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Abstract 

Seemingly against all odds, some of the microscopic larvae of fauna associated 

with deep-sea reducing environments make it through the largest ecosystem on earth to 

settle at a new population. Evidence of these migration events can be found in the 

distribution of extant populations, by capturing larvae in the water column and by 

examining the genetic makeup of adults. In this dissertation I use large genetic datasets 

to consider how migration and gene flow have influenced the population structure of 

two deep-sea mollusks. Specifically, I assess if observed connectivity is the result of 

migration mediated by stepping-stones, recent divergence and/or long distance 

dispersal.  

In Chapters 1 and 4, I examine gene flow in vesicomyid clams which live on 

reducing habitats like hydrothermal vents, cold seeps and food falls around the world. 

Of particular interest is the clam Abyssogena southwardae. This clam has colonized 

habitats across the entire Atlantic Ocean basin and exhibit low genetic diversity between 

populations. I test the possibility that the Mid-Atlantic Ridge has served as a stepping-

stone across the basin using cytochrome c oxidase subunit I mitochondrial sequences 

(Chapter 1) and 5 additional nuclear loci (Chapter 2). The results of this analysis suggest 

that the Mid-Atlantic Ridge does not serve as a stepping-stone. An alternative 
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hypothesis for the low genetic diversity in the Abyssogena southwardae is recent 

colonization of these populations by a common source.  

In Chapter 2 I ask a similar question about the connectivity between distant 

populations of the hydrothermal vent endemic limpet Lepetodrilus aff. schrolli. Despite 

being separated by thousands of kilometers and exhibiting strong population structure, 

the two populations of Lepetodrilus aff. schrolli show evidence of directional gene flow 

since population divergence. The lack of identifiable migrants and the modeled ocean 

currents in the region suggest that it is unlikely that a single larva could make the trip 

between the two basins. Instead, one or more of the active hydrothermal vents in the 

vicinity could serve as a stepping-stone between the two distant basins. I was able to 

detect directional migration in this non-equilibrium scenario due a large dataset 

consisting of 42 amplified gene regions across 93 individuals.  

In Chapter 3 I explore how subsets of this large amplicon dataset can provide 

insight into how the number of loci sequenced affects accuracy, precision, type I error 

and type II error.  This subset analysis shows a general increase in accuracy and 

precision and a general decrease in type I and type II error with the addition of more 

loci. Furthermore, in the particular case of Lepetodrilus aff. schrolli subsamples as large as 

20 loci still gave inaccurate but precise estimates. By examining the gene trees of these 
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amplicons I was also able to investigate how empirical gene tree discordance influences 

coalescent analysis. 

Large amplicon datasets allowed me to detect gene flow in complicated 

demographic situations in Abyssogena southwardae and Lepetodrilus aff. schrolli. In the 

Atlantic, Abyssogena southwardae analysis of multiple loci suggest that there are not 

stepping-stones along the Mid-Atlantic ridge to connect the Atlantic Equatorial Belt. 

This analysis will benefit from the additional loci that have been collected but not 

analyzed. In the Pacific, Lepetodrilus aff. schrolli, stepping-stones seem like a much more 

likely hypothesis to accommodate the low level of migration seen between the two 

distant basins examined. These studies are among the largest genetic datasets collected 

to date in the deep-sea and should serve as a benchmark for the generation and analysis 

of datasets for studying connectivity in the deep-sea.  
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Introduction 

2017 will mark four decades since the discovery of hydrothermal vents (Corliss & 

Ballard 1977; Corliss et al. 1979; Lonsdale 1977) and chemoautotrophic symbiosis 

(Hessler & Smithey Jr 1983) along the Galápagos Ridge . Following the discovery of the 

first hydrothermal vent ecosystems, additional reducing environments supporting 

chemosymbiotic fauna were found at cold seeps (Hecker 1985; Paull et al. 1984) and 

whale falls (Smith et al. 1989a). Since their discovery, vents, seeps and food falls (which 

include wood and other organic matter) have continued to be discovered worldwide. As 

of this writing the InterRidge Vents Database lists 265 confirmed active, 367 inferred 

active and 56 inactive hydrothermal vents around the world (Beaulieu 2015). Cold seep 

discovery has accelerated with the use of shipboard multibeam detection of methane 

leakage and bathymetry which suggests there may be tens of thousands of seeps on 

passive margins worldwide (Sen et al. 2016; Skarke et al. 2014). While food falls may not 

be as common as vents and seeps, their distribution is not determined by seafloor 

chemical emissions (Smith & Baco 2003). The seafloor is the largest habitat on earth 

(Smith & Sandwell 1997) and despite ongoing discovery of new vents and seeps the 

distribution of known habitats is patchy; some sites are mere meters from neighboring 
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habitats while others are isolated by 100s of km (Baker & German 2004; German et al. 

2011).   

Connectivity between populations of vent and/or seep associated fauna is 

dependent on the global distribution of these habitats and the ability of larvae or adults 

to move between them. For many of these vent and seep organisms, like the charismatic 

vesicomyid clams (Lisin et al. 1997), bathymodiolan mussels (Arellano & Young 2009; 

Colaco et al. 2006) and vestimentiferan tubeworms (Van Dover 1994), the adults are 

confined to the reducing habitat but larvae are spawned into the water column. This 

provides an opportunity for gene flow between sites; a critical component of 

maintaining populations and their genetic diversity (Vrijenhoek 2010a; White et al. 2010). 

Examining the dispersal potential and connectivity of deep-sea vent and seep endemic 

organisms is critical to conservation efforts (Hilário et al. 2015; Palumbi 2003; Van Dover 

et al. 2012) and to understanding how these organisms adapted to a deep-sea 

chemosymbiotic lifestyles (Distel et al. 2000; Hilario et al. 2011; Lorion et al. 2013).  

Previous investigations in the deep-sea have found both population subdivision 

across oceanographic features (Audzijonyte & Vrijenhoek 2010; Jang et al. 2016; Kojima 

et al. 2000; Thaler et al. 2014; Thaler et al. 2011; Won et al. 2003) and connectivity over 

surprisingly far distances, such as entire ocean basins (Breusing et al. 2017; Herring & 

Dixon 1998; Mullineaux et al. 2010; Teixeira et al. 2013; Teixeira et al. 2012). Connectivity 
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over large distances suggests that either larvae are able to traverse these vast intervals or 

undiscovered intermediate populations serve as stepping-stones.  

It is unclear how far the larvae of vent, seep and food fall fauna can travel in the 

water column. The distance traveled by a larva is limited by both pelagic larval duration 

(PLD) and oceanographic features (Marsh et al. 2001; Mitarai et al. 2016; Young et al. 

2012). Young et al. (1997) proposed that non-feeding larvae may travel deep in the ocean 

where cold water could slow metabolism, increasing dispersal distance. Recent studies, 

however, suggest that some deep-sea larvae disperse quite close to the surface where the 

temperature is higher (i.e. faster metabolism) but the currents are faster (Arellano et al. 

2014; Herring & Dixon 1998). Empirical dispersal depth evidence requires capturing 

larvae in the water column, which is difficult due to the small size of larvae and the 

vastness of the ocean (Arellano et al. 2014; Mullineaux et al. 1995). The SeepConnectivity 

(SeepC) group, however, has made significant advances in larval sampling (Billings et al. 

2016). Nevertheless, no larvae have been captured in the water column for many seep 

and vent endemic organisms such as the abundant vesicomyid clam Abyssogena 

southwardae (Decker et al. 2012). Instead of capturing larvae in the water column, some 

groups have attempted to understand larval biology by rearing larvae and juveniles on 

land (Arellano & Young 2009; Rice et al. 2012; Young et al. 1996).  Studies of larval 

behavior and biology have provided estimates of maximum PLD for several species 
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(Reviewed in: Hilário et al. 2015). These estimates range from more than a year in the 

mussel Bathymodiolus childressi (Arellano et al. 2014), the asteroid Sclerasterias tanneri and 

the worm Phascolosoma turnerae (Young et al. 2012) to less than a month in the tubeworm 

Lamellibrachia luymesi (Young et al. 1996) and the “iceworm” Hesiocaeca methanicola 

(Eckelbarger et al. 2001). Combined information on larval behavior and oceanographic 

data supports long distance dispersal in some species (Arellano et al. 2014), but not in 

others—even with long PLDs (Young et al. 2012).  

A supplementary explanation for observed long distance connectivity is the 

presence undiscovered stepping-stone populations or source populations (Breusing et al. 

2016; Breusing et al. 2015; Feldman et al. 1998; Matabos et al. 2008). The stepping-stone 

hypothesis is supported by studies suggesting that there may be an abundance of 

undiscovered vents and seeps worldwide (Baker & German 2004; Skarke et al. 2014). 

Furthermore, connectivity has been detected across ocean basins in species whose 

estimated dispersal distance does not support long distance (i.e. one individual larva) 

migrating between populations (Mitarai et al. 2016; Young et al. 2012). In the Atlantic 

Ocean, the Mid-Atlantic Ridge (see Chapter 4) has been debated as a stepping-stone 

responsible for connectivity detected between populations of seep organisms found off 

of Africa and those found in the Gulf of Mexico and off of Barbados (Olu-Le Roy et al. 

2007; Teixeira et al. 2013; Tyler & Young 2003; Van Dover et al. 2002; Young et al. 2012). 
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Sampling and population genetic analysis of individuals from distant populations as 

well as intermediate populations can help to test the stepping-stone hypothesis.  

Large samples of abundant adult fauna associated with reducing habitats, like 

mussels (Shank et al. 1998), tubeworms (Mullineaux et al. 2000), clams (Suess et al. 1985), 

shrimps (Tyler & Young 1999) and limpets (Van Dover et al. 1988), can be collected from 

a single sampling endeavor for  population genetic analysis. Advances in next-

generation sequencing (NGS) have made it easier in non-model species to gather the 

large multi-locus datasets needed for population level analysis (Davey & Blaxter 2011; 

Feng et al. 2016; O'Neil et al. 2010; O'Neill et al. 2012). Despite these advances, very few 

population level NGS studies have been published for deep-sea fauna (Herrera et al. 

2015; Jang et al. 2016; Xu et al. 2016; Zhang et al. 2016).  Many studies have relied solely 

on low throughput Sanger sequencing (Kojima et al. 2000; Plouviez et al. 2013; Teixeira et 

al. 2013; Thaler et al. 2014; Thaler et al. 2011) and/or microsatellite length variation 

sampling (Cowart et al. 2013; Huang et al. 2016; Roterman et al. 2013; Thaler et al. 2014; 

Thaler et al. 2011). While these studies provide an important starting point for 

population analysis, single locus and/or microsatellite data provide a limited amount of 

coalescent information for population analysis (Chapuis & Estoup 2007; Irwin 2002; 

Maddison & Knowles 2006; Wilson & Balding 1998). The addition of multiple nuclear 

loci across many individuals can strengthen population connectivity assessment using 
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popular coalescent methods (Choi & Hey 2011; Quinzin et al. 2015) and sometimes even 

contradict single locus mitochondrial cytochrome c oxidase I (COI) analyses (Coykendall 

et al. 2011; Hurtado et al. 2004).  

In this dissertation I used both COI and multi-locus NGS data to assess 

connectivity between distant populations and assess the hypotheses of long-distance 

and stepping-stone dispersal in two species of deep-sea mollusks. In Chapters 1 and 4 I 

explore the hypothesis that the Mid-Atlantic ridge is a stepping-stone for the vesicomyid 

clam Abyssogena southwardae. Preliminary COI sampling across over 100 individuals of 

A. southwardae in Chapter 1 suggested that the Mid-Atlantic Ridge was not connected to 

the seep sites located in the Eastern Pacific and was unlikely to serve as a stepping-stone 

for trans-Atlantic connectivity. Interestingly, there was some evidence for gene flow 

between the East Atlantic seeps and the Gulf of Mexico but this could not be 

differentiated from incomplete lineage sorting. Furthermore, investigation of 

Atlantic/Pacific sister taxa suggested that low COI genetic diversity in Atlantic A. 

southwardae is likely due to recent colonization. Chapter 4 tests this hypothesis using 5 

additional nuclear loci and also concludes that the sampled populations of the Mid-

Atlantic Ridge are not like to act as stepping-stones. 

In Chapter 2 connectivity between basins in the Pacific Ocean was investigated in 

the hydrothermal vent associated limpet Lepetodrilus aff. schrolli. Multiple amplicon 
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sequences, 42 in total, were used to assess structure and migration between populations 

separated by thousands of kilometers. Despite this vast distance and significant 

population differentiation, coalescent analysis showed migration between the basins. 

This suggests that stepping-stone populations are likely to play a role in the migration 

detected.  

The large dataset produced for the analysis of Lepetodrilus aff. schrolli was also 

used to make recommendations on how gene trees can be used to guide multi-locus 

sampling.  Chapter 3 explores how the discordance between gene trees can be used as a 

guide for determining a range of loci that may be appropriate for coalescent analysis. 

Due to the high level of discordance (differences in tree structure due to coalescent 

processes) in our dataset, the collection of 42 loci for Lepetodrilus aff. schrolli was likely 

necessary to adequately sample the range of discordance the genome. This chapter also 

used the 42 loci dataset test if subsets of increasing loci size resulted in an increase in 

accuracy and precision as well as a decrease in error would result from larger 

As a whole, this thesis explores how the application of next-generation 

sequencing, and in particular amplicon sequencing, can provide important insights in to 

the presence and absence of population subdivision and stepping-stones between deep-

sea populations. Additionally, the amplicon datasets generated in Chapters 2 and 4 

highlight the need for more extensive genetic sampling to reveal more complicated 
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systems of connectivity. The scale of this data collection should serve as a benchmark for 

future population analysis in the deep-sea.  
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1. Gene flow between Atlantic and Pacific Ocean basins 
in three lineages of deep-sea clams (Bivalvia: 
Vesicomyidae: Pliocardiinae) and subsequent limited 
gene flow within the Atlantic 

LaBella A, Dover CV, Jollivet D, Cunningham C (2016) Gene flow between 

Atlantic and Pacific Ocean basins in three lineages of deep-sea clams (Bivalvia: 

Vesicomyidae: Pliocardiinae) and subsequent limited gene flow within the Atlantic. 

Deep Sea Research II: Topical Studies in Oceanography.    

1.1 Introduction 

Vesicomyid clams comprise two subfamilies: the relatively large Pliocardiinae 

which can reach more than 30cm; and the Vesicomyinae that rarely grow beyond 1cm 

(Krylova & Sahling 2010). The Pliocardiinae rely on symbiotic chemosynthetic bacteria 

for nutrition while the Vesicomyinae lack the typical pliocardiin subfilamental tissues 

associated with symbiotic bacteria (Krylova & Sahling 2010). Pliocardiin 

chemosymbiosis requires sulfide-rich reducing habitats (Fig 1) such as whale falls (Smith 

et al. 1989b), hydrothermal vents (Tunnicliffe 1991), and cold seeps (Sibuet & Olu 1998), 

including putative seeps at the terminal lobes of the Congo deep-sea fan (von Cosel & 

Olu 2008). Some pliocardiin species, such as Abyssogena southwardae, are able to colonize 

multiple kinds of deep-sea sulfide-rich environments (Decker et al. 2012). In some places, 

populations of Pliocardiinae clams represent a large percentage of the biomass 
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(Hashimoto et al. 1989; Olu et al. 1996). Dozens of pliocardiin species have colonized and 

maintained populations at patchy seeps and vents around the world. It is likely that 

pliocardiin larval dispersal capabilities play a key role in this widespread distribution 

and the long-term success of the group (Tyler & Young 1999). Despite the importance of 

larval features in dispersal, very little is known about pliocardiin larvae other than 

observations of lecithrophy (Duperron et al. 2013). Larval dispersal and recruitment of 

benthic organisms are also affected by abiotic factors in the water column (e.g. 

hydrography; Marsh et al. 2001) along with the ability to sense suitable substrata (e.g. 

sediment geochemistry; Shanks 2009). Due to limited knowledge of dispersal capabilities 

in Pliocardiinae, historical dispersal is often studied by examining past gene flow 

(Teixeira et al. 2013; van der Heijden et al. 2012).  

This study uses phylogenetic and population genetic methods to explore the 

histories of three pliocardiin lineages: ‘Pliocardia’ I, Calyptogena, and Abyssogena.  This 

and previous studies using the cytochrome c oxidase subunit I gene (COI) have 

identified Pacific/Atlantic sister taxa in each of three monophyletic pliocardiin lineages 

(Martin & Goffredi 2012; Valdes et al. 2012). These sister taxa provide the opportunity to 

investigate historical gene flow between the Pacific and Atlantic with respect to two 

Pliocene events: the closure of the Isthmus of Panama and the opening of the Bering 

Strait. The objective of this investigation is to test hypotheses of when and how multiple 
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lineages of Pliocardiinae arrived in the Atlantic. While the amount of COI divergence 

can help establish the relative timing of last contact between Pacific and Atlantic sister 

taxa, consideration of the fossil record allows estimates of absolute age.  

 

 

 

Pliocardia, whose type species is the Jamaican fossil P. bowdeniana, has been 

difficult to assign to a monophyletic group of living species (Krylova & Sahling 2006).  

Species tentatively assigned to Pliocardia are polyphyletic, falling into the monophyletic 

clades ‘Pliocardia’ I and II (Valdes et al. 2012).  Our study focused on the monophyletic 

‘Pliocardia’ I (Table 1). This group includes the East Pacific species P. krylovata located off 

of Costa Rica (Martin & Goffredi 2012); P. packardana from the Monterey Canyon off 

California (Barry et al. 1997; Peek et al. 2000); and P. stearnsii from off the coast of 

Figure 1: Distribution of Pacific and Atlantic sister groups in ‘Pliocardia’ I, 

Calyptogena, and Abyssogena. 
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California (Audzijonyte et al. 2012; Okutani et al. 2009). Nested within these East Pacific 

species is the Atlantic species P. ponderosa from the Gulf of Mexico (Martin & Goffredi 

2012). P. ponderosa and P. krylovata form a pair of sister species located in different ocean 

basins (Fig 1).  The discovery of this ‘Pliocardia’ I Pacific/Atlantic sister pair nested within 

Pacific species strengthens the proposition by Amanoand Kiel (2007) that Pliocardia has 

had a long history in the Pacific with the Jamaican fossil P. bowdeniana representing a 

relatively recent invasion of the Atlantic.  Based on this finding, Amanoand Kiel (2012) 

suggest that  P. krylovata and P. ponderosa may have been separated by the rise of the 

Isthmus of Panama.  

Table 1: Origin and number of previously published and newly received ‘Pliocardia’ I 

and Calyptogena CO1 sequences used for this study. 

Ridge  System or 

Continental Margin 
Habitat Type 

Depth Distribution 

(meters) 

‘Pliocardia’ krylovata   n = 2 

Costa Rica Seep 740 

‘Pliocardia’ packardana   n=1 

C California Margin Seep 635 

‘Pliocardia’ ponderosa   n=3 

Gulf of Mexico Seep 737 

‘Pliocardia’ stearnsii   n=3 

Gulf of California Seep 659-683 

C California Margin Seep 2,200 

Costa Rica Margin Seep 2,258 – 2,263 

C. fausta n=2 

Nankai Trough Seep 1,500 -2,200 

C. gallardoi n=4 

Chile Seep 750-1000 
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Ridge  System or 

Continental Margin 
Habitat Type 

Depth Distribution 

(meters) 

C. lepta  n=4 

Gulf of California Vent 2,016-2,020 

C. makranensis  n=1 

Indian Ocean Seep 2215 

 

C. mt-V n-=1 

Costa Rica Margin Seep 3096 

C. pacifica n=27 

Oregon Margin Seep 500 - 512 

N California Margin Seep 512 

C California Margin Seep 600 – 1,000 

Guaymas Basin Seep 1560 

C. sp. 3.  n=1 

C California Margin Seep 2,895 

C. starobogatovi-rectimargo n=29 

Juan de Fuca Ridge Vent 1,547-2437 

C California Margin Seep 1575 

S California Margin Seep 1825 

Sea of Okhotsk Seep 700 

C. tuerkayi n=3 

SW Pacific Ocean Seep 810 

C. valdiviae n=1 

West African Coast Seep 687 

C. n. sp. [Barbados] n=18 

Barbados Accretionary 

Prism 
Seep 1328 

 

The second genus, Calyptogena, was re-examined with respect to shell 

morphology and COI phylogeny and found to be a clearly circumscribed Calyptogena 

sensu stricto (Decker et al. 2012; Krylova & Sahling 2006). The species C. valdiviae is the 

most basal species in this group and is the sister species to all other Calyptogena (Decker 
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et al. 2012). While most Calyptogena are found in the Pacific, C. valdiviae is from the 

Eastern Atlantic off of Africa (Table 1; Cosel & Salas 2001; Thiele & Jaeckel 1931; Valdes 

et al. 2012). The sister taxon to Calyptogena s.s. is Elenaconcha guiness which is also from 

the Eastern Atlantic off the coast of Africa (von Cosel & Olu 2009).  Our study focuses on 

the first Western Atlantic Calyptogena s.s., namely Calyptogena n. sp. [Barbados], from a 

seep in the Barbados Accretionary Prism (Table 1; Fig 1).  

Fossil data is uncertain regarding the earliest appearance of Calyptogena s.s.  A 

review of fossil Calyptogena suggests a late Miocene origin (≈ 7.2 Ma; Amano & Kiel 

2007), though the same authors later report a much older origin for Calyptogena in the 

Alaskan Oligocene (C. katallaensis ≈30 Ma; Kiel & Amano 2010). Another Calyptogena 

fossil, C. panamensis, is found in the Burica beds of Pacific Costa Rica and Panama. 

Krylovaand Sahling (2006) note that C. panamensis “very much resembles in proportion 

and gross outline” the extant Eastern Pacific C. costaricana, whose range coincides with 

C. panamensis.  The Burica beds are reported to be at the boundary of the Miocene and 

Pliocene (5.3 Ma; Amano & Kiel 2007; Krylova & Sahling 2006), but this assessment did 

not consider the Coates et al. (1992) authoritative re-evaluation of Panamanian 

stratigraphy, which assigned the Burica beds to the Late Pliocene (2.6-3.5 Ma). From 

fossil data alone it is unclear when the Atlantic Calyptogena n. sp. [Barbados] was 

isolated from the Pacific.  
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The third monophyletic genus Abyssogena has been clearly circumscribed by 

Krylova et al. (2010). No fossil evidence is available for this genus. Abyssogena has five 

Pacific species known from previous COI studies and only one Atlantic member (Table 

2). A. southwardae is found across the Atlantic equatorial belt from the Gulf of Mexico to 

Western Africa, including the Mid-Atlantic Ridge (Fig. 1; Table 2; Krylova et al. 2010). Of 

all the taxa in the three focal lineages, only A. southwardae has multiple populations 

within an ocean basin and ample number of associated COI (Genbank sequences; Table 

2). This enables both investigation of the Pacific/Atlantic divergence in this genus and 

application of coalescent methods to examine population dynamics (Audzijonyte et al. 

2012; Lessios 2008)  We add COI data for specimens from two recently sampled 

populations of A. southwardae to the published A. southwardae COI sequences to reveal 

more of the overall genetic diversity of these populations (Zhang et al. 2010).  

To examine historical gene flow in Pliocardiinae, we calibrated vesicomyid 

specific COI rates of substitution based on biogeography and fossil data. These rates 

were then used to consider the alternative hypotheses that the Atlantic member of each 

pliocardiin lineage considered here may have invaded from the Pacific following the 

opening of the Bering Strait ≈ 3.5 Mya. (Bigg et al. 2008; Vermeij 1991; Wares & 

Cunningham 2001), or through the Panamanian seaway, which was closed by the final 

emergence of the Isthmus of Panama  ≈ 2.8 Mya (Lessios 2008). COI substitution rates 
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were subsequently used to examine gene flow between Atlantic populations of 

Abyssogena southwardae after the invasion of the Atlantic and test the hypothesis of high 

levels of gene flow between extant populations. 

Table 2: Origin and number of previously published and newly received Abyssogena 

CO1 sequences used for this study. 

1.2 Materials and Methods 

1.2.1 Sample Collection 

Distribution of collection sites is shown in Figure 1.  General location, habitat 

type, and depth range for each species for which COI sequences were available is 

Ridge System or 

Continental Margin 
Habitat Type 

Depth Distribution 

(meters) 

A. kaikoi     n=4 

Nankai Trough Seep 3,540-4,800 

A. mariana n=3 

Mariana Trench Seep 5,550–5,861 

A. novacula n=2 

Peru Margin Seep 3,500-5,528 

A. phaseoliformis n=10 

Kurile Trench Seep 4,700 – 6,200 

Japan Trench Seep 5,400 - 6,400 

Aleutian Trench Seep 4,550-6,400 

A. “Ryukyu Trench”  n=2 

Ryukyu Trench Seep 5,900 

A. southwardae   n=139 

Barbados Accretionary 

Prism 

Seep 4,742- 5,000 

West Florida Escarpment Seep 3,313 - 3288 

N Mid-Atlantic Ridge Vent 3,038 

S Mid-Atlantic Ridge Vent 2,995 

West African Coast Seep 3,089 - 4946 
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detailed for ‘Pliocardia’ I and Calyptogena (Table 1) and for Abyssogena southwardae (Table 

2).  Latitude, longitude and depth of sample collections are presented in Table 1.  

Phylogenetic analyses focused on the positioning of Calyptogena and Abyssogena species 

collected on two Seep-Connectivity (SeepC) expeditions in the Atlantic Ocean: R/V 

Atlantis cruise 21-02 to the Barbados Accretionary Prism in 2011 and R/V Atlantis cruise 

26-15 to the Gulf of Mexico in 2014 (CL Van Dover, Chief Scientist). Clams were sampled 

using the ROV Jason and HOV Alvin, and dissected foot or mantle tissues were 

preserved in 95% ethanol. From the Barbados Accretionary Prism tissues from 82 

individuals of Abyssogena southwardae and 18 individuals of Calyptogena n. sp. [Barbados] 

were sequenced. From the Gulf of Mexico, tissues from 10 individuals of A. southwardae 

were collected and sequenced for this study. Additional sequences of published 

mitochondrial COI sequences were obtained from GenBank (Table 19).  

1.2.2 DNA Sequencing 

A portion of the Cytochrome c oxidase I (COI) gene was amplified by performing 

polymerase chain reactions (PCR) using either the universal primers LCOI490 and 

HCO2198 (Folmer et al. 1994)or custom primers. These custom primers were designed 

from a de novo assembled transcriptome from Abyssogena southwardae using IDT 

PRIMERQUEST® (12 December, 2012). These primers did not overlap with the Folmer 

primers and the sequences were Forward 5’ CCCAAACCAGCAGGATCAA 3’ and 
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Reverse 5’GGGTTTGATGGGAACTGCT 3’. Genomic DNA was extracted from ethanol-

preserved specimens using the CTAB (CetylTrimethyl Ammonium Bromide) procedure 

(Doyle & Dickson 1987). 

PCR reactions were set up in a total volume of 25µl containing 5µl of 5x MyTaq 

Reaction Buffer (Bioline USA Inc.), 1 µl each of 10 µM forward and reverse primers, 1µl 

of 10 – 100 ng/µl total DNA, 0.2 µl of myTaq DNA Polymerase (Bioline USA Inc.) and 

sterile water to the final volume. PCR thermal cycling conditions were as follows: 94°C 

for 3 minutes, 35 cycles of 94°C for 40 seconds, 48°C for 40 seconds, 72°C for 1 minute 

with a final extension of 72°C for 5 minutes.  

PCR products were purified using 1 unit of Antarctic phosphatase (New England 

Biolabs) and 1 unit of exonuclease I (New England Biolabs) as per manufacturer’s 

instructions and then sequenced in both directions using BigDye v1.1 Terminator 

reactions according to the manufacturer’s protocol (Applied Biosystems: Foster, CA). 

Two sequencing reactions per individual (one for each primer) were performed by the 

Duke Genome Sequencing & Analysis Core Resource, using the ABI 3730xl DNA 

analyzer (Applied Biosystems). Depending on the laboratory, sequences were proofread 

in FinchTV 1.4.0 (Geospiza Inc.; Seattle, WA, USA) or Sequencher® version 5.4.1 (Gene 

Codes Corporation, Ann Arbor, MI USA http://www.genecodes.com).  

http://www.genecodes.com/
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1.2.3 Phylogenetic Analysis and Substitution Rates 

Pliocardiin COI sequences were obtained from three sources: clams from SeepC 

cruises, GenBank, and unpublished COI sequences collected by D. Jollivet over a period 

of years which were also useful to test identifications of GenBank collections. Sequences 

were trimmed to a shared 509 bp matrix. Automated model testing in Paup*4.0 

(Swofford 2003) was applied to two partitions; combined 1st/ 2nd codon positions and 3rd 

codon positions. Maximum likelihood trees were inferred from unique haplotypes by 

Garli 2.0 with 10 search replicates (Zwickl 2006), allowing each partition its own model 

and substitution rate. 5000 bootstrap replicates were performed. To account for ancestral 

polymorphism (Edwards & Beerli 2000), COI divergence was calculated beginning with 

the branch subtending the monophyletic group of interest. For example, in Figure 4, the 

divergence between Clade 2 and Lineage 2 is calculated by summing the subtending 

branches A, B and C. Only subtending branches are shown Figure 38 when more than 

one individual was available. Substitution rates were calculated by plotting the percent 

substitutions per lineage (divergence; dependent variable) against the millions of years 

since divergence (independent variable). The slope of this correlation was calculated to 

determine the rate of substitution. To back calculate the millions of years since 

divergence for the three focal lineages, a linear regression (intercept of zero) was 

performed with percent substitutions per lineage as the independent variable. A time 

calibrated chronogram (Fig 39) was produced with r8s 1.8 (Sanderson 2003) and was 
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based on maximum likelihood estimates of branch lengths from Garli (Zwickl 2006). 

Cross validation was used to determine the optimal smoothing parameter of 10000 

(Sanderson 2003). The chronogram was calculated by fixing the root of the tree at 58Ma 

(Fig 3b). All other nodes were not fixed.  

1.2.4 Population Genetic Analysis 

Four populations of Atlantic Abyssogena southwardae were studied in detail: West 

Florida Escarpment (WFE), Barbados Accretionary Prism (BAR), Mid-Atlantic Ridge 

(MAR) and Western African seeps (AFR).  Haplotype diversity and nucleotide diversity 

θ, including an estimator based on pairwise distances (θπ) (Tajima 1983) and Ewen’s 

estimator based infinite alleles model (θK) (Ewens 1972), were calculated using Arlequin 

version 3.5 (Excoffier et al. 2005). Allelic richness (same as haplotype diversity in 

mtDNA), was further explored using a rarefaction model to remove the effect of 

different sample sizes (Kalinowski 2005). Isolation and migration was estimated in each 

of 6 pairwise population comparisons using IMa (Hey & Nielsen 2007). Under the HKY 

model, which is appropriate for mtDNA, mixing among 20 heated chains was monitored 

during trial runs, and the g1 and g2 parameters were adjusted in further runs to 

maximize mixing. Most runs worked well with g1=0.95 and g2=0.30.  ESS was recorded 

as proxy for the number of independent parameter estimates.  Multiple runs were 

carried out to narrow the priors. A median joining haplotype network (Bandelt et al. 
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1999) was also constructed for Abyssogena southwardae (Fig 40) using PopART (Leigh & 

Bryant 2015). 

IMa post-analysis model testing was carried out on the final 100k of 500k 

genealogies sampled over 50 million iterative generations. For each pair of populations, 

likelihoods of 17 demographic models were compared by the AIC criterion (Akaike 

1976).  These models estimate population parameters including population theta (q), 

migration rate m and time since population divergence.  

1.3 Results 

1.3.1 Identification of Extant Pacific/Atlantic Sister Taxa 

Our 2-model Garli ML analysis for our three monophyletic lineages adds new 

taxa and synthesizes insights from recent studies (Fig. 2; Audzijonyte et al. 2012; Decker 

et al. 2012; Martin & Goffredi 2012; Valdes et al. 2012).  A broader phylogenetic analysis 

was carried out for a larger selection of the Pliocardiinae, including all known 

representatives of the non-seep dwelling Vesicomyinae (Figure 38; branch lengths here 

given for a single model for comparison to earlier studies).  As with Valdes et al. (2012) 

and Martinand Goffredi (2012) P. kryolovata  (Pacific) and P. ponderosa (Gulf of Mexico) 

form a trans-Isthmian geminate species pair, with the Californian P. stearnsii/P. 

packardana forming a clear sister group to the trans-Isthmian species pair (Martin & 

Goffredi 2012). In Calyptogena, the newly-discovered C. n. sp. [Barbados] extends the 
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range of Calyptogena to a single site in the Western Atlantic, and forms a trans-Isthmian 

geminate species pair with Pacific C. pacifica (Figs. 1, 2).  In both ‘Pliocardia I’ and 

Calyptogena, the restriction of present populations to the Caribbean Sea suggests 

cessation of gene flow between the Pacific and Atlantic may have preceded or coincided 

with the final closure of the Isthmus  2.8 Mya. (Lessios 2008). In Abyssogena, two species 

from either side of the Pacific (A. mariana and A. novacula) form a sister group to the 

Atlantic A. southwardae.  This Pacific/Atlantic clade is nested within two other Pacific 

clades of Abyssogena (A. ‘Ryukyu Trench’/A. kaikoi clade and A. phaseoliformis). The 

Pacific/Atlantic divergence in Abyssogena is much shallower than in ‘Pliocardia’ I and 

Calyptogena, with Calyptogena the deepest of all (Fig 2; see substitution rates below) and 

could suggest a pathway of Atlantic colonization besides the Isthmus of Panama in 

Abyssogena.  
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Figure 2: COI Garli tree rooted with Archivesica gigas, with distinct models for 

1st and 2nd codon positions versus 3rd codon positions.  Results of 5000 bootstrap 

replicates are listed above the nodes. Colors represent species and ocean basin: Indian 

Ocean Calyptogena (Pink), Pacific Calyptogena (Orange), Atlantic Calyptogena 

(Green), Pacific Pliocardia (Purple), Atlantic Pliocardia (Dark-Green), Pacific 

Abyssogena (Red), Atlantic Abyssogena (Blue).  

1.3.2 Pliocardiin Rates of Substitution 

Rates of substitution in Pliocardiinae were calculated by applying fossil data and 

major geological events to the broader pliocardiin phylogeny which includes 

representatives from across both subfamilies (Fig 38). Six lineages were dated using 

fossil evidence to estimate COI substitution rates (Table 3).  The final closure of the 
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Isthmus of Panama (at which time the Bering Strait was also open) was used to estimate 

substitution rates for our three extant pairs of Pacific/Atlantic sister taxa in ‘Pliocardia’ I, 

Calyptogena and Abyssogena. The substitution rates fall into two classes when plotted (Fig 

3a).  The first, tightest correlation has a faster µ of 0.8%/My/lineage (red data; Fig 3a).  

The second, looser correlation consists of 4 dates consistent with a µ of 0.3%/My/lineage 

(blue data, Fig 3a).  These faster and slower rates were used to predict the age of 

divergence for the split between the Vesicomyinae and the seep-dwelling Pliocardiinae 

(Fig 3b; 58 Ma vs. 130 Ma). The fast and slow substitution rate sets were then re-applied 

to the Pacific/Atlantic divergences in our lineages of interest (with percent divergence as 

the independent variable) (Table 4). In the chronogram (Fig 38), when the divergence 

between the Vesicomyinae and Pliocardiinae is fixed at 58 Ma, the unconstrained nodes 

of interest (indicated with a red star) closely match the ages in Table 4 for the fast rate. 
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(a) 

 

(b) 

 

Figure 3: Rate of substitution in Pliocardiinae based on fossil and 

biogeographic data. Squares represent fossil data, triangles represent biogeographic 

data and diamonds are extrapolated data points. 
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Table 3: Species comparisons used to calculate the rate of COI divergence and the basis for the age of the divergence. Data 

labels represent points in Fig 3.  

Data Label Species Comparisons Basis for age of divergence 
COI Rate 

/Lineage/Ma. 
Substitution Rate 

Fossil Based Evidence 

A 
C. valdiviae vs. all other 

Calyptogena s.s. lineages 

Amano and Kiel’s (2007) estimate for 

late Miocene origin of Calyptogena 
5.4%/7.2 Ma 0.8%/Ma. 

B 

C. costaricana vs. its closest 

relatives: 

C. sp 3 and C. lepta 

Corrected age of fossil  

C. panamensis 
2.2%/3.1 Ma 0.7%/Ma. 

C 
Divergence between extant 

lineages of Pliocardiinae 

If Isorropodon is sister to extant 

Pliocardiinae, Amano and Kiel (2007) 

place the first Isorropodon at the 

Oligocene/Miocene boundary ≈23 Ma. 

18.4%/23 Ma 0.8%/Ma. 

D 

Archivesica gigas vs. 

Laubiericoncha myriamae 

 

A. sakoi ≈15 Ma.fossil 7.0%/15 Ma 0.5%/Ma. 

E 
Divergence between extant 

lineages of Pliocardiinae 

Valdes et al. (2012) places the mid-

Eocene pliocardiin fossils (≈45 Ma) 

at the common ancestor 

of extant lineages 

18.2%/45 Ma 0.4%/Ma. 

F 
C. valdiviae vs. all other 

Calyptogena s.s. lineages 

Amano and Kiel’s (2010) early 

Oligocene fossil  

C. katallaensis 

5.4%/30 Ma 0.2%/Ma. 
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Table 3 continued.   

Data Label Species Comparisons Basis for age of divergence 
COI Rate 

/Lineage/Ma. 
Substitution Rate 

 Biogeography Based Evidence  

1 P. krylovata and P. ponderosa 
Closure of Panamanian Isthmus ≈2.8 

Ma. 
2.5%/2.8 Ma 0.9%/Ma. 

2 
C. pacifica and C. sp. 

[Barbados] 

Closure of Panamanian Isthmus ≈2.8 

Ma. 
6.1%/2.8 Ma 2.2%/Ma. 

3 

A.novacula &A. mariana  are 

the Pacific sister group to 

Atlantic Abyssogena 

southwardae 

 

Closure of Panamanian Isthmus ≈2.8 

Ma. 
0.8%/2.8Ma 0.3%/Ma. 



 

28 

Table 4: Age of Pacific/Atlantic divergence based on slow and fast rate of substitution. 

Predicted date (Mya) Confidence Interval Rate Used 

Divergence per lineage from P. krylovata to P. ponderosa = 2.5% 

2.96 4.9 Fast (0.8%/my) 

6.52 28.9 Slow (0.3%/my) 

Divergence per lineage from C. pacifica to C. n. sp. [Barbados] = 6.1% 

7.22 4.1 Fast (0.8%/my) 

16.22 23.0 Slow (0.3%/my) 

Divergence per lineage in A. novacula/A. mariana to A. southwardae = 0.8% 

0.95 5.5 Fast (0.8%/my) 

2.13 32.9 Slow (0.3%/my) 

 

1.3.3 Abyssogena southwardae Genetic Variation within Populations 

A. southwardae has colonized four major areas across the Atlantic Ocean: the West 

Florida Escarpment (WFE), the Barbados Accretionary Prism (BAR), the Mid-Atlantic 

Ridge (MAR), and the Western African Coast (AFR; Fig 1). Multiple populations have 

been sampled to some extent in all the regions except WFE, where only one population 

has been genetically sampled.  Within-region sampling size is very uneven between 

populations: in the case of MAR only 8 individuals were collected across 2 widely 

separated populations (Logatchev and Clueless; ~4,000km apart). All standard measures 

of diversity agree that AFR has the most diversified population (Table 5). Comparison to 
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allelic richness, which uses rarefaction to handle differences in population size, showed 

that both θK and IMa’s Q were strongly influenced by sample size in BAR, whose true 

diversity was comparable to MAR for Haplotype Diversity, θπ, and Allelic Richness, 

(Table 5). A haplotype network was also produced for additional visualization of the 

haplotype diversity (Fig 40). 

Table 5: Population statistics calculated for Atlantic Abyssogena southwardae 

populations. 

 
N 

Tajima’s 

D 

Haplotype 

Diversity 

Allelic 

Richness† 
θπ θK 

IMa’s 

Q*** 

AFR 34 -1.66* 0.82 4.6 2.3 8.4 39.7 

WFE 13 1.30 0.51 2.8 0.5 0.4 1.5 

BAR 81 -2.37** 0.64 3.7 0.9 7.9 53.9 

MAR 11 -0.81 0.64 3.6 0.9 2.6 5.3 

† rarefied to N=8 

* significant at 0.05 

** significant at 0.001 

*** averaged across all IMa comparisons including that population 

 

1.3.4 Genetic Divergence among Populations of Abyssogena 
southwardae 

Genetic variation within A. southwardae was distributed among two clades of haplotypes 

– Lineages 1 and 2 (Fig 4). Lineage 1 includes representatives of all four populations, 

including 3 sequences from AFR. Lineage 2 is confined to the Lobes of Congo 

population (AFR) (Fig 4).  A regional AMOVA revealed that 64% of this variation 

represents fixation among the four major regions (BAR, MAR, WFE, AFR; Table 6a), 
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with only 37% of this variation accounted for within regions. The results are not 

changed when BAR and MAR were subdivided into intra-regional populations (Table 

6b).  Pairwise Fst values between regions were high and significantly different from zero 

(0.53 to 0.77 p<0.0001; Table 6c).  IMa estimates of time since divergence between major 

populations ranged from 130,000 to 1,140,000 years depending on the calibration used 

(Table 7; detailed IMa results are in Table 20).  

Table 6: AMOVA results for (a) the main populations and the (b) same 

populations within Barbados (BAR) and the Mid-Atlantic Ridge (MAR)divided into 

sub-populations with the smaller sample representing between 25% (MAR) and 50% 

(BAR) of the total sample. Pairwise Fst’s between the sample populations (c). 

(a) 

 

Source of variation d.f. 
Sum of 

Squares 

Variance 

components 

Percent of 

Variation 
Fixation Indices 

Among Pops  3 82.7 1.04  Va 63.15 0.64 p < 0.0001 

Fst Within Pops 132 80.3 0.61 Vb 36.85 0.06 
p < 0.076  

FSC 

 

(b) 

 

Source of variation                 d.f. 
Sum of 

squares 

Variance 

components 

Percent of 

variation 
Fixation Indices 

Among Groups  3 82.6 1.04 Va 63.1 0.63  
p < 0.022  

FCT 

Among Pops 

within Groups 
2 1.2 0.001 Vb 0.03 0.001 

p > 0.10  

FSC 

Within Pops    130 79.0 0.61 Vc 36.8 0.63  
p < 0.0001 

FST 
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Table 6 Continued. 

(c) 

 

Pairwise Fst’s AFR. WFE BAR 

WFE 0.61**   

BAR 0.66** 0.56**  

MAR 0.64** 0.77** 0.53** 

All significant < 0.0001 
  

 

Table 7: Within-Abyssogena southwardae population ages of divergence. 

Percent divergence estimates were calculated in IMa. Divergence (in mya) was 

calculated with both slow and fast rate estimates (Table 3).  

  AFR WFE BAR 

WFE 

% Divergence (IMa) 0.39%   

Mya Divergence (fast 0.8%/my) 0.46†   

Mya Divergence (slow 0.3%/my) 1.04†   

BAR 

% Divergence (IMa) 0.30% 0.11%  

Mya Divergence (fast 0.8%/my) 0.36 0.13  

Mya Divergence (slow 0.3%/my) 0.80 0.29  

MAR 

% Divergence (IMa) 0.30% 0.43% 0.24% 

Mya Divergence (fast 0.8%/my) 0.36 0.51 0.28† 

Mya Divergence (slow 0.3%/my) 0.80 1.14 0.64† 

† Significant Gene Flow Between Populations from IMa 

 

1.3.5 Gene Flow Between Populations in Abyssogena southwardae  

IMa was able to detect gene flow between only 2 (WFE:AFR and MAR:BAR) of 

the 6 pairs of populations (Table 8; Table 20). Between AFR and WFE, IMa supports 

bidirectional gene flow with a ΔAIC < 2.0 but rejects unidirectional gene flow from AFR 
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to WFE. The phylogenetic evidence for gene flow between WFE and AFR comes from 3 

AFR haplotypes that are nested in the WFE (clade 2 in Figure 3).  Similarly IMa supports 

bidirectional gene flow between MAR and BAR but rejects unidirectional gene flow from 

BAR to MAR.  The phylogenetic evidence for gene flow between MAR and BAR comes 

from a shared haplotype between the two populations (Clade 1 in Figure 3).  For the 

remaining 4 pairs of populations, IMa Post-Analysis model testing rejected models with 

gene flow (> 2.0 ΔAIC), even between nearby populations such as WFE and BAR; Table 

8).  None of the population pairs with zero migration shared any alleles with each other. 

 

Table 8: Bidirectional migration rates between Abyssogena southwardae  

populations from IMa, where Pop1 m = Pop2 m. Rates are presented forward in time.   

  TO 

  AFR WFE BAR MAR 

FROM 

AFR  0.10* 0†† 0†† 

WFE 0.10  0†† 0† 

BAR 0†† 0††  0.08** 

MAR 0†† 0† 0.08  

For zeroes, IMa rejects  

ANY detectable gene flow by         †> 2.5 AIC  or †† 10 AIC 

 

*IMa rejects  unidirectional gene flow AFR=>WFE  > 6 AIC 

**IMa rejects unidirectional gene flow BAR=>MAR > 8 AIC 
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Figure 4: Two-model Maximum likelihood Garli tree of Abyssogena. Pacific 

Abyssogena (Red) are collapsed as in Figure 2. The Atlantic Abyssogena fall in two 

lineages denoted by vertical lines. Two notable clades within Lineage 1 are denoted 

with grey boxes. Branches labeled A, B and C are summed to calculate the divergence 

between Clade 2 and Lineage 2 while taking into account ancestral polymorphisms.  
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1.4 Discussion 

1.4.1 Pacific/Atlantic Vicariance in ‘Pliocardia’ I and Calyptogena 

The presence of both Pacific and Atlantic species in ‘Pliocardia’ I, Calyptogena, 

and Abyssogena reveals the presence of past gene flow between these two ocean basins. 

In ‘Pliocardia’ I and Calyptogena divergence between the Pacific and Atlantic species is 

most likely due to a vicariance event caused by the rising of the Isthmus of Panama at 

least 2.8 Mya. This is consistent with the known fossil record, biogeography and 

phylogeny of these genera. 

A vicariance event resulting from the closure of the Isthmus of Panama in the 

pairs of sister taxa from ‘Pliocardia’ I and Calyptogena is supported by their extant 

species distributions and fossil record. In both cases the sister species flank the Isthmus 

of Panama: the Pacific species in the Eastern Pacific and the Atlantic species in the 

Western Atlantic (Fig 1.) This biogeographic pattern is typical of trans-Isthmian 

geminate species pairs (Lessios 2008). To determine if vicariance across the Isthmus of 

Panama is consistent with the known fossil data, divergence dates were added to our 

phylogeny to calculate substitution rates (Table 3; Fig 3). The fossil data fell into two 

sets: a set consistent with vicariance ~2.8 Mya in our sister taxa (blue line Fig 3a); and a 

set with a much older date of divergence (red line Fig 3a.) The slower estimated rate 

advocated by many authors (reviewed by: Vrijenhoek (2013)) is problematic. First, the 

hypothesis put forward that seep taxa have decreased the rate of substitution 
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(Chevaldonne et al. 2002; Vrijenhoek 2013) due to their chemosymbiosis (Vrijenhoek 

2010b) or life history traits (McMullin et al. 2003) is not supported by the broader 

vesicomyid phylogeny: branch lengths of the sulfide-rich habitat dwelling subfamily 

Pliocardiinae are comparable to the non-sulfide-rich habitat dwelling Vesicomyinae (Fig 

38). Second, the slower substitution rate that fits the fossil C. katallaensis (Table 3) gives a 

divergence between C. costaricana and C. sp. 3/C. lepta that is twice as old as predicted by 

the C. costaricana-like fossil C. panamensis from the late Pliocene. Finally, the dating of the 

common ancestor of all extant lineages of Pliocardiinae at 45 Mya (Valdes et al. 2012) is 

problematic. This date is based on the oldest known vesicomyid, “Archivesica” cf. tschudi, 

which has several marked differences from the type species of Archivesica and cannot be 

assigned to any extant genera (Amano & Kiel 2012).  It is possible that this fossil 

represents a lineage that is not the common ancestor to the Pliocardiinae. The slower 

substitution rate also gives a divergence between the Vesicomyinae and Pliocardiinae in 

the Early Cretaceous (≈130 Ma).  This is highly unlikely given that no vesicomyid fossils 

have been found older than 45 Ma. Furthermore, an Early Cretaceous divergence in the 

vesicomyids is questionable given the mid-Eocene to Miocene rise of modern vent and 

seep fauna, including vesicomyids in the late middle Eocene (Kiel 2015).  This shift in 

vent and seep fauna may be the result of a Palaeocene-Eocene thermal maximum 

(Vrijenhoek 2013) but has been more recently proposed to be the result of a strong 

increase in marine sulfate concentrations during the Eocene (Kiel 2015). The faster 
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substitution rate places the divergence of the Vesicomyinae and Pliocardiinae at 58 Ma. 

When this date is used to constrain the divergence between the subfamilies in a 

chronogram (Fig 38) the unconstrained nodes are consistent with the faster rate and 

invasion of the ‘Pliocardia’ I and Calyptogena prior to the final closure of the Isthmus of 

Panama.  

Based on our analysis, we conclude that the fossil evidence is consistent with the 

faster rate of 0.8%/My. This rate gives a re-calculated Pacific/Atlantic divergence of 2.96 

Mya in ‘Pliocardia’ I and 7.22 Mya in Calyptogena (Table 4). These dates are consistent 

with gene flow through the Panamanian Seaway. The nesting of these Pacific/Atlantic 

sister taxon pairs within predominantly Pacific species (Fig 1) suggests a longer history 

in the Pacific for these lineages and a recent invasion of the Atlantic. Longer Pacific 

history is also supported by fossil data. Pacific Pliocardia fossils have been discovered 

dating to the Oligocene and are absent from older seeps in the Atlantic (Amano & Kiel 

2012). No Calyptogena fossils have been discovered in the Atlantic and the fossil record 

for Calyptogena pacifica ranges to the late Miocene (Kanno et al. 1989). This pattern of 

recent invasion is also seen in the Abyssogena. 

1.4.2 Recent Colonization of the Atlantic in Abyssogena 

Based on the faster rate of substitution, the Pacific and Atlantic Abyssogena 

species diverged recently—less than 1 Mya. The biogeography of the Abyssogena sister 

taxa reveals very little about the possible route of gene flow between the ocean basins: A. 
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novacula is found in the Eastern Pacific, A. mariana is found in the Western Pacific, and A. 

southwardae is found across the northern Atlantic Ocean. While the faster rate of 

substitution (divergence 0.95 Mya) excludes gene flow through the Panamanian Seaway, 

the slower rate of substitution (divergence 2.13 Mya) does not. Additionally both the 

Arctic and Antarctic are possible passages for Abyssogena.  The Bering Strait would have 

opened prior to 1 Mya, connecting the Atlantic and Pacific (Bigg et al. 2008; Vermeij 

1991; Wares & Cunningham 2001). The presence of extant Vesicomyidae in the Arctic 

(Isoropodon and Laubiericoncha) and Antarctic (Vesicomya and Phreagena) suggests that 

both routes are viable (Krylova & Sahling 2010). It is difficult, however, to assess when 

stepping-stone seeps or vents were available to mediate Arctic or Antarctic migration. 

For example, fossilized seep communities containing Isoropodon and Phreagena clams 

were discovered on the Vestnesa Ridge in the high Arctic and likely lasted only 1,000 

years during the last deglaciation approximately 17,500 ya (Ambrose et al. 2015).  While 

we cannot conclusively determine the route of gene flow between the Atlantic and the 

Pacific in Abyssogena, an invasion of the Atlantic less than 1 Mya is consistent with the 

population analysis of Atlantic Abyssogena southwardae. 

1.4.3 Limited Ongoing Gene Flow in the Atlantic Abyssogena 
southwardae 

Within Abyssogena southwardae there are two nearly geographically distinct 

lineages. Lineage 1 contains all of the Barbados Accretionary Prism (BAR) samples and 

Lineage 2 contains almost all of the Western African (AFR) seep samples.  This strongly 
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suggests that lineage sorting is taking place and that Lineages 1 and 2 are close to 

reaching reciprocal monophyly in the mitochondrial gene (Fig. 4; Neigel & Avise 1986). 

While both Abyssogena southwardae lineages appear to currently belong to a single 

interbreeding species, it is likely that at least two species will emerge in the Atlantic. 

This conclusion is consistent with a recent invasion of the Atlantic and establishment of 

multiple populations with a low level of ongoing migration. The polytomy at the base of 

these two lineages in the phylogeny is likely due to occasional ongoing gene flow 

between the lineages, which slows the process of lineage sorting (Neigel & Avise 1986).  

This is supported by the absence or low level of detectable ongoing gene flow between 

populations of Abyssogena southwardae estimated in IMa. Furthermore, these estimates of 

ongoing gene flow are less consistent with A. southwardae invading the Atlantic over 2 

Mya, as calculated with the slower rate, than with an invasion less than 1 Mya as 

calculated with the faster rate.  

Populations of A. southwardae in the West Florida Escarpment and Western 

Africa seeps of the Lobes of Congo are the most geographically distant sites, yet IMa 

indicated some gene flow between these two populations. Although IMa was unable to 

reject bidirectional gene flow between WFE and AFR or unidirectional gene flow from 

WFE => AFR, it does reject unidirectional gene flow from AFR => WFE.  Phylogenetic 

evidence is consistent with past gene flow from WFE = > AFR: three of the AFR 

individuals in Lineage 1 fall into a clade formed by WFE haplotypes (see Clade 2, Fig 4). 
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Furthermore, the absence of a shared haplotype between AFR and WFE is consistent 

with this gene flow having happened tens of thousands of years in the past.  Gene flow 

out of the Western African seeps in the Lobes of Congo is also not supported by the 

phylogenetic analysis (Fig 4). The observation that Lineage 2 is entirely confined to AFR 

is consistent with an absence of directional gene flow from AFR to any sampled location.  

If successful migrants arrived in other regions from a source in AFR Lineage 2, those 

other populations would be represented in Lineage 2 – just as AFR is represented in 

Lineage 1. Since further sampling could change this conclusion, the evidence is weaker 

than the presence of the 3 AFR haplotypes nested within WFE in Clade 1, Lineage 1 (Fig 

4).   

Although the Gulf of Mexico and Africa are the most geographically distant 

populations sampled in our study, gene flow between these regions has been suggested 

between the morphologically distinct Escarpia laminata and Escarpia southwardae (Cowart 

et al. 2013).  There are two possibilities for this long range connectivity: the presence of 

undiscovered stepping-stone environments (e.g. as yet undetected populations on the 

Mid-Atlantic Ridge) (Audzijonyte & Vrijenhoek 2010) or larvae are carried by currents 

out of the Gulf of Mexico and into the deep equatorial jets of the Atlantic Ocean 

ultimately reaching the Eastern Atlantic (Ponte et al. 1990).  While current knowledge of 

vesicomyid larvae gives little insight into their dispersal capabilities, models of other 

deep-sea invertebrate larvae have suggested that while connectivity between the 
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Caribbean and the Gulf of Mexico is possible, neither location had the potential to send 

genes across the Atlantic Ocean (Young et al. 2012). This work also suggested that 

exchange across the Atlantic Ocean was likely only to occur in the east to west direction 

in the equatorial current system (Young et al. 2012). These models support the position 

that the AFR population is nearing reciprocal monophyly and that the gene flow seen in 

the phylogeny between AFR and WFE (Fig 4) is due to incomplete lineage sorting and a 

recent common source population.   

Shared haplotypes are a clear signature of gene flow and the only shared 

haplotype in our analysis of Abyssogena southwardae is found in Clade 1 between the 

Mid-Atlantic Ridge (MAR) and Barbados (BAR) populations. The MAR haplotype 

shared with BAR was found in Logatchev (Northern MAR) and one of 2 individuals 

collected at the Clueless vent (Southern MAR). The authors who collected these 

individuals concluded that there is no major hydrographic barrier between the Northern 

and Southern Atlantic Mid-Atlantic Ridge (van der Heijden et al. 2012). BAR and MAR 

also exhibit the lowest pairwise Fst of all the population comparisons supporting the 

conclusion that there is ongoing gene flow between the populations. The connectivity 

between BAR and MAR suggested by our analysis is consistent with models of larval 

transport in the region (Young et al. 2012). 

The very low level of genetic diversity together with the undetectable or limited 

ongoing gene flow between populations of Abyssogena southwardae and the nearly 
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reciprocally monophyletic lineages found on either side of the Atlantic suggests a recent 

step-by-step colonization of the Atlantic from a common source in the last million years. 

This is supported by recent divergences calculated between these populations (Table 7). 

The lowest percent divergence between populations (WFE and BAR) translates to a 

divergence of 130,000 ya (fast rate; 0.8%/my). The highest percent divergence (WFE and 

MAR) translates to a divergence of 510,000 ya (fast rate; 0.8%/my). This hypothesis is 

also supported in the Barbados and the West African seeps where the significantly 

negative Tajima’s D values (Table 5) suggest population expansion after a bottleneck 

event such as colonization. It appears that A. southwardae is able to easily colonize new 

habitats and sustain these populations with limited or episodic subsequent gene flow 

between populations. This low level of gene flow is contrary to high connectivity and 

migration previously reported in this species (Teixeira et al. 2013).  We conclude that the 

low genetic differentiation in A. southwardae is due to its recent origin in the Atlantic 

Ocean and not a capability for frequent long-distance dispersal. Frequent long distance 

dispersal has also been suggested to underpin the global distribution of vesicomyids 

and the trans-oceanic distribution of several species (Decker et al. 2012; Krylova & 

Sahling 2010; Teixeira et al. 2013). Our analysis suggests that the large lecithotrophic 

larvae of vesicomyids may use stepping-stone habitats, instead of long distance 

dispersal, to cross vast geographic distances. The transient presence of A. southwardae on 

the Mid-Atlantic Ridge, with the Logatchev population disappearing over the course of 
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a decade (Gebruk et al. 2000; Gebruk et al. 2010), is an example of a stepping-stone that 

may have facilitated past gene flow that can no longer be sampled.  

1.5 Conclusions 

Based on a phylogeny of extant vesicomyids, fossil data and biogeography, we 

uncovered two very different rates of substitution in COI. The faster of these two rates, 

0.8%/my, is supported by the fossil data and the hypotheses that the sister taxon pairs in 

‘Pliocardia’ I and Calyptogena were the result of a vicariance caused by the closing of the 

Isthmus of Panama and that the low divergence in Atlantic populations of Abyssogena 

southwardae is due to a recent invasion followed by low ongoing gene flow. Unlike 

previous investigations (Teixeira et al. 2013), we do not find a high level of ongoing gene 

flow across the Atlantic Ocean. Additionally, we do not find significant support for the 

slowed substitution rates previously reported in deep-sea organisms (Vrijenhoek 2013).  
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2. 42 Single-copy nuclear amplicons support directional 
migration between South Pacific populations of a 
hydrothermal vent limpet 

This work was done in collaboration with Dr. Sophie Plouviez, Dr. Cindy Van 

Dover and Dr. Clifford Cunningham.  

2.1 Introduction 

Next-Generation Sequencing (NGS) and increased computational power of 

parallel multi-core processing has enabled multi-locus analyses to be deployed on large 

numbers of individuals (Garrick et al. 2015; Goodwin et al. 2016; McCormack et al. 2013).  

Importantly, many of these NGS techniques can be deployed on non-model species of 

ecological (O'Neill et al. 2012; Pujolar et al. 2013), environmental (Zink et al. 2013) or 

economic importance (Rosales et al. 2015). Here we deploy exon-primed-intron-crossing 

(EPIC) amplicon sequencing on the hydrothermal vent limpet Lepetodrilus aff schrolli. We 

sequenced 42 single copy nuclear gene regions for 93 individuals from four vents in the 

South Pacific separated by up to 3,000 km (Fig 5).  

In population level phylogeographic studies, the addition of multiple genes per 

individual helps to account for the stochasticity of the underlying coalescent model 

(Kingman 1982) and substitution rate heterogeneity (Maddison 1997; Maddison & 

Knowles 2006). Due to coalescent stochasticity, the branching structure of gene trees 

differs from locus to locus (Hare & Avise 1998; Neigel & Avise 1986; Palumbi & Baker 

1994). To account for gene tree variation and provide more robust estimates of 
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population parameters, two popular coalescent-based statistical analyses have been 

developed that simultaneously analyze multiple loci to test models of population 

history.  Migrate-n assesses migration between populations under the assumption of 

migration/drift equilibrium (Beerli 2009), and IMa2 assesses migration and time since 

divergence without assuming equilibrium (Hey 2010b). Both methods use inferences 

from multiple gene trees and show improved model performance with additional loci in 

simulations (Beerli & Palczewski 2010; Choi & Hey 2011; Hey et al. 2015; Quinzin et al. 

2015). These simulations suggest that larger sets of loci can be used to account for gene 

tree variation.  

Multi-locus NGS has been deployed in many varieties—microsatellites, 

restriction digest, amplicons, target enrichment, transcriptomes, and whole genomes—

that capture a varying percentage of the individuals’ genomes (reviewed in McCormack 

et al. 2012). Frequency-based markers, such as microsatellites and restriction-site 

associated DNA markers (RADs) (Miller et al. 2007) can detect population structure 

(Structure: Pritchard et al. 2000), and migration among non-divergent populations 

(Migrate-n: Bradic et al. 2012). Population histories are difficult to infer with 

microsatellites due to high numbers of back-mutations (Wilson & Balding 1998), null 

alleles (Chapuis & Estoup 2007) and violations of step-wise mutational models. Efforts 

have been made to construct phylogenies and infer population histories from RAD 

markers (Alex Buerkle & Gompert 2013; Lachance & Tishkoff 2013; Rubin et al. 2012). 
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These methods still face significant hurdles due to missing data and non-random 

sampling in RADs (Arnold et al. 2013; Gautier et al. 2013; Huang & Knowles 2016). 

Amplicon sequencing produces individual level, bi-allelic data that provides both 

frequency-based (allele) and phylogenetic (sequence) information. Furthermore, 

amplicons can be used to detect population structure and migration in both equilibrium 

and non-equilibrium systems.    

Genetic data is critical in marine systems where the level of panmixia and genetic 

homogeneity between populations has long been debated (Cowen et al. 2000; Rosenblatt 

& Waples 1986; Warner & Cowen 2002).  An initial assumption of homogeneity in 

marine environments was inspired by some marine larvae’s ability to disperse over long 

distances (Scheltema 1986). However, even the earliest marine phylogeographic analyses 

of genetic data revealed cases where larval dispersal potential did not match the degree 

of population subdivision (Burton & Feldman 1982; Palumbi 1994). Population 

subdivision can be due to barriers to dispersal like oceanic currents (Baums et al. 2005; 

Thornhill et al. 2008), geomorphology (Won et al. 2003) vicariance events like the rising 

of the Isthmus of Panama (Bermingham & Lessios 1993; Cunningham & Collins 1994), or 

simply by persisting for long periods across a given area (Cunningham & Collins 1998). 

At deep-sea hydrothermal vents, comparative phylogeographic analyses on the 

COI gene has shown that tectonic history impacts population structure and demography 

(Hurtado et al. 2004; Plouviez et al. 2009). In some vent species geographic barriers and 
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population parameters have been assessed by coalescent studies using COI with 

multiple nuclear loci (Jang et al. 2016). Studies have also revealed potential migration 

during the process of isolation/speciation with COI and additional nuclear loci (Johnson 

et al. 2006; Plouviez et al. 2010) . The use of coalescent analyses has also strengthened our 

understanding of hybrid zones in vent endemic species (Faure et al. 2015; Johnson et al. 

2013; Plouviez et al. 2013; Zhang et al. 2015). For deep-sea species, multi-locus datasets 

like amplicon sequencing can now be deployed on a large scale using individual tagging 

and high throughput sequencing (O'Neill et al. 2012). This type of data provides 

individual alleles determined by physical linkage of SNPs for assessment of past and 

present population dynamics in hydrothermal vents. 

 

 

 
Figure 5: Verified hydrothermal vents in the South Pacific. Solwara 1 (SW1), Solwara 

8 (SW8), Tu'i Malila (TM) and ABE were sampled for limpets. Arrows represent the 

direction of predicted larval transport between basins at 1,000m with a PLD of 166 

days (Mitarai et al. 2016). 
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Growing interest in mineral extraction at southwestern Pacific hydrothermal 

vents, especially in the Manus (Papua New Guinea) and Lau (Tonga) Basins (Fig 5), has 

necessitated genetic of diversity baselines and assessment genetic variation prior to 

extraction. In the Southwest Pacific, hydrothermal vents are distributed along multiple 

back-arc basins. Studies including Manus and/or Lau have revealed varying amounts of 

within and between basin population structure (Table 9). Population structure between 

Manus and North Fiji basins (Fig 5) has been detected using mitochondrial loci in three 

species, Ifremeria nautilei, Bathymodiolus mussels and Chorocaris sp. 2 (Kojima et al. 2000; 

Kyuno et al. 2009; Thaler et al. 2014; Thaler et al. 2011). In one species, Chorocaris sp. 2, the 

population structure between Manus and North Fiji was confirmed with microsatellites 

(Thaler et al. 2014).  Conversely, no population structure was found between Manus and 

North Fiji using mitochondrial loci in two Alviniconcha species (spp. 1 and spp. 2) 

(Kojima et al. 2001; Suzuki et al. 2006). Population structure between North Fiji and Lau 

(Fig 5) was not detected in Ifremeria nautilei using either COI or microsatellite markers 

(Thaler et al. 2011) and was also not detected in Bathymodiolus using mitochondrial genes 

(Kyuno et al. 2009). Interestingly, in the vent-associated squat lobster, Munidopsis 

lauensis, population structure was not detected between Manus and Lau using COI, but 

it was detected using microsatellite markers (Thaler et al. 2014).  
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Table 9: Population structure between and within the Manus and Lau basins. NT = not 

tested. Striped boxes indicate population structure either within a basin or between two 

basins. Grey boxes indicate no detection of population structure within or between two 

basins. 

Reference Organism Data 
Within Basin 

Differentiation 

Between Basin 

Differentiation 

   

Manus N. Fiji Lau Manus N. Fiji  Lau 

Kojima et al. 2000 Ifremeria nautilei COI NT NT NT       NT 

Thaler et al. 2011 Ifremeria nautilei COI   NT NT         

 Ifremeria nautilei 9 mSAT   NT NT         

Plouviez et al. 

2013 
E. ohtai manusensis COI   NT NT NT NT  NT 

 V. cf. parensis COI   NT NT NT NT NT 

Thaler et al. 2014 Chorocaris sp. 2 COI   NT NT       NT 

 

Chorocaris sp. 2 mSATs   NT NT       NT 

 Munidopsis lauensis COI   NT     NT    

 

Munidopsis lauensis mSAT   NT     NT   

Kojima et al. 2001 Alviniconcha spp. 1 COI NT NT NT       NT 

Suzuki et al. 2006 Alviniconcha spp. 2 COI     NT       NT 

Kyuno et al. 2009 Bathymodiolus 
ND4 , 

COI 
  NT           

 

Between vent sites within a basin only one species showed population structure. 

For M. lauensis mitochondrial COI data suggested no population structure between sites 

within the Manus Basin but microsatellite data showed strong population structure 

between vent sites within the Manus Basin (Thaler et al. 2014). In the other species 

studied, no within-basin population structure was detected in Manus, North Fiji or Lau 

(Kyuno et al. 2009; Plouviez et al. 2013; Suzuki et al. 2006; Thaler et al. 2014; Thaler et al. 

2011). In addition to population structure, migration and isolation was tested in Ifremeria 
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nautilei using only COI (Thaler et al. 2011).  These results suggested no migration 

between Manus and North Fiji/Lau, but this analysis was based on only a single 

mitochondrial locus`  

To increase our understanding of population structure and demography in vent 

invertebrates in Manus and Lau we chose to study the limpet species Lepetodrilus aff 

schrolli (Johnson et al. 2008). The abundance of Lepetodrilus aff schrolli at active vents in 

the South Pacific allowed for collection of many individuals per site. We assessed the 

present genetic structure and demography of individual vent sites within the Manus 

and Lau basins, genetic structure and demography between the Manus and Lau basins, 

and reconstructed the evolutionary history of these populations leading to this pattern. 

Unlike previous studies in the region, we used DNA sequences from multiple amplicons 

to maximize the coalescent information content of our data and minimize violations of 

the mutation model assumed by IMa2 (i.e. the infinite sites model). 

To increase the statistical power for estimating population parameters and 

account for coalescent stochasticity we sampled 42 amplified gene regions including 

exons and introns. This approach allowed us to use only loci that appeared to be single-

copy in comparative genomic analyses. Typical marine studies have generally sampled 

around 10 loci or less (Hurt et al. 2013; Jang et al. 2016; Smith et al. 2015; Weber et al. 

2015). Loci were generated using exon-primed intron-crossing PCR amplification and 

sequenced using Next-Generation Sequencing (Roche 454). Using clustering and 
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coalescent approaches, we tested the following hypotheses for L. aff schrolli: Does this 

species follow the pattern seen in other species of genetic differentiation between the 

Manus and Lau basins but no genetic differentiation within basins? Does any gene flow 

detected suggest direct migration between basins or stepping-stones? Can multiple loci 

reveal directionality of migration and consistent differences in effective population size 

between basins?  

2.2 Materials and Methods 

2.2.1 Sampling 

Lepetodrilus spp. limpets were sampled at four hydrothermal vent sites (Fig 5; 

Table 10): two sites in Manus basin (Solwara 1, Solwara 8), and two sites in Lau basin 

(ABE, Tu’i Malila). Lepetodrilus limpets are known to graze bacteria on shell of other vent 

invertebrates (e.g., Ifremeria. sp snails, Bathymodiolus sp. mussels) and rocks. Snails, 

mussels and rocks were grabbed using the mechanical arm of Remote Control Vehicles 

(ST212 trenching ROV in Manus Basin and ROV Jason II in Lau Basin). Once aboard the 

ship, Lepetodrilus schrolli individuals were preserved at -80°C or in 96% EtOH for future 

nucleic acid extractions. 
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Table 10: Sample information for Lepetodrilus aff. schrolli 

Sites  Basin  Latitude Longitude Depth (m) N 

Solwara 8 (SW8)  Manus  3.728° 151.681°E 1720 23 

Solwara 1 (SW1)  Manus  3.789°S 152.096°E ~1490 24 

ABE  Lau  20.763°S 176.191°E ~2200 23 

Tu’i Malila (TM)  Lau  21.989°S 176.568°E 1880 23 

 

2.2.2 Transcriptome and Primer Design 

RNA from two limpets from the Lau basin was extracted using a Qiagen RNA 

Easy Plant Mini kit following the manufacturer protocol. Prior to RNA extraction, 

individuals were crushed together for ~15 s using a bead beater. Because of their small 

size, two individuals were combined to obtain 20 μg of RNA before depletion for 

transcriptome sequencing. Depletion (yield 200 ng of RNA) and transcriptome 

sequencing on a Roche 454 GS-FLX Titanium sequencer was performed by Duke 

University Center for Genomic and Computational Biology. 

Reads were assembled de novo using the proprietary 454 assembler Newbler 

(Margulies et al. 2005). These contigs were subsequently used to identify potential genes 

based on a reciprocal Blast to the Drosophila melanogaster genome using InParanoid 

(Ostlund et al. 2010). Contigs with a single reciprocal hit were evaluated for intermediate 

levels of amino acid divergence (between 65% and 85%) and presence of introns using 

FlyBase (Flybase 1996). These contigs were then aligned with the Lottia gigantia 

(Grigoriev et al. 2012) genome for further confirmation of intron presence.  Primer pairs 
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were designed flanking putative introns using Primer 3 (Untergasser et al. 2012) with an 

annealing temperature within one or two degrees of 60°C. 

2.2.3 DNA Amplification, Library Construction and Sequencing 

Genomic DNA from 24 individuals from each of the four sites was extracted 

using a  cetyltrimethylammonium bromide (CTAB) extraction (Doyle & Dickson 1987). 

Primer pairs were tested on 2 individuals. PCR amplifications were performed in 25-μl 

volume of: 1X MyTaq reaction buffer (Bioline), 2 mM of MgCl2, 0.05 mM of each dNTP, 

0.48 μM of forward and reverse primers, 0.5 U MyTaq DNA polymerase (Bioline), 5 μl 

of DNA template, and sterile H2O. Thermocycler conditions were: 94 °C/2 min, 40 X (94 

°C/45 s, 60 °C/1 min, 72 °C/1 min), 72 °C/10 min. PCR amplification was visualized on 

agarose gels (1%) to test for successful amplification and for sizing of amplicons .  

Primer pairs that successfully amplified on the two tested individuals with an 

amplicon size < 800 bp (2 x sequencing length of the 454 at the time of the study) were 

then deployed on the remaining 94 individuals. Following PCR amplification, 

individuals were barcoded using the protocol described in O'Neill et al. (2012). Labeled-

amplicons were then pooled into two distinct libraries: amplified loci < 500 bp, and 

amplified loci of 500-800 bp. Libraries were then sent to the Duke Center for Genomic 

and Computational Biology and sequenced on a quarter of a Roche 454 run each. 
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2.2.4 Allelic Reconstruction 

Compared to other methods, one of the strengths of amplicon sequencing is that 

it produces individual level, bi-allelic data where SNPS can be physically linked together 

by multiple sequencing reads. Methods that use population phasing analyze 

information from multiple individuals to statistically resolve alleles (Browning & 

Browning 2011).  One of the most frequently used population phasing methods for the 

creation of phased alleles for NGS population studies is Phase (Stephens et al. 2001). This 

method has been used to phase amplicon sequences in the deep-sea (Jang et al. 2016). 

Population based phasing algorithms, however, often fail to resolve rare alleles 

(Kuleshov et al. 2014; Stephens & Donnelly 2003; Stephens & Scheet 2005) which can lead 

to biases in population parameter estimation (Garrick et al. 2010; Lamina et al. 2008).  

What are known as “read backed phasing” algorithms have been developed that often 

incorporate population based phasing for unresolved alleles and use complex 

algorithms to determine phasing information (Bansal & Bafna 2008; Castel et al. 2016; 

Yang et al. 2013) . Many of these read backed phasing algorithms have been aimed at 

human genome resolution (Aguiar & Istrail 2012) but have been used occasionally for 

shorter amplicon sequencing (Ikezaki et al. 2016). Here we show a simple algorithm for 

phasing that assesses all possible alleles using only read coverage frequency: our 

algorithm performs “read only phasing.” Unlike similar, previously developed 

algorithms that use Minimum Error Correction to construct the likely alleles (Bansal & 
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Bafna 2008) we are able to construct all possible alleles and assess them post 

construction. While this method would be too computationally intense for high coverage 

genome level resolution, it was tractable for the relatively low coverage 454 data of short 

amplicons. Sequence alignments are visualized for figures using the program Mesquite 

(Maddison & Maddison 2015). SNPs are considered with gaps as a fifth character due to 

the likelihood of insertions/deletions (indels) in the intronic regions.  

2.2.4.1 Step 1: Read Sorting and Locus Assignment 

PCR amplified gene regions were barcoded using the method developed in 

O'Neill et al. (2012). This allowed pooling of all loci for all individuals prior to 

sequencing. The gene regions were sequenced using Roche 454. Unassembled 454 reads 

were split by individual barcode using the 454 proprietary software Newbler. This 

produced a single standard flowgram format (sff) file per individual. Sff files from 

several individuals were assembled de novo using SeqMan Ngen (DNASTAR, Madison, 

USA). Importantly SeqMan Ngen was able to trim and quality control the reads prior to 

assembly. The de novo assemblies were then matched to targeted amplicons using the 

primer sequence. Consensus sequences for each locus were created and used as 

templates for downstream analyses. Templates were split into three different groups—

small, medium and large—to ease analysis and allow for some fine-tuning of 

parameters. Template based assemblies for each individual were run in SeqMan Ngen 

(DNASTAR, Madison, USA) and exported as BAM files. BAM files were converted to 
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unaligned FASTA files, removing read quality information. FASTA files for each 

individual and locus pair were aligned using multiple techniques. 

2.2.4.2 Step 2: Global Alignments Using Existing Algorithms  

DNA alignment algorithms have various strengths and weaknesses. There are 

tradeoffs between local and global alignment that require careful parameter selection for 

each individual alignment. In this study, individual parameter selection for each FASTA 

file was not possible with the 9,000+ files generated. Therefore, a series of alignment 

algorithms were used to create the final alignments. The first global alignment was run 

using the BlastN megablast algorithm using the template as a guide (Altschul et al. 1990). 

This allowed for accurate and consistent global alignment of reads. To call SNPs, 

however, local alignment to the single basepair must be highly accurate. With 454 data, 

regions with highly repetitive bases resulted in poor local alignment (Fig 6a).  

Local alignments were done using a sliding window approach and the algorithm 

MAFFT (Katoh et al. 2002; Katoh & Standley 2013). Regions of 100bp or less with 

multiple sites with gaps were extracted into a separate file using a custom perl script. 

These regions were re-aligned with MAFFT and then added back into the global 

alignment (Fig 6b). Local alignments were further refined using a custom perl script that 

removed positions that consisted of all gaps and only a single base (Fig 6b and c). 
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Figure 6: Progression of alignment using existing algorithms. Alignment after Blastn 

(a) and after 100bp sliding window using MAFFT (b) and after single basepair 

removal (c). Positions removed in (c) are indicated in (b) with a star.  

2.2.4.3 Step 3: Alignment Refinement of Small Regions 

After step 2, poorly aligned regions remained in many files. Some of these 

regions were identified and fixed using a custom perl script. To limit the complications 

of the custom perl script, target regions identified by the script were limited to three 

criteria: 

1. Regions were limited to 10bp or less; 

2. Regions had an intermediate percentage of gaps that could range from 20% to 

80% gaps; and  

3. Regions had less than three variations in length size when gaps were removed 

(reads could be all 8 or 9 bp but could not be 7, 8 or 9 bp).  

These parameters were designed to target two types of mis-alignment frequently 

seen in our data. The first errors targeted were mis-alignments caused by MAFFT or 

BlastN which maximized sequence alignment by introducing gaps (Fig 7a). While this 

type of error may have been eliminated by customizing the algorithm parameters for the 
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individual alignment, this was not possible with the large number of files being 

processed. These gaps were removed to reduce the number of SNPs from 2 to 1 (Fig 7b).  

The second type of error targeted was mis-alignments caused by both a 

sequencing error and a mis-alignment (Fig 8a.) In this scenario there were a set of reads 

(10% of the total or less) that contained one extra basepair. If removal of 1 bp from the 

longer reads results in a read identical to a majority read that basepair and the 

remaining gaps were removed (Fig 8b) 

 

Figure 7: Alignment errors caused by the introduction of a gap to maximize 

alignment. The gap was introduced by the presence of the As (a). The region being re-

aligned spans from position 380 to position 386 (length of 7). All of the reads in that 

region had 6 basepairs and 1 gap. There were two SNPs in (a) at position 380 and 386. 

The gaps are removed in (b) and the number of SNPs was reduced from 2 to 1.  
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Figure 8: Alignment errors caused by the introduction of gaps and a single basepair 

insertion. The T is the single basepair insertion which caused the misalignment (a). 

The region extracted for re-alignment spanned from position 291 to 293 (3 bps). All of 

the reads in this region contained 2 or 3 bps. Less than 10% of the reads were 3 bps 

(read ID. 314). All reads that were 3bps were identical (GGT). All possible iterations 

of removal of 1bp from the longer reads (GGT, GG and GT) was tested against the 

other majority reads (GG and GC). Since GG matched a majority read the T was 

removed and the gaps were all removed (b). 

 

2.2.4.4 SNP Calling 

Once the FASTA files were aligned using BLAST, MAFFT and the custom perl 

alignment scripts they were put through another script that called SNPs based on 

percentages provided by the user. The two numbers provided by the user were the 

major and minor SNP percentages. A SNP was only called that had both a major and a 

minor allele. For the Lepetodrilus aff schrolli data any position that had a base (including 

gaps) that made up 85% or more of the reads was not considered a SNP. A major SNP 

was identified as making up more than 50% but less than major SNP percentage (85% in 

this case) of the total reads. A minor SNP was identified as making up less than 50% but 
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more than the minor SNP percentage (15% in this case) of the total reads. A minor SNP 

percentage was needed because a major allele could make up 84% of the reads and the 

remaining 16% could be divided between two (or three) other bases (A at 10% and – at 

6%). There were two special circumstances considered. If there were less than 10 reads 

with data at a position, the minor SNP percentage was reset to 1 – [(Number of reads-

2)/Number of reads]. For example, if there were 8 reads, the minor SNP percentage was 

increased to 25%, making SNP calling more stringent. No SNPs were called if there were 

less than 5 reads. If a major and minor SNP were detected in a region with less than 5 

reads that position was changed to an N (missing data).  

If 0 SNPs were called in a file, a consensus sequence of the reads (30% threshold 

using IUPAC notation) was generated using BioPerl (Stajich et al. 2002). This consensus 

sequences was printed twice in the output FASTA file. If 1 SNP was called, a consensus 

sequence of the reads was generated and the major and minor SNPs were placed in the 

correct position. If more than one SNP was called in a file, all of the non-SNP positions 

were eliminated from the reads and exported in a nexus style file format that included 

every read’s value at the called SNP and the position of the SNP (Fig 9).  
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Figure 9: All of the invariable and non-SNP positions were removed from each read in 

the file. Each read then contained only the SNP positions and missing data. This data 

was exported in a Nexus like file and used in Step 5. There were a total of 12 SNPs 

identified in this dataset. These reads are used to construct the alleles in the example 

shown in Figure S5. 

2.2.4.5 Step 5: Allele Construction  

The algorithm that determined alleles from SNPs was created in R (R Core Team 

2012) and used various R packages (Tierney et al. 2016; Weston 2015a; Weston 2015b). It 

was based on the theory that real SNPs are linked to other real SNPs with a higher 
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frequency than they are linked to sequencing errors. The first step in this process was to 

ensure that each pair of consecutive SNPs was covered by more than 2 reads. If the 

distance between two SNPs was greater than the maximum read length, SNPs were 

unable to be physically linked. In this case the SNPs were broken up into one or more 

blocks that were analyzed independently and produce two or more unlinked bi-allelic 

results per gene region. The next step within each block of SNPs was to build every 

possible allele based on the unique reads (Fig 10 through Fig 14). Possible alleles that did 

not include every SNP were included with Ns in some positions. Reads could be used to 

construct more than one allele if there were no conflicting bases. All possible alleles were 

built by clustering reads using each position starting with the last position. A detailed 

example is shown in Figures 10-14.  
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Figure 10: Phasing positions 12 to 11 to produce all possible alleles. Starting with 

position 12 the reads with data at that SNP are split into 3 alleles (purple lines). 

Position 11 is then analyzed. Within allele 1 two new alleles emerge based on the read 

data. Allele 1 is then split into A1, A4 and A5. Reads who had missing data for 

position 12 but had data for position 11 were then analyzed. Each reach was compared 

to the reads in every current allele for conflicts. If a read to be added had no conflicts 

with any read within a current allele it was added to that allele. For example read 

ID.79 had no conflicts with the one read in allele 3 (ID. 141). It was then included in 

the further analysis of allele 3. 
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Figure 11: Phasing position 10 to produce all possible alleles. Within existing alleles 

(Alleles 1-5) reads were split into new alleles (A2 split into A2 and A6). Reads missing 

position 10 and 11 were added in (under black line). In the case of read ID. 899 it was 

compared to the reads in both A5 and A2. There were 3 conflicts with the reads in A2 

and 0 conflicts in at least 2 reads in A5. Read ID.889 was added to A5. Read ID.91 was 

compared to A1, A4 and A2 and had no conflicts with reads in A1 and A2. Read ID.91 

was added to both alleles A1 and A2. This method was repeated for all of the new 

reads under the black bar. 
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Figure 12: Phasing positions 10 through 5 to produce all possible alleles. The 

additional positions were added. New reads were added based on the absence of 

conflict. If a new read could not be assigned to any existing allele a new allele was 

created. 
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Figure 13: Phasing remaining positions to produce all possible alleles. New reads 

were added based on the absence of conflict. If a new read could not be assigned to 

any existing allele a new allele was created. New alleles are indicated in red. In total 

19 possible alleles were built using the reads. 
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Figure 14: All possible alleles generated from the overlapping reads. No alleles has Ns 

in this example although that was possible. 

2.2.4.6 Reduction of Alleles and Allele Selection  

In order to decrease the number of possible alleles analyzed we assumed the 

majority of the SNPs identified were true SNPs. Therefore the true alleles should have 

few positions in common. All possible allele were compared pairwise and the number of 

conflicting bases (i.e. the number of bp substitutions) between them was counted. The 

highest and second highest number of conflicts was calculated (Fig 15a: highest = 12, 

second highest = 11). If an allele was not divergent enough from all other alleles it was 

not included. In Fig 15a alleles 1, 14 and 9 were not 11 or 12 bases diverged from any 

other allele and were subsequently removed (Fig 15b).  
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Figure 15: Removing alleles based on high similarity to other alleles. Total number of 

conflicting bases between the alleles A1-A19 was counted (a). Top diagonal is a 

heatmap of the number of substitutions (12: green: greater substitutions, 1: red: fewer 

substitutions). Bottom diagonal contains the same number of conflicting bases but 

shows the highest and second highest number of substitutions (11 and 12: green) and 

the least (1: red). Alleles 1, 14 and 9 are not 11 or 12 substitutions from any other and 

were eliminated from further analysis. Remaining alleles are shown in (b) 

To further remove spurious alleles, the number of reads that could be assigned to 

each allele was considered (Table 11). The number of reads assigned to an allele was 

determined by both the number of reads that were unambiguously assigned to that 

allele (i.e. conflicted with all other alleles) and those that were ambiguous (i.e. could be 

assigned to multiple alleles.) Ambiguous reads were randomly assigned 100x to give a 

tangible distribution of the alleles since the total number of ambiguous reads could be 

close to the number of alleles. Alleles that contained less than 5% of the total reads 

(unambiguous and ambiguous x 100) were subsequently removed (Fig 16). 

 

 

 

 

 

 



 

68 

Table 11: Assessing alleles by the number of times a read is assigned to an allele. 

There were 52 reads each assigned 100 times. Of the 52 reads 9 of them conflicted with 

every read (they were assigned to one of the previously eliminated alleles.) When a 

read could be assigned to more than one allele (i.e. it was ambiguous) it was 

randomly assigned to one allele. 4,300 read assignments were made. Alleles with less 

than 5% of the assigned reads (215 here) were eliminated from subsequent analysis 

(shown in red.) The top two alleles are highlighted here (shown in green.) 

Allele # 12 13 2 3 18 19 5 17 

# Reads 153 76 539 414 93 68 1431 301 

         

Allele # 10 11 8 16 15 4 6 7 

# Reads 154 120 212 214 76 81 235 133 

 

 

Figure 16: The alleles remaining after the remove of alleles with few reads assigned. 

Visually you can see that Allele 5 (consensus5) and Allele 17 (consensus17) differ by 

only two bases. Assuming most of the SNPs called are true SNPs both are probably 

not true alleles. 

If only two alleles remained, the algorithm was terminated and the alleles were 

passed to the next stage. If 3 or more alleles remained, they were again assessed for 

divergence again and the least divergent alleles were removed (Fig 17). Finally, the 

ambiguous and unambiguous reads were assigned 100x to alleles again (Table 12). Each 

time the alleles were assigned, the top two alleles were counted. The two (or more if 
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there was a tie) alleles with the highest number of “top-two” assignments were then 

selected as the final alleles. If only 2 alleles were selected as final alleles, a third alleles 

was assessed if the final two alleles were less than 90% dissimilar (i.e. more than 10% 

similar). This was included due to the high number of PCR recombinants seen in the 

data. This third allele would subsequently be assessed for PCR recombination and/or by 

eye. The final alleles were passed to the next step with nomenclature indicating how 

many unambiguous reads were assigned to each allele. 

 

Figure 17: Final analysis for selection of alleles. The remaining alleles are assessed for 

conflicting basepairs (a.) In this example Allele 17 was not 11 or 12 basepairs from any 

other allele. It was subsequently removed from further analysis (b.) 

Table 12: The four remaining alleles were assessed by read assignment. Reads were 

assigned to each allele 100x (as before.) This example illustrates the difference in 

“Total Reads” assigned versus “Times in top 2.” The difference between Allele 2 and 

Allele 3 in total reads was not very big. The times in top 2, however, clearly 

distinguished between the two alleles. The two alleles (Allele 5 and Allele 2) were 

also assessed for difference from each other. In this case the two alleles differed at all 

12 positions. 

  5 2 3 6 

Total Reads 1643 846 654 257 

Times in top 2 100 75 25 0 
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Despite our best efforts to create highly accurate alignments across 9,000+ files 

there were still imperfect alignment regions (Fig 18a). Our alignment algorithm, 

however, was able to handle these imperfect alignments in most cases. If the resulting 

alleles contained a large number of unresolved positions that particular alignment could 

be looked at by hand, fixed and then re-run through the algorithm (Fig 18b, c).     

 

Figure 18: Poor alignment that was not corrected. The alignment that was fed into the 

R allele selection algorithm (a). This resulted in two SNPs being called (SNP11 A/- 

and SNP12 C/-). The more accurate alignment would have also called two SNPs (SNP-

A T/A and SNP-B C/T). The alleles that were called (c) from the original alignment (a) 

correctly called the SNPs in this region despite being poorly aligned. The 3 basepairs 

in question would have been (AT-  and -TC) and removal of the gap in the final 

combined alleles would have been AT and TC. 
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2.2.4.6 Allele post-processing  

Not every position within the allele was resolved. Due to a lack of reads it was possible 

for one or more position in an allele to be missing (noted as an N). These positions were 

replaced with the IUPAC value for the two majority bases at that position. Additionally, 

if the missing position was either a gap or a base, the lowercase base was added to the 

uppercase consensus sequence. This allowed for easy identification of unresolved 

alleles. If exactly 3 alleles were reported, a simple test for recombination was run. 

Recombinants were identified by recombining every possible pair of alleles at every 

possible position (SNPs only). For example in Figure 19, allele 3 can be generated by 

recombining allele 1 and 2 at position 7. This suggests that allele 3 is a recombinant allele 

and not a true allele in that individual. Recombinants that occur at a high frequency in 

the reads are likely due to PCR recombination in the early PCR cycles. 

 

Figure 19: Three alleles showing recombinant PCR product.  Allele 3 (haplotype3.r9) 

can be generated by recombining Allele 1 (haplotype1.r.18) and Allele 2 

(haplotype2.r.11) at position 7. 

Each SNP in the allele was then added to a 1% consensus sequence generated 

from all of the reads. This was separated into non-overlapping blocks if necessary. The 
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alleles for each individual were aggregated into a single FASTA file and re-aligned with 

the original algorithms used to align the reads. These files were inspected for multiple 

alleles and IUPAC, lowercase or suspicious SNPs. Often the original read file could be 

re-aligned by hand and quickly run through the allele program again to eliminate third 

alleles. 

Two consensus sequences/alleles were thus determined for each individual/locus 

combination. The alleles for each locus were aligned automatically using Muscle (Edgar 

2004). Sequence alignments were checked by eye and regions of uncertainty (e.g., 

repeated nucleotides, indels) were excluded from subsequent analyses. Because the 

population genetic software used in subsequent analysis does not allow for 

recombination, these alignments were edited to conform to the infinite sites model using 

IMGC software (Woerner et al. 2007).  For each aligned locus, IMGC removed 

recombinant individuals, recombinant regions, and nucleotide sites with >2 alleles. For 

each locus, the longest block of non-recombinant aligned regions (IMGC’s “S” block) 

was kept for the population genetics analyses.  

2.2.5  Population Structure Analysis 

The number of genetically distinct populations was assessed using Structure 

2.3.4 (Hubisz et al. 2009; Pritchard et al. 2000). For each locus, sequences were coded into 

haplotype number. Structure uses a Bayesian Markov Chain Monte Carlo (MCMC) 

clustering model to assign individuals into K genetic groups. This approach informs 



 

73 

both the number of genetically distinct groups in the dataset and potential 

migrants/admixed individuals between these groups. One to four potential genetic 

groups (K=1 to 4) were tested with 3 replicates each using the no admixture model, 

100,000 iterations for the burn-in, and 1,000,000 iterations of data collection. The same 

parameters were run with an admixture model. In the no admixture model individuals 

are discretely from one population or another while the admixture model allows for 

individuals to have a mixed genomic content (Hubisz et al. 2009; Pritchard et al. 2000). 

The most likely K was determined using the Evanno’s method (Evanno et al. 2005), and 

the corresponding bar plot was generated CLUMPAK (Kopelman et al. 2015).  

Population structure was also examined using a PCA analysis. The data was 

converted into EIGENSTRAT format (one genotype file, one SNP file and one indiv file) 

using a custom Perl script. In the SNP file each gene (including multiple gene regions) 

was set to a different chromosome. The smartpca program included in the EIGENSOFT 

package was run comparing the two basins (Patterson et al. 2006; Price et al. 2006).  

2.2.6 IMa2p and Migrate-n Analysis 

A model of isolation with migration was tested between the two distinct genetic 

group using IMa2p (Hey 2010a, b; Sethuraman & Hey 2016). IMa2p is a parallel version 

of IMa2 that estimates several model parameters.  Priors and heating regimes among 

chains were chosen after multiple pilot runs. IMa2p estimates the following parameters: 

1) A splitting time parameter t with a prior of 2; 2) One effective population size per 
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population θ (θLau and θManus) with a prior of 50; and 3) One migration parameter m in 

each direction (mManusLau, mLauManus) with a prior of 5. An infinite site model of 

substitution was chosen in accordance with the IMGC filtering that produced non-

recombining blocks of sequence. To achieve good swapping among the 80-implemented 

chains, a geometric increment model of heating was used (-ha 0.96 -hb 0.9). After 400,000 

steps of burn-in, 1,000,000 steps (out of 10,000,000 performed) and 100,000 genealogies 

were recorded. Convergence was assessed using multiple runs and marginal likelihood 

parameter estimations for the best performing run were presented.  Trees from the best 

performing run were used to choose among demographic models varying the effective 

population size and migration parameters (Load-Genealogies mode, L-mode).  We then 

calculated change in Akaike Information Criterion (AIC: Akaike 1976) and determined 

the best fit models with a ΔAIC of 2 or less. 

To estimate divergence times from the parameter t, we approximated a general 

intronic mutation rate (u) derived from species pairs (geminate species) divided by the 

rise of the Isthmus of Panama ≈2.8 ma (Data collected by Lessios (2008)). Intronic 

substitution rates were estimated from a calmodulin intron from two geminate species 

pairs of the gastropod Conus (5.0-09/ma), and from multiple bindin introns for geminate 

species of the sea urchins Tripneustes (3.6-09/ma) and Echinometra (1.1-08/ma.)  From these 

species our estimated per-site substitution rate ranged from 6.8-09/ma to 5.0-09/ma.  
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Migrate-n is frequently used to estimate migration among populations and 

effective population sizes. This software does not assume a splitting time between the 

populations. Based on simulation performed with different splitting times and 

population sizes (see software’s website), violation of this assumption may result in 

inaccurate estimates of migration rates, especially when the divergence time is recent. 

Surprisingly, preliminary Migrate-n analysis showed the same pattern of directionality 

as IMa2p. However, since a non-null splitting time was found using IMa2p and this 

analysis likely violates Migrate-n assumptions suggesting that this method is not 

appropriate. Migrate-n analysis can be reviewed in Figure 43.   

2.3 Results 

2.3.1 Allelic Reconstruction and Data Filtering  

A total of 42 PCR-amplified single-copy nuclear intronic and exonic fragments 

averaging 237 bp were used for the population analysis on 93 individuals (Table 21). 

Recovery of alleles varied by locus and by individual. Of the 3906 individual gene 

fragments (93 individuals times 42 fragments) that were attempted for sequencing, two 

alleles (heterozygous or homozygous) were recovered in 75% of the loci, only one allele 

was recovered in 8% of the loci and 17% of the loci were null. Recovery of a single allele 

was due to either low coverage or removal of an allele by IMGC due to recombination. 

The median percent of individuals with at least one allele recovered per locus was 91% 

and ranged from a maximum of 100% coverage to a low of 26% coverage. The median 



 

76 

number of polymorphic sites per locus was 23 with a range from 2 to 60 sites. Coverage 

per individual also varied with a median coverage of at least one allele per locus of 83% 

and a range from 38% to 98% recovery.  

2.3.2 Structure Analysis 

Using the no admixture model, two distinct genetic groups (K = 2, Fig 20) were 

identified by Structure 2.3.4. (Hubisz et al. 2009; Pritchard et al. 2000) and assessed using 

Evanno’s method (Evanno et al. 2005) (mean Ln P(D) = -10387, similarity score = 0.998). 

These two groups corresponded to individuals from Manus and Lau basins. Each 

individual was probabilistically assigned to their sampled location (posterior probability 

>0.98 for all individuals).The high posterior probability value for each individual 

suggested that the no-admixture model (which is more appropriate for discrete 

populations) fit our data and that none of these individuals were outliers. Outliers in the 

non-admixed model may suggest  migrants and/or hybrids (Pritchard et al. 2000). The 

same results were found when using the admixture model, suggesting that each 

individual inherited almost the entirety of its genome from the population from which it 

was sampled (data not shown). 

In the PCA analysis, the individuals were sorted by basin along eigenvector 1 

with a correlation of -.0957 (Fig 22). Overall the statistical significance of differences 

between populations had a p-value of 5.4e-50.  
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2.3.3 IMa2p Analysis  

Effective population sizes differed among populations (Fig 21, Table 13), with 

θancestral < θLau < θManus. Parameter estimates with the MCMC-mode showed no overlap 

among posterior marginal distribution of the θ peaks (Fig 21). When compared with all 

possible nested-models (L-mode, Table 13), all models testing equal effective population 

sizes between one or more population were rejected (Table 13: models 6-25; p < 0.001, 

ΔAIC > 2). Pairwise comparison of population sizes gave a probably of 1 that θancestral < 

θLau, θancestral < θManus, and θLau < θManus. 

Manus Lau

Figure 20: Structure bar plot clustering Manus and Lau basins into two distinct 

genetic groups 
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Table 13: Full IMa2 L-mode results for all nested models. Accepted models with a Δ of <2 are shown in grey.  

Model log(P) df 2LLR ΔAIC θManus θLau θAncestral mLau>Manus mManus>Lau 

Unconstrained θ parameters          

1 – unconstrained migration rates 3.649 - - 0.704 8.4995 3.0956 0.6447 0.1681 0.6872 

2 – equal migration rates 1.493 1 4.312* 3.016 8.8544 3.2703 0.6885 0.3402 [0.3402] 

3 – no migration from Lau to Manus 3.001 1 1.294 NS 0 9.4764 3.0266 0.7161 [0.00000] 0.7333 

4 – no migration from Manus to Lau -333.5 1 674.3*** 673.002 8.6682 3.1069 0.8352 0.4168 [0.00000] 

5 – no migration -1384 2 2776*** 2772.002 8.0779 3.3201 0.7697 [0.00000] [0.00000] 

θManus = θLau          

6 – unconstrained migration rates -116.6 1 240.6*** 239.202 5.8095 [5.8095] 0.6609 0.2886 0.3455 

7 – equal migration rates -117.6 2 242.5*** 239.202 5.8095 [5.8095] 0.6609 0.3140 [0.3140] 

8 – no migration from Lau to Manus -363.2 2 733.6*** 730.402 5.6022 [5.6022] 0.7239 [0.00000] 0.9819 

9 – no migration from Manus to Lau -697.9 2 1403*** 1399.802 5.5013 [5.5013] 0.8156 0.4581 [0.00000] 

10 – no migration -1854 3 3715*** 3710.002 5.5550 [5.5550] 0.7697 [0.00000] [0.00000] 

θManus = θAncestral          

11 – unconstrained migration rates -1011 1 2029*** 2028.002 5.4378 3.0746 [5.4378] 0.2388 0.5806 

12 – equal migration rates -1026 2 2060*** 2056.002 4.7744 3.4282 [4.7744] 0.3984 [0.3984] 

13 – no migration from Lau to Manus -1230 2 2467*** 2464.002 5.9115 2.7526 [5.9115] [0.00000] 0.9217 

14 – no migration from Manus to Lau -1827 2 3662*** 3658.002 5.1125 3.8995 [5.1125] 0.4581 [0.00000] 

15 – no migration -3018 3 6044*** 6038.002 5.4144 3.3201 [5.4144] [0.00000] [0.00000] 

θLau = θAncestral          

16 – unconstrained migration rates -231.0 1 469.4*** 468.002 8.6770 1.9417 [1.9417] 0.1895 0.9866 

17 – equal migration rates -326.2 2 659.8*** 656.402 8.6770 1.9417 [1.9417] 0.4465 [0.4465] 

18 – no migration from Lau to Manus -427.6 2 862.6*** 859.202 8.0161 2.2484 [2.2484] [0.00000] 0.9217 
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Table 13 Continued          

Model log(P) df 2LLR ΔAIC θManus θLau θAncestral mLau>Manus mManus>Lau 

19 – no migration from Manus to Lau -965.5 2 1938*** 1935.002 8.6682 2.3729 [2.3729] 0.4168 [0.00000] 

20 – no migration -2074 3 4156*** 4150.002 9.6747 2.5210 [2.5210] [0.00000] [0.00000] 

θManus = θLau = θAncestral          

21 – unconstrained migration rates -1099 2 2204*** 2202.002 4.1820 [4.1820] [4.1820] 0.3109 0.5203 

22 – equal migration rates -1108 3 2223*** 2218.002 4.1820 [4.1820] [4.1820] 0.3985 [0.3985] 

23 – no migration from Lau to Manus -1556 3 3118*** 3114.002 4.5900 [4.5900] [4.5900] [0.00000] 0.7276 

24 – no migration from Manus to Lau -1882 3 3771 3766.002 4.5764 [4.5764] [4.5764] 0.4581 [0.00000] 

25 – no migration -3191 4 6389 6382.002 4.5395 [4.5395] [4.5395] [0.00000] [0.00000] 
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Forward in time, the migration rates from Manus to Lau and from Lau to Manus 

were non-null in M-mode (Fig 21, Table 13). In M-mode, migration rate from Manus to 

Lau was more than 3 times higher than in the opposite direction (mManusLau HiPt = 

0.6525, HPD95Lo-Hi: 0.3375-1.048; mLauManus s HiPt = 0.1725, HPD95Lo-Hi: 0.0325-

0.3925). Migration rate posterior marginal distribution overlapped between the two 

migration parameters (Fig 21) but the probability of mManusLau > mLauManus was 0.983. L-

mode of nested demographic models in IMa2p gave likelihoods for each model, 

allowing us to choose among models (LRT p < 0.05, ΔAIC > 2).  The model with the 

lowest AIC score (model 3, p > 0.2) had parameter values of mManusLau = 0.733 , mLauManus 

= [0.000]. The full model (model 1) also had a ΔAIC score of <2 and migration 

parameters of mManusLau = 0.6872 and mLauManus = 0.1681.  Isolation between the two 

basins occurred in presence of migration with a higher migration rates from Manus 

basin to Lau (probability of 0.983). 

The full model in IMa2p estimated population splitting time parameter t of 0.29, 

the geometric mean of estimated number of substitutions between populations across 

the 42 loci.  Estimates of t did not overlap with zero (HiPt = 0.299, HPD95Lo-Hi: 0.253-

0.351). The geometric mean of locus length is 208 bp, so the Manus to Lau splitting time 

is 0.14% per site per year.  Applying the three estimates of intronic u described above 

gives population splitting times of 0.39 ma, 0.28 ma, and 0.130 ma. 
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Figure 21: IMa2p marginal distributionsfor the population splitting time t (a), 

the effective population sizes θ (b) and the migration rate parameters m (c). 

2.4 Discussion  

For the vent-endemic limpet L. aff. schrolli, we sequenced 42 single-copy 

amplicons totaling on average 15.6k bases per individual. This data yielded clear result 
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for L. aff. schrolli in the Manus and Lau basins. Structure analysis showed no 

differentiation between vents within basins (Fig 20). This is not surprising given that in 

all but one species studied so far, Munidopsis lauensis, investigators have not detected 

within basin population structure in Manus or Lau (Thaler et al. 2014). The Structure 

analysis further showed strong differentiation between Manus and Lau basins, with no 

first or second generation migrants. This was consistent with species showing 

population structure between Manus and Lau (Munidopsis lauensis)(Thaler et al. 2014) 

and those showing structure between Manus/North Fiji (assuming that larvae cannot 

travel from Manus to Lau if they are unable to travel the shorter distance from Manus to 

North Fiji in Ifremeria nautilei, Chorocaris sp. 2, Bathymodiolus) (Kojima et al. 2000; Kyuno 

et al. 2009; Thaler et al. 2014; Thaler et al. 2011). So far only two subspecies of Alviniconcha 

have lacked between basin population structure between Manus and North Fiji (Kojima 

et al. 2001; Suzuki et al. 2006). In addition to detecting strong population structure, we 

were simultaneously able to detect gene flow between Manus and Lau in L. aff. schrolli. 

 Coalescent models of migration with isolation (IMa2p) estimated that this limpet 

has crossed the 3212 km between Manus and Lau during the approximately 130-390 

thousand years since the two basins became isolated. Ongoing migration between 

Manus and Lau was inferred to be either entirely eastward (Manus  Lau), or 

predominately eastward with some westward migration (Lau  Manus). Detection of 

population structure between basins while also detecting ongoing migration is 
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consistent with the non-equilibrium case (tested in IMa2p) where ongoing migration is 

not sufficient to prevent these populations from increasing in genetic divergence with 

time (Hey & Nielsen 2004). In contrast, Migrate-n models strict equilibrium and assumes 

that the populations have been in place for an infinite period (Beerli 2009) or at least long 

enough to erase any history of initial subdivision or colonization. In an equilibrium 

model only an equilibrium between mutation and drift, and not time since divergence, 

can account for between-population genetic differentiation.  

Interestingly, using the same 42 loci in Migrate-n, the equilibrium model shows 

migration predominantly from Manus to Lau (Fig 43). These very similar results from 

IMa2p and Migrate-n might be due to the overwhelming number of amplicons 

sequenced across so many individuals. We speculate that our data may have been 

informative enough to overcome Migrate-n’s assumption of mutation/drift 

equilibrium—a model which is not consistent with our data. An alternative explanation 

could be that the Lau basin was originally colonized from western populations 

including those from Manus (Fig 5). IMa2p is not designed to distinguish between 

ongoing migration and the genetic remnants from colonization.  Even without any post-

colonization migration, IMa2p could possibly recognize colonization from Manus to Lau 

as migration from Manus to Lau (Grosberg & Cunningham 2001; Slatkin 1993). The 

significantly smaller θ in the Lau basin may be consistent with such an eastward 

colonization event, but the question would need additional sampling locations to 
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provide further insight. In both a colonization and an ongoing migration scenario the 

gene flow has been predominantly or exclusively eastward.  

To determine if our observations are consistent with oceanographic data we turn 

to Mitarai et al. (2016) who estimated the rate and direction of potential larval dispersal 

among western Pacific back-arc basins, including our study sites and the basins that lie 

between them (Fig 5). Assuming a long pelagic larval duration (PLD) of 170 days at a 

depth of 1000m, Mitarai et al. (2016) concluded that all of the basins in the region could 

be connected by larvae via stepping-stones. This dispersal, however, is predicted to be 

exclusively westward between the Solomon and Woodlark basins (Fig 5). For these 

basins to serve as stepping-stones for migration from Manus to Lau, larvae would need 

to be transported eastward. Furthermore, some of these stepping-stones may only be 

connected by larvae once every hundred thousand years. Similar results were found 

with the more rapid currents at 500m with a PLD of 90 days. When the PLD was 

shortened to 83 days at 1,000m or 43 days at 500m no dispersal was predicted between 

Woodlark/Solomon and Solomon/North Fiji; breaking the stepping-stone chain between 

Manus and Lau.  

Gene flow between Manus and Lau could result from a long PLD for our species, 

current anomalies, or even unknown vent sites. At deep-sea chemosynthetic 

environments, estimates of PLD values are still scarce in mollusks. A PLD of up to 13 

months was estimated in Bathymodiolus childressi mussels (Arellano & Young 2009) and 
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>8 months in Bathynerita naticoidea snail (Van Gaest 2006), both planktotrophic larvae. It 

has been suggested that colder temperatures in the deep and limited food availability 

may allow lecithotrophic larvae to slow their metabolism and increase their dispersal 

distance (Young et al. 1997). Lepetodrilus spp larvae are generally considered 

lecithotrophic (Berg 1985; Craddock et al. 1997; Tyler et al. 2008) even though their small 

oocyte size is comparable with species of planktotrophic larvae (Tyler et al. 2008). 

Furthermore, Lepetodrilus limpets can also live in habitats peripheral to vents where they 

may rely on grazing (Bates 2007), albeit in lower densities (Bates et al. 2005). Due to the 

low density of non-vent populations, it is unlikely they contribute significantly to gene 

flow in this region where vent populations are dense.  

Our analyses suggest that genetic differentiation between Manus and Lau 

detected in other species using COI and/or microsatellite markers (Table 9) does not 

exclude the possibility of gene flow between basins in those species. Using 42 sequenced 

gene regions in a coalescent framework allowed us to infer directional migration in the 

presence of genetic differentiation for L. aff. schrolli. This improved method of analysis 

serves as a genetic baseline against which potential loss genetic diversity after 

environmental and/or human disturbance (mineral extraction) can be assessed. 

Sampling additional western pacific basins, such as Woodlark, Solomon, New Hebrides, 

and North Fiji would provide a better understanding of the connectivity in the region. 

Based on the oceanographic currents model by Mitarai et al. (2016), we predict L. aff. 
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schrolli in Manus and Woodlark Basins might be genetically connected, and 

differentiated from a New Hebrides-North Fiji-Lau Basin genetic group. Samples from 

Solomon could help unlock the mechanism behind strong differentiation between 

Manus and Lau in the presence of gene flow. With 42 loci, the present study is also one 

of the very few marine population studies using >10 loci in a coalescent theory 

framework and could be seen as a case study for future work on phylogeography. 
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3 Effect of locus number on accuracy, precision, and 
error of population assessment in the isolation with 
migration model using empirical investigation of 42 
nuclear amplicons in a vent limpet.   

3.1 Introduction 

The application of DNA sequences to the study of natural populations began 

with restriction fragment length polymorphism studies of the mitochondrion over three 

decades ago (Avise et al. 1979). Today, the amount of sequence data for population 

analysis is no longer limited by sequencing technology. Instead, financial and temporal 

costs play a large role in deciding between whole genome and reduced representation 

sequencing (Davey et al. 2011). Feasibility of individual whole genome re-sequencing is 

heavily dependent on the availability of a closely related annotated reference genome 

(Pop et al. 2004) and computational requirements of assembly methods (Bradnam et al. 

2013). As compared to whole genome sequencing, reduced representation libraries can 

more easily be deployed in non-model species while capturing enough genetic variation 

across many individuals for population level studies (Davey & Blaxter 2011; O'Neil et al. 

2010; O'Neill et al. 2012). 

Coalescent models have become increasingly important in the study of natural 

populations. These models can be used to infer genetic structure, gene flow/migration, 

effective population size, some forms of selection, and population histories (Beerli & 

Felsenstein 1999; Hudson & Kaplan 1994; Kingman 1982; Nielsen & Wakeley 2001). 
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Coalescent theory models stochastic merging of alleles backwards in time and therefore 

relies heavily on the number of informative polymorphisms contained in genetic 

markers. The popular coalescent-based tools, IMa (Hey & Nielsen 2007) and Migrate-n 

(Beerli & Palczewski 2010), were developed to analyze highly informative non-

recombining phased bi-allelic loci.  Recent coalescent methods have been developed to 

tackle reduced-representation libraries such as restriction site-associated DNA (RAD) 

sequencing (Baird et al. 2008; Rubin et al. 2012) and even whole-genome re-sequencing 

(Liu & Hansen 2016). Bi-allelic loci, however, remain powerful markers for coalescent 

analysis even though methods utilizing them can be computationally slow with 

increasing size of multilocus datasets (Excoffier et al. 2013).  

 Due to the stochastic nature of the coalescent, single locus histories do not 

necessarily reflect the population or species history of interest. This leads to discordance 

among individual loci when analyzed independently (Hare & Avise 1998; Hey & 

Machado 2003; Neigel & Avise 1986; Palumbi & Baker 1994). Increasing the number of 

individuals and loci sampled can improve inferences of population parameters (Irwin 

2002; Maddison & Knowles 2006). Specifically, the addition of more genes increases the 

accuracy of species trees and species delimitations in both empirical (Camargo et al. 

2012; Corl & Ellegren 2013; Harris et al. 2014; Hime et al. 2016) and simulation studies 

(Heled & Drummond 2010; McCormack et al. 2009). Increased accuracy in population 

level analysis within the same species has also been observed in simulated data (Choi & 
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Hey 2011; Quinzin et al. 2015). The impact of gene tree discordance and number of loci 

used for population level studies has not been investigated in empirical data. Despite 

simulated datasets, it remains unclear how many loci are necessary and sufficient to 

perform coalescent population analyses. The number of loci necessary is undoubtedly 

heavily dependent on the relationships between the populations studied —amount of 

gene flow, level of isolation, divergence time, etc. Despite these variations, empirical 

studies can provide insight into the number of loci needed with the caveat that the 

particulars of a system may change the loci requirements. One difficulty with using 

empirical data to conduct such a power analysis is “knowing” the true answer.  In 

previous phylogenetic studies the “truth” was assigned by bootstrapping genes from 

known viral phylogenies (Cunningham et al. 1998; Hillis et al. 1994) or non-controversial 

vertebrate phylogenies (Buckley & Cunningham 2002; Cunningham 1997; Sullivan et al. 

1995).  In this study we accept the results of a coalescent study of a very large number of 

nuclear loci (see Chapter 2) as “true”. 

We have sequenced 42 nuclear loci, intronic and exonic, from 93 individuals of 

the deep-sea limpet Lepetodrilus aff. schrolli (see Chapter 2). Our samples were taken 

from two ocean basins: Lau Basin (populations ABE and TM) and Manus Basin 

(populations SW1 and SW8). Our original analysis of all 42 loci (Chapter 2) detected 

strong population structure between the two basins, but none between sites within 

basins. Based on this population structure, our data did not fit the equilibrium model 
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simulated in Migrate-n. Coalescent analysis with IMa2 suggested bi-directional gene 

flow between the basins with a higher magnitude from Manus to Lau. With this dataset 

we were able to subsample with replacement multiple sets of loci. We then compared 

the subset analysis to the full analysis to examine accuracy, precision, type I error and 

type II error.  

We address several hypotheses concerning multilocus dataset sample size using 

the coalescent software IMa2p (Hey 2010a, b; Sethuraman & Hey 2016). First, we assess 

the accuracy, precision, type I error and type II error in subsets of N loci compared to the 

42 loci estimate. We measure accuracy as compared to the best estimate based on all the 

available data (the 42 loci). Precision was assessed using parameter estimate 95% 

confidence interval and with the range of estimates given for parameter values across all 

subsets of N loci. Second, we measure whether introns give more accurate estimates as 

compared to exons. Finally, we evaluate if gene tree patterns can be used to assess locus 

discordance prior to running IMa2p and provide a guide for additional sampling.  

3.2 Materials and Methods 

3.2.1 Locus Information 

A total of 42 single-copy nuclear loci across 93 individuals were sequenced, and 

phased by physical linkage as described in Chapter 2. Loci were considered independent 

even if they were from the same single-copy gene. Loci were broken into non-

recombining blocks by removing potentially recombinant individuals, regions and 
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nucleotide sites using IMGC (Woerner et al. 2007). Locus-by-locus summaries are shown 

in Table 21. The average sequence length was 238 bps and ranged from 57 to 799 bp. The 

average number of polymorphic sites per locus was 35 but ranged from 2 to 60. Of the 

included alleles, only 8 loci had one or two sites with more than 1% missing data. Of the 

total possible 186 alleles per locus (93 individuals x 2) an average of 147 alleles per gene 

region were collected. Ten exons and 32 introns were collected.   

3.2.2 IMa2p Analysis  

Each locus was prepared as a single fasta file that included all available 

individual alleles. A custom perl script randomly selected without replacement N fasta 

files and converted them into an IMa2 input file with two populations: Manus and Lau. 

For this study, 25 sets (simple bootstraps Shao & Tu 2012) of 5, 10, 15 and 20 loci each 

were generated by sampling with replacement from the original 42 loci. A set in this 

analysis refers to 1 file containing a sample size of N loci while a group refers to all 25 sets 

containing N loci. The 10 exons were also analyzed separately and compared to 6 

subsampled sets of 10 introns.  

We ran the parallel version of IMa2 (Hey 2010a, b; Sethuraman & Hey 2016) on 

the Duke Compute Cluster using the M-mode (MCMC mode) to generate simulated 

gene genealogies and parameter estimates based on the marginal peak locations. 

Parameters were a splitting time parameter t (not discussed here), one population size 

parameter θ per sampled population, one θ for the ancestral population, and one 
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migration parameter m for each population pair. Typically, IMa2 is run multiple times to 

optimize priors, heating schemes and chain mixing. Due to the large number of IMa2 

runs conducted (100+ total) it was impractical to monitor chain mixing for each one 

individually. To ensure good mixing we ran multiple chains (40 total) and then assessed 

the sampling of the genealogies using the comparison between SET1 and SET2. These 

SET based parameter estimates are generated by IMa2 using half of the total simulated 

genealogies each. Similarity of SET1 and SET2 can be used as an indicator of good chain 

mixing (Hey 2011).  During our previous work with all 42 loci, we had optimized the 

priors and use those priors here. The priors used for all datasets were m = 5 for the 

migration rate between the two extant populations, θ = 50 for the population size 

parameters, and t = 5 for the splitting time. The burn duration was set to 100,000 sets and 

the run duration was set to 100,000 genealogies sampled per loci. Four chains were run 

per parallel CPU for 40 chains total. IMa2 L-mode, which tests the likelihood of nested 

models, was run on each dataset using the genealogies generated in M-Mode. This 

tested 25 demographic models in IMa2, which allowed different variations of θ and m 

using the same priors as M-mode described above. Results between datasets were 

compared by extracting values from each file using a custom perl script.  

3.2.3 Gene Tree Analysis 

We investigated if gene trees could be assessed a priori for a signal consistent 

with directional migration. We recommend this ad hoc procedure only for data 
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exploration since we are unable to properly take into account phenomena such as 

lineage sorting.  Although we are unable to draw concrete conclusions of directional 

migration from the gene trees, they do provide a visible measure of gene-tree 

discordance.  

To partition the gene trees into groups we defined two a priori criteria, each 

consistent with directional gene flow, and manually applied it to each gene tree. A locus 

could be assessed as bi-directional if the a priori analysis found neither criteria was 

satisfied on the gene tree, or if the observed criteria pointed to conflicting directions of 

migration. 

Gene trees for each locus were constructed in Paup* (Swofford 2003) using 

parsimony criterion, then sorted by likelihood under a GTR+g model, and mid-point 

rooted. Trees were then sorted into 6 categories based on the structure of the tree. 

Classification was based on the structure of the predominant clades within the tree. 

Clades containing alleles from only Lau or only Manus were classified as pure Lau or 

Manus respectively. A pure clade was taken as consistent with a lack of gene flow out of 

that basin. This is because any gene flow out of that basin would appear as individuals 

from the other basin nested within that clade.  Therefore, a pure Lau clade was 

consistent with no gene flow from LauManus and a pure Manus clade was consistent 

with no gene flow from ManusLau.  
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The a priori identification of pure clades was negative evidence consistent with 

unidirectional gene flow while clades composed almost entirely of Lau individuals with 

a few nested Manus individuals represented positive evidence for directional migration 

from LauManus (Slatkin & Maddison 1989; Wares et al. 2001).  Similarly, clades 

composed of mostly Manus individuals with a few nested Lau individuals were 

classified as showing evidence of ManusLau gene flow.  

Based on the predominant and consistent clades present, each tree was sorted 

into one of the following four categories: 1) Trees consistent with ManusLau migration 

composed mostly of pure Lau clades and/or Manus dominated clades with nested Lau 

individuals; 2) Trees consistent with LauManus migration composed mostly of pure 

Manus clades and/or Lau dominated clades with nested Manus individuals; 3) Trees 

with bi-directional migration signal with multiple conflicting a-priori criteria described 

above; and 4) Trees with no-direction containing well-mixed clades not easily ascribable 

to either of our criteria. Gene trees were re-constructed to show only unique alleles 

within a site (ABE, TM, SW1 and SW8) to allow for easier presentation while still 

reflecting the structure of the clades used for a priori sorting. An IMa2 input file was 

created for each of the sets of trees consistent with directional migration. These sets of 

loci were then run on IMa2p in both M-mode followed by L-mode (using the 

genealogies produced by M-mode) with the same settings used in Chapter 2 and 

described above. 
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3.3 Results 

3.3.1 IMa2 Run Performance  

The chain mixing of our IMa2p runs was assessed by comparing marginal 

parameter estimates from the M-Mode runs between SET1 and SET2. The difference 

between SET1 and SET2 were reported as a percent of the prior value for that parameter 

and reflect how large the difference was in respect to the possible parameter space. The 

set differences were typically less than 1% of the total possible parameter space with the 

exception of a few estimates for θManus. (Fig 43) suggesting that the MCMC for these few 

runs did not adequately explore the parameter space for the Manus effective population 

size. 

3.3.2 Precision of Subsets and Groups 

Precision of the individual subset estimates within the groups increased with the 

addition of more loci (Fig 22). The precision of a subset was calculated as the size of the 

subset’s confidence interval: a smaller confidence interval size was interpreted as a more 

precise estimate. The size of the confidence interval was calculated by subtracting the 

higher 95% confidence limit (from the assumptions of likelihood ratio tests on the 

posterior density) from the lower 95% confidence limit. All confidence interval sizes 

were plotted as a boxplot sorted by group (Fig 22) The size of the confidence intervals 

within a group generally decreased with the addition of more loci (decrease in 

maximum and median in Fig 22).  
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Marginal peak values (point estimates) were recorded for each subset during the 

MCMC runs in IMa2 (Fig 23). Increased precision of groups of subsets (and not of the 

individual subset estimates themselves) can be seen in these boxplots. The ranges of 

parameter estimates (plot whiskers) and the interquartile ranges (containing 50% of the 

set estimates) of the groups generally decreased in size with the addition of more loci 

(Fig 23). The decrease in both ranges supports increasing precision (decreased variation 

of parameter estimates) within the groups of subsets with the addition of more loci. 

Accuracy of the groups also generally increased: there is a decrease in the distance 

between the upper and lower interquartile ranges as compared to the 42 loci estimate 

(for individual set accuracy see next section). 

3.3.3 Accuracy and Type II Error of Subset Marginal Estimates 

Accuracy and type II error – failing to reject an incorrect null hypothesis – were 

examined using the marginal peak values for the parameter estimates. Sets of two 

parameters were plotted against each other: θManus against θLau (Fig 24) and mLauManus 

against mManusLau (Fig 25). A box was drawn representing the 95% confidence interval 

estimated by likelihood from the full 42-locus set.  Subset point estimates that fell within 

the 95% confidence interval for both parameters (i.e. in the box) were considered 

accurate. Subsets whose parameter estimates fell outside the 42 loci 95% confidence 

interval represent instances where we would have falsely accepted inaccurate parameter 

values (i.e. failed to reject the incorrect null hypothesis that the subset point estimate is 
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not significantly different from the true: type II error). For the effective population sizes, 

the number of sets where both parameter values fell within the 42 loci 95% confidence 

interval increased with the addition of more loci. However, no change was observed 

between the number of sets falling within the confidence interval between 10 and 15 loci. 

For the migration parameters, more sets overall fell within the 95% confidence interval 

from the 42 loci dataset.  

3.3.4 Type I Error in Subset Marginal Estimates 

Type I error was assessed by testing how often the 42 loci point estimate fell 

outside of the 95% confidence interval of each set (Fig 26 and Fig 27). Type I error was 

defined as when a subset would have falsely rejected the null hypothesis of the “true” 42 

loci. For the parameters θLau and mLauManus the sets of 20 loci rejected the 42 loci 

parameter estimates the fewest times (8% and 4% respectively: Fig 26 and Fig 27). For 

the mManusLau parameter only 2 sets in all groups would have rejected the 42 loci 

parameter estimate and they both contained 15 loci (Fig 26 and Fig 27). Conversely, in 

θManus the 42 loci estimate would have been rejected in 40% of the sets of 15 (Fig 26). 
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Figure 22: Confidence interval size from set point estimates decreased with the addition of more loci for all parameters. 

The maximum size and range of sizes also decreased with the addition of more loci.  
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Figure 23: Marginal peak point estimates for every set of loci in each group of N size. The size of the total and 

interquartile range of parameter estimates across sets generally decreases with the addition of more loci in the set. This suggests 

an increase in accuracy of the set estimates with the addition of more loci.  
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Figure 24: The percent of marginal estimates of effective population size for each set that fall within the 42 loci 95% 

confidence interval (yellow box) increases with additional loci.All of the set estimates that fall outside of the 95% confidence 

interval for the complete 42 loci set represent type II error where we would have accepted a set of parameter estimates 

inconsistent with our full dataset. 
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Figure 25: The percent of marginal estimates of migration rate for each set that fall within the 42 loci 95% confidence 

interval (yellow box) increases between the groups of 5 and 10 loci and between the groups of 15 and 20 loci. . All of the set 

estimates that fall outside of the 95% confidence interval for the complete 42 loci set represent type II error where we would have 

accepted a set of parameter estimates inconsistent with our full dataset. The number of sets that fall within the LauManus 

directional migration (red) decreases with the addition of more loci in the set (4% of 20 Loci Sets: n=1, 16% of 15 Loci Sets: n=4, 

16% of 10 Loci Sets: n=4, 24% of 5 Loci Sets: n=6).  
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(a)

 
(b) 

 

Figure 26: At least twice in each group the 42 loci estimate falls outside of the 

95% confidence interval of the individual set estimates for the effective population 

size parameters.  Sets where the full 42 loci dataset parameter estimate were outside 

the 95% confidence interval of the subset are type 1 error. 
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(a) 

 
(b) 

 

Figure 27: The 42 loci estimate rarely falls outside of the 95% confidence 

interval of the individual set estimates for the migration rate parameter. Sets where 

the full 42 loci dataset parameter estimate were outside the 95% confidence interval of 

the subset are type 1 error. 
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3.3.5 Demographic Model Testing 

For each subset, the likelihood of 25 demographic models with three θ 

parameters (Lau, Manus, and ancestral) and two m parameters (m01 and m10) were 

estimated in the L-mode using the genealogies generated in M-mode (Fig 28).  For each 

model, the likelihood and number of free parameters were used to estimate the Akaike 

Information Criterion (AIC) and the difference in AIC when compared to the lowest 

value (ΔAIC) (Akaike 1976). The number of models in a single set with ΔAIC of 2 or less 

– a widely used criterion for accepting models –ranged from 1 model (some 20 loci sets) 

and to 8 models (in one 10 loci set.) We calculated the total number of times each model 

was accepted with a ΔAIC of 2 or less in all 25 sets from each group of varying loci size. 

The total number of accepted models within each group varied, therefore the percentage 

of the total accepted models was reported within each group (Fig 28). The total number 

of accepted models decreased (increased precision of model estimates) with increasing 

number of loci. The number of models with inconsistent migration parameters 

(indicated by similar color family) also decreased with increasing loci number. 
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Figure 28: Percent of the all the models with a ΔAIC of 2 or less in every set in 

a group of N loci. The total number of conflicting models and total number of models 

with a ΔAIC of 2 or less decreased with the addition of more loci to the group. Only 2 

models in the complete dataset of 42 loci had a ΔAIC of 2 or less.  

3.3.6 Intron and Exon point Estimates 

The marginal peak values for the exon and intron datasets containing 10 loci 

were plotted against each other and included the 95% confidence interval for the 42 loci 

analysis (Fig 29). The 6 sets of 10 introns clustered closer to the 42 loci values in both the 

effective population size and migration rate parameters. In the migration rates, half of 

the intronic sets fell within the 95% confidence interval of the 42 loci analysis. The single 

set of all 10 exons was further from the 42 loci point estimate than any of the intronic 

sets. For the effective population sizes, the exonic value was about half of what was 

calculated for the 42 loci. For the migration rate, the exonic value was about double the 

calculated value for the 42 loci 
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Figure 29: Marginal peak parameter estimates of introns versus exons for the effective 

population and migration parameters. The complete dataset of 42 loci is shown 

(yellow) with the 95% confidence interval for that estimate in the error bars. No sets 

of introns or the set of exons fell within the 95% confidence interval of the 42 loci 

estimate for effective population size. For the migration parameters half of the six sets 

of introns fell within the 95% confidence interval while the single set of 10 exon was 

the furthest form the 42 loci estimate. 

3.3.7 Tree Guided Analysis 

Loci were sorted into three migration categories based only on the type of clades 

identified in the gene trees: 14 suggested migration from LauManus (Fig 30), 14 

suggested migration from Manus Lau (Fig 31), and 14 with undetermined migration 

direction (Fig 32). No attempts were made to produce equal sample sizes in each group.  

We assessed if individual locus IMa2p estimates of directionality agreed with our 

ad hoc, a priori assessments of migration directionality.  IMa2p provides marginal point 

estimates for all parameter/locus combination in multilocus sets (Fig 33).  For a 
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conservative estimate across all sizes and combinations of subsets, all marginal estimates 

available for each gene were included as a distinct data point. The total number of times 

each locus was included in a set ranged from 19 to 32 (out of 100 total subsets). Since the 

direction and not the magnitude of migration was of interest for this analysis the 

migration rate for each locus from ManusLau was subtracted from the rate from 

LauManus. Therefore, positive values (Fig 33: red shading) indicated a greater 

magnitude of migration from Lau-Manus while a negative value (blue shading) 

indicated a greater magnitude of migration from ManusLau (Fig 33). For each locus 

the migration difference was plotted in order of increasing median value. In general, the 

loci with gene trees identified as LauManus (red) had a higher median difference 

(LauManus point estimate) in migration as compared to those identified as 

ManusLau (blue). Loci with gene trees that suggested either bi-directional or no 

migration were scattered throughout (grey).  

The 14 loci from each of the gene tree sorted sets were analyzed together using 

IMa2p (Fig 34). The effective population sizes were not significantly different. The 

migration rates from the 14 loci identified as ManusLau and the 14 loci identified as 

LauManus had significantly different parameter estimates for mLauManus and mManusLau.  

(Fig 34).  
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(a) 

 
(b) 

 

Figure 30: Tree structure of loci containing representative clades used in determining 

likely migration direction: LauManus.The LePolyApolInt tree (a) had a large Lau 

clade (highlighted in red: 39 alleles, 8 unique) with two total Manus alleles within the 

clade where 1 is nested deeply. This suggests migration from LauManus. The 

LeGPoInt2 tree (b) had two large blue clades (highlighted in blue: one with 31 alleles, 

5 unique and one with 14 alleles, 4 unique). This suggested no migration from 

ManusLau. 
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(a) 

 

(b) 

 

Figure 31: Tree structure of loci containing representative clades used in determining 

likely migration direction: ManusLau.The LeEF1Int tree (a) had a large Manus clade 

(highlighted in blue: 73 alleles, 30 unique) with a single Lai allele within the clade. 

This suggested migration from ManusLau although incomplete lineage sorting 

could not be ruled out. The LePSomInhIsoAInt tree (b) had one pure Lau clade 

(highlighted in red: 19 alleles, 6 unique). This suggested no migration from 

LauManus.  
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(a) 

 

(b) 

 

Figure 32: No directional migration in gene trees. The LeActBInt tree (a) showed well 

mixed clades throughout the tree which did not suggest any discernable direction. 

The LePGMInt tree (b showed one clade with only Lau individuals (highlighted in 

red: 12 alleles: 2 unique), one clade with mostly Lau individuals (highlighted in red: 

12 alleles, 2 unique) with two nested Manus alleles (6 alleles, 2 unique) and two 

clades with 2 Manus alleles and 1 Lau allele. The direction of migration for this allele 

could not be determined and was therefore categorized as bi-directional.  
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Figure 33: The difference between the LauManus and ManusLau migration parameters as estimated for each individual 

locus by IMa2p across all sets in all groups of N loci.Loci are colored by the classification of their tree structure. Values above 0 

(red shaded area) have m1 LauManus > m2 ManusLau. Values below 0 (blue shaded area) have a greater parameter estimate 

for ManusLau. Loci are sorted by the median difference in migration parameter. 
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Figure 34: Marginal peak estimates for the sets of 14 loci categorized as having either 

a LauManus tree or a ManusLau tree.Error bars represent the 95% confidence 

interval for each parameter estimate.  

3.4 Discussion 

We present an empirical analysis of precision and accuracy of population 

demographic parameters estimated by multiple genealogies using IMa2p (Hey 2010a, b; 

Sethuraman & Hey 2016). While precision can be measured without knowing the “true” 

point values, accuracy requires that the “truth” be designated.  In our analyses we 

asserted that the estimates from the complete 42-nuclear-gene analysis presented in 

Chapter 2 represents the “truth”. Various measures of precision and accuracy were 

applied to 5, 10, 15 and 20 gene subsets, each set assembled from all 42 loci by 25 rounds 

of sampling loci with replacement (bootstrapping). 
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3.4.1 Precision of Parameter Estimates as Loci Number Increased 

Precision of parameter estimates relative to subset size (5, 10, 15, or 20 loci) were 

measured both within the group as a whole and within each set. The precision of each 

set’s marginal likelihood estimates, as measured by a decreased 95% confidence interval 

size, increased with the addition of more loci (Fig 22). The precision of the point 

estimates for each set within a group of N loci, as measured by a decrease in the range of 

point estimates within a group, also increased with increasing loci (Fig 23). 

Increased precision with increased number of loci is not surprising given that 

sets with more loci contain more informative sites and therefore more coalescent 

information. Even though precision increased with more loci, some estimates with many 

loci were still not very precise. The largest confidence interval size (least precise subset 

point estimate: Fig 22) in the 20 loci group for each parameter was sometimes a large 

percent of the prior:  16% (θManus), 4% (θLau), 18% (mLauManus), and 32% (mManusLau). 

Interestingly, the size category with the smallest confidence interval for each parameter 

– including the interval for all 42 loci – varied: with the smallest 95% interval being the 

20 loci group for θManus; the 15 loci group for mLauManus,; the 5 loci group for mManusLau, 

and a 4-way tie in θLau between the 5, 15, 20 and 42 loci groups. This suggests that even 

within the 5 loci group we detected highly precise parameter estimates. The precision of 

the 5 loci datasets, however, is distinct from the accuracy of the parameter estimates.  
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3.4.2 Accuracy of Parameter Estimates as Loci Number Increased 

We can consider accuracy of parameter point estimates with respect to how close 

a subset comes to the “true” estimate for all 42 loci. When all of the sets are combined 

within the groups of equal loci size (Fig 23) only one parameter, θLau, clearly converged 

on the 42 locus value with increasing numbers of genes. In many cases, however, we are 

interested in the accuracy of one parameter relative to another, such as when we are 

looking to address questions about unequal population size or directional migration. 

Therefore, comparing both θs or both m parameters to the 95% confidence interval of the 

“true” 42 loci estimate gives a more useful estimate of accuracy (Fig 24 and Fig 25).  In 

both of these comparisons we saw an increase in accuracy when moving from 5 to 20 

loci: point estimates of θ increase in accuracy from 4% to 40% and in ms (migration rates) 

from 20% to 80%. Even though the 10 and 15 loci groups were more accurate than 5 loci 

in both parameter comparisons, they seem to represent a plateau before accuracy 

increases for the 20 loci size category (Fig 24 and 25).  This could be due to the limited 

number of subsets tested or that we had 14 (i.e. between 10 and 15) loci whose gene trees 

showed directional migration.  

3.4.3 Type II error as Loci Number Increased 

As the accuracy of the subset point estimates increased, the amount of type II 

error decreased (Fig 24 and Fig 25). Type II error, the incorrect acceptance of a false null 

hypothesis as measured by point estimates falling outside the “true” 95% confidence 
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interval, fell with increased loci in both parameter comparisons.  We can also frame the 

hypotheses relative to overall directionality of m instead of to specific values. The all-42 

loci set estimated directionality as ManusLau greater than from Lau Manus.  For the 

groups of 5, 10, 15, and 20 loci the proportion of points with an accurate direction of 

migration increased from 60% (5 loci) to 76% (20 loci) again hitting a plateau for the 10 

and 15 loci size categories (64% in both: Fig 25). 

3.4.4 Type I Error as Loci Number Increased 

A set containing a type I error had a 95% confidence interval for a point estimate 

that did not include the “true” 42 loci estimate for that parameter (Fig 26 and Fig 27). 

Type I error (18.5% of all single point estimates) appears to be much less common than 

type II error (66.5% of all pairs of point estimates).  The most type 1 error was observed 

in θManus where 40% of the 15 loci sets falsely rejected the 42 loci estimate. Conversely, 

only 2 sets total (both of 15 loci) rejected the best estimate in mManusLau.  

3.4.5 Accuracy of Model Selection as Loci Number Increased 

In the model testing mode of IMa2 (L-mode) we saw the total number of 

accepted models with (ΔAIC of 2 or less) decrease with more loci (Fig 28).  By 20 loci, the 

2 (of 4) predominate models were the same as the 2 models accepted for all 42 loci.   

The accuracy of model acceptance can be evaluated by the number of accepted 

models that directly contradict the migration direction of the models accepted by 42 loci 

(bi-directional migration ABCDE and zero migration from LauManus ABC0D). Even 
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with 20 loci, two models contradicting the 42-loci models were accepted: zero migration 

from ManusLau (accepted in 7/25 subsets) and equal migration between populations 

(accepted in 13/25 subsets).  Therefore, even with 20 loci, we were unable to detect 

accurate directional migration in over half of the sets tested. Furthermore because the 

models selected had conflicting migration patterns, we could not make any conclusions 

of directional migration in those sets.  

Overall our results suggest that the accuracy of IMa2 parameter estimates and 

model selection increases with the addition of more loci. This reinforces the results in 

simulation studies of population data that concluded additional loci could increase 

accuracy (Choi & Hey 2011; Quinzin et al. 2015). Our results also suggest that in a non-

equilibrium scenario with some amount of ongoing migration, 20 loci may still fail to 

produce accurate results. Additionally, sets of 5 loci can produce estimates with high 

precision and low accuracy. The presence of multiple subsets of 5 loci showing 

inaccurate predominantly LauManus migration may also be an example of Simpson’s 

paradox (Simpson 1951) in which a trend seen in multiple subsets is reversed in the 

combined dataset. This variation is likely associated with the complicated underlying 

demographic properties of the non-equilibrium/low migration scenario. Since very few 

investigators have good predictions of the demographic history of study populations a 

priori, it is difficult to make a recommendation on the absolute number of loci to collect 

for population analysis.  Investigation of the loci individually using IMa2 and gene trees, 
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however, can provide a guide for assessing the amount of gene tree discordance that 

could cause inaccurate results in IMa2.  

3.4.6 Intron and Exon Sets in IMa2 

While no evidence for selection was found in the exons included in the analysis 

(no significant difference in Tajima’s D in exons vs introns, data not shown), the exon 

results in IMa2 were significantly less accurate than those of the introns (Fig 29). Even 

though the 42 loci estimates include 3 times as many introns, it is surprising that the 

exons fall so far outside of the 95% confidence interval. Possible causes of this could be 

undetected selection, a decrease in the overall number of informative sites or even 

differential introgression. While the underlying cause of this difference is unclear, it 

suggests that subset analysis of IMa2 data can reveal anomalies in the dataset associated 

with locus type.  

3.4.7 Using Gene Trees to Assess Loci Sampling 

The structures of our gene trees were highly discordant. They varied greatly in 

the number of pure clades and the number of clades showing directional migration. 

There was even one locus (Fig 31a) that had reached near reciprocal monophyly. This 

diversity in gene trees was reflected in the parameter estimates from individual loci 

produced by IMa2 (Fig 33). Most of the loci had a median directional migration that 

suggested migration from ManusLau. Only 9 loci had a median migration direction of 

LauManus, of which all but 1 were identified by their tree structure as consistent with 
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this direction. This suggests that our a priori categorization of loci was consistent with 

IMa2p analysis. Further evidence of this can be seen in the point estimates for the 4 

parameters in the sets composed of ManusLau and LauManus sorted trees (Fig 34).  

In our 42 loci sample, the chance of randomly selecting only the trees identified 

as ManusLau or LauManu was 1.28 x 10-11 or 1 in 7.8x1010. This suggests that if 

discordance between trees is low in a subset of loci (i.e. all of the gene trees look similar), 

the amount of gene tree discordance overall is probably low. Taken a step further, our 

analysis suggests that if gene trees show lower discordance, fewer loci are needed for 

IMa2 analysis. This, however, does not account for ascertainment biases. For example, 

we propose that an investigator may put higher confidence in their analysis of 10 loci if 

they have consistent tree structures and produced IMa2 results with a small 95% 

confidence interval. On the other hand, an investigator may want to collect additional 

loci and temper their confidence in a 10 loci dataset if the gene trees show high levels of 

discordance even if there is a small confidence interval in IMa2.  

For example, one of the sets of 15 loci had marginal likelihood estimates of 0.00 

for ManusLau migration and 0.575 for LauManus. IMa2 also estimated that there 

was a 0.834 probability that LauManus was greater than ManusLau. Analyzing this 

set of 15 loci alone would have led us to estimate directional gene flow in the opposite 

direction as the full dataset with fairly high confidence using IMa2. The gene trees in this 

set of 15, however, are discordant which suggests that more loci would be needed. Of 
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the 15 genes included in this dataset all three categories of trees were identified: 3 

ManusLau, 7 LauManus, 5 no direction. This large discordance in gene trees 

suggests that the IMa2 results may not reflect the full demographic history of the 

populations without the addition of more loci.  

3.5 Conclusions 

Unsurprisingly, we found an increase in the accuracy and precision of IMa2 

population parameter estimates with the addition of more loci. Using the estimates from 

the full data set of 42 loci as the “truth” we found both type I and type II error in subsets 

as large as 20 loci. This was likely due to the large amount of discordance observed 

between the locus gene trees. This discordance, in turn, may be due to the stochastic 

nature of coalescence in addition to the specific demographic features of our study 

system: population subdivision with low ongoing migration. Even though our analysis 

suggested that more than 20 loci were likely necessary for IMa2p analysis, this is not a 

universal recommendation. Instead, if sets of loci show high levels of discordance in the 

gene trees, more loci are likely needed and if sets of loci show low levels of discordance, 

additional loci are unlikely to improve accuracy. Gene trees provide a useful lens for 

assessing population data and the ability to construct gene-trees is one of the strengths 

of bi-allelic amplicon sequencing. 
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4 Connectivity in Abyssogena southwardae across the 
Atlantic-Equatorial Belt using a next-generation 
multilocus amplicon dataset  

4.1 Introduction 

The deep Atlantic Ocean harbors multiple types of reducing habitats that 

support chemosynthetic communities including cold seeps, hydrothermal vents and 

whale falls. Cold seeps are found along the continental margins of the Atlantic (Cordes 

et al. 2007; Roy et al. 2007; Sibuet & Roy 2003) and evidence from methane leakage 

suggests undiscovered seeps may be abundant on passive margins (Skarke et al. 2014). 

Seep environments can also be associated with sub-marine volcanos, as is the case at 

Kick’em Jenny (Carey et al. 2014).  Hydrothermal vents in the Atlantic are found mostly 

associated with the Mid-Atlantic Ridge (Kelley et al. 2001; Rona et al. 1986; Van Dover 

1995). Whale-fall supported chemosynthetic environments have also been found in the 

deep Atlantic Ocean (Sumida et al. 2016). These chemosynthetic ecosystems vary in their 

species composition due to abiotic features such as chemical composition (Bienhold et al. 

2013; Luther et al. 2001), temperature (Shank et al. 1998) and depth (Carney 2005; Cordes 

et al. 2010a; Cordes et al. 2010b). Biogeographic studies of Atlantic cold seeps suggest 

that ecosystems with similar depth and chemical features can support similar 

communities across entire ocean basins (Cordes et al. 2007; Olu et al. 2010). The shared 

megafaunal taxa across the Atlantic Equatorial Belt was estimated at 30% despite limited 

species level pairing across the region  (Olu et al. 2010).   
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Table 14: Distance (kilometers) between sampled sites of Abyssogena southwardae in 

the Atlantic Ocean. 

   BAR MAR  

  GOM Volcano A Atalante Manon Logatchev Clueless AFR 

 GOM 0       

BAR 

Volcano A 4028 0      

Atalante  4040 12 0     

Manon 4052 25 13 0    

MAR 

Logatchev 5173 1380 1368 1357 0   

Clueless 8634 5244 5235 5521 4101 0  

 AFR 9952 6986 6975 6965 5866 2040 0 

 

The deep-sea clam Abyssogena southwardae is one of the species shared across the 

Atlantic Equatorial Belt (Fig 35, Table 14) from the Gulf of Mexico to the Gulf of Guinea 

Figure 35: Distribution of Abyssogena southwardae populations in the Atlantic Ocean. 

Evidence of populations based on shells or visual ROV confirmation have not been 

confirmed using genetics. Inset shows 4 mud volcanoes in the Barbados Accretionary 

Prims. Clams were sampled from Volcano A, Atalante and Manon. 
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(Krylova et al. 2010; Teixeira et al. 2013). Populations of A. southwardae have been 

sampled for genetic analysis from the Gulf of Mexico (GoM), the Barbados Accretionary 

Prism (BAR), the Mid-Atlantic Ridge (MAR) and seeps off of West Africa (AFR). A. 

southwardae is one of the few amphi-Atlantic seep species that is also found associated 

with hydrothermal vents at the Mid-Atlantic Ridge: Branchipolynoe seepensis (Olu et al. 

2010) and Alvinocaris muricola (Komai & Segonzac 2005) share this pattern.  It has been 

proposed based on COI sequencing that the Mid-Atlantic Ridge serves as a stepping-

stone between the Eastern and Western Atlantic in both A. southwardae and Alvinocaris 

muricola (Teixeira et al. 2013).  In contrast, sequencing of 92 additional COI loci from 

Western Atlantic A. southwardae suggested an absence of gene flow between the Mid-

Atlantic Ridge and West African seeps (Chapter 1: LaBella et al. 2016). Gene flow was 

detected between the Mid-Atlantic Ridge and the Barbados Accretionary Prism but the 

direction could not be determined. Surprisingly, three individuals from the West African 

seeps were nested within the samples collected from the West Florida Escarpment. 

Based only on COI data we were unable to distinguish between ongoing gene flow 

between these distant sites (WFE and AFR) and incomplete lineage sorting due to recent 

colonization (Chapter 1: LaBella et al. 2016). With only COI data it is difficult to assess 

the direction or magnitude of ongoing gene flow between populations of A. southwardae 

in the Atlantic. 
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In the deep-sea, multilocus sequencing has contradicted population level 

conclusions reached using only COI evidence. In the siboglinid polychaetes Tevnia 

jerichoana and Riftia pachyptila COI data suggested population sub-division via isolation 

by distance along the East Pacific Rise (EPR) (Hurtado et al. 2004).  Further work in T. 

jerichoana, which added two nuclear and one mitochondrial locus, showed instead that 

the central region of the East Pacific Rise was an area of intergradation between two 

geographically separated lineages (Zhang et al. 2015). Similarly in R. pachyptila, the 

addition of three nuclear and one mitochondrial locus suggested that population 

structure in the EPR may be due to high dispersal in combination with high rates of local 

extinction (Coykendall et al. 2011). Even more nuclear loci (10 or more) may be necessary 

in complex non-equilibrium scenarios where discordance is high between loci (see 

Chapters 2 and 3).  Recent advances in next-generation sequencing (NGS) have enabled 

large population level genetic datasets (more individuals and more loci) to be collected 

in the deep-sea (Jang et al. 2016). 

In vent and seep associated fauna two types of NGS have dominated population 

level analysis: restriction site associated DNA (RAD) sequencing (Herrera et al. 2015; 

Miller et al. 2007; Xu et al. 2016) and amplicon sequencing (Jang et al. 2016; Zhang et al. 

2016). Additionally transcriptomes (Chapter 1 and 2: Bettencourt et al. 2010; LaBella et al. 

2016; Wong et al. 2015) and mitochondrial genomes (Li et al. 2015; Liu et al. 2016; Osca et 

al. 2014; Yang et al. 2012) have been constructed for some species in the deep-sea but 
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have not yet been used for population level analyses. Draft transcriptomes are 

particularly useful for developing primers for amplicon production and subsequent 

NGS (O'Neill et al. 2012). Additionally, amplicon sequencing produces bi-allelic data 

across many individuals and loci by utilizing unique barcodes and pooling sequences 

(Feng et al. 2016; O'Neill et al. 2012).  This bi-allelic data is useful for coalescent methods 

that utilize multiple gene trees to assess migration under assumptions of migration drift 

equilibrium (Migrate-n: Beerli & Felsenstein 1999; Beerli & Palczewski 2010) and without 

assumptions of equilibrium (IMa2: Hey 2010a; Hey & Nielsen 2004). Bi-allelic amplicons 

also provide frequency based information for examining population structure (Pritchard 

et al. 2000).  

In the present study we used 5 bi-allelic nuclear loci to further explore the 

possibility of the Mid-Atlantic Ridge as a stepping-stone connecting the Eastern and 

Western Atlantic populations of the deep-sea clam Abyssogena southwardae. This data 

also allowed us to test if the genetic similarity previously uncovered (Chapter 1) 

between A. southwardae populations in the West Florida Escarpment and the West 

African seeps is due to ongoing gene flow or incomplete lineage sorting.  This analysis 

can provide insight into the ongoing debate concerning the possibility of ultra-long 

distance dispersal in deep-sea organisms.  
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4.2 Materials and methods 

4.2.1 Sample Collection 

A distribution of the collection sites is shown in Fig 35 and listed in Table 15. A. 

southwardae samples from the Barbados Accretionary Prism and the West Florida 

Escarpment were collected on two Seep-Connectivity (SeepC) expeditions in the Atlantic 

Ocean: R/V Atlantis cruise 21-02 to BAR in 2011 using the ROV Jason and R/V Atlantis 

cruise 26-15 to WFE in 2014 using HOV Alvin (CL Van Dover, Chief Scientist). Clams 

were preserved as described in Chapter 1 (LaBella et al. 2016). Three A. southwardae 

tissue samples from the Mid-Atlantic Ridge vent Clueless (van der Heijden et al. 2012) 

were provided by Dr. Christian Borowski. Two additional individuals from Logatchev 

on the Mid-Atlantic Ridge were provided by Dr. Robert Vrijenhoek (Audzijonyte et al. 

2012). DNA was extracted from preserved tissues using a cetyltrimethylammonium 

bromide CTAB extraction (Doyle & Dickson 1987). DNA samples from 34 individuals 

from the Western African seeps were provided by Dr. Karine Olu-Le Roy, Dr. Carole 

Decker and Dr. Sophie Arnaud-Haond. These samples were collected during the WACs 

and Congolobe cruises and DNA was extracted as described in Teixeira et al. (2013).   

Table 15: Abyssogena southwardae sample information including habitat. 

Ridge System or Continental 

Margin 

# of 

Individuals 

Habitat 

Type 

Depth Distribution 

(meters) 

Barbados Accretionary Prism 45 Seep 4,742- 5,000 

West Florida Escarpment 10 Seep 3,313 - 3288 

N Mid-Atlantic Ridge 4 Vent 3,038 

S Mid-Atlantic Ridge 2 Vent 2,995 

West African Coast 29 Seep 3,089 - 4946 
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4.2.2 Primer Development 

Amplicon primers were developed from a de novo assembled transcriptome. 

RNA was extracted from 2 Abyssogena southwardae individuals and sequenced using 

Illumina Hiseq 2500 V3 chemistry at the Duke Genome Sequencing & Analysis Core 

Resource. A de novo assembly was performed using the assembler Trinity (Grabherr et al. 

2011; Haas et al. 2013). The assembled contigs were then translated into all possible 

amino acid reading frames using sixpack from EMBOSS (Rice et al. 2000). Small 

translated contigs of less than 30 amino acids were removed with a custom perl script. 

These contigs were then reciprocally Blast using the script orthoparahomlist.pl (Stanke 

2001) against the Drosophila melanogaster sequences from the eggNOG (evolutionary 

genealogy of genes: Non-supervised Orthologous Groups) protein database (Jensen et al. 

2008; Powell et al. 2014). The contigs were also Blast against the templates generated 

from the amplicon sequencing of the deep-sea limpet Lepetodrilus aff. scholii (Chapter 2). 

The original nucleotide contigs with a single reciprocal blast ortholog (as determined by 

the orthoparahomlist.pl script) were then aligned to the genomic sequence from D. 

melanogaster using est2genome from EMBOSS (Rice et al. 2000). Aligned contigs were 

then screened for the presence of introns as predicted by est2genome. Contigs with 

putative introns of 60 bp or more were then aligned with both D. melanogaster genomic 

DNA and CDS sequences to verify the presence of an intron. Primers were designed in 

the exonic region flanking the introns using IDT PrimerQuest (IDT: 
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https://www.idtdna.com/Primerquest/Home/Index) with a matching annealing 

temperature of approximately 60°C. Mitochondrial contigs were identified by Blasting 

(Zhang et al. 2000)  the de novo assembled contigs against the Calyptogena magnifica 

mitochondrial genome (Liu et al. 2016). Primers were designed using IDT PrimerQuest 

with target length of about 1 kb.  

4.2.3 DNA Amplification, Barcoding and Sequencing 

Genomic DNA was extracted from 90 individuals of Abyssogena southwardae from 

the 4 populations (Table 14). Primers were tested on 2 individuals from each of the 4 

populations of interest (BAR.160, BAR. 166, MAR1, MAR2, GOM.5885, GOM.5888, 

AFR.V4, AFR.V3.) PCR reactions were set up in a total of 15 μl containing 7.5 μl of 

KAPA HiFi HotStart Readymix (KAPA Biosystems), 0.45μl each of the forward and 

reverse primers, 0.5 μl of 10 – 100 ng/μl genomic DNA and 6.1 μl of water. Primers were 

tested originally with a PCR thermocycling protocol of 95°C for 3min, 35 cycles of 93°C 

for 30 s, 53°C for 40 s and 72°C for 1 min with a final extension of 72°C for 5 min. 

Parameters were adjusted slightly to optimize each PCR reaction prior to deployment 

across all the individuals. Amplification was deemed successful if a clear band was 

amplified in at least 1 individual from each population. Multiple bands that varied in 

size by 200 bp or more were accepted in three cases under the assumption that they 

were amplifying two distinct regions. Deployment across the set of 94 individuals was 

performed with the same PCR chemistry and the pre-determined optimal PCR cycling. 
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Amplified fragments ranged from approximately 200 bp to 1 kb. Nine mitochondrial 

amplicons and 23 nuclear regions were amplified across the individuals.  

The barcoding procedure was based on the work by Feng et al. (2016). This 

method is a cost-efficient alternative to the proprietary Illumina Nextera XT kit 

(Illumina) although it does require additional investment of time. Of the 32 loci 

amplified, 26 were large enough (>200 bp) to need sheering prior to barcoding. For each 

of the 26 larger PCR products, 3 μl were combined to produce one pooled sample per 

individual. Pooled samples were purified using QIAquick PCR Purification columns 

(Qiagen) according to the manufacturer’s specifications. From the pooled DNA 16 μl 

were fragmented by incubating for 30 min at 37°C with 2 μl NEBNext dsDNA 

Fragmentase (New England Biolabs) and 2 μl 10x NEBNext dsDNA Fragmentase Buffer 

v2 (New England BioLabs). The reaction was stopped by adding 5 μl of 0.5M EDTA. 

This fragmented the amplicons into approximately 200bp pieces. At this point the 6 

smaller amplicons were pooled with the fragmented DNA from each individual and 

then each sample was purified using QIAquick PCR Purification columns (Qiagen). 

Barcodes were designed as in Feng et al. (2016) where one end has a 3’-T overhang and a 

5’-phosphate and the other has a 3’-C overhang and a 5’-OH. Due to the number of 

individuals tagged in this study, 47 barcodes of 10 bp were used to ensure that all 

barcodes were at least 2 bp diverged from every other barcode. Unique barcode 

sequences were adapted from Wong et al. (2013) and ordered from IDT.  
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Amplicons were prepared for barcoding using the NEBNext Ultra End 

Repair/dA-Tailing Module (New England Biolabs) according to the manufacturer’s 

specifications. These reactions were immediately treated with 15 μl of Blunt/TA Ligase 

Master Mix (New England Biolabs) and 6 μl of 200 μM barcode. Each reaction was 

incubated for 20 min at room temperature and then immediately cleaned up with a 

Qiaquick PCR Purification column (Qiagen) and stored at 4°C until sequencing. Each 

barcode was used for two unique individuals, therefore two sets of uniquely barcoded 

amplicon pools were created to avoid duplicate barcodes. Libraries were prepared and 

sequenced by the Duke Genome Sequencing & Analysis Core Resource using Illumina 

MiSeq 300bp Paired End V3 chemistry. Fastq files were generated and Illumina adapters 

removed post-analysis in Illumina’s BaseSpace (basespace.illumina.com). 

4.2.4 Amplicon Assembly 

The two sequenced libraries were separated into individual specific paired-end 

libraries according to barcode using a custom perl script. Only exact matches at the 

beginning of the read were included in this analysis. To create assembly templates for 

each amplicon, three different methods were used. First, mitochondrial amplicon 

templates were generated from the transcriptome data assuming there would be no 

intronic regions. Second, Seqman NGen (DNAStar®) was used to de novo assemble 

contigs for one individual with a large amount of sequence data (BAR.130). De novo 

genomic contigs were compared against the transcriptome contigs using Blast (Altschul 
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et al. 1990). If the forward and/or reverse primers corresponding to the transcriptome 

were located at the beginning/end of the genomic contig, the genomic contig was used 

as a template. The third method was to extract all paired reads containing either the 

forward or reverse primer from the pooled libraries containing all individuals. The 

sequences containing these primers were then de novo assembled and compared to the A. 

southwardae transcriptome. Contigs with high similarity to the transcriptome were used 

as templates.  Interestingly there were no instances of either the forward or reverse 

primer in 4 of the pooled amplicons. If a template was still lacking for an amplicon the 

original transcript was used as a template for assembly. The templates were split into 

nuclear and mitochondrial for ease of analysis.  

Template referenced assemblies for each individual were conducted using 

SeqMan NGen (DNAStar®). The template reference assemblies were then run through 

the “read-only” phasing procedure described in Chapter 2. Alleles for each individual 

were then combined into a single fasta file and aligned using MAFFT (Katoh et al. 2002).  

4.2.5 Population Analysis  

Phase bi-allelic loci were edited to conform to the infinite sites model by 

removing recombinant alleles, recombinant regions and nucleotide sites with more than 

2 variants using IMGC (Woerner et al. 2007). Loci were combined into a single file for 

analysis in STRUCTURE v2.3.2.1  (Falush et al. 2003; Pritchard et al. 2000) using the 

program xmfa2struct (available at 
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http://www.xavierdidelot.xtreemhost.com/clonalframe.htm?i=1). STRUCTURE was run 

using the admixed model and the non-admixed model since previous work (Chapter 1) 

suggested there may be gene flow between some populations. The linkage model was 

invoked in the admixed run with both inter-marker distances calculated by the number 

of basepairs between variable sites and linkage groups designated between loci. The 

phase was designated as unknown. Structure was run 5 times for k populations from 1 

to 5 for the admixed model. An additional 5 runs were performed for the non-admixed 

model. Structure results were analyzed using Structure Harvester (Earl & Vonholdt 

2012) and Clumpak (Kopelman et al. 2015). 

IMa2p (Hey 2010a, b; Sethuraman & Hey 2016) was run on 4 sets of population 

comparisons: Mid-Atlantic Ridge vs West African seeps (MAR vs AFR), Gulf of Mexico 

(GoM) vs West African Seeps (AFR), Barbados Accretionary Prism vs Mid-Atlantic 

Ridge (BAR vs MAR), and Barbados Accretionary Prism vs West African Seeps (BAR vs 

AFR). IMa2 priors and run parameters for M-Mode were based on estimates and run 

performance from Chapter 1: heating of the 80 MCMC chains was set to –ha 0.95 and –

hb 0.3 and priors were set to θ=100, m=5 and t=4.  After 400,000 steps of burn-in, 1000,000 

genealogies were recorded. Run performance was measured by comparison of SET1 and 

SET2 as well as visual inspection of parameter convergence. L-Mode was then run on 

the trees generated from M-Mode to assess demographic models and then we calculated 

Akaike Information Criterion (Akaike 1976).  

http://www.xavierdidelot.xtreemhost.com/clonalframe.htm?i=1
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4.3 Results 

4.3.1 Amplicon Sequencing 

Amplification was successful for 91 individuals. Barcodes were not detected for 

one individual from AFR. Using the most stringent filtering methods and alignment 

parameters in SeqMan NGen, the template-based assemblies resulted in 10s to 1000s of 

reads per locus/template. Assemblies with less than 25 reads were not considered in this 

analysis.  Of the 32 sequenced loci, the first 5 to be assembled, aligned, run through 

IMGC and analyzed were all nuclear loci (Table 16). 

Table 16: First 5 nuclear loci analyzed in Abyssogena southwardae.  

Template Name Genome Type Length after IMGC Number of Alleles after IMGC 

   GOM BAR MAR AFR 

CG5044 Nuclear 235 bp 2 12 4 17 

CG7966 Nuclear 264 bp 7 79 8 32 

RpL36A Nuclear 258 bp 2 58 8 29 

slmb Nuclear 235 bp 10 62 6 19 

Snx3 Nuclear 243 bp 12 82 8 20 

 

4.3.2 Population Structure Results 

For the STRUCTURE analysis the optimal K selected using StructureHarvester 

for the admixed model was K=3 (Table 17). No optimal K could be selected in the non-

admixed model.  STRUCTURE analysis using the admixed model did not show 

significant population structure that corresponded to sampled populations (only 

individuals with less than 80% missing data were included; Fig 36). Slightly more 

population structure was detected in the non-admixture model (Fig 37) where several 
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populations are composed of mostly a single cluster (Volcano A and AFR in K=2, Manon 

and GoM in K=3).  In the K=3 non-admixed model, individuals from Volcano A and 

Manon are predominantly in different clusters (Manon with Red and Volcano with 

Green) with Atalante intermediate between the two clusters (some Red and Green.) 

Furthermore, in the K=3 and K=4 non-admixed models the individuals from Logatchev 

appear fall into a different cluster from 2 of the 3 individuals from Clueless (Fig 27).  

 

Table 17: Assessment of K populations in STRUCTURE for admixture model. 

Optimal K as assessed by Evanno’s method was 3 

# K  Reps Mean LnP(K) Stdev LnP(K) Ln'(K) |Ln''(K)| Delta K 

1  5 -733.5 0 NA NA NA 

2  5 -925.8 172.9028 -192.3 334.12 1.932415 

3  5 -783.98 1.3773 141.82 96.74 70.238045 

4  5 -738.9 1.4543 45.08 11.88 8.168856 

5  5 -705.7 34.8312 33.2 NA NA 
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Figure 36: STRUCTURE results from admixture model in K2 – K4. Overall the Barbados population appears to be the 

most distinct in all Ks. In k=3 the MAR and GOM populations also have similar proportions of the K clusters.  
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Figure 37:  STRUCTURE results from the non-admixed model for K2-K4. The populations in the Barbados Accretionary Prism 

have been separated into the individual seeps/mud volcanoes and aligned east to west. The MAR populations have been 

separated into Logatchev (L) and Clueless (C). The K3 and K4 results suggest that there may be population structure within BAR.  

As in the admixture model the GOM and AFR show clustering in K=2.  
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4.3.3 IMa2 Migration Analysis  

In M-mode the confidence intervals for all migration parameters overlapped. 

Therefore, the parameter comparisons were more useful in determining the gene flow in 

the region. First, in the comparison between BAR and MAR, IMa2p gave a probability of 

0.791 that gene flow from MARBAR was greater than BARMAR. Similarly M-mode 

gave a probability of 0.788 that MARAFR was greater than AFRMAR. In both cases 

the marginal peak likelihood of migration into MAR (AFRMAR and BARMAR) was 

0. The parameter comparison could not determine the probability of greater migration 

from BARAFR versus AFRBAR nor could it determine the relationship between 

GOMAFR versus AFRGOM.  

Similar results were produced in the L-mode model testing for models with 

variable effective population sizes in IMa2 (Table 18). The models with a ΔAIC of less 

than 2 suggested no migration from AFRMAR or no migration in either direction.  

Additionally, the model testing accepted a model of bi-directional migration between 

MAR and BAR, but the magnitude of migration from BARMAR was significantly 

lower than that of BARMAR. Model testing accepted 3 models in the comparison of 

BAR and AFR. These included bi-directional migration, equal migration and no 

migration from BARAFR. In the comparison of WFE and AFR, however, only one 

model was accepted and it was unidirectional migration from AFRWFE. 
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Table 18: IMa2 L-mode model testing between populations of Abyssogena southwardae using 5 nuclear loci.  Accepted models 

with a Δ of <2 are shown in grey 

Mid-Atlantic Ridge and West African Seeps 

 log(P) #terms df 2LLR AIC ΔAIC θ MAR θ AFR θ Anc. mAFRMAR mMARAFR 

ABCDE -1.948 5 - - 13.896 2 0.5244 0.9054 0.0008 0 2.0333 

ABCDD -3.585 4 1 3.276 15.17 3.274 1.2845 2.0341 0.4888 0 [0.0000] 

ABC0D -1.948 4 1* 0 11.896 0 0.5244 0.9054 0.0008 [0.0000] 2.0333 

ABCD0 -3.49 4 1* 3.084 14.98 3.084 0.9809 1.7593 0.0876 0.5688 [0.0000] 

ABC00 -3.585 3 2* 3.276 13.17 1.274 1.2846 2.0341 0.4888 [0.0000] [0.0000] 
            

Barbados Accretionary Prism and West African Seeps 

 log(P) #terms df 2LLR AIC ΔAIC θ BAR θ MAR θ Anc. mAFRBAR mBARAFR 

ABCDE 2.784 5 - - 4.432 0 0.6624 0.8106 0.00001 0.6226 0.0899 

ABCDD 1.772 4 1 2.024 4.456 0.024 0.6517 1.1234 0.0013 0.362 [0.3620] 

ABC0D 0.6376 4 1* 4.293 6.7248 2.2928 1.1395 0.9176 0.0066 [0.0000] 0.9184 

ABCD0 1.092 4 1* 3.384 5.816 1.384 1.0492 1.3874 0.022 0.1313 [0.0000] 

ABC00 -0.3691 3 2* 6.306 6.7382 2.3062 0.7825 1.4817 0.2604 [0.0000] [0.0000] 
            

Barbados Accretionary Prims and Mid-Atlantic Ride 

 log(P) #terms df 2LLR AIC ΔAIC θ BAR θ MAR θ Anc. mMARBAR mBARMAR 

ABCDE 0.9617 5 - - 8.0766 0 0.5286 0.4119 0.00003 1.0291 0.2661 

ABCDD -2.001 4 1 5.926 12.002 3.9254 0.5288 0.4118 0.00003 0.6971 [0.6971] 

ABC0D -10.07 4 1* 22.07 28.14 20.0634 0.7241 0.4867 45.7905 [0.0000] 2.0692 

ABCD0 -1.466 4 1* 4.856 10.932 2.8554 0.5829 0.4022 0.0309 1.1982 [0.0000] 

ABC00 -45.49 3 2* 92.91 96.98 88.9034 0.7896 0.6191 1.2718 [0.0000] [0.0000] 
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Gulf of Mexico and West African Seeps 

 log(P) #terms df 2LLR AIC ΔAIC θ GOM θ AFR θ Anc. mAFRGOM mGOMAFR 

ABCDE -0.5389 5 - - 11.078 4.9962 0.3982 1.495 0.00067 0.6952 1.0084 

ABCDD -0.8426 4 1 0.6074 9.6852 3.6036 1.1182 1.856 0.0012 0.2079 [0.2079] 

ABC0D -2.137 4 1* 3.196 12.274 6.1924 0.4605 1.2104 0.0112 [0.0000] 1.6928 

ABCD0 0.9592 4 1* -2.996 6.0816 0 0.6233 1.6458 0.0015 0.3078 [0.0000] 

ABC00 -2.434 3 2* 3.79 10.868 4.7864 0.5927 1.0423 0.1661 [0.0000] [0.0000] 

            

Model Descriptions 

ABCDE – Full model 

ABCDD - Equal migration rates 

ABC0D - Coalescent migration rate zero from population 0 to population 1 

ABCD0 - Coalescent migration rate zero from population 1 to population 0 

ABC00 - Migration rates zero 

df* - test distribution of 2LLR is a mixture 
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4.4 Discussion  

 Early results from amplicon sequencing from 4 populations of Abyssogena 

southwardae, further suggest (continued from Chapter 1) that the sampled populations 

along the Mid-Atlantic Ridge are not acting as a stepping-stone between populations 

from the East and West Atlantic. Despite the vast distances between the sites (nearly 

10,000 kilometers) STRUCTURE analysis was unable to detect strong population 

structure between the populations sampled (Fig 36 and 37). Surprisingly in the K=3 

clustering of the non-admixed model, individuals from Manon in BAR (except one) 

clustered into a single group containing some individuals from other BAR sites and the 

WFE. It was unexpected to detect any level of differentiation between volcano sites 

within the Barbados Accretionary Prism. The mud volcano Atalante is only 13 

kilometers from Manon (Table 14). Individuals from the Mid-Atlantic Ridge were also 

broken into two clusters in the K=3 and K=4 results (Fig 37) although this did not 

correspond to the two populations (Logatchev and Clueless.) Finally in the K=2 

clustering in both models (Fig 36 and Fig 37) most individuals from GOM, MAR and 

WFE are assigned with a higher probably to the same group. As with the COI data 

(Chapter 1) this suggests some sort of gene flow between the Gulf of Mexico and the 

Western Africa seeps over a distance of almost 10 thousand kilometers. The addition of 

the remaining amplicons to this analysis will greatly improve the resolution of any 

population structure. Additionally, while STRUCTURE was unable to detect population 
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structure between populations, it does not take into account coalescent information 

useful for assessing migration.  

 IMa2p analysis of the 5 nuclear loci also suggests that the sampled populations of 

the Mid-Atlantic Ridge do not serve as a stepping-stone for connectivity across the 

Atlantic. The M-mode comparison of parameter values suggests that migration from 

MARBAR and MARAFR is greater than migration in the opposite direction into the 

Mid-Atlantic Ridge (BARMAR and AFRMAR). Furthermore, the marginal peak 

estimate suggest that migration BARMAR and AFRMAR are zero.  The models 

accepted in L-mode are consistent with these conclusions and suggest gene flow out of 

but not into the Mid-Atlantic Ridge in both directions, severing the connection as a 

stepping-stone. Bi-directional migration could not be ruled out between BAR and AFR 

which suggests that there may be gene flow across the Atlantic not-mediated by the 

MAR as a stepping-stone. Between GOM and AFR, the L-mode model assessment 

accepted a model without gene flow from GOMAFR. Taken together, the IMa2 results 

suggest that while the Eastern and Western Atlantic have been connected via gene flow, 

the sampled populations at the Mid-Atlantic Ridge are not likely stepping-stones. The 

gene flow detected between the Eastern and Western Atlantic should also be considered 

in the light of possible recent colonization.   
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4.5 Conclusions 

 Despite finding evidence for gene flow between the Barbados/Gulf of Mexico 

and the West African seeps, it appears that the Mid-Atlantic ridge is not serving as a 

stepping-stone due to a lack of migration into the Mid-Atlantic Ridge. If predicted 

particle models in this region are accurate (Young et al. 2012) larvae are unlikely to cross 

the entire Atlantic Equatorial Belt. Therefore, the gene flow found across the Atlantic 

Equatorial Belt is likely due to either recent colonization or undiscovered steppingstone 

populations. Recent discovery of putative populations of Abyssogena southwardae in the 

Gulf of Mexico (Sahling et al. 2003) and shell evidence from other locations in the 

Atlantic (Krylova et al. 2010) suggests that more undiscovered populations exist in the 

Atlantic. The additional coalescent information contained in the unanalyzed amplicons, 

may help to elucidate how this species of clam has spread across an entire ocean basin 

and inhabited multiple types of reducing environments.  
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5 Discussion and Future Directions 

The Abyssogena southwardae and Lepetodrilus aff. schrolli multilocus amplicon 

datasets represent two of the largest population datasets collected in the deep-sea to 

date. This was made possible by applying NGS sequencing techniques to population 

level samples collected on multiple deep-sea expeditions including the Seep-

Connectivity project (see Acknowledgements for details.) With these large population 

level datasets we were able to detect directional migration between populations of 

Lepetodrilus aff. schrolli in a non-equilibrium scenario. Fewer loci, as suggested by the 

analysis in chapter 3, may not have been able to resolve this directional migration and 

could have even resulted in concluding migration in the opposite direction. The scale of 

this analysis, in both individual and loci number, should serve as a benchmark for 

future deep-sea population studies which have previously been dominated by relatively 

low genetic sampling with a few recent exceptions (Jang et al. 2016; Zhang et al. 2016). 

While the reported analysis of Abyssogena southwardae in Chapter 4 currently has only 5 

loci, there are more loci yet to be analyzed.  

Amplicon datasets for other marine species have not been significantly larger 

(~10 loci for amplicon data) even in fish of economic and ecological importance (Hurt et 

al. 2013; Smith et al. 2015; Weber et al. 2015). The largest marine and deep-sea studies 

have been conducted on microbes (DeLong 2009; Frias-Lopez et al. 2008; Huber et al. 

2007) and environmental samples (Diez et al. 2001; Lecroq et al. 2011; Venter et al. 2004) 
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where individual level genotypes are not possible. Without individual level genotypes, 

population structure can still be examined but gene flow is difficult to disentangle. For 

this reason, individual level genotypes are preferred for population level studies. While 

large individual level multi-locus datasets have only recently become economically 

feasible in non-model species, there are many examples of large scale terrestrial studies 

of populations and species (Feng et al. 2016; O'Neill et al. 2012; Pujolar et al. 2013; Rosales 

et al. 2015; Zink et al. 2013).  The work we have done in Lepetodrilus aff. schrolli and in 

Abyssogena southwardae has illustrated how amplicon datasets provide a better lens for 

examining directional migration than traditional COI barcoding.  

Many COI analyses of populations originate from data collected while barcoding 

individuals for species identification. This is how Chapter 1 originated: individuals were 

barcoded and we discovered a new species and some interesting population dynamics. 

This led to the sequencing of a larger amplicon dataset to more fully address the 

hypotheses proposed in Chapter 1. Early results from the amplicon dataset suggest that 

we might detect population structure between sites as close as ~25 kilometers (Manon 

and Volcano A) and directional gene flow across the entire Atlantic Ocean. The strength 

of this amplicon dataset is that as more loci are assembled, multiple analyses can be run 

in addition to the STRUCTURE and IMa2 results presented here. Migrate-n (Beerli & 

Palczewski 2010) and Arlequin (Excoffier et al. 2013; Excoffier et al. 2005) operates with a 
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different set of assumptions and will provide another piece of evidence we can use to 

determine how populations of Abyssogena southwardae are connected.  

In both Abyssogena southwardae and Lepetodrilus aff. schrolli multi-locus datasets 

allowed for multi-software analyses. This feature, in addition to greater precision and 

accuracy of population demographic parameters, makes multi-locus amplicon datasets 

very appealing. The number of loci collected is influence by temporal, financial and 

logistic constraints. Determining how many loci are necessary and sufficient for 

population analysis, especially amplicons, can be difficult a priori. Researchers often look 

to simulated (Choi & Hey 2011; Quinzin et al. 2015) and empirical studies (Chapter 3) to 

design experiments. There is, however, no magic number of loci needed for all 

population studies. It depends heavily on the demographics of the populations, the 

mutation rates and the type of genetic data collected. While I cannot give an absolute 

number of loci, I suggest that amplicons should be investigated as individual loci, as 

well as together using coalescent software. This can provide insight into gene tree 

discordance and the source of the coalescent signal that is detected by IMa2. As I move 

forward with the analysis of the amplicons for Abyssogena southwardae, gene trees will 

provide an important lens for my interpretation of the coalescent software results.  

The methods deployed in these chapters can also be deployed on populations of 

other chemosymbiotic fauna or expanded to include additional populations. The 

SeepConnectivity group conducted extensive population level sampling in the Inter-



 

145 

American Sea. Population analysis between the Gulf of Mexico and the Barbados 

Accretionary Prism in other species could elucidate patterns in population connectivity 

shared between organisms. Combined with larval and ocean current data, multi-species 

population analysis could provide a multifaceted model for connectivity in this region. 

In the Pacific, sampling of limpets from intermediate populations between Lau and 

Manus of Lepetodrilus aff. schrolli could lead to the identification of stepping-stone 

populations or even isolation by distance. Amplicons sequenced from additional 

populations can easily be added to the existing datasets.  

Taking the leap from single locus analysis to barcoding amplicons for next-

generation sequencing can seem daunting in non-model species. There are, however, lab 

groups leading the way by developing multiplexed barcoding and amplicon analysis 

methods (Feng et al. 2016; O'Neill et al. 2012). These protocols make the large datasets in 

this dissertation attainable for a much wider group of scientists. While there are still 

financial, computational and technical challenges, it is likely that in the not-so-distant 

future amplicon sequencing will be left in the dust by whole genome sequencing. 

Pioneering groups have even begun to conduct genomic and metagenomic sequencing 

and analysis at sea (Lim et al. 2014). With complete genomes, researchers can ask more 

complex and varied questions with the same dataset.  
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Appendix A. Supplementary Information for Chapter 1 

 

Figure 38: Maximum likelihood tree of the vesicomyids including Vesicomyinae and 

Pliocardiinae. Branch lengths subtending species are shown.
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Figure 39: Time calibrated chronogram based on maximum likelihood estimates. The chronogram is fixed at 58 Ma at the root 

and remaining nodes are labeled with the predicted divergence time predicted. Nodes marked with red stars were estimated in 

Table 4 using both the fast and slow rate.    
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Figure 40: COI median joining mitochondrial haplotype network for 

Abyssogena southwardae populations. 
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Table 19: Sample information for Vesicomyid clams from Chapters 1 and 4.  

Species Name Accession Abbreviation in text Location Dive/Sa

mple 

No. 

Reference Lat Long Depth (meters) 

Abyssogena kaikoi AB110760  Daisan (third) Tenryu 

Submarine Canyon 

D505 (Kojima et al. 2004) 33.5500 138.4333 3800 

Abyssogena kaikoi AB110760  Off Muroto Point D261 Kojima et al. 2004 32.3500 134.9333 4600 

Abyssogena kaikoi AB110760  Off Muroto Point D261 Kojima et al. 2004 32.3500 134.8500 4800 

Abyssogena kaikoi AB110761  Dai-san Tenryu Canyon D263 Kojima et al. 2004 33.6500 137.9167 3800 

Abyssogena kaikoi AB110762  Daisan (third) Tenryu 

Submarine Canyon 

D404 Kojima et al. 2004 33.5500 138.4333 3800 

Abyssogena kaikoi AB110763  Off Muroto Point D402 Kojima et al. 2004 32.3500 134.8500 4800 

Abyssogena mariana AB629938  Shinkai Seep Field  D1234 (Ohara et al. 2012) 11.6515 143.0490 5550 

Abyssogena mariana AB629939  Shinkai Seep Field D1234 Ohara et al. 2012 11.6515 143.0490 5,550–5,861 

Abyssogena mariana AB629940  Shinkai Seep Field D1234 Ohara et al. 2012 11.6515 143.0490 5,550–5,861 

Abyssogena novacula JX196970  Offshore Peru N 11 Audzijonyte et al. 2012 -5.6300 -81.8700 4670 

Abyssogena novacula Jollivet_nova    Personal Communication 

Didier Jollivet 

   

Abyssogena phaseoliformis AB110764  Kurile Trench D623 Kojima et al. 2004 41.2717 144.6625 4700 

Abyssogena phaseoliformis AB110764  Japan Trench D671 Kojima et al. 2004 39.1000 143.8833  

Abyssogena phaseoliformis AB110765  Kurile Trench D113  41.2717 144.6625 4700–6200 

Abyssogena phaseoliformis AB479088  Kurile Trench  Okutani unpublished 41.2717 144.6625 4819 

Abyssogena phaseoliformis AF008282  Japan Trench S272 Peek et al. 1997 40.1100 144.1850 6370 

Abyssogena phaseoliformis AF008283  Japan Trench S272 Peek et al. 1997 40.1100 144.1850 6370 

Abyssogena phaseoliformis AF008284  Japan Trench S272 (Peek et al. 1997) 40.1100 144.1850 6370 

Abyssogena phaseoliformis AF114398  “Edge” site R344 Peek et al. 2000 57.4550 -147.9950 4947 

Abyssogena phaseoliformis AF114399  “Shumagin” site TVG 134 Peek et al. 2000 54.3050 -157.2133 3550 

Abyssogena phaseoliformis AF114400  "Shumagin" site TVG 134 Peek et al. 2000 54.3050 -157.2133 3550 

Abyssogena phaseoliformis Jollivet_phaseo    Personal Communication 

Didier Jollivet 

   

Abyssogena 'Ryukyu Trench' AB110774  Ryukyu Trench K103 Kojima et al. 2004 25.1833 128.1167 5900 
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Abyssogena 'Ryukyu Trench' AB110775  Ryukyu Trench K103 Kojima et al. 2004 25.1833 128.1167 5900 

Abyssogena southwardae Jollivet_south_b

ar 

BAR 42 Barbados Accretionary 

Prism 

 Personal Communication 

Didier Jollivet 

   

Abyssogena southwardae JX196983 BAR 43 Barbados Accretionary 

Prism 

N ma 13 Audzijonyte et al. 2012 13.8261 -57.649617 5000 

Abyssogena southwardae BAR_27 BAR 01 Atalante Seep J2-632 This Paper 13.8261 -57.649617 4927 

Abyssogena southwardae BAR_35 BAR 02 Atalante Seep J2-632 This Paper 13.8262 -57.649618 4927 

Abyssogena southwardae BAR_43 BAR 03 Atalante Seep J2-632 This Paper 13.8263 -57.649619 4927 

Abyssogena southwardae BAR_51 BAR 04 Atalante Seep J2-632 This Paper 13.8264 -57.649620 4927 

Abyssogena southwardae BAR_60 BAR 05 Atalante Seep J2-632 This Paper 13.8264 -57.649620 4927 

Abyssogena southwardae BAR_118 BAR 06 Atalante Seep J2-632 This Paper 13.8265 -57.649621 4927 

Abyssogena southwardae BAR_124 BAR 07 Atalante Seep J2-632 This Paper 13.8266 -57.649622 4927 

Abyssogena southwardae BAR_130 BAR 08 Atalante Seep J2-632 This Paper 13.8267 -57.649623 4927 

Abyssogena southwardae BAR_136 BAR 09 Atalante Seep J2-632 This Paper 13.8268 -57.649624 4927 

Abyssogena southwardae BAR_142 BAR 10 Atalante Seep J2-632 This Paper 13.8269 -57.649625 4927 

Abyssogena southwardae BAR_148 BAR 11 Atalante Seep J2-632 This Paper 13.8270 -57.649626 4927 

Abyssogena southwardae BAR_154 BAR 12 Atalante Seep J2-632 This Paper 13.8271 -57.649627 4927 

Abyssogena southwardae BAR_160 BAR 13 Atalante Seep J2-632 This Paper 13.8272 -57.649628 4927 

Abyssogena southwardae BAR_166 BAR 14 Atalante Seep J2-632 This Paper 13.8273 -57.649629 4927 

Abyssogena southwardae BAR_172 BAR 15 Atalante Seep J2-632 This Paper 13.8274 -57.649630 4927 

Abyssogena southwardae BAR_178 BAR 16 Atalante Seep J2-632 This Paper 13.8275 -57.649631 4927 

Abyssogena southwardae BAR_184 BAR 17 Atalante Seep J2-632 This Paper 13.8276 -57.649632 4927 

Abyssogena southwardae BAR_210 BAR 18 Atalante Seep J2-632 This Paper 13.8277 -57.649633 4927 

Abyssogena southwardae BAR_222 BAR 19 Atalante Seep J2-632 This Paper 13.8278 -57.649634 4927 

Abyssogena southwardae BAR_228 BAR 20 Atalante Seep J2-632 This Paper 13.8279 -57.649635 4927 

Abyssogena southwardae BAR_234 BAR 21 Atalante Seep J2-632 This Paper 13.8280 -57.649636 4927 

Abyssogena southwardae BAR_241 BAR 22 Atalante Seep J2-632 This Paper 13.8281 -57.649637 4927 

Abyssogena southwardae BAR_248 BAR 23 Atalante Seep J2-632 This Paper 13.8282 -57.649638 4927 

Abyssogena southwardae BAR_302 BAR 24 Atalante Seep J2-632 This Paper 13.8283 -57.649639 4927 

Abyssogena southwardae BAR_306 BAR 25 Atalante Seep J2-632 This Paper 13.8284 -57.649640 4927 

Abyssogena southwardae BAR_314 BAR 26 Atalante Seep J2-632 This Paper 13.8285 -57.649641 4927 

Abyssogena southwardae BAR_320 BAR 27 Atalante Seep J2-632 This Paper 13.8285 -57.649641 4927 

Abyssogena southwardae BAR_326 BAR 28 Atalante Seep J2-632 This Paper 13.8285 -57.649641 4927 

Abyssogena southwardae BAR_332 BAR 29 Atalante Seep J2-632 This Paper 13.8285 -57.649641 4927 

Abyssogena southwardae BAR_338 BAR 30 Atalante Seep J2-632 This Paper 13.8286 -57.649642 4927 
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Abyssogena southwardae BAR_344 BAR 31 Atalante Seep J2-632 This Paper 13.8287 -57.649643 4927 

Abyssogena southwardae BAR_350 BAR 32 Atalante Seep J2-632 This Paper 13.8288 -57.649644 4927 

Abyssogena southwardae BAR_356 BAR 33 Atalante Seep J2-632 This Paper 13.8289 -57.649645 4927 

Abyssogena southwardae BAR_362 BAR 34 Atalante Seep J2-632 This Paper 13.8290 -57.649646 4927 

Abyssogena southwardae BAR_368 BAR 35 Atalante Seep J2-632 This Paper 13.8291 -57.649647 4927 

Abyssogena southwardae BAR_374 BAR 36 Atalante Seep J2-632 This Paper 13.8292 -57.649648 4927 

Abyssogena southwardae BAR_380 BAR 37 Atalante Seep J2-632 This Paper 13.8293 -57.649649 4927 

Abyssogena southwardae BAR_386 BAR 38 Atalante Seep J2-632 This Paper 13.8294 -57.649650 4927 

Abyssogena southwardae BAR_392 BAR 39 Atalante Seep J2-632 This Paper 13.8294 -57.649650 4927 

Abyssogena southwardae BAR_397 BAR 40 Atalante Seep J2-632 This Paper 13.8295 -57.649651 4927 

Abyssogena southwardae BAR_405 BAR 41 Atalante Seep J2-632 This Paper 13.8296 -57.649652 4927 

Abyssogena southwardae BAR_459 BAR 44 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_466 BAR 45 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_473 BAR 46 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_480 BAR 47 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_487 BAR 48 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_493 BAR 49 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_500 BAR 50 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_507 BAR 51 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_514 BAR 52 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_521 BAR 53 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_528 BAR 54 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_530 BAR 55 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_540 BAR 56 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_546 BAR 57 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_552 BAR 58 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_558 BAR 59 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_564 BAR 60 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_570 BAR 61 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_582 BAR 62 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_588 BAR 63 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_594 BAR 64 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_600 BAR 65 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_796 BAR 66 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_800 BAR 67 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 
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Abyssogena southwardae BAR_806 BAR 68 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_812 BAR 69 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_818 BAR 70 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_824 BAR 71 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_830 BAR 72 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_836 BAR 73 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_842 BAR 74 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_848 BAR 75 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_854 BAR 76 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_890 BAR 77 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_896 BAR 78 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_901 BAR 79 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_906 BAR 80 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_911 BAR 81 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_916 BAR 82 Manon Seep J2-633 This Paper 13.777733 -57.54255 4742 

Abyssogena southwardae BAR_1053 BAR 83 Volcano A J2-634 This Paper 13.85655 -57.760683 4944 

Abyssogena southwardae BAR_1064 BAR 84 Volcano A J2-634 This Paper 13.85655 -57.760683 4944 

Abyssogena southwardae BAR_1071  Volcano A J2-634 This Paper 13.85655 -57.760683 4944 

Abyssogena southwardae BAR_1079  Volcano A J2-634 This Paper 13.85655 -57.760683 4944 

Abyssogena southwardae BAR_1087  Volcano A J2-634 This Paper 13.85655 -57.760683 4944 

Abyssogena southwardae BAR_1095  Volcano A J2-634 This Paper 13.85655 -57.760683 4944 

Abyssogena southwardae BAR_1103  Volcano A J2-634 This Paper 13.85655 -57.760683 4944 

Abyssogena southwardae BAR_1110  Volcano A J2-634 This Paper 13.85655 -57.760683 4944 

Abyssogena southwardae BAR_1116  Volcano A J2-634 This Paper 13.85655 -57.760683 4944 

Abyssogena southwardae BAR_1122  Volcano A J2-634 This Paper 13.85655 -57.760683 4944 

Abyssogena southwardae BAR_1130  Volcano A J2-634 This Paper 13.85655 -57.760683 4944 

Abyssogena southwardae BAR_1140  Volcano A J2-634 This Paper 13.85655 -57.760683 4944 

Abyssogena southwardae BAR_1146  Volcano A J2-634 This Paper 13.85655 -57.760683 4944 

Abyssogena southwardae BAR_1152  Volcano A J2-634 This Paper 13.85655 -57.760683 4944 

Abyssogena southwardae BAR_1170  Volcano A J2-634 This Paper 13.85655 -57.760683 4944 

Abyssogena southwardae Jollivet_south_w

fe 

WFE 13   Personal Communication 

Didier Jollivet 

   

Abyssogena southwardae AF008280 WFE 11 West Florida Escarpment A2542 Peek et al. 1997 26.0300 -84.9100 3313 

Abyssogena southwardae AF008281 WFE 12 West Florida Escarpment A2542 Peek et al. 1997 26.0300 -84.9100 3313 

Abyssogena southwardae WFE_5885 WFE 01 West Florida Escarpment A4734 This Paper 26.028683 -84.91015 3284 
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Abyssogena southwardae WFE_5888 WFE 02 West Florida Escarpment A4734 This Paper 26.028683 -84.91015 3284 

Abyssogena southwardae WFE_6517 WFE 03 West Florida Escarpment A4736 This Paper 26.029233 -84.49106 3288 

Abyssogena southwardae WFE_6519 WFE 04 West Florida Escarpment A4736 This Paper 26.029233 -84.49106 3288 

Abyssogena southwardae WFE_6521 WFE 05 West Florida Escarpment A4736 This Paper 26.029233 -84.49106 3288 

Abyssogena southwardae WFE_6523 WFE 06 West Florida Escarpment A4736 This Paper 26.029233 -84.49106 3288 

Abyssogena southwardae WFE_6525 WFE 07 West Florida Escarpment A4736 This Paper 26.029233 -84.49106 3288 

Abyssogena southwardae WFE_6527 WFE 08 West Florida Escarpment A4736 This Paper 26.029233 -84.49106 3288 

Abyssogena southwardae WFE_6529 WFE 09 West Florida Escarpment A4736 This Paper 26.029233 -84.49106 3288 

Abyssogena southwardae WFE_6998 WFE 10 West Florida Escarpment A4737 This Paper 26.028333 -84.911667 3065 

Abyssogena southwardae MAR4  Clueless ATA 52 

ROV 11 

Dr. Christian Borowski -4.4000 -12.3700 2995 

Abyssogena southwardae MAR5  Clueless 125 

ROV-7 

Dr. Christian Borowski -4.4000 -12.3700 2995 

Abyssogena southwardae MAR6  Clueless 125 

ROV-7 

Dr. Christian Borowski -4.4000 -12.3700 2995 

Abyssogena southwardae MAR1  Logatchev C1-2542 Dr. Robert Vrijenhoek     

Abyssogena southwardae MAR2  Logatchev 2542 Dr. Robert Vrijenhoek    

Abyssogena southwardae AF114401 MAR 01 Logatchev A3133 Peek et al. 2000 14.7532 -44.9805 3038 

Abyssogena southwardae AF114402 MAR 02 Logatchev A3133 Peek et al. 2000 14.7532 -44.9805 3038 

Abyssogena southwardae AF114403 MAR 03 D3133 Logatchev A3133 Peek et al. 2000 14.7532 -44.9805 3038 

Abyssogena southwardae AF114404 MAR 04 AD3133 Logatchev A3133 Peek et al. 2000 14.7532 -44.9805 3038 

Abyssogena southwardae AF114405 MAR 05 AD3133 Logatchev A3133 Peek et al. 2000 14.7532 -44.9805 3038 

Abyssogena southwardae EU403471 MAR 06 Logatchev A3668 Stewart et al. 2008 14.7553 -44.9798 3028 

Abyssogena southwardae JQ844786 MAR 07 Clueless ATA 52 

ROV 11 

van der Heijden et al. 

2012 

-4.4000 -12.3700 2995 

Abyssogena southwardae JQ844787 MAR 08 Clueless ATA 52 

ROV 11 

van der Heijden et al. 

2012 

-4.4689 -12.3672 2995 

Abyssogena southwardae JX900981 AFR 33 Gulf of Guinea WormHole 

pockmark 

 Teixeira et al. 2013 -4.7508 9.9342 3089 

Abyssogena southwardae JX900982 AFR 01/BV1 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX900983 AFR 02/BV2 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX900984 AFR 03/BV3 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX900985 AFR 04/BV7 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX900986 AFR 05/BV5 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX900987 AFR 06/BV4 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 
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Abyssogena southwardae JX900988 AFR 07/BV6 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX900989 AFR 08/BV8 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX900990 AFR 09/BV9 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX900991 AFR 10/BV10 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX900992 AFR 11/BV11 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX900993 AFR 12/BV12 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX900994 AFR 13/BV13 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX900995 AFR 14/BV14 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX900996 AFR 15/BV15 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX900997 AFR 16/BV18 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX900998 AFR 17/BV23 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX900999 AFR 18/BV25 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX901000 AFR 19/BV65 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX901001 AFR 20/BV27 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX901002 AFR 21/BV28 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX901003 AFR 22/BV39 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX901004 AFR 23/BV30 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX901005 AFR 24/BV31 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX901006 AFR 25/BV34 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX901007 AFR 26/BV35 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX901008 AFR 27/AV4 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX901009 AFR 28/CV1 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX901010 AFR 29/CV42 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX901011 AFR 30/FV1 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX901012 AFR 31/FV2 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX901013 AFR 32/FV6 Lobes of Congo  Teixeira et al. 2013 -6.4683 6.0000 4946 

Abyssogena southwardae JX901014 AFR 34/WH2 Gulf of Guinea WormHole 

pockmark 

 Teixeira et al. 2013 -4.7508 9.9342 3089 

         
Calyptogena costaricana AF008292  Peruvian Upper Slope Scarp PL-6 Peek et al. 1997 -5.5333 -81.5333 2500 

Calyptogena costaricana AY143325  Monterey Canyon  T217-218 (Goffredi et al. 2003) 36.6298 -122.3320 2200 

Calyptogena costaricana AY143326  Monterey Canyon  T217-218 Goffredi et al. 2003 36.6298 -122.3320 2200 

Calyptogena costaricana AY143327  Monterey Canyon  T217-218 Goffredi et al. 2003 36.6298 -122.3320 2200 

Calyptogena costaricana AY143328  Monterey Canyon  T217-218 Goffredi et al. 2003 36.6298 -122.3320 2200 

Calyptogena costaricana AY143329  Monterey Canyon  T217-218 Goffredi et al. 2003 36.6298 -122.3320 2200 
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Calyptogena costaricana AY143330  Monterey Canyon  T217-218 Goffredi et al. 2003 36.6298 -122.3320 2200 

Calyptogena costaricana AY143331  Monterey Canyon  T217-218 Goffredi et al. 2003 36.6298 -122.3320 2200 

Calyptogena costaricana AY143332  Monterey Canyon  T217-218 Goffredi et al. 2003 36.6298 -122.3320 2200 

Calyptogena costaricana AY143333  Monterey Canyon  T217-218 Goffredi et al. 2003 36.6298 -122.3320 2200 

Calyptogena costaricana AY143334  Monterey Canyon  T217-218 Goffredi et al. 2003 36.6298 -122.3320 2200 

Calyptogena costaricana EU403474  Monterey Canyon  T217-218 (Stewart et al. 2008) 36.6298 -122.3320 2000 

Calyptogena costaricana JX196980  Pacific Ocean: Costa Rica 

margin, Meteor 54/3 

TVG 134 Audzijonyte et al. 2012 10.0100 -86.1900 2258 

Calyptogena fausta AB110742  Off Toi, Suruga Bay D576 Kojima et al. 2004 34.9167 138.6500 1500 

Calyptogena fausta AB110742  Yukie Ridge KN14 Kojima et al. 2004 33.8333 137.9153 1900–2200 

Calyptogena fausta AB110742  Daiichi (first) Kumano Knoll D678 Kojima et al. 2004 33.7167 137.0833 1900 

Calyptogena fausta AB110743  Yukie Ridge KN14 Kojima et al. 2004 33.8333 137.9153 1900–2200 

Calyptogena fausta AB110743  Daiichi (first) Kumano Knoll D678 Kojima et al. 2004 33.7167 137.0833 1900 

Calyptogena gallardoi KC164255  Concepción Methane Seep 

Area 

37a Valdes et al. 2012 -36.3667 -73.7167 750 

Calyptogena gallardoi KC164256  Concepción Methane Seep 

Area 

37b Valdes et al. 2012 -36.3667 -73.7167 750-1000 

Calyptogena gallardoi KC164257  Concepción Methane Seep 

Area 

37c Valdes et al. 2012 -36.3667 -73.7167 750-1000 

Calyptogena gallardoi KC164258  Concepción Methane Seep 

Area 

37b Valdes et al. 2012 -36.3667 -73.7167 750-1000 

Calyptogena lepta AF008290  Guaymas Basin Dive 

2234 

Peek et al. 1997 27.0033 -111.4083 2020 

Calyptogena lepta AF008291  Guaymas Basin Dive 

2235 

Peek et al. 1997 26.9983 -111.4100 2016 

Calyptogena lepta AY143335  Guaymas Basin Dive 

2234/223

5 

Goffredi et al. 2003 27.0033 -111.4100 2020 

Calyptogena lepta JX256251  Guaymas Basin T 548 Audzijonyte et al. 2012    

Calyptogena makranensis JX196976  Pakistan Margin Sonne13

0 

 24.4800 64.2600 2215 

Calyptogena sp. mt-V AF114395   Costa Rica Accretionary 

Wedge 

A2715 Peek et al. 1997 9.7112 -86.0777 3096 

Calyptogena n. sp. [Barbados] Bar_2745   Milano Seep J2-643 This Paper 11.687767 -58.5422 1328 

Calyptogena n. sp. [Barbados] Bar_2940   Milano Seep J2-643 This Paper 11.687767 -58.5422 1328 

Calyptogena n. sp. [Barbados] Bar_2953   Milano Seep J2-643 This Paper 11.687767 -58.5422 1328 
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Calyptogena n. sp. [Barbados] Bar_2966   Milano Seep J2-643 This Paper 11.687767 -58.5422 1328 

Calyptogena n. sp. [Barbados] Bar_2991   Milano Seep J2-643 This Paper 11.687767 -58.5422 1328 

Calyptogena n. sp. [Barbados] Bar_3082   Milano Seep J2-643 This Paper 11.687767 -58.5422 1328 

Calyptogena n. sp. [Barbados] Bar_3134   Milano Seep J2-643 This Paper 11.687767 -58.5422 1328 

Calyptogena n. sp. [Barbados] Bar_3147   Milano Seep J2-643 This Paper 11.687767 -58.5422 1328 

Calyptogena n. sp. [Barbados] Bar_3160   Milano Seep J2-643 This Paper 11.687767 -58.5422 1328 

Calyptogena n. sp. [Barbados] Bar_3173   Milano Seep J2-643 This Paper 11.687767 -58.5422 1328 

Calyptogena n. sp. [Barbados] Bar_3186   Milano Seep J2-643 This Paper 11.687767 -58.5422 1328 

Calyptogena n. sp. [Barbados] Bar_3199   Milano Seep J2-643 This Paper 11.687767 -58.5422 1328 

Calyptogena n. sp. [Barbados] Bar_3238   Milano Seep J2-643 This Paper 11.687767 -58.5422 1328 

Calyptogena n. sp. [Barbados] Bar_3327   Milano Seep J2-643 This Paper 11.687767 -58.5422 1328 

Calyptogena n. sp. [Barbados] Bar_3339   Milano Seep J2-643 This Paper 11.687767 -58.5422 1328 

Calyptogena n. sp. [Barbados] Bar_3351   Milano Seep J2-643 This Paper 11.687767 -58.5422 1328 

Calyptogena n. sp. [Barbados] Bar_3363   Milano Seep J2-643 This Paper 11.687767 -58.5422 1328 

Calyptogena n. sp. [Barbados] Bar_3387   Milano Seep J2-643 This Paper 11.687767 -58.5422 1328 

Calyptogena pacifica AF008285  Oregon Subduction Zone A2796 Peek et al. 1997 44.6755 -125.1182 512 

Calyptogena pacifica AF008286  Oregon Subduction Zone A2796 Peek et al. 1997 44.6755 -125.1182 512 

Calyptogena pacifica AF008287  Monterey Canyon  V 93-

364-3 

Peek et al. 1997 36.0000 -122.0000 600 

Calyptogena pacifica AF008288  Oregon Subduction Zone A2796 Peek et al. 1997 44.6755 -125.1182 512 

Calyptogena pacifica AF008289  Oregon Subduction Zone A2796 Peek et al. 1997 44.6755 -125.2902 2089 

Calyptogena pacifica AF035942  Monterey Canyon V 876 Peek et al. 1998 36.0000 -122.0000 600 

Calyptogena pacifica AF114393  Monterey Canyon V 93-

364-6  

Peek et al. 2000 36.0000 -122.0000 600 

Calyptogena pacifica AF114394  Monterey Canyon  V 93-

364-2  

Peek et al. 2000 36.0000 -122.0000 600 

Calyptogena pacifica AY1432Hecatece

ta Bank 

R603/R614 Goffredi et al. 2003 43.8733 -124.9272 500 

Calyptogena pacifica AY143291  Heceta Bank R603/R6

14 

Goffredi et al. 2003 43.8733 -124.9272 500 

Calyptogena pacifica AY143292  Eel River T201 Goffredi et al. 2003 40.7900 -124.5900 512 

Calyptogena pacifica AY143293  Eel River T201 Goffredi et al. 2003 40.7900 -124.5900 512 

Calyptogena pacifica AY143294  Eel River T201 Goffredi et al. 2003 40.7900 -124.5900 512 

Calyptogena pacifica AY143295  Eel River T201 Goffredi et al. 2003 40.7900 -124.5900 512 
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Calyptogena pacifica AY143296  Clam Field, Monterey 

Canyon 

V1551 Goffredi et al. 2003 36.7400 -122.0300 912 

Calyptogena pacifica AY143297  Clam Field, Monterey 

Canyon 

V1551 Goffredi et al. 2003 36.7400 -122.0300 912 

Calyptogena pacifica AY143298  Clam Field, Monterey 

Canyon 

V1551 Goffredi et al. 2003 36.7400 -122.0300 912 

Calyptogena pacifica AY143299  Clam Field, Monterey 

Canyon 

V1551 Goffredi et al. 2003 36.7400 -122.0300 912 

Calyptogena pacifica AY143300  Mt. Crushmore, Monterey 

Canyon 

V1682 Goffredi et al. 2003 36.7900 -122.0400 650 

Calyptogena pacifica AY143301  Mt. Crushmore, Monterey 

Canyon 

V1682 Goffredi et al. 2003 36.7900 -122.0400 650 

Calyptogena pacifica AY143302  Mt. Crushmore, Monterey 

Canyon 

V1682 Goffredi et al. 2003 36.7900 -122.0400 650 

Calyptogena pacifica AY143303  Mt. Crushmore, Monterey 

Canyon 

V1682 Goffredi et al. 2003 36.7900 -122.0400 650 

Calyptogena pacifica AY143304  Invert Cliff, Monterey 

Canyon 

V1640 Goffredi et al. 2003 36.7800 -122.0400 1000 

Calyptogena pacifica EU403476  Monterey Canyon  Stewart et al. 2008 36.7833 -122.0833 500 

Calyptogena pacifica KF953662  Sonora Margin  (Portail et al. 2015) 27.3536 -111.2840 1560 

Calyptogena pacifica KF953665  Sonora Margin  Portail et al. 2015  27.3536 -111.2840 1560 

Calyptogena pacifica KF953666  Sonora Margin  Portail et al. 2015  27.3536 -111.2840 1560 

Calyptogena sp. 3 JX196975  Monterey Canyon T769 Audzijonyte et al. 2012 36.7900 -121.8700 2895 

Calyptogena starobogatovi-

rectimargo 

AF008293  Middle Valley A 2251 Peek et al. 1997 48.4600 -128.7200 2437 

Calyptogena starobogatovi-

rectimargo 

AF008294  Axial Seamount A 2426 Peek et al. 1997 45.9350 -130.0133 1547 

Calyptogena starobogatovi-

rectimargo 

AF008295  North Endeavor A 2413 Peek et al. 1997 47.9567 -129.0983 2200 

Calyptogena starobogatovi-

rectimargo 

AF008296  Middle Valley A 2803 Peek et al. 1997 48.4567 -128.7087 2417 

Calyptogena starobogatovi-

rectimargo 

AF008297  Middle Valley A 2803 Peek et al. 1997 48.4567 -128.7087 2416 

Calyptogena starobogatovi-

rectimargo 

AY143305  North Endeavor A2413/R

351 

Goffredi et al. 2003 47.9567 -129.0983 2200 
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Calyptogena starobogatovi-

rectimargo 

AY143306  North Endeavor A2413/R

351 

Goffredi et al. 2003 47.9567 -129.0983 2200 

Calyptogena starobogatovi-

rectimargo 

AY143307  North Endeavor A2413/R

351 

Goffredi et al. 2003 47.9567 -129.0983 2200 

Calyptogena starobogatovi-

rectimargo 

AY143308  Axial Valley A 2426 Goffredi et al. 2003 45.9350 -130.0133 1547 

Calyptogena starobogatovi-

rectimargo 

AY143309  Axial Valley A 2426 Goffredi et al. 2003 45.9350 -130.0133 1547 

Calyptogena starobogatovi-

rectimargo 

AY143310  Axial Valley A 2426 Goffredi et al. 2003 45.9350 -130.0133 1547 

Calyptogena starobogatovi-

rectimargo 

AY143311  Axial Valley A 2426 Goffredi et al. 2003 45.9350 -130.0133 1547 

Calyptogena starobogatovi-

rectimargo 

AY143312  Axial Valley A 2426 Goffredi et al. 2003 45.9350 -130.0133 1547 

Calyptogena starobogatovi-

rectimargo 

AY143313  North Endeavor A2413/R

351 

Goffredi et al. 2003 47.9567 -129.0983 2200 

Calyptogena starobogatovi-

rectimargo 

AY143314  1500 m site, Monterey 

Canyon 

T215 Goffredi et al. 2003 36.3600 -122.1100 1575 

Calyptogena starobogatovi-

rectimargo 

AY143315  1500 m site, Monterey 

Canyon 

T215 Goffredi et al. 2003 36.3600 -122.1100 1575 

Calyptogena starobogatovi-

rectimargo 

AY143316  1500 m site, Monterey 

Canyon 

T215 Goffredi et al. 2003 36.3600 -122.1100 1575 

Calyptogena starobogatovi-

rectimargo 

AY143317  1500 m site, Monterey 

Canyon 

T215 Goffredi et al. 2003 36.3600 -122.1100 1575 

Calyptogena starobogatovi-

rectimargo 

AY143318  1500 m site, Monterey 

Canyon 

T215 Goffredi et al. 2003 36.3600 -122.1100 1575 

Calyptogena starobogatovi-

rectimargo 

AY143319  1500 m site, Monterey 

Canyon 

T215 Goffredi et al. 2003 36.3600 -122.1100 1575 

Calyptogena starobogatovi-

rectimargo 

AY143320  1500 m site, Monterey 

Canyon 

T215 Goffredi et al. 2003 36.3600 -122.1100 1575 

Calyptogena starobogatovi-

rectimargo 

AY143321  1500 m site, Monterey 

Canyon 

T215 Goffredi et al. 2003 36.3600 -122.1100 1575 

Calyptogena starobogatovi-

rectimargo 

AY143322  San Clemente A 3486 Goffredi et al. 2003 32.2333 -117.7330 1825 

Calyptogena starobogatovi-

rectimargo 

AY143323  San Clemente A 3486 Goffredi et al. 2003 32.2333 -117.7330 1825 
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Calyptogena starobogatovi-

rectimargo 

AY143324  San Clemente A 3486 Goffredi et al. 2003 32.2333 -117.7330 1825 

Calyptogena starobogatovi-

rectimargo 

EU403470  North Endeavor T 390 Stewart et al. 2008 47.9667 -129.0833 2200 

Calyptogena starobogatovi-

rectimargo 

EU403475  North Endeavor T 390 Stewart et al. 2008 47.9667 -129.0833 2200 

Calyptogena starobogatovi-

rectimargo 

JX196981  Sea of Okhotsk GE 1 Audzijonyte et al. 2012 54.2700 145.0000 700 

Calyptogena starobogatovi-

rectimargo 

JX196982  Sea of Okhotsk GE 1 Audzijonyte et al. 2012 54.2700 145.0000 700 

Calyptogena tuerkayi FN999996  New Zealand, North Island  Krylova and Janssen 2006 -39.5333 178.3167 810 

Calyptogena tuerkayi FN999997  New Zealand, North Island  Krylova and Janssen 2006 -39.5333 178.3167 810 

Calyptogena tuerkayi FN999998  New Zealand, North Island  Krylova and Janssen 2006 -39.5333 178.3167 810 

Calyptogena valdiviae JN563831  Gulf of Guinea Guiness 

Pockmarks 

148 Decker et al. 2012 1.5762 8.5302 687 

         
Pliocardia krylovata  JF784421  Jaco Scarp Summit AD4510 Martin and Goffredi  2012 9.1715 -84.7987 740 

Pliocardia krylovata  JF784422  Jaco Scarp Summit AD4510 Martin and Goffredi  2012 9.1715 -84.7987 740 

Pliocardia packardana AF114396  Monterey Canyon 867 Peek et al. 2000 36.7850 -122.0433 635 

Pliocardia (syn Calypt.) 

ponderosa 

AF008278 Pliocardia ponderosa  Lousiana Continental Slope 3134 Peek et al. 1997 27.6867 -91.5383 737 

Pliocardia (syn Calyptogena) 

ponderosa 

Jollivet_pondero

sa 

Pliocardia ponderosa  Personal Communication Didier Jollivet 

Pliocardia stearnsii AB479086  Off Oregon  Okutani et al. 2009 39.0400 -124.1000 832 

Pliocardia stearnsii JX196992  Monterey Canyon D205 Audzijonyte et al. 2012 36.7000 -121.9800 589-632 

Pliocardia stearnsii JX196993  Monterey Canyon D205 Audzijonyte et al. 2012 36.7000 -121.9800 589-632 
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Table 20: IMa model testing results for Abyssogena southwardae populations using COI 

    AFR WFE  

WFE        

->AFR 

AFR 

->WFE    

AFR-WFE model t logP q1 q2 qa m1 m2 Delta AIC ESS t*2 for pairwise 

divergence 

 ABCDE 1.99 -7.86 39.34 1.52 0.02 0.10 0.00 0.00 < 27 < 31 < 116 3.98 

Bidirect ABBDD 2.04 -10.41 18.11 1.43 1.43 0.10 0.10 1.10   

 ABCD0 2.05 -9.78 18.11 2.08 0.26 0.14 0.00 1.84   

Uni AFR-

WFE 

ABC0D 2.37 -12.11 17.86 0.54 0.10 0.00 3.47 6.51   

Zero ABC00 1.24 -13.28 18.11 0.92 10.58 0.00 0.00 6.85   

            

    AFR BAR  

BAR 

->AFR 

AFR 

->BAR    

AFR-BAR model t logP q1 q2 qa m1 m2 Delta AIC ESS  

 AAC00 1.50 -4.26 35.57 35.57 4.25 0.00 0.00  < 115 < 48 < 111 3.0 

Best w/Mig ABCDD 1.50 -4.26 35.58 35.74 4.21 0.00 0.00 4.00   

            

    AFR MAR  MAR 

->AFR 

AFR 

->MAR 

   

AFR-MAR model t logP q1 q2 qa m1 m2 Delta AIC ESS  

 ABB00 1.52 -6.99 44.16 5.51 5.51 0.00 0.00  < 52 < 72 

25605 

3.04 

Best w/Mig ABBDD 1.52 -6.99 44.16 5.52 5.52 0.00 0.00 2.00   

Zero            
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WFE BAR 

 BAR 

->WFE 

WFE 

->BAR 

   

WFE-BAR model t logP q1 q2 qa m1 m2 Delta AIC ESS  

Best w/Mig ABCDE 0.53 -4.58 0.79 84.94 0.53 0.00 0.00  < 36 < 97 88 1.0546 

Bidirect ABCDD 0.55 -10.05 0.49 19.39 2.43 0.00 0.00 8.95   

Zero            

            

       BAR WFE    

    MAR WFE  ->WFE ->BAR    

WFE-MAR model t logP q1 q2 qa m1 m2 Delta AIC ESS  

Zero ABC00 2.15 -4.98 6.31 2.27 0.00 0.00 0.00 0.00 25,937 

32,402 

4.307 

Bidirect AAADD 1.74 -7.08 2.97 2.97 2.97 0.00 0.00 2.19   

            

       BAR MAR    

    MAR BAR  ->MAR ->BAR    

MAR-BAR model t logP q1 q2 qa m1 m2 Delta AIC ESS  

Uni MAR-

BAR 

ABC0D 1.20 -5.98 4.14 41.14 0.02 0.00 0.09  < 48 < 40 < 

72 

2.4072 

Bidirect ABCDD 1.19 -6.13 4.31 41.14 0.02 0.08 0.08 0.31   

Uni BAR-

MAR 

ABCD0 1.21 -10.24 2.71 41.14 0.21 0.77 0.00 8.54   
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Appendix B: Supplementary Information for Chapter 2 

 

Figure 41: Migrate-n results with 2 populations in Lepetordilus aff. schrolli.   

 

 

Figure 42: PCA of between basin variance in Lepetodrilus aff. schrolli
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Table 21: Locus information for Lepetodrilus aff. schrolli amplicons used in Chapter 1 and Chapter 2 

Locus Forward Primer Reverse Primer 
Drosophila melanogaster 

ortholog 
Type 

of loci 
Gene 

Copies 
No. of 

loci 

No. 
Poly-

morphic 
Sites 

Length 
(bp) 

% of total 
individuals 

with at 
least 1 
allele 

Le60RibProtL8Ex AAATCGGCAACGTTCTTCC AACCATTGCCCTGTTAGTCG 
ribosomal protein L8, 
isoform A 

Exon 182 170 5 170 98% 

Le60SRpL13Ex TGGCTCCCAAAAGAAATAACA GTGAAAATCCACGGCCAGAC 
ribosomal protein L13, 
isoform A 

Exon 182 190 15 190 98% 

LeAconEx TTGTCTGACCTAGGAGGTGTG CATCACTTCCCACAAGTTCG aconitase, isoform B Exon 183 186 18 186 99% 

LeAconInt2FW GAGCCGGTCAGCCAGTATC GGACCACACCTCCTAGGTCA aconitase, isoform B Intron 165 163 45 163 98% 

LeAconIntFW GTGAATGGCCCCTTTACCC GTTTGGCGATACTGGCTGAC aconitase, isoform B Intron 139 185 40 185 80% 

LeActBIntFW CTTGCCGAATCCAAGGAATA TGGCTCGTGGTTATCGATCT 
Actual beta spectrin, 

isoform B 
Intron 162 331 46 331 94% 

LeATPsyntint TGCCAGAGACCAGTGGTAAA AATAGGCAACCAAGCCAGTG ATP synthase, subunit B Intron 131 798 29 799 75% 

LeEF1Int3FW CTCTTCCCGGTGACAATGTT ATTTGACCAGGGTGGTTCAG elongation factor 1 Intron 171 399 53 400 94% 

LeEF1Int CCCAACAACATCACCACTGA GGCAGAGCCTCAGTCAGAGT elongation factor 1 Intron 147 420 60 421 86% 

LeEF2Int2 GAAGACCGGTACCATCTCCA GCTGGGGTTCTTGCACTCTA elongation factor 2 Intron 175 182 19 182 97% 

LeEnolInt2 CAACTGCTTGCTGCTCAAAG TGAAGGTGTCCTCGGTCTCT Enolase, isoform A Intron 57 236 20 237 31% 

LeFruBiEx GCTGACGCAGATTGGTGTAG GACTCCCTTGTCCACCTTGA 
Fructose-1,6-
Bisphosphate Aldolase 

Exon 164 158 14 158 96% 

LeFruBiInt3FW GCCCATTGTTGAACCAGAAG TACGTTGTGATCTGCCAAGG 
Fructose-1,6-
Bisphosphate Aldolase 

Intron 75 276 36 277 42% 

LeFruBiIntFW TCAAGGTGGACAAGGGAGTC TCCTTTTTGTACTGGGCACAC 
Fructose-1,6-
Bisphosphate Aldolase 

Intron 160 187 36 187 91% 

LeGlyPInt3 CCCAGGCTATGGAAACAACA GCAACATTGCGATCACAGAC 
glycogen phosphorylase, 
isoform A 

Intron 178 165 15 165 96% 

LeGlyPIntFW GGCTACGGGATCAGATACGA TTGATGGGCAGCATGTACTC 
glycogen phosphorylase, 
isoform A 

Intron 122 317 31 318 71% 
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Locus Forward Primer Reverse Primer 
Drosophila melanogaster 

ortholog 
Type 

of loci 
Gene 

Copies 
No. of 

loci 

No. 
Poly-

morphic 
Sites 

Length 
(bp) 

% of total 
individuals 

with at 
least 1 
allele 

LeGpoInt2 GAGAGCATGGGTTTACTGGA GAGGGTAGTCGGTCACCTCA 
glycerophosphate 
oxidase-1, isoform C 

Intron 166 286 17 287 91% 

LeGpoInt3 GAGGTGACCGACTACCCTCA CAGCTACCAGAGGTCGAAGG 
glycerophosphate 
oxidase-1, isoform C 

Intron 162 304 19 305 87% 

LeGTPIntFW CCTTGTCAATCTCTCTCAAAAAG GGTCATTAGCGTCGATCCAT 
CG1354, isoform B (YchF-
GTPase) 

Intron 185 473 24 474 100% 

LeGuaNuExFW CTCGTCACTTCCGAGACCAT GTCCCAGCCACAGGACAC 
G protein beta-subunit 
13F, isoform A 

Exon 158 260 37 261 92% 

LeGuaNuInt TTTGCTCTGTCTTCGTCGTG TGGTCTCGGAAGTGACGAGT 
G protein beta-subunit 
13F, isoform A 

Intron 130 189 19 189 77% 

LeLethalInt GACGGCACCACAAAGAAAAT GCCAGAATCTGTACGGAGGA 
ATP synthase, delta 
subunit, isoform A 

Intron 172 180 23 180 99% 

LemtsInt AACAGTTTCGCTTCTAGTTGGTTT GCGCAAACACTCGTCATAAA 
microtubule star, isoform 
A 

Intron 173 244 21 245 94% 

LeMyoHeaCInt CACCATCGACAAACTCAACG CTCCAGCTCATTCTGCACCT 
myosin heavy chain, 
isoform P 

Intron 157 148 23 148 91% 

LeNudCInt CAACGAACAGCAGAAACGTC ATGCTTGTCTCAGCATGTCG nudC isoform A Intron 116 143 17 143 62% 

LePepIsoIntFW CAAGCAAAGAATGCACTCCA GCTGACATTTTAACGCTGCTT 
P-element somatic 
inhibitor, isoform A 

Intron 150 89 14 89 81% 

LePGMInt3 ACCCACAAGTCCGTGGAAG GCTGGCACAGATTCACAGTT phosphoglucose mutase Intron 153 78 22 78 97% 

LePGMIntFW GGTCAAAGGTTATGCCAGGA CAGCATCCATCAGGTTACCA phosphoglucose mutase Intron 106 79 11 79 63% 

LePolyApolInt GAATGACATTGCGTTCAATCC CCCAGCACGTTGGAGTAGAT Poly(A) polymerase Intron 180 155 38 155 98% 

LeProt1IntFW TGGTGTTATCATGGGAGCTG CACCTTCGTCAGCTTGTCTG 
proteasome beta1 
subunit 

Intron 83 93 21 93 51% 

LeProtDiSulfIntFW GGATTGGGATGCTAAACCAG CCAGATAGGAGCCAGCTGTT 
protein disulfide 
isomerase, isoform A 

Intron 119 172 24 172 72% 

LePSomInhIsoAInt CATTGGGAAAGGTGGAGAAA TGGCGCATTACTGTCTTGAA 
P-element somatic 
inhibitor, isoform C 

Intron 149 441 35 441 86% 

LeRab1Ex TGCAGACCAACTAGGCATCC GGGGTGCTCGAGTTAATTTTT Rab1 Exon 124 57 2 57 67% 
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Locus Forward Primer Reverse Primer 
Drosophila melanogaster 

ortholog 
Type 

of loci 
Gene 

Copies 
No. of 

loci 

No. 
Poly-

morphic 
Sites 

Length 
(bp) 

% of total 
individuals 

with at 
least 1 
allele 

          

LeRabProt7Ex CAAAGCGGGCTCACAGTT TTAACAGCTGCATCCATCC Rab7, isoform A ?? 182 156 7 156 98% 

LeRiboD3Ex GCGTGCCGATTAAAGTTCTG GCACGAAGAATGGCAGATTT 
small ribonucleoprotein 
particle protein SmD3 

Exon 180 258 6 259 97% 

LeRiboD3Int GGAGAGGGAAATCTGCCATT CGTCGCTTTTGGAAAACATT 
small ribonucleoprotein 
particle protein SmD3 

Intron 158 228 25 229 94% 

LeRieskEx CTTCAACGTATGCAGCCAAG ACCCAACAGAATCAGCCACT 
rieske iron-sulfur protein, 
isoform B 

Exon 157 235 21 236 86% 

LeRNArecIntFW GAGACAACAAGCATTGGCATT AGGCTTGCTTGATGGTGTCT 
half pint, isoform A  (wih 
3 RNA recognition motifs) 

Intron 184 266 25 267 99% 

LeSplFIntFW GGCATCCGTTAACTCGCTAC TCCGAGAACAGTGCATGGTA caper, isoform B Intron 45 562 25 563 26% 

LeThioEx AGTGCAAAATACCCGAAAGC CTTTGACAGCCACCTCATCA Thioredoxin-like Exon 163 205 26 206 97% 

LeUbiqIntFW CATTCTTTGCCTTCTCAGAACC AAGCGGTCCCACAGAGTG 
ubiquitin activating 
enzyme 1, isoform A 

Intron 83 111 29 111 47% 

LeVarSupInt GTCCCGGGAGGTCTCATT CACAGAGTGGGGTCAAACTTC 
suppressor of variegation 
3-9 

Intron 159 197 35 197 90% 
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Appendix C: Supplementary Information for Chapter 3 

 

Figure 43: Difference in SET1 versus SET2 as a percent of the prior value in marginal 

parameter estimates as a proxy for measuring mixing in runs of IMa2. Smaller values 

indicate better chain mixing and exploration of parameter space.   
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Appendix D: Supplementary Information for Chapter 4 

 

Table 22: Amplified loci in Abyssogena southwardae and primer sequence. Loci name was based on the Drosophila melanogaster 

gene identified as orthologous to the do novo assembled contig from the Abyssogena southwardae transcriptome.  

Loci Name  Genome Type Forward Primer Reverse Primer  

16S  Mitochondrial GGGAGAAATAGTGTAGTTAGTTAGTAGG ACATTACCAGCCGATCCTTTC 

ATP6_ND3  Mitochondrial GGTGGATTTAGAGTGTTAGAATTAGG CCGCCATTGGTATCAAACAA 

Btubulin  Nuclear GGATACTCCTCACGGATCTT CAGAAGGAGCTGAACTTGTC 

Camk_i1_i2  Nuclear ACAAACCGAAGTCACTGATCATA GGTCTTGCAGGCTGTAGATTAT 

CG3689_i1  Nuclear TTTCTTCAACCGTCCACTCC TGCGGAACAAGGAAGATCAA 

CG5044  Nuclear CCCGGACACCTTCATAGAAATC GGATCAGAATGGGCTAGTCAAC 

CG5941_i1  Nuclear AGGTCGCATGTTCCAAAGT CCAGGTGCCAAGATGACTAAA 

CG7966_i3  Nuclear GTGCTTGTCATCTCCCATACA AAGGGTAACAGGTCGGACTA 

COX1  Mitochondrial CGGTCTGTTATTCGTCGTTGA CTCTGCCTCAGTCCCATAAAC 

COX2  Mitochondrial ACTGTTGTTGGACAGGAGTTAAT ACACCCTGCTTCAACACTAAA 

CYTB  Mitochondrial GGTGTTTGTTTAACTAGCCAGATG CAATGTTGCTAAAGGCCCAAG 

d-octopine  Nuclear GTCAACTGTGAGCCGACTATG GAAGCGATGGAAGGTGTAGATG 

ETS65A  Nuclear CGGTCCATGTGTAGGAGAGATA GTGGCGGTCAGATACAACTATG 

flo2  Nuclear GCAGATCCAATCAAACGAATCTT GAGGAAGCTGATCGACATTGA 

Hr46  Nuclear ATTAACTCCCGGCGAAACA AGACCGTGTGAACAGGAATC 

Kat60  Nuclear CTTCCTTCGGAATCTGCTTGAT CCGAAACACTTGATGGCTACT 

LK6i1_i3  Nuclear CCGTGATCTCAAACCTGAAA GCATTCGGTTGATGGAAATG 

ND1  Mitochondrial TTGTAGTAGAGCGGAAAGGATTAG TGGAAATCGGTCAGAATCAGTAG 

ND2_ND4L  Mitochondrial AGTAAGAATTGTGAGTTTGCCT ACAAACTAACACCTGAACTCAA 
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Loci Name  Genome Type Forward Primer Reverse Primer  

ND4_ATP8  Mitochondrial TTTATTGGGCGGTGTTTATTAGTG TCATATACTCTTGCAGCCAAAGA 

ND5  Mitochondrial CTTGTTTACACCAAGAAGGAGAG AAATCTCCAACCCAACCATTT 

Optix_i3  Nuclear TTCTCGGCTTCCTGGTAATG GCGGTGTTTGGTGTGTTT 

Rab7_i1  Nuclear ATATTAGGAGATAGCGGTGTTG CTGGGACTGGCTTGTATTAG 

Receptor_I2  Nuclear GGACAAGACGTTAAGACTATGG TACACACTCCGAGGGTATTC 

RpL27A  nuclear GATGCGGGCCTGTGATTTATT TGCGTGCGGGAACCAAC 

RpL36A  Nuclear TGTCACCTCCCAGTTCAAAATG ACAGAGTGGGTATGGTGGACAAA 

Rps5b  Nuclear TCATCGGCCAAGCACTCG GAAACAACGGCAAGAAACTGATG 

slmb_i2  Nuclear TGGGCGTGGCTTGAATAGATAC AGAGGAGCCGTCACCACAGTT 

SNx3  Nuclear GCCGCCGTACACTTGATTCTT ACGCTTATTCGCCTCCTGCTA 

Super_i2  Nuclear TAAGATCGACCCAGATACCC AGATGACTCGACTTTCATCTATTC 

Ter94_I2  Nuclear CGACAATGACATCAGGAAATATG GATTGCAGTCTAGTTGTGTTTAG 

Trim9  nuclear CCCCTGCGTGATTCTGACTCT TATACGCTGGAACTGGATGATGG 
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