., & Gofas, S. (2017). Bathymodiolus Kenk & B. R. Wilson, 1985. In: 

MolluscaBase (2017). Available from: World Register of Marine Species at 

http://marinespecies.org/aphia.php/aphia.php?p=taxdetails&id=138214 on 

2017-05-20. 

Boutet, I., Jollivet, D., Shillito, B., Moraga, D., & Tanguy, A. (2009). Molecular 

identification of differentially regulated genes in the hydrothermal-vent species 

Bathymodiolus thermophilus and Paralvinella pandorae in response to 

temperature. BMC Genomics, 10, 222. 

Breusing, C., Biastoch, A., Drews, A., Metaxas, A., Jollivet, D., Vrijenhoek, R. C., ... 

& Reusch, T. B. (2016). Biophysical and population genetic models predict the 

presence of “phantom” stepping stones connecting Mid-Atlantic Ridge vent 

ecosystems. Current Biology, 26, 2257–2267. 

Breusing, C., Johnson, S. B., Tunnicliffe, V., & Vrijenhoek, R. C. (2015). Population 

structure and connectivity in Indo-Pacific deep-sea mussels of the 



 

 

161 

 

Bathymodiolus septemdierum complex. Conservation Genetics, 16, 1415–1430. 

Breusing, C., Vrijenhoek, R. C., & Reusch, T. B. H. (2017). Widespread introgression 

in deep-sea hydrothermal vent mussels. BMC Evolutionary Biology, 17, 13. 

Brown, W. M., George, M., & Wilson, A. C. (1979). Rapid evolution of animal 

mitochondrial DNA. Proceedings of the National Academy of Sciences of the 

United States of America, 76, 1967–1971. 

Brown, W. M., Prager, E. M., Wang, A., & Wilson, A. C. (1982). Mitochondrial DNA 

sequences of primates: tempo and mode of evolution. Journal of Molecular 

Evolution, 18, 225–239. 

Campbell, K.A. (2006). Hydrocarbon seep and hydrothermal vent paleoenvironments 

and paleontology: past developments and future research directions. 

Palaeogeography, Palaeoclimatology, Palaeoecology, 232, 362–407. 

Carney, S. L., Formica, M. I., Divatia, H., Nelson, K., Fisher, C. R., & Schaeffer, S. 

W. (2006). Population structure of the mussel “Bathymodiolus” childressi from 

Gulf of Mexico hydrocarbon seeps. Deep Sea Research Part I: Oceanographic 

Research Papers, 53, 1061–1072. 

Carter, J. G., & Clark, G. R. (1985). Classification and phylogenetic significance of 

molluscan shell microstructure. Notes for a Short Course: Studies in Geology, 

13, 50–71. 

Castresana, J. (2000). Selection of conserved blocks from multiple alignments for 

their use in phylogenetic analysis. Molecular Biology and Evolution, 17, 540–

552. 

Catchen, J., Bassham, S., Wilson, T., Currey, M., O'Brien, C., Yeates, Q., & Cresko, 

W. A. (2013a). The population structure and recent colonization history of 

Oregon threespine stickleback determined using restriction‐site associated 

DNA‐sequencing. Molecular Ecology, 22, 2864–2883. 

Catchen, J., Hohenlohe, P. A., Bassham, S., Amores, A., & Cresko, W. A. (2013b). 



 

 

162 

 

Stacks: an analysis tool set for population genomics. Molecular Ecology, 22, 

3124–3140. 

Charlet, M., Chernysh, S., Philippe, H., Hetru, C., Hoffmann, J. A., & Bulet, P. (1996). 

Innate immunity isolation of several cysteine-rich antimicrobial peptides from 

the blood of a mollusc, Mytilus edulis. Journal of Biological Chemistry, 271, 

21808–21813. 

Checa, A. G., Ramírez-Rico, J., González-Segura, A., & Sánchez-Navas, A. (2009). 

Nacre and false nacre (foliated aragonite) in extant monoplacophorans (= 

Tryblidiida: Mollusca). Naturwissenschaften, 96, 111–122. 

Cole, C., Coelho, A. V., James, R. H., Connelly, D., & Sheehan, D. (2014). Proteomic 

responses to metal-induced oxidative stress in hydrothermal vent-living mussels, 

Bathymodiolus sp., on the Southwest Indian Ridge. Marine Environmental 

Research, 96, 29–37. 

Combosch, D. J., & Vollmer, S. V. (2015). Trans-Pacific RAD-Seq population 

genomics confirms introgressive hybridization in Eastern Pacific Pocillopora 

corals. Molecular Phylogenetics and Evolution, 88, 154–162. 

Company, R., Serafim, A., Cosson, R. P., Fiala-Médioni, A., Camus, L., Colaço, A., ... 

& Bebianno, M. J. (2008). Antioxidant biochemical responses to long-term 

copper exposure in Bathymodiolus azoricus from Menez-Gwen hydrothermal 

vent. Science of the Total Environment, 389, 407–417. 

Company, R., Torreblanca, A., Cajaraville, M., Bebianno, M. J., & Sheehan, D. (2012). 

Comparison of thiol subproteome of the vent mussel Bathymodiolus azoricus 

from different Mid-Atlantic Ridge vent sites. Science of the Total Environment, 

437, 413–421. 

Conesa, A., Götz, S., García-Gómez, J. M., Terol, J., Talón, M., & Robles, M. (2005). 

Blast2GO: a universal tool for annotation, visualization and analysis in 

functional genomics research. Bioinformatics, 21, 3674–3676. 



 

 

163 

 

Corliss, J. B., Dymond, J., Forgon, L. I., Edmond, J. M., Von Herzen, R. P., Ballard, 

R. D., … &van Andel, T. H. (1979). Submarine thermal springs on the 

Galápagos Rift. Science, 203, 1073–1083. 

Corpet, F. (1988). Multiple sequence alignment with hierarchical clustering. Nucleic 

Acids Research, 16, 10881–10890. 

Cowart, D. A., Huang, C., Arnaud-Haond, S., Carney, S. L., Fisher, C. R., & Schaeffer, 

S. W. (2013). Restriction to large-scale gene flow vs. regional panmixia among 

cold seep Escarpia spp. (Polychaeta, Siboglinidae). Molecular Ecology, 22, 

4147–4162. 

Cowen, R.K., & Sponaugle, S. (2009). Larval dispersal and marine population 

connectivity. Annual Review of Marine Science, 1, 443–466. 

Coykendall, D. K., Johnson, S. B., Karl, S. A., Lutz, R. A., & Vrijenhoek, R. C. (2011). 

Genetic diversity and demographic instability in Riftia pachyptila tubeworms 

from eastern Pacific hydrothermal vents. BMC Evolutionary Biology, 11, 96. 

Crenshaw, M.A. (1972). The soluble matrix of Mercenaria mercenaria shell. 

Biomineralization, 6, 6–11 

Cui, Z., Hui, M., Liu, Y., Song, C., Li, X., Li, Y., ... & Chu,K.H. (2015). High-density 

linkage mapping aided by transcriptomics documents ZW sex determination 

system in the Chinese mitten crab Eriocheir sinensis. Heredity, 115, 206–215. 

Currey, J. D. (1977). Mechanical properties of mother of pearl in tension. Proceedings 

of the Royal Society of London B: Biological Sciences, 196, 443–463. 

Daguin, C., & Jollivet, D. (2005). Development and cross‐amplification of nine 

polymorphic microsatellite markers in the deep‐sea hydrothermal vent 

polychaete Branchipolynoe seepensis. Molecular Ecology Resources, 5, 780–

783. 

Darwell, C. T., Rivers, D. M., & Althoff, D. M. (2016). RAD‐seq phylogenomics 

recovers a well‐resolved phylogeny of a rapid radiation of mutualistic and 



 

 

164 

 

antagonistic yucca moths. Systematic Entomology, 41, 672–682. 

Davey, J. W., Cezard, T., Fuentes‐Utrilla, P., Eland, C., Gharbi, K., & Blaxter, M. L. 

(2013). Special features of RAD Sequencing data: implications for genotyping. 

Molecular Ecology, 22, 3151–3164. 

Davey, J. W., Hohenlohe, P. A., Etter, P. D., Boone, J. Q., Catchen, J. M., & Blaxter, 

M. L. (2011). Genome-wide genetic marker discovery and genotyping using 

next-generation sequencing. Nature Reviews Genetics, 12, 499–510. 

Dawson, P. A. (2011). Sulfate in fetal development. Seminars in Cell & 

Developmental Biology, 22, 653–659.  

Detree, C., Chabenat, A., Lallier, F. H., Satoh, N., Shoguchi, E., Tanguy, A., & Mary, 

J. (2016). Multiple I-type lysozymes in the hydrothermal vent mussel 

Bathymodiolus azoricus and their role in symbiotic plasticity. PLoS One, 11, 

e0148988. 

Dierickx, E. G., Shultz, A. J., Sato, F., Hiraoka, T., & Edwards, S. V. (2015). 

Morphological and genomic comparisons of Hawaiian and Japanese Black-

footed Albatrosses (Phoebastria nigripes) using double digest RADseq: 

implications for conservation. Evolutionary Applications, 8, 662–678. 

Distel, D. L., Baco, A. R., Chuang, E., Morrill, W., Cavanaugh, C., & Smith, C. R. 

(2000). Marine ecology: do mussels take wooden steps to deep-sea vents? 

Nature, 403, 725. 

Dixon, D. R., Lowe, D. M., Miller, P. I., Villemin, G. R., Colaço, A., Serrão-Santos, 

R., & Dixon, L. R. J. (2006). Evidence of seasonal reproduction in the Atlantic 

vent mussel Bathymodiolus azoricus, and an apparent link with the timing of 

photosynthetic primary production. Journal of the Marine Biological 

Association of the United Kingdom, 86, 1363–1371. 

Dixon, D. R., Pruski, A. M., & Dixon, L. R. (2004). The effects of hydrostatic pressure 

change on DNA integrity in the hydrothermal-vent mussel Bathymodiolus 



 

 

165 

 

azoricus: implications for future deep-sea mutagenicity studies. Mutation 

Research/Fundamental and Molecular Mechanisms of Mutagenesis, 552, 235–

246. 

Dubilier, N., Bergin, C., & Lott, C. (2008). Symbiotic diversity in marine animals: the 

art of harnessing chemosynthesis. Nature Reviews Microbiology, 6, 725–740. 

Duperron, S., Bergin, C., Zielinski, F., Blazejak, A., Pernthaler, A., McKiness, Z.P., … 

& Dubilier, N. (2006). A dual symbiosis shared by two mussel species, 

Bathymodiolus azoricus and B. puteoserpentis (Bivalvia: Mytilidae), from 

hydrothermal vents along the northern Mid-Atlantic ridge. Environmental 

Microbiology, 8, 1441–1447. 

Duperron, S., Halary, S., Lorion, J., Sibuet, M., & Gaill, F. (2008). Unexpected co‐

occurrence of six bacterial symbionts in the gills of the cold seep mussel Idas 

sp. (Bivalvia: Mytilidae). Environmental Microbiology, 10, 433–445. 

Duperron, S., Lorion, J., Samadi, S., Gros, O., & Gaill, F. (2009). Symbioses between 

deep-sea mussels (Mytilidae: Bathymodiolinae) and chemosynthetic bacteria: 

diversity, function and evolution. Comptes Rendus Biologies, 332, 298–310. 

Earl, D. A., & vonHoldt, B. M. (2012). STRUCTURE HARVESTER: a website and 

program for visualizing STRUCTURE output and implementing the Evanno 

method. Conservation Genetics Resources, 4, 359–361. 

Edgar, R. C. (2004). MUSCLE: multiple sequence alignment with high accuracy and 

high throughput. Nucleic Acids Research, 32, 1792–1797. 

Endres, L., Begley, U., Clark, R., Gu, C., Dziergowska, A., Małkiewicz, A., ... & 

Begley, T. J. (2015). Alkbh8 regulates selenocysteine-protein expression to 

protect against reactive oxygen species damage. PLoS One, 10, e0131335. 

Evanno, G., Regnaut, S., & Goudet, J. (2005). Detecting the number of clusters of 

individuals using the software STRUCTURE: a simulation study. Molecular 

Ecology Resources, 14, 2611–2620. 



 

 

166 

 

Excoffier, L., & Lischer, H. E. L. (2010). Arlequin suite ver 3.5: a new series of 

programs to perform population genetics analyses under Linux and 

Windows. Molecular Ecology Resources, 10, 564–567. 

Excoffier, L., Hofer, T., & Foll, M. (2009). Detecting loci under selection in a 

hierarchically structured population. Heredity, 103, 285–298. 

Faubet, P., Waples, R. S., & Gaggiotti, O. E. (2007). Evaluating the performance of a 

multilocus Bayesian method for the estimation of migration rates. Molecular 

Ecology, 16, 1149–1166. 

Faure, B., Jollivet, D., Tanguy, A., Bonhomme, F., & Bierne, N. (2009). Speciation in 

the deep sea: multi-locus analysis of divergence and gene flow between two 

hybridizing species of hydrothermal vent mussels. PLoS One, 4, e6485. 

Feng, D., Cheng, M., Kiel, S., Qiu, J. W., Yang, Q., Zhou, H., ... & Chen, D. (2015). 

Using Bathymodiolus tissue stable carbon, nitrogen and sulfur isotopes to infer 

biogeochemical process at a cold seep in the South China Sea. Deep Sea 

Research Part I: Oceanographic Research Papers, 104, 52–59.  

Feng, D., Li, Q., Yu, H., Kong, L., & Du, S. (2017). Identification of conserved 

proteins from diverse shell matrix proteome in Crassostrea gigas: 

characterization of genetic bases regulating shell formation. Scientific Reports, 

7, 45754. 

Figueira, W. F., & Crowder, L. B. (2006). Defining patch contribution in source-sink 

metapopulations: the importance of including dispersal and its relevance to 

marine systems. Population Ecology, 48, 215–224. 

Fletcher, R. S., Mullen, J. L., Yoder, S., Bauerle, W. L., Reuning, G., Sen, S., ... & 

McKay, J. K. (2013). Development of a next-generation NIL library in 

Arabidopsis thaliana for dissecting complex traits. BMC Genomics, 14, 655. 

Fleury, C., Marin, F., Marie, B., Luquet, G., Thomas, J., Josse, C., ... & Lebel, J. M. 

(2008). Shell repair process in the green ormer Haliotis tuberculata: a 



 

 

167 

 

histological and microstructural study. Tissue and Cell, 40, 207–218. 

Foll, M. (2008). BayeScan documentation. Available from http:// 

cmpg.unibe.ch/software/bayescan/index.html. 

Foll, M. (2012). BayeScan v2.1 user manual. Ecology, 20, 1450–1462. 

Foll, M., & Gaggiotti, O. (2008). A genome-scan method to identify selected loci 

appropriate for both dominant and codominant markers: a Bayesian perspective. 

Genetics, 180, 977–993. 

Folmer, O., Black, M., Hoeh, W., Lutz, R., & Vrijenhoek, R. (1994). DNA primers for 

amplification of mitochondrial cytochrome C oxidase subunit I from diverse 

metazoan invertebrates. Molecular Marine Biology and Biotechnology, 3, 294–

299. 

Fornari, D. J., & Embley, R. W. (1995). Tectonic and volcanic controls on 

hydrothermal processes at the Mid‐Ocean Ridge: an overview based on near‐

bottom and submersible studies. Seafloor Hydrothermal Systems: Physical, 

Chemical, Biological, and Geological Interactions, 1–46. 

Fortunato, A. E., Sordino, P., & Andreakis, N. (2016). Evolution of the SOUL heme-

binding protein superfamily across eukarya. Journal of Molecular Evolution, 82, 

279–290. 

Fossum, K., & Whitaker, J. R. (1968). Ficin and papain inhibitor from chicken egg 

white. Archives of Biochemistry and Biophysics, 125, 367–375. 

Frémy, M. E. (1855). Recherches chimiques sur les os. Annales de Chimie et de 

Physique, 43, 47–107. 

Früh-Green, G. L., Kelley, D. S., Bernasconi, S. M., Karson, J. A., Ludwig, K. A., 

Butterfield, D. A., ... & Proskurowski, G. (2003). 30,000 years of hydrothermal 

activity at the Lost City vent field. Science, 301, 495–498. 

Fu, Y. X. (1997). Statistical tests of neutrality of mutations against population growth, 

hitchhiking and background selection. Genetics, 147, 915–925. 



 

 

168 

 

Fujikura, K., Tsuchida, S., Nunoura, T., Soh, W., Machiyama, H., Huang, C., ... & Lin, 

S. (2007). Vent-type chemosynthetic community associated with methane seep 

at the Formosa Ridge, off southwest Taiwan. In Proceedings of the International 

Conference on Gas Hydrate: Energy, Climate and Environment, Taipei. 

Gagnaire, P. A., Broquet, T., Aurelle, D., Viard, F., Souissi, A., Bonhomme, F., ... & 

Bierne, N. (2015). Using neutral, selected, and hitchhiker loci to assess 

connectivity of marine populations in the genomic era. Evolutionary 

Applications, 8, 769–786. 

Gao, P., Liao, Z., Wang, X. X., Bao, L. F., Fan, M. H., Li, X. M., ... & Xia, S. W. 

(2015). Layer-by-layer proteomic analysis of Mytilus galloprovincialis shell. 

PLoS One, 10, e0133913. 

German, C. R., Ramirez-Llodra, E., Baker, M. C., Tyler, P. A., & ChEss Scientific 

Steering Committee. (2011). Deep-water chemosynthetic ecosystem research 

during the census of marine life decade and beyond: a proposed deep-ocean road 

map. PLoS One, 6, e23259. 

Glover, K. A., Hansen, M. M., Lien, S., Als, T. D., Høyheim, B., & Skaala, Ø. (2010). 

A comparison of SNP and STR loci for delineating population structure and 

performing individual genetic assignment. BMC Genetics, 11, 2–12.  

Goffinet, G., & Jeuniaux, C. (1979). Distribution and quantitative importance of chitin 

in mollusca shells. Cahiers De Biologie Marine, 20, 341–349. 

González, P. M., Wilhelms‐Dick, D., Abele, D., & Puntarulo, S. (2012). Iron in coastal 

marine ecosystems: role in oxidative stress. In Oxidative Stress in Aquatic 

Ecosystems (pp. 115–126). John Wiley & Sons, Chichester. 

Govenar, B. (2010). Shaping vent and seep communities: habitat provision and 

modification by foundation species. In The Vent and Seep Biota: Aspects from 

Microbes to Ecosystems (pp. 403–432). Springer, Dordrecht. 

Gregoire, C., Duchateau, G., & Florkin, M. (1955). La trame protidique des nacres et 



 

 

169 

 

des perles. Ann Inst Oceanogr Monaco, 31, 1–36 

Guo, M., James, A. W., Kwak, J. H., Shen, J., Yokoyama, K. K., Ting, K., ... & Chiu, 

R. H. (2016). Cyclophilin A (CypA) plays dual roles in regulation of bone 

anabolism and resorption. Scientific Reports, 6, 22378. 

Harper, E. M., Clark, M. S., Hoffman, J. I., Philipp, E. E., Peck, L. S., & Morley, S. 

A. (2012). Iceberg scour and shell damage in the Antarctic bivalve Laternula 

elliptica. PLoS One, 7, e46341. 

Haszprunar, G., & Wanninger, A. (2012). Molluscs. Current Biology, 22, R510–R514. 

Hecker, B. (1985). Fauna from a cold sulfur-seep in the Gulf of Mexico: comparison 

with hydrothermal vent communities and evolutionary implications. Bulletin of 

the Biological Society of Washington, 6, 465–473. 

Hellberg, M. E., Burton, R. S., Neigel, J. E., & Palumbi, S. R. (2002). Genetic 

assessment of connectivity among marine populations. Bulletin of Marine 

Science, 70, 273–290. 

Helyar, S. J., Hemmer‐Hansen, J., Bekkevold, D., Taylor, M. I., Ogden, R., Limborg, 

M. T., ... & Nielsen, E. E. (2011). Application of SNPs for population genetics 

of nonmodel organisms: new opportunities and challenges. Molecular Ecology 

Resources, 11, 123–136. 

Herrera, S., Watanabe, H., & Shank, T. M. (2015). Evolutionary and biogeographical 

patterns of barnacles from deep-sea hydrothermal vents. Molecular Ecology, 24, 

673–689. 

Hillman, R. E. (1961). Formation of the periostracum in Mercenaria mercenaria. 

Science, 134, 1754–1755. 

Hohenlohe, P. A., Amish, S. J., Catchen, J. M., Allendorf, F. W., & Luikart, G. (2011). 

Next‐generation RAD sequencing identifies thousands of SNPs for assessing 

hybridization between rainbow and westslope cutthroat trout. Molecular 

Ecology Resources, 11, 117–122. 



 

 

170 

 

Hohenlohe, P. A., Bassham, S., Etter, P. D., Stiffler, N., Johnson, E. A., & Cresko, W. 

A. (2010). Population genomics of parallel adaptation in threespine stickleback 

using sequenced RAD tags. PLoS Genetics, 6, e1000862. 

Huan, P., Liu, G., Wang, H., & Liu, B. (2013). Identification of a tyrosinase gene 

potentially involved in early larval shell biogenesis of the Pacific oyster 

Crassostrea gigas. Development Genes and Evolution, 223, 389–394. 

Idrees, M., & Irshad, M. (2014). Molecular markers in plants for analysis of genetic 

diversity: a review. European Academic Research, 2, 1513–1540. 

Inoue, K., Tsukuda, K., Koito, T., Miyazaki, Y., Hosoi, M., Kado, R., ... & Toyohara, 

H. (2008). Possible role of a taurine transporter in the deep-sea mussel 

Bathymodiolus septemdierum in adaptation to hydrothermal vents. FEBS Letters, 

582, 1542–1546. 

Jackson, D. J., Mann, K., Häussermann, V., Schilhabel, M. B., Lüter, C., Griesshaber, 

E., ... & Wörheide, G. (2015). The Magellania venosa biomineralizing proteome: 

a window into brachiopod shell evolution. Genome Biology and Evolution, 7, 

1349–1362. 

Jakobsson, M., & Rosenberg, N. A. (2007). CLUMPP: a cluster matching and 

permutation program for dealing with label switching and multimodality in 

analysis of population structure. Bioinformatics, 23, 1801–1806. 

Jiang, L., He, L., & Fountoulakis, M. (2004). Comparison of protein precipitation 

methods for sample preparation prior to proteomic analysis. Journal of 

Chromatography A, 1023, 317–320. 

Jiao, W., Fu, X., Dou, J., Li, H., Su, H., Mao, J., ... & Bao, Z. (2014). High-resolution 

linkage and quantitative trait locus mapping aided by genome survey sequencing: 

building up an integrative genomic framework for a bivalve mollusc. DNA 

Research, 21, 85–101. 

Johnson, S. B., Won, Y. J., Harvey, J. B., & Vrijenhoek, R. C. (2013). A hybrid zone 



 

 

171 

 

between Bathymodiolus mussel lineages from eastern Pacific hydrothermal 

vents. BMC Evolutionary Biology, 13, 21. 

Jolly, C., Berland, S., Milet, C., Borzeix, S., Lopez, E., & Doumenc, D. (2004). Zona 

localization of shell matrix proteins in mantle of Haliotis tuberculata (Mollusca, 

Gastropoda). Marine Biotechnology, 6, 541–551. 

Jones, G. P., Srinivasan, M., & Almany, G. R. (2007). Population connectivity and 

conservation of marine biodiversity. Oceanography, 20, 42–53. 

Joye, S. B., Boetius, A., Orcutt, B. N., Montoya, J. P., Schulz, H. N., Erickson, M. J., 

& Lugo, S. K. (2004). The anaerobic oxidation of methane and sulfate reduction 

in sediments from Gulf of Mexico cold seeps. Chemical Geology, 205, 219–238. 

Kang, Y. S., Kim, Y. M., Park, K. I., Cho, S. K., Choi, K. S., & Cho, M. (2006). 

Analysis of EST and lectin expressions in hemocytes of Manila clams 

(Ruditapes philippinarum) (Bivalvia: Mollusca) infected with Perkinsus olseni. 

Developmental & Comparative Immunology, 30, 1119–1131. 

Keller, I., Wagner, C. E., Greuter, L., Mwaiko, S., Selz, O. M., Sivasundar, A., ... & 

Seehausen, O. (2013). Population genomic signatures of divergent adaptation, 

gene flow and hybrid speciation in the rapid radiation of Lake Victoria cichlid 

fishes. Molecular Ecology, 22, 2848–2863. 

Kenk, V. C., & Wilson, B. R. (1985). A new mussel (Bivalvia: Mytilidae) from 

hydrothermal vents in the Galapagos Rift Zone. Malacologia, 26, 253–271. 

Kiel, S., & Little, C. T. (2006). Cold-seep mollusks are older than the general marine 

mollusk fauna. Science, 313, 1429–1431. 

Kimura, M. (1980). A simple method for estimating evolutionary rates of base 

substitutions through comparative studies of nucleotide sequences. Journal of 

Molecular Evolution, 16, 111–120. 

Kimura, M., Nagai, T., Matsushita, R., Hashimoto, A., Miyashita, T., & Hirohata, S. 

(2013). Role of FK506 binding protein 5 (FKBP5) in osteoclast differentiation. 



 

 

172 

 

Modern Rheumatology, 23, 1133–1139. 

Kinlan, B. P., & Gaines, S. D. (2003). Propagule dispersal in marine and terrestrial 

environments: a community perspective. Ecology, 84, 2007–2020. 

Kobayashi, G., Miura, T., & Kojima, S. (2015). Lamellibrachia sagami sp. nov., a 

new vestimentiferan tubeworm (Annelida: Siboglinidae) from Sagami Bay and 

several sites in the northwestern Pacific Ocean. Zootaxa, 4018, 97–108. 

Kocot, K. M., Cannon, J. T., Todt, C., Citarella, M. R., Kohn, A. B., Meyer, A., ... & 

Halanych, K. M. (2011). Phylogenomics reveals deep molluscan relationships. 

Nature, 477, 452. 

Kronforst, M. R., Young, L. G., Blume, L. M., & Gilbert, L. E. (2006). Multilocus 

analyses of admixture and introgression among hybridizing Heliconius 

butterflies. Evolution, 60, 1254–1268. 

Kumar, S., Stecher, G., & Tamura, K. (2016). MEGA7: Molecular Evolutionary 

Genetics Analysis version 7.0 for bigger datasets. Molecular Biology and 

Evolution, 33, 1870–1874. 

Kumari, S., Roy, S., Singh, P., Singla-Pareek, S., & Pareek, A. (2013). Cyclophilins: 

proteins in search of function. Plant Signaling & Behavior, 8, e22734. 

Kuwahara, H., Yoshida, T., Takaki, Y., Shimamura, S., Nishi, S., Harada, M., ... & 

Fujiwara, Y. (2007). Reduced genome of the thioautotrophic intracellular 

symbiont in a deep-sea clam, Calyptogena okutanii. Current Biology, 17, 881–

886. 

Kyuno, A., Shintaku, M., Fujita, Y., Matsumoto, H., Utsumi, M., Watanabe, H., ... & 

Miyazaki, J. I. (2009). Dispersal and differentiation of deep-sea mussels of the 

genus Bathymodiolus (Mytilidae, Bathymodiolinae). Journal of Marine Biology, 

Article ID 625672. 

Laitala-Leinonen, T., Rinne, R., Saukko, P., Väänänen, H. K., & Rinne, A. (2006). 

Cystatin B as an intracellular modulator of bone resorption. Matrix Biology, 25, 



 

 

173 

 

149–157. 

Lander, E. S. (1996). The new genomics: global views of biology. Science, 274, 536. 

Le Roy, N., Jackson, D. J., Marie, B., Ramos-Silva, P., & Marin, F. (2014). The 

evolution of metazoan α-carbonic anhydrases and their roles in calcium 

carbonate biomineralization. Frontiers in Zoology, 11, 75. 

Lee, S. W., Jang, Y. N., & Kim, J. C. (2011). Characteristics of the aragonitic layer in 

adult oyster shells, Crassostrea gigas: structural study of myostracum including 

the adductor muscle scar. Evidence-Based Complementary and Alternative 

Medicine, Article ID 742963. 

Leigh, J. W., & Bryant, D. (2015). POPART: full-feature software for haplotype 

network construction. Methods in Ecology and Evolution, 6, 1110–1116. 

Levin, L. A., Baco, A. R., Bowden, D. A., Colaco, A., Cordes, E. E., Cunha, M. R., ... 

& Watling, L. (2016). Hydrothermal vents and methane seeps: rethinking the 

sphere of influence. Frontiers in Marine Science, 3, 72. 

Levin, L. A. (2005). Ecology of cold seep sediments: interactions of fauna with flow, 

chemistry, and microbes. Oceanography and Marine Biology: An Annual 

Review, 43, 1–46. 

Levin, L. A. (2006) Recent progress in understanding larval dispersal: new directions 

and digressions. Integrative and Comparative Biology, 46, 282–297. 

Li, R., Yu, C., Li, Y., Lam, T. W., Yiu, S. M., Kristiansen, K., & Wang, J. (2009). 

SOAP2: an improved ultrafast tool for short read alignment. Bioinformatics, 25, 

1966–1967. 

Liao, Z., Bao, L. F., Fan, M. H., Gao, P., Wang, X. X., Qin, C. L., & Li, X. M. (2015). 

In-depth proteomic analysis of nacre, prism, and myostracum of Mytilus shell. 

Journal of proteomics, 122, 26–40.  

Lischer, H. E. L., & Excoffier, L. (2012). PGDSpider: an automated data conversion 

tool for connecting population genetics and genomics programs. Bioinformatics, 



 

 

174 

 

28, 298–299. 

Little, C. T., & Vrijenhoek, R. C. (2003). Are hydrothermal vent animals living fossils? 

Trends in Ecology & Evolution, 18, 582–588. 

Liu, C., Li, S., Kong, J., Liu, Y., Wang, T., Xie, L., & Zhang, R. (2015). In-depth 

proteomic analysis of shell matrix proteins of Pinctada fucata. Scientific Reports, 

5, 17269. 

Liu, G. D., Sheng, Z., Wang, Y. F., Han, Y. L., Zhou, Y., & Zhu, J. Q. (2016). 

Glutathione peroxidase 1 expression, malondialdehyde levels and histological 

alterations in the liver of Acrossocheilus fasciatus exposed to cadmium chloride. 

Gene, 578, 210–218.  

Liu, N., Chen, L., Wang, S., Oh, C., & Zhao, H. (2005). Comparison of single-

nucleotide polymorphisms and microsatellites in inference of population 

structure. BMC Genetics, 106, 158–171. 

Liu, Y., Schröder, J., & Schmidt, B. (2013). Musket: a multistage k-mer spectrum-

based error corrector for Illumina sequence data. Bioinformatics, 29, 308–315. 

Lonsdale, P. (1977). Clustering of suspension-feeding macrobenthos near abyssal 

hydrothermal vents at oceanic spreading centers. Deep Sea Research, 24, 857–

863. 

Lorion, J., Buge, B., Cruaud, C., & Samadi, S. (2010). New insights into diversity and 

evolution of deep-sea Mytilidae (Mollusca: Bivalvia). Molecular Phylogenetics 

and Evolution, 57, 71–83. 

Lorion, J., Kiel, S., Faure, B., Kawato, M., Ho, S. Y., Marshall, B., ... & Fujiwara, Y. 

(2013). Adaptive radiation of chemosymbiotic deep-sea mussels. Proceedings 

of the Royal Society B: Biological Sciences, 280, 20131243. 

Lowe, W. H., & Allendorf, F. W. (2010). What can genetics tell us about population 

connectivity? Molecular Ecology, 19, 3038–3051. 

Lowenstam, H. A., & Weiner, S. (1989). On Biomineralization. Oxford University 



 

 

175 

 

Press, New York. 

Luo, R., Liu, B., Xie, Y., Li, Z., Huang, W., Yuan, J., ... & Wang, J. (2012) 

SOAPdenovo2: an empirically improved memory-efficient short-read de novo 

assembler. Gigascience, 1, 18. 

Luo, Y. J., Takeuchi, T., Koyanagi, R., Yamada, L., Kanda, M., Khalturina, M., ... & 

Satoh, N. (2015). The Lingula genome provides insights into brachiopod 

evolution and the origin of phosphate biomineralization. Nature 

Communications, 6, 8301. 

Lutz, R. A., Bouchet, P., Jablonski, D., Turner, R. D., & Warén, A. (1986) Larval 

ecology of mollusks at deep-sea hydrothermal vents. American Malacological 

Bulletin, 4, 49–54.  

Mann, K., & Edsinger, E. (2014). The Lottia gigantea shell matrix proteome: re-

analysis including MaxQuant iBAQ quantitation and phosphoproteome analysis. 

Proteome Science, 12, 28. 

Mann, K., & Jackson, D. J. (2014). Characterization of the pigmented shell-forming 

proteome of the common grove snail Cepaea nemoralis. BMC Genomics, 15, 

249. 

Mann, K., Edsinger-Gonzales, E., & Mann, M. (2012). In-depth proteomic analysis 

of a mollusc shell: acid-soluble and acid-insoluble matrix of the limpet Lottia 

gigantea. Proteome Science, 10, 28. 

Mann, K., Maček, B., & Olsen, J. V. (2006). Proteomic analysis of the acid‐soluble 

organic matrix of the chicken calcified eggshell layer. Proteomics, 6, 3801–3810. 

Mann, K., Poustka, A. J., & Mann, M. (2008). In-depth, high-accuracy proteomics of 

sea urchin tooth organic matrix. Proteome Science, 6, 33.  

Mann, S. (1988). Molecular recognition in biomineralization. Nature, 332, 119–124. 

Mann, S. (2001). Biomineralization: Principles and Concepts in Bioinorganic 

Materials Chemistry. Oxford University Press, New York. 



 

 

176 

 

Manoukis, N. C. (2007). FORMATOMATIC: a program for converting diploid allelic 

data between common formats for population genetic analysis. Molecular 

Ecology Notes, 7, 592–593.  

Marie, B., Arivalagan, J., Mathéron, L., Bolbach, G., Berland, S., Marie, A., & Marin, 

F. (2017). Deep conservation of bivalve nacre proteins highlighted by shell 

matrix proteomics of the Unionoida Elliptio complanata and Villosa lienosa. 

Journal of the Royal Society Interface, 14, 20160846. 

Marie, B., Jackson, D. J., Ramos‐Silva, P., Zanella‐Cléon, I., Guichard, N., & Marin, 

F. (2013a). The shell‐forming proteome of Lottia gigantea reveals both deep 

conservations and lineage‐specific novelties. The FEBS Journal, 280, 214–232. 

Marie, B., Joubert, C., Tayalé, A., Zanella-Cléon, I., Belliard, C., Piquemal, D., ... & 

Montagnani, C. (2012). Different secretory repertoires control the 

biomineralization processes of prism and nacre deposition of the pearl oyster 

shell. Proceedings of the National Academy of Sciences of the United States of 

America, 109, 20986–20991. 

Marie, B., Le Roy, N., Zanella-Cléon, I., Becchi, M., & Marin, F. (2011a). Molecular 

evolution of mollusc shell proteins: insights from proteomic analysis of the 

edible mussel Mytilus. Journal of Molecular Evolution, 72, 531–546. 

Marie, B., Marie, A., Jackson, D. J., Dubost, L., Degnan, B. M., Milet, C., & Marin, 

F. (2010a). Proteomic analysis of the organic matrix of the abalone Haliotis 

asinina calcified shell. Proteome Science, 8, 54. 

Marie, B., Marin, F., Marie, A., Bédouet, L., Dubost, L., Alcaraz, G., ... & Luquet, G. 

(2009). Evolution of nacre: biochemistry and proteomics of the shell organic 

matrix of the cephalopod Nautilus macromphalus. ChemBioChem, 10, 1495–

1506. 

Marie, B., Ramos-Silva, P., Marin, F., & Marie, A. (2013b). Proteomics of CaCO3 

biomineral-associated proteins: how to properly address their analysis. 



 

 

177 

 

Proteomics, 13, 3109–3116.  

Marie, B., Zanella-Cléon, I., Guichard, N., Becchi, M., & Marin, F. (2011b). Novel 

proteins from the calcifying shell matrix of the Pacific oyster Crassostrea gigas. 

Marine Biotechnology, 13, 1159–1168. 

Marie, B., Zanella‐Cléon, I., Roy, L., Becchi, M., Luquet, G., & Marin, F. (2010b). 

Proteomic analysis of the acid‐soluble nacre matrix of the bivalve Unio pictorum: 

detection of novel carbonic anhydrase and putative protease inhibitor proteins. 

ChemBioChem, 11, 2138–2147. 

Marin, F., & Luquet, G. (2004). Molluscan shell proteins. Comptes Rendus Palevol, 

3, 469–492. 

Marin, F., Bundeleva, I., Takeuchi, T., Immel, F., & Medakovic, D. (2016). Organic 

matrices in metazoan calcium carbonate skeletons: Composition, functions, 

evolution. Journal of Structural Biology, 196, 98–106. 

Marin, F., Corstjens, P., De Gaulejac, B., de Vrind-De Jong, E., & Westbroek, P. (2000). 

Mucins and molluscan calcification. Molecular characterization of mucoperlin, 

a novel mucin-like protein from the nacreous shell layer of the fan mussel Pinna 

nobilis (Bivalvia, Pteriomorphia). Journal of Biological Chemistry, 275, 20667–

20675. 

Marin, F., Le Roy, N., & Marie, B. (2012). The formation and mineralization of 

mollusk shell. Frontiers in Bioscience, 4, 125. 

Marin, F., Luquet, G., Marie, B., & Medakovic, D. (2007). Molluscan shell proteins: 

primary structure, origin, and evolution. Current Topics in Developmental 

Biology, 80, 209–276. 

Marin, F., Marie, B., Hamada, S. B., Ramos-Silva, P., Le Roy, N., Guichard, N., ... & 

Gueguen, Y. (2013). ‘Shellome’: Proteins involved in mollusk shell 

biomineralization-diversity, functions. In: Recent Advances in Pearl Research 

(pp. 149–166), Terrapub, Tokyo.  



 

 

178 

 

Martins, I., Cosson, R. P., Riou, V., Sarradin, P. M., Sarrazin, J., Santos, R. S., & 

Colaço, A. (2011). Relationship between metal levels in the vent mussel 

Bathymodiolus azoricus and local microhabitat chemical characteristics of Eiffel 

Tower (Lucky Strike). Deep Sea Research Part I: Oceanographic Research 

Papers, 508, 36–315. 

McKay, S. D., Schnabel, R. D., Murdoch, B. M., Matukumalli, L. K., Aerts, J., 

Coppieters, W., ... & Moore, S.S. (2008). An assessment of population structure 

in eight breeds of cattle using a whole genome SNP panel. BMC Genetics, 9, 37. 

McMullin, E. R., Nelson, K., Fisher, C. R., & Schaeffer, S. W. (2010). Population 

structure of two deep sea tubeworms, Lamellibrachia luymesi and Seepiophila 

jonesi, from the hydrocarbon seeps of the Gulf of Mexico. Deep Sea Research 

Part I: Oceanographic Research Papers, 57, 1499–1509. 

Meenakshi, V. R., Hare, P. E., & Wilbur, K. M. (1971). Amino acids of the organic 

matrix of neogastropod shells. Comparative Biochemistry and Physiology Part 

B: Comparative Biochemistry, 40, 1037–1043. 

Merinero, R., Ruiz-Bermejo, M., Menor-Salván, C., Lunar, R., & Martínez-Frías, J. 

(2012). Tracing organic compounds in aerobically altered methane-derived 

carbonate pipes (Gulf of Cadiz, SW Iberia). Sedimentary Geology, 263, 174–

182. 

Metaxas, A., & Saunders, M. (2009) Quantifying the “bio-” components in 

biophysical models of larval transport in marine benthic invertebrates: advances 

and pitfalls. The Biological Bulletin, 216, 257–272. 

Michaelis, W., Seifert, R., Nauhaus, K., Treude, T., Thiel, V., Blumenberg, M., ... & 

Gulin, M. B. (2002). Microbial reefs in the black sea fueled by anaerobic 

methane oxidation. Science, 297,1013–1015. 

Milano, I., Babbucci, M., Cariani, A., Atanassova, M., Bekkevold, D., Carvalho, G. 

R., ... & Bargelloni, L. (2014). Outlier SNP markers reveal fine-scale genetic 



 

 

179 

 

structuring across European hake populations (Merluccius merluccius). 

Molecular Ecology, 23, 118–135. 

Miller, M. R., Dunham, J. P., Amores, A., Cresko, W. A., & Johnson, E. A. (2007) 

Rapid and cost-effective polymorphism identification and genotyping using 

restriction site associated DNA (RAD) markers. Genome Research, 17, 240–248. 

Mitarai, S., Watanabe, H., Nakajima, Y., Shchepetkin, A. F., & McWilliams, J. C. 

(2016) Quantifying dispersal from hydrothermal vent fields in the western 

Pacific Ocean. Proceedings of the National Academy of Sciences of the United 

States of America, 113, 2976–2981. 

Mitta, G., Hubert, F., Noel, T., & Roch, P. (1999). Myticin, a novel cysteine‐rich 

antimicrobial peptide isolated from haemocytes and plasma of the mussel 

Mytilus galloprovincialis. The FEBS Journal, 265, 71–78. 

Mitta, G., Vandenbulcke, F., Hubert, F., Salzet, M., & Roch, P. (2000). Involvement 

of mytilins in mussel antimicrobial defense. Journal of Biological Chemistry, 

275, 12954–12962. 

Miyamoto, H., Miyashita, T., Okushima, M., Nakano, S., Morita, T., & Matsushiro, 

A. (1996). A carbonic anhydrase from the nacreous layer in oyster pearls. 

Proceedings of the National Academy of Sciences of the United States of 

America, 93, 9657–9660. 

Miyashita, T., Takagi, R., Miyamoto, H., & Matsushiro, A. (2002). Identical carbonic 

anhydrase contributes to nacreous or prismatic layer formation in Pinctada 

fucata (Mollusca: Bivalvia). The Veliger, 45, 250–255. 

Miyazaki, J. I., Beppu, S., Kajio, S., Dobashi, A., Kawato, M., Fujiwara, Y., & 

Hirayama, H. (2013). Dispersal ability and environmental adaptability of deep-

sea mussels Bathymodiolus (Mytilidae: Bathymodiolinae). Open Journal of 

Marine Science, 3, 31–39. 

Miyazaki, J. I., de Oliveira Martins, L., Fujita, Y., Matsumoto, H., & Fujiwara, Y. 



 

 

180 

 

(2010) Evolutionary process of deep-sea Bathymodiolus mussels. PLoS One, 5, 

e10363. 

Moen, T., Hayes, B., Nilsen, F., Delghandi, M., Fjalestad, K. T., Fevolden, S. E., ... & 

Lien, S. (2008). Identification and characterisation of novel SNP markers in 

Atlantic cod: evidence for directional selection. BMC Genetics, 9, 18. 

Mu, H., Sun, J., Heras, H., Chu, K. H., & Qiu, J. W. (2017). An integrated proteomic 

and transcriptomic analysis of perivitelline fluid proteins in a freshwater 

gastropod laying aerial eggs. Journal of Proteomics, 155, 22–30. 

Mueller, U. G., & Wolfenbarger, L. L. (1999). AFLP genotyping and fingerprinting. 

Trends in Ecology & Evolution, 14, 389–394.  

Mullineaux, L. S., Adams, D. K., Mills, S. W., & Beaulieu, S. E. (2010). Larvae from 

afar colonize deep-sea hydrothermal vents after a catastrophic 

eruption. Proceedings of the National Academy of Sciences of the United States 

of America, 107, 7829–7834.  

Nagai, K., Yano, M., Morimoto, K., & Miyamoto, H. (2007). Tyrosinase localization 

in mollusc shells. Comparative Biochemistry and Physiology Part B: 

Biochemistry and Molecular Biology, 146, 207–214. 

Nakahara, H., & Bevelander, G. (1971). The formation and growth of the prismatic 

layer of Pinctada radiata. Calcified Tissue International, 7, 31–45. 

Nakajima, R., Yamamoto, H., Kawagucci, S., Takaya, Y., Nozaki, T., Chen, C., ... & 

Takai, K. (2015). Post-drilling changes in seabed landscape and megabenthos in 

a deep-sea hydrothermal system, the Iheya North field, Okinawa Trough. PLoS 

One, 10, e0123095. 

Nakayama, S., Suzuki, M., Endo, H., Iimura, K., Kinoshita, S., Watabe, S., ... & 

Nagasawa, H. (2013). Identification and characterization of a matrix protein 

(PPP‐10) in the periostracum of the pearl oyster, Pinctada fucata. FEBS Open 

Bio, 3, 421–427. 



 

 

181 

 

Nan, F., Xue, H., Chai, F., Shi, L., Shi, M., & Guo, P. (2011). Identification of different 

types of Kuroshio intrusion into the South China Sea. Ocean Dynamics, 61, 

1291–1304. 

Narum, S. R., & Hess, J. E. (2011). Comparison of FST outlier tests for SNP loci under 

selection. Molecular Ecology Resources, 11, 184–194. 

Neff, J. M. (1972) Ultrastructural studies of periostracum formation in the hard shelled 

clam Mercenaria mercenaria (L). Tissue Cell, 4, 311–326. 

Newman, A. M., & Cooper, J. B. (2007). XSTREAM: a practical algorithm for 

identification and architecture modeling of tandem repeats in protein sequences. 

BMC Bioinformatics, 8, 382. 

Ni, L., Li, Q., & Kong, L. (2011). Microsatellites reveal fine-scale genetic structure 

of the Chinese surf clam Mactra chinensis (Mollusca, Bivalvia, Mactridae) in 

Northern China. Marine Ecology, 32, 488–497. 

Ni, M., & Ratner, B. D. (2008). Differentiating calcium carbonate polymorphs by 

surface analysis techniques—an XPS and TOF‐SIMS study. Surface and 

Interface Analysis, 40, 1356–1361. 

Nichols, G. (2009). In Sedimentology and Stratigraphy (pp. 259). Blackwell, London. 

Nicholson, A. W. (2014). Ribonuclease III mechanisms of double-stranded RNA 

cleavage. Wiley Interdisciplinary Reviews: RNA, 5, 31–48. 

Nosil, P. (2008). Speciation with gene flow could be common. Molecular Ecology, 17, 

2103–2106. 

O’ Mullan, G. D., Maas, P. A. Y., Lutz, R. A., & Vrijenhoek, R. C. (2001). A hybrid 

zone between hydrothermal vent mussels (Bivalvia: Mytilidae) from the Mid-

Atlantic Ridge. Molecular Ecology, 10, 2819–2831. 

Ockelmann, K. W., & Dinesen, G. E. (2011). Life on wood–the carnivorous deep-sea 

mussel Idas argenteus (Bathymodiolinae, Mytilidae, Bivalvia). Marine Biology 

Research, 7, 71–84. 



 

 

182 

 

Page, H. M., Fiala-Medioni, A., Fisher, C. R., & Childress, J. J. (1991). Experimental 

evidence for filter-feeding by the hydrothermal vent mussel, Bathymodiolus 

thermophilus. Deep Sea Research Part A. Oceanographic Research Papers, 38, 

1455–1461. 

Parra, G., Bradnam, K., & Korf, I. (2007). CEGMA: a pipeline to accurately annotate 

core genes in eukaryotic genomes. Bioinformatics, 23, 1061–1067. 

Paull, C. K., Hecker, B., Commeau, R., Freeman-Lynde, R. P., Neumann, C., Corso, 

W. P., ... & Curray, J. (1984). Biological communities at the Florida Escarpment 

resemble hydrothermal vent taxa. Science, 226, 965–967.  

Peckmann, J., Reimer, A., Luth, U., Luth, C., Hansen, B. T., Heinicke, C., ... & Reitner, 

J. (2001). Methane-derived carbonates and authigenic pyrite from the 

northwestern Black Sea. Marine Geology, 177, 129–150. 

Pecoraro, C., Babbucci, M., Villamor, A., Franch, R., Papetti, C., Leroy, B., ... & 

Cariani, A. (2016). Methodological assessment of 2b-RAD genotyping 

technique for population structure inferences in yellowfin tuna (Thunnus 

albacares). Marine Genomics, 25, 43–48. 

Perez-Vilar, J., & Hill, R. L. (1999). The structure and assembly of secreted mucins. 

Journal of Biological Chemistry, 274, 31751–31754. 

Perez-Vilar, J., Eckhardt, A. E., DeLuca, A., & Hill, R. L. (1998). Porcine 

submaxillary mucin forms disulfide-linked multimers through its amino-

terminal D-domains. Journal of Biological Chemistry, 273, 14442–14449. 

Petersen, J. M., Zielinski, F. U., Pape, T., Seifert, R., Moraru, C., Amann, R., ... & 

Dubilier, N. (2011). Hydrogen is an energy source for hydrothermal vent 

symbioses. Nature, 476, 176–180. 

Peterson, B. K., Weber, J. N., Kay, E. H., Fisher, H. S., & Hoekstra, H. E. (2012). 

Double digest RADseq: an inexpensive method for de novo SNP discovery and 

genotyping in model and non-model species. PLoS One, 7, e37135. 



 

 

183 

 

Pickrell, J. K., & Pritchard, J. K. (2012). Inference of population splits and mixtures 

from genome-wide allele frequency data. PLoS Genetics, 8, e1002967.  

Plouviez, S., Faure, B., Le Guen, D., Lallier, F. H., Bierne, N., & Jollivet, D. (2013). 

A new barrier to dispersal trapped old genetic clines that escaped the Easter 

Microplate tension zone of the Pacific vent mussels. PLoS One, 8, e81555. 

Plouviez, S., Shank, T. M., Faure, B., Daguin-Thiebaut, C., Viard, F., Lallier, F. H., & 

Jollivet, D. (2009). Comparative phylogeography among hydrothermal vent 

species along the East Pacific Rise reveals vicariant processes and population 

expansion in the South. Molecular Ecology, 18, 3903–3917. 

Pokhriyal, B., Thorat, K., Limaye, D., Joshi, Y., Kadam, V. J., & Dubey, R. (2012). 

Microsatellite markers–A novel tool in molecular genetics. International 

Journal of Research in Pharmacy and Chemistry, 2, 397–412. 

Pradel, R. (1996). Utilization of capture-mark-recapture for the study of recruitment 

and population growth rate. Biometrics, 52, 703–709. 

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of population structure 

using multilocus genotype data. Genetics, 155, 945–959. 

Puckett, E. E. (2017). Variability in total project and per sample genotyping costs 

under varying study designs including with microsatellites or SNPs to answer 

conservation genetic questions. Conservation Genetics Resources, 9, 289–304. 

Pujolar, J. M., Jacobsen, M. W., Frydenberg, J., Als, T. D., Larsen, P. F., Maes, G. E., ... 

& Hansen, M. M. (2013). A resource of genome‐wide single‐nucleotide 

polymorphisms generated by RAD tag sequencing in the critically endangered 

European eel. Molecular Ecology Resources, 13, 706–714.  

Puritz, J. B., Matz, M. V., Toonen, R. J., Weber, J. N., Bolnick, D. I., & Bird, C. E. 

(2014). Demystifying the RAD fad. Molecular Ecology, 23, 5937–5942. 

Rambaut, A., Suchard, M. A., Xie, D., & Drummond, A. J. (2014). Tracer v1.6. 

Available from http://tree.bio.ed.ac.uk/software/tracer/. 



 

 

184 

 

Ramirez-Llodra, E., Freitga, K., Blanco, M. & Baker, C. (2005). ChEssBase: a central 

source of information for species from deep-water chemosynthetic ecosystems-

fusion with the InterRidge biological database and integration with OBIS. 

InterRidge News, 14, 32–33.  

Ramirez-Llodra, E., Tyler, P. A., Baker, M. C., Bergstad, O. A., Clark, M. R., Escobar, 

E., ... & Van Dover, C. L. (2011). Man and the last great wilderness: human 

impact on the deep sea. PLoS One, 6, e22588. 

Ramos-Silva, P., Kaandorp, J., Huisman, L., Marie, B., Zanella-Cléon, I., Guichard, 

N., ... & Marin, F. (2013). The skeletal proteome of the coral Acropora millepora: 

the evolution of calcification by co-option and domain shuffling. Molecular 

Biology and Evolution, 30, 2099–2112. 

Rannala, B. (2007). BayesAss edition 3.0 user’s manual. Available from 

http://www.rannala.org/?page_id=245. 

Rašić, G., Filipović, I., Weeks, A. R., & Hoffmann, A. A. (2014). Genome-wide SNPs 

lead to strong signals of geographic structure and relatedness patterns in the 

major arbovirus vector, Aedes aegypti. BMC Genomics, 15, 275. 

Rathsack, K., Quéric, N. V., & Reitner, J. (2011). Deep biosphere of the oceanic deep 

sea. In Encyclopedia of Geobiology (pp. 317–322). Springer, Dordrecht.  

Reitzel, A. M., Herrera, S., Layden, M. J., Martindale, M. Q., & Shank, T. M. (2013). 

Going where traditional markers have not gone before: utility of and promise 

for RAD sequencing in marine invertebrate phylogeography and population 

genomics. Molecular Ecology, 22, 2953–2970. 

Renfro, L. J., & Dickman, K. G. (1980). Sulfate transport across the peritubular 

surface of the marine teleost renal tubule. American Journal of Physiology-

Renal Physiology, 239, F143–F148. 

Roberts, H. H., Feng. D., & Joye, S. B. (2010). Cold-seep carbonates of the middle 

and lower continental slope, northern Gulf of Mexico. Deep sea research part 



 

 

185 

 

II: Topical Studies in Oceanography, 57, 2040–2054. 

Roesti, M., Salzburger, W., & Berner, D. (2012). Uninformative polymorphisms bias 

genome scans for signatures of selection. BMC Evolutionary Biology, 12, 94.  

Rogers, A. D., Tyler, P. A., Connelly, D. P., Copley, J. T., James, R., Larter, R. D., ... 

& Zwirglmaier, K. (2012). The discovery of new deep-sea hydrothermal vent 

communities in the Southern Ocean and implications for biogeography. PLoS 

Biology, 10, e1001234. 

Ronquist, F., & Huelsenbeck, J. P. (2003). MrBayes 3: Bayesian phylogenetic 

inference under mixed models. Bioinformatics, 19, 1572–1574. 

Rosenberg, N. A. (2004). DISTRUCT: a program for the graphical display of 

population structure. Molecular Ecology Notes, 4, 137–138. 

Royet, J., Gupta, D., & Dziarski, R. (2011). Peptidoglycan recognition proteins: 

modulators of the microbiome and inflammation. Nature Reviews Immunology, 

11, 837–851. 

Rubin, B. E., Ree, R. H., & Moreau, C. S. (2012). Inferring phylogenies from RAD 

sequence data. PLoS One, 7, e33394.  

Saether, K. P., Little, C. T., Campbell, K. A., Marshall, B. A., Collins, M., & Alfaro, 

A. C. (2010). New fossil mussels (Bivalvia: Mytilidae) from Miocene 

hydrocarbon seep deposits, North Island, New Zealand, with general remarks on 

vent and seep mussels. Zootaxa, 2577, 1–45. 

Samadi, S., Quéméré, E., Lorion, J., Tillier, A., Von Cosel, R., Lopez, P., ... & 

Boisselier-Dubayle, M. C. (2007). Molecular phylogeny in mytilids supports the 

wooden steps to deep-sea vents hypothesis. Comptes Rendus Biologies, 330, 

446–456. 

Sambrook, J., Fritsch, E. F., & Maniatis, T. (1989). Molecular Cloning: A Laboratory 

Manual. Cold Spring Harbor Laboratory Press, New York. 

Sánchez-Ferrer, Á., Rodríguez-López, J. N., García-Cánovas, F., & García-Carmona, 



 

 

186 

 

F. (1995). Tyrosinase: a comprehensive review of its mechanism. Biochimica et 

Biophysica Acta (BBA)-Protein Structure and Molecular Enzymology, 1247, 1–

11. 

Schultz, T. F., Hsing, P. Y., Eng, A., Zelnio, K. A., Thaler, A. D., Carlsson, J., & Van 

Dover, C. L. (2011). Characterization of 18 polymorphic microsatellite loci from 

Bathymodiolus manusensis (Bivalvia, Mytilidae) from deep-sea hydrothermal 

vents. Conservation Genetics Resources, 3, 25–27. 

Seetharam, A. S., & Stuart, G. W. (2013). Whole genome phylogeny for 21 Drosophila 

species using predicted 2b-RAD fragments. PeerJ, 1, e226. 

Selkoe, K. A., & Toonen, R. J. (2006). Microsatellites for ecologists: a practical guide 

to using and evaluating microsatellite markers. Ecology Letters, 9, 615–629. 

Shelud’ko, N. S., Matusovskaya, G. G., Permyakova, T. V., & Matusovsky, O. S. 

(2004). Twitchin, a thick-filament protein from molluscan catch muscle, 

interacts with F-actin in a phosphorylation-dependent way. Archives of 

Biochemistry and Biophysics, 432, 269–277.  

Shen, Y., Kou, Q., Chen, W., He, S., Yang, M., Li, X., & Gan, X. (2016). Comparative 

population structure of two dominant species, Shinkaia crosnieri (Munidopsidae: 

Shinkaia) and Bathymodiolus platifrons (Mytilidae: Bathymodiolus), inhabiting 

both deep‐sea vent and cold seep inferred from mitochondrial multi‐

genes. Ecology and Evolution, 6, 3571–3582. 

Shi, Y., Wang, S., Gu, Z., Lv, J., Zhan, X., Yu, C., ... & Wang, A. (2014). High-density 

single nucleotide polymorphisms linkage and quantitative trait locus mapping 

of the pearl oyster, Pinctada fucata martensii Dunker. Aquaculture, 434, 376–

384. 

Silvestro, D., & Michalak, I. (2012). raxmlGUI: a graphical front-end for RAxML. 

Organisms Diversity & Evolution, 12, 335–337. 

Sleight, V. A., Marie, B., Jackson, D. J., Dyrynda, E. A., Marie, A., & Clark, M. S. 



 

 

187 

 

(2016). An Antarctic molluscan biomineralisation tool-kit. Scientific Reports, 6, 

36978. 

Sleight, V. A., Thorne, M. A., Peck, L. S., & Clark, M. S. (2015). Transcriptomic 

response to shell damage in the Antarctic clam, Laternula elliptica: Time scales 

and spatial localisation. Marine Genomics, 20, 45–55. 

Smith, C. R., & Baco, A. R. (2003). Ecology of whale falls at the deep-sea floor. 

Oceanography and Marine Biology, 41, 311–354.  

Smith, F. W., Rae, A. L., & Hawkesford, M. J. (2000). Molecular mechanisms of 

phosphate and sulphate transport in plants. Biochimica et Biophysica Acta 

(BBA)-Biomembranes, 1465, 236–245. 

Smith, S. A., Wilson, N. G., Goetz, F. E., Feehery, C., Andrade, S. C., Rouse, G. W., ... 

& Dunn, C. W. (2011). Resolving the evolutionary relationships of molluscs 

with phylogenomic tools. Nature, 480, 364. 

Spann, N., Harper, E. M., & Aldridge, D. C. (2010). The unusual mineral vaterite in 

shells of the freshwater bivalve Corbicula fluminea from the UK. 

Naturwissenschaften, 97, 743–751. 

Squirrell, J., Hollingsworth, P. M., Woodhead, M., Russell, J., Lowe, A. J., Gibby, M., 

& Powell, W. (2003). How much effort is required to isolate nuclear 

microsatellites from plants? Molecular Ecology, 12, 1339–1348. 

Stewart, S., Wickramasinghe, D., Dorrance, A. E., & Robertson, A. E. (2011). 

Comparison of three microsatellite analysis methods for detecting genetic 

diversity in Phytophthora sojae (Stramenopila: Oomycete). Biotechnology 

Letters, 33, 2217. 

Sud, D., Poncet, J. M., Saihi, A., Lebel, J. M., Doumenc, D., & Boucaud-Camou, E. 

(2002). A cytological study of the mantle edge of Haliotis tuberculata L. 

(Mollusca, Gastropoda) in relation to shell structure. Journal of Shellfish 

Research, 21, 201–210. 



 

 

188 

 

Suess,E. (2014). Marine cold seeps and their manifestations: geological control, 

biogeochemical criteria and environmental conditions. International Journal of 

Earth Sciences, 103, 1889–1916. 

Sun, J., Zhang, Y., Xu, T., Zhang, Y., Mu, H., Zhang, Y., ... & Qian, P. Y. (2017). 

Adaptation to deep-sea chemosynthetic environments as revealed by mussel 

genomes. Nature Ecology & Evolution, 1, 0121. 

Sun, X., Yang, A., Wu, B., Zhou, L., & Liu, Z. (2015). Characterization of the mantle 

transcriptome of Yesso scallop (Patinopecten yessoensis): Identification of 

genes potentially involved in biomineralization and pigmentation. PLoS One, 10, 

e0122967. 

Suzuki, M., Iwashima, A., Tsutsui, N., Ohira, T., Kogure, T., & Nagasawa, H. (2011). 

Identification and characterisation of a calcium carbonate-binding protein, blue 

mussel shell protein (BMSP), from the nacreous layer. Chembiochem, 12, 2478–

2487. 

Suzuki, M., Murayama, E., Inoue, H., Ozaki, N., Tohse, H., Kogure, T., & Nagasawa, 

H. (2004). Characterization of Prismalin-14, a novel matrix protein from the 

prismatic layer of the Japanese pearl oyster (Pinctada fucata). Biochemical 

Journal, 382, 205–213. 

Suzuki, M., Nakayama, S., Nagasawa, H., & Kogure, T. (2013). Initial formation of 

calcite crystals in the thin prismatic layer with the periostracum of Pinctada 

fucata. Micron, 45, 136–139. 

Swofford, D. L. (2002). PAUP∗: Phylogenetic Analysis Using Parsimony (∗and other 

methods) version 4. Sinauer Associates, Sunderland. 

Tajima, F. (1989a). Statistical method for testing the neutral mutation hypothesis by 

DNA polymorphism. Genetics, 123, 585–595. 

Tajima, F. (1989b). The effect of change in population size on DNA polymorphism. 

Genetics, 123, 597–601. 



 

 

189 

 

Talavera, G., & Castresana, J. (2007). Improvement of phylogenies after removing 

divergent and ambiguously aligned blocks from protein sequence alignments. 

Systematic Biology, 56, 564–577. 

Taylor, J. D., & Glover E. A. (2010). Chemosymbiotic bivalves. In The Vent and Seep 

Biota: Aspects from Microbes to Ecosystems (pp. 113–114). Springer, Dordrecht. 

Taylor, J. D., & Kennedy, W. J. (1969). The influence of the periostracum on the shell 

structure of bivalve molluscs. Calcified Tissue International, 3, 274–283. 

Taylor, M. L., & Roterman, C. N. (2017). Invertebrate population genetics across 

Earth's largest habitat: The deep‐sea floor. Molecular Ecology, 26, 4872–4896. 

Teixeira, S., Cambon-Bonavita, M. A., Serrão, E. A., Desbruyeres, D., & Arnaud-

Haond, S. (2011). Recent population expansion and connectivity in the 

hydrothermal shrimp Rimicaris exoculata along the Mid-Atlantic Ridge. 

Journal of Biogeography, 38, 564–574. 

Teixeira, S., Serrao, E. A., & Arnaud-Haond, S. (2012). Panmixia in a fragmented and 

unstable environment: the hydrothermal shrimp Rimicaris exoculata disperses 

extensively along the Mid-Atlantic Ridge. PLoS One, 7, e38521. 

Thaler, A. D., Plouviez, S., Saleu, W., Alei, F., Jacobson, A., Boyle, E. A., ... & Van 

Dover, C. L. (2014). Comparative population structure of two deep-sea 

hydrothermal-vent-associated decapods (Chorocaris sp. 2 and Munidopsis 

lauensis) from southwestern Pacific back-arc basins. PLoS One, 9, e101345. 

Thaler, A. D., Zelnio, K., Saleu, W., Schultz, T. F., Carlsson, J., Cunningham, C., ... & 

Van Dover, C. L. (2011). The spatial scale of genetic subdivision in populations 

of Ifremeria nautilei, a hydrothermal-vent gastropod from the southwest Pacific. 

BMC Evolutionary Biology, 11, 372. 

Thompson, J. D., Higgins, D. G., & Gibson, T. J. (1994). CLUSTAL W: improving 

the sensitivity of progressive multiple sequence alignment through sequence 

weighting, position-specific gap penalties and weight matrix choice. Nucleic 



 

 

190 

 

Acids Research, 22, 4673–4680. 

Thornburg, C. C., Zabriskie, T. M., & McPhail, K. L. (2010). Deep-sea hydrothermal 

vents: potential hot spots for natural products discovery? Journal of Natural 

Products, 73, 489–499. 

Thurber, A. R., Jones, W. J., & Schnabel, K. (2011). Dancing for food in the deep sea: 

bacterial farming by a new species of yeti crab. PLoS One, 6, e26243.  

Tivey, M. K. (1995). Modeling chimney growth and associated fluid flow at seafloor 

hydrothermal vent sites. In Seafloor Hydrothermal Systems: Physical, Chemical, 

Biological, and Geological Interactions (pp. 158–177). American Geophysical 

Union, Washington DC. 

Tivey, M. K. (2007). Generation of seafloor hydrothermal vent fluids and associated 

mineral deposits. Oceanography, 20, 50–65. 

Toonen, R. J., Puritz, J. B., Forsman, Z. H., Whitney, J. L., Fernandez-Silva, I., 

Andrews, K. R., & Bird, C. E. (2013). ezRAD: a simplified method for genomic 

genotyping in non-model organisms. PeerJ, 1, e203. 

Tsukamoto, D., Sarashina, I., & Endo, K. (2004). Structure and expression of an 

unusually acidic matrix protein of pearl oyster shells. Biochemical and 

Biophysical Research Communications, 320, 1175–1180. 

Turnpenny, P., Ellard, S. (2005). Emery's Elements of Medical Genetics. Elsevier 

Health Sciences, London. 

Tyler, P. A., & Young, C. M. (1999). Reproduction and dispersal at vents and cold 

seeps. Journal of the Marine Biological Association of the United Kingdom, 79, 

193–208. 

Tyler, P., Young, C. M., Dolan, E., Arellano, S. M., Brooke, S. D., & Baker, M. (2007). 

Gametogenic periodicity in the chemosynthetic cold-seep mussel 

“Bathymodiolus” childressi. Marine Biology, 150, 829–840. 

Vaidya, G., Lohman, D. J., & Meier, R. (2011). SequenceMatrix: concatenation 



 

 

191 

 

software for the fast assembly of multi‐gene datasets with character set and 

codon information. Cladistics, 27, 171–180. 

Valdovinos, C., Navarrete, S. A., & Marquet, P. A. (2003). Mollusk species diversity 

in the Southeastern Pacific: why are there more species towards the pole? 

Ecography, 26, 139–144. 

Van der Heijden, K., Petersen, J. M., Dubilier, N., & Borowski, C. (2012). Genetic 

connectivity between North and South Mid-Atlantic Ridge chemosynthetic 

bivalves and their symbionts. PLoS One, 7, e39994. 

Van Dover, C. L. (2000). The Ecology of Deep-sea Hydrothermal Vents. Princeton 

University Press, Princeton. 

Van Dover, C. L. (2014). Impacts of anthropogenic disturbances at deep-sea 

hydrothermal vent ecosystems: a review. Marine Environmental Research, 102, 

59–72. 

Van Dover, C. L., German, C. R., Speer, K. G., Parson, L. M., & Vrijenhoek, R. C. 

(2002). Evolution and biogeography of deep-sea vent and seep invertebrates. 

Science, 295, 1253–1257. 

Van Dover, C. L., Humphris, S. E., Fornari, D., Cavanaugh, C. M., Collier, R., 

Goffredi, S. K., ... & Vrijenhoek, R. C. (2001). Biogeography and ecological 

setting of Indian Ocean hydrothermal vents. Science, 294, 818–823. 

Van Dover, C. L., Smith, C. R., Ardron, J., Arnaud, S., Beaudoin, Y., Bezaury, J., ... & 

Cook, A. (2011). Environmental management of deep-sea chemosynthetic 

ecosystems: justification of and considerations for a spatially-based approach. 

ISA Technical study: No. 9. International Seabed Authority, Kingston. 

Vanreusel, A., Andersen, A. C., Boetius, A., Connelly, D., Cunha, M. R., Decker, C., ... 

& Vanneste, H. (2009). Biodiversity of cold seep ecosystems along the European 

margins. Oceanography, 22, 110–127.  

Vemireddy, L. R., Archak, S., & Nagaraju, J. (2007). Capillary electrophoresis is 



 

 

192 

 

essential for microsatellite marker based detection and quantification of 

adulteration of Basmati rice (Oryza sativa). Journal of Agricultural and Food 

Chemistry, 55, 8112–8117. 

Vendrami, D. L., Telesca, L., Weigand, H., Weiss, M., Fawcett, K., Lehman, K., ... & 

Hoffman, J. I. (2017). RAD sequencing resolves fine-scale population structure 

in a benthic invertebrate: implications for understanding phenotypic plasticity. 

Royal Society Open Science, 4, 160548. 

Von Damm, K. L. (1995). Physical, Chemical, Biological, and Geological 

Interactions within Seafloor Hydrothermal Systems. American Geophysical 

Union, Washington DC. 

Vos, P., Hogers, R., Bleeker, M., Reijans, M., Lee, T. V. D., Hornes, M., ... & Zabeau, 

M. (1995). AFLP: a new technique for DNA fingerprinting. Nucleic Acids 

Research, 23, 4407–4414. 

Vrijenhoek, R. C. (2010). Genetic diversity and connectivity of deep-sea 

hydrothermal vent metapopulations. Molecular Ecology, 19, 4391–4411. 

Wang, N., Thomson, M., Bodles, W. J., Crawford, R. M., Hunt, H. V., Featherstone, 

A. W., ... & Buggs, R. J. (2013). Genome sequence of dwarf birch (Betula nana) 

and cross‐species RAD markers. Molecular Ecology, 22, 3098–3111. 

Wang, S., Meyer, E., McKay, J. K., & Matz, M. V. (2012). 2b-RAD: a simple and 

flexible method for genome-wide genotyping. Nature Methods, 9, 808–810. 

Wang, X. Q., Zhao, L., Eaton, D. A., Li, D. Z., & Guo, Z. H. (2013). Identification of 

SNP markers for inferring phylogeny in temperate bamboos (Poaceae: 

Bambusoideae) using RAD sequencing. Molecular Ecology Resource, 13, 938–

945. 

Watanabe, H., Fujikura, K., Kojima, S., Miyazaki, J. I., & Fujiwara, Y. (2010). Japan: 

vents and seeps in close proximity. In The Vent and Seep Biota: Aspects from 

Microbes to Ecosystems (pp. 379–401). Springer, Dordrecht. 



 

 

193 

 

Willette, D. A., Allendorf, F. W., Barber, P. H., Barshis, D. J., Carpenter, K. E., 

Crandall, E. D., ... & Seeb, J. E. (2014). So, you want to use next-generation 

sequencing in marine systems? Insight from the Pan-Pacific Advanced Studies 

Institute. Bulletin of Marine Science, 90, 79–122. 

Wilson, G. A., & Rannala, B. (2003). Bayesian inference of recent migration rates 

using multilocus genotypes. Genetics, 163, 1177–1191. 

Won, Y., Young, C. R., Lutz, R. A., & Vrijenhoek, R. C. (2003). Dispersal barriers and 

isolation among deep-sea mussel populations (Mytilidae: Bathymodiolus) from 

eastern Pacific hydrothermal vents. Molecular Ecology, 12, 169–184. 

Wong, A., Forbes, M. R., & Smith, M. L. (2001). Characterization of AFLP markers 

in damselflies: prevalence of codominant markers and implications for 

population genetic applications. Genome, 44, 677–684 

Wong, Y. H., Sun, J., He, L. S., Chen, L. G., Qiu, J. W., & Qian, P. Y. (2015). High-

throughput transcriptome sequencing of the cold seep mussel Bathymodiolus 

platifrons. Scientific Reports, 5, 16597. 

Wright, P. E., & Dyson, H. J. (1999). Intrinsically unstructured proteins: re-assessing 

the protein structure-function paradigm. Journal of Molecular Biology, 293, 

321–331. 

Wu, Q., Colin, C., Liu, Z., Thil, F., Dubois‐Dauphin, Q., Frank, N., ... & Douville, E. 

(2015). Neodymium isotopic composition in foraminifera and authigenic phases 

of the South China Sea sediments: Implications for the hydrology of the North 

Pacific Ocean over the past 25 kyr. Geochemistry, Geophysics, Geosystems, 16, 

3883–3904. 

Xiang, L., Kong, W., Su, J., Liang, J., Zhang, G., Xie, L., & Zhang, R. (2014). 

Amorphous calcium carbonate precipitation by cellular biomineralization in 

mantle cell cultures of Pinctada fucata. PLoS One, 9, e113150. 

Xu, T., Sun, J., Lv, J., Watanabe, H. K., Li, T., Zou, W., ... & Qiu, J. W. (2017). 



 

 

194 

 

Genome-wide discovery of single nucleotide polymorphisms (SNPs) and single 

nucleotide variants (SNVs) in deep-sea mussels: Potential use in population 

genomics and cross-species application. Deep Sea Research Part II: Topical 

Studies in Oceanography, 137, 318–326. 

Yahagi, T., Watanabe, H. K., Kojima, S., & Kano, Y. (2017). Do larvae from deep‐sea 

hydrothermal vents disperse in surface waters? Ecology, 98, 1524–1534. 

Yahagi, T., Watanabe, H., Ishibashi, J. I., & Kojima, S. (2015). Genetic population 

structure of four hydrothermal vent shrimp species (Alvinocarididae) in the 

Okinawa Trough, Northwest Pacific. Marine Ecology Progress Series, 529, 

159–169. 

Yang, W., Kang, X., Yang, Q., Lin, Y., & Fang, M. (2013). Review on the development 

of genotyping methods for assessing farm animal diversity. Journal of Animal 

Science and Biotechnology, 4, 2. 

Young, C. M., He, R., Emlet, R. B., Li, Y., Qian, H., Arellano, S. M., ... & Rice, M. E. 

(2012). Dispersal of deep-sea larvae from the intra-American seas: Simulations 

of trajectories using ocean models. Integrative and Comparative Biology, 52, 

483–496. 

Zhan, A., Hu, J., Hu, X., Zhou, Z., Hui, M., Wang, S., ... & Bao, Z. (2009). Fine-scale 

population genetic structure of Zhikong scallop (Chlamys farreri): do local 

marine currents drive geographical differentiation? Marine Biotechnology, 11, 

223–235. 

Zhang, C., & Zhang, R. (2006). Matrix proteins in the outer shells of molluscs. Marine 

Biotechnology, 8, 572–586. 

Zhang, C., Xie, L., Huang, J., Chen, L., & Zhang, R. (2006). A novel putative 

tyrosinase involved in periostracum formation from the pearl oyster (Pinctada 

fucata). Biochemical and Biophysical Research Communications, 342, 632–639. 

Zhang, D. X., & Hewitt, G. M. (2003). Nuclear DNA analyses in genetic studies of 



 

 

195 

 

populations: practice, problems and prospects. Molecular Ecology, 12, 563–584. 

Zhang, G., Fang, X., Guo, X., Li, L., Luo, R., Xu, F., ... & Wang, J. (2012). The oyster 

genome reveals stress adaptation and complexity of shell formation. Nature, 490, 

49–54. 

Zhang, Y., Meng, Q., Jiang, T., Wang, H., Xie, L., & Zhang, R. (2003). A novel ferritin 

subunit involved in shell formation from the pearl oyster (Pinctada fucata). 

Comparative Biochemistry and Physiology Part B: Biochemistry and Molecular 

Biology, 135, 43–54. 

Zhao, Z., & Boerwinkle, E. (2002). Neighboring-nucleotide effects on single 

nucleotide polymorphisms: a study of 2.6 million polymorphisms across the 

human genome. Genome Research, 12, 1679–1686. 

Zheng, X., Levine, D., Shen, J., Gogarten, S. M., Laurie, C., & Weir, B. S. (2012). A 

high-performance computing toolset for relatedness and principal component 

analysis of SNP data. Bioinformatics, 28, 3326–3328. 

Zouros, E. (2013). Biparental inheritance through uniparental transmission: the 

doubly uniparental inheritance (DUI) of mitochondrial DNA. Evolutionary 

Biology, 40, 1–31. 

  



 

 

196 

 

CURRICULUM VITAE 

 

 

 

Academic qualifications of the thesis author, Ms. XU Ting: 

 

 Received the degree of Bachelor of Biotechnology from Ocean University of 

China, June 2013. 

 

 

 

 

 

 

 

April 2018 


