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SUMMARY 

 

The European flat oyster (Ostrea edulis) is a keystone species in coastal and estuarine 

habitats, where it provides several ecosystem goods and services. It has been part of the 

human diet for thousands of years, and has been commercially exploited for hundreds of 

years. Overfishing, habitat destruction, pollution, and severe winters since the 18th century 

contributed to stock declines. Extensive and poorly documented stock transfers, to 

supplement exploited beds, inadvertently helped the spread of epizootic parasites. In 

Atlantic Europe, the parasite Bonamia ostreae decimated O. edulis beds, however differential 

tolerance among stocks has been observed – highlighting favourable progenitors for 

restoration and selection efforts. Anthropogenic transfer also facilitates gene flow between 

previously isolated stocks – the extent and impact for recipient gene pools (if any) has 

remained largely unknown. As the heritable basis for a population’s response to changing 

external pressures, the genetic characterization of distinct O. edulis populations is a 

prerequisite for effective management and conservation strategies. While previous efforts 

to measure genetic diversity and structure among O. edulis stocks have provided valuable 

insights, they have relied on a limited number of molecular markers. In an effort to expand 

our understanding of O. edulis genetic units and aid effective long term stock management, 

tissue sampled from over 1700 individuals representing the Atlantic coasts (with a focus on 

Irish coasts), Croatia and introduced North American O. edulis were obtained. This sample 

set was normalised (n = 867) across locations and used to estimate the genetic structure and 

diversity with existing microsatellite markers, using several analytic approaches (Chapter 2). 

Novel genetic clusters were identified, while also providing a point of reference for 

subsequent studies with new markers. A subsample (n = 364) of individuals, representing the 

microsatellite-inferred genetic clusters, were genotyped using an array consisting of  11,151 

novel biallelic SNP loci, and genetic diversity and structure was estimated using several 

methods (Chapter 3). Despite the smaller sample set used, this analyses confirmed the 

genetic clusters previously identified by microsatellite markers with greater accuracy. The 

main difference in the results from both analyses was in the degree of support for the genetic 

clusters, which was stronger for the SNP data set. No conclusive evidence, however, was 

found for further substructure. We also found evidence for putative adaptive differences 

between inferred genetic clusters. Finally, mitochondrial genome (mtDNA) resequencing of 

O.edulis (n = 40) from seven distinct locations forms the basis of Chapter 4. A preliminary 

analysis of molecular diversity and phylogeny among these samples was undertaken. In 
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addition, we outline an approach to identify highly informative mtDNA regions, for marker 

design and more efficient application over a large sample set. 
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CHAPTER 1 

 

 

 

 General Introduction 

 

 

 

 

“The highest function of ecology is understanding consequences.” 

- Frank Herbert, Dune (1965) 
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1.1 GENETIC TOOLS FOR MANAGEMENT AND CONSERVATION 

 

Life exhibits natural variation at levels of increasing complexity, ranging from single 

molecules to entire ecosystems (Altukhov, 2006). Studies focusing on the genetic variation 

at the level of populations have been invaluable to our understanding of how life on Earth 

has evolved through selection, genetic drift, mutation and gene flow (Allendorf and Luikart, 

2007). A population’s gene pool is the raw material from which it responds to fluctuations in 

environmental conditions, allowing its continuity across successive generations. The 

robustness of populations in response to external changes can be gauged through the 

diversity of their gene pool: large gene pools often indicate high genetic variability and 

evolutionary potential (i.e. ability to evolve in response to environmental change) at the 

population level. At the level of a population’s individuals, increased heterozygosity is 

positively associated with fitness traits and population growth (Allendorf and Leary, 1986; 

Leberg, 1990). 

Ecosystems involve dynamic and complex interactions, whereby the alteration of a 

single component may result in system-wide feedback (Chapin, Matson and Vitousek, 2011). 

The impact of human activities on an ecosystem’s ability to provide essential goods and 

services is becoming better understood. The term “Anthropocene”, in reference to the 

current epoch of Earth’s history, has grown in use – reflecting the increased awareness of the 

impact that human activities have on global geology and ecosystems. Although extinction is 

an inevitable consequence of evolution within ever-changing environments, anthropogenic 

pressures (e.g. habitat loss, agriculture, urbanisation, resource extraction, overexploitation, 

CO2 emissions) have irrefutably accelerated biodiversity loss under even the most 

conservative assumptions (e.g. Chapin, Matson and Vitousek, 2011; Hooke, Martin-Duque 

and Pedraza, 2012; Ceballos et al., 2015). Therefore, policy-makers have incentivized 

conservation and management efforts to counter the decline of biodiversity. Conservation 

biology is the interdisciplinary effort to address the dynamics (and associated problems) of 

species, communities and ecosystems, principally to avoid extinction (Soulé, 1985). However, 

in order to effectively manage and restore biodiversity, it must first be accurately measured. 

Conservation genetics is an invaluable associate discipline of conservation biology, which 

provides molecular tools and an associated statistical framework that enables the 

quantification of genetic variation from genes to populations and species (Schwartz, Luikart 

and Waples, 2007). Through characterizing the levels and patterns of genetic variability 
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within (and connectivity between) populations, molecular ecological tools can facilitate the 

identification of monitoring units. Such knowledge allows scientists to assess the impact of 

both natural and human activities – such as stock translocations, habitat change and 

overexploitation – on biodiversity (Palsbøll, Bérubé and Allendorf, 2007). This, in turn, serves 

the ultimate goal of conservation biology by helping to inform effective policies to manage 

and conserve appropriate biological units, thereby ensuring the long-term sustainability of 

populations, and ultimately species.  

 

1.2 EUROPEAN FLAT OYSTER BIOLOGY AND ECOLOGY 

 

The European flat oyster (Ostrea edulis Linnaeus, 1758) is a filter feeding marine bivalve with 

a short planktonic larval stage and a sessile adult stage. O. edulis is commonly known as the 

European flat oyster due to its inequivalve shell. The upper valve is flat, and sits lid-like on 

the convex lower valve, which is fixed to substratum down to a depth of 20 metres (Lapègue 

et al., 2006). The species’ natural geographical distribution includes coastal regions and 

estuaries from Norway to Morocco, along the North-eastern Atlantic and the entire 

Mediterranean Sea (Launey et al., 2002). It can also be found in Eastern North America, South 

Africa, the Pacific Islands, Japan and Australia due to anthropogenic transfer (Ruesink et al., 

2005). 

 O. edulis is a sequential alternating hermaphrodite, functioning as a sperm-

producing male early in the spawning season, and subsequently switching to an egg-

producing female before reverting back to male (Cole, 1942). Consequently, all individuals 

can potentially contribute their mitochondrial genome (via the egg’s cytoplasm) to 

subsequent generations (Diaz-Almela et al., 2004). Water temperature is an important factor 

for gametogenesis (Joyce et al., 2013). Most marine invertebrates are characterised by high 

fecundities and high larval mortalities (Hedgecock et al., 2006), and the European flat oyster 

can produce around one million eggs per spawning event (FAO, 2017). Sperm is released into 

the surrounding water, whereas eggs are retained within the shell and fertilized by externally 

released sperm, which is drawn into the mantle cavity (O´ Foighil and Taylor, 2000). Self-

fertilization is rare in O. edulis due to alternating hermaphroditism and egg brooding. 

Fertilized eggs develop in the pallial cavity, and are released 6-18 days later (depending on 

temperature) as planktonic larvae; the larval stage lasts for 8-10 days before larvae settle 
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permanently as “spat” on available substrata, where they develop into sedentary adults 

(Waller, 1981).  

 Oysters feed by the filtration of plankton and other suspended organic particles, 

converting them into sediment (faeces and psuedofaeces), which increases water clarity, 

thus providing positive effects for benthic autotrophs (Nelson et al., 2004). Oysters are 

considered important ecosystem providers, offering many other services to marine 

communities, such as: forming hard substrate surfaces for the settlement of sessile 

organisms, refuge for invertebrates, recruitment and nursery habitat for fish, and foraging 

grounds (Ruesink et al., 2005). The presence of oysters is therefore disproportionately 

important, both directly and indirectly, to the biodiversity of coastal and estuarine 

ecosystems, and the enhancement of commercial fisheries in these areas (Breitburg et al., 

2000). 

 

1.3 IMPORTANCE TO HUMANS 

 

O. edulis has been part of the human diet for thousands of years (Fariñas-Franco et al., 2018). 

The Romans built ponds in France to sort and stock oysters before exporting them to Rome 

(Goulletquer & Heral 1997). O. edulis beds were harvested through the middle ages by direct 

handpicking or dredging in deeper areas. French aquaculture of O. edulis in the 17th century 

involved ponds along the Atlantic coast, with spat collected from coastal rocks (Goulletquer 

& Heral 1997). In areas of Norwegian coastal waters (i.e. the Northern limit of the species 

distribution), where cool water temperatures limit spawning, natural “polls” (ponds 

containing a cold layer of fresh water above a warm saline layer) were used for spat 

production (Kirkland, Bradbury and Dean, 1980). Overfishing and destruction of natural beds 

led to seasonal regulations in the 18th century (Goulletquer & Heral 1997). Despite this, O. 

edulis landings were irregular, which led to a repletion and reseeding program being initiated 

in the 19th century, involving the collection and growth of spat using wood, tile or bivalve 

shells (FAO, 2017). To compensate for low O. edulis seed levels, the Portuguese oyster 

(Crassostrea angulata) was imported into France in 1860 (Goulletquer & Heral 1997). High 

mortalities among O. edulis further incentivised C. angulata production, although O. edulis 

later recovered. Gill and viral diseases caused massive mortalities to C. angulata from 1966 

to 1969, and commercial farming stopped (Goulletquer & Heral 1997). O. edulis production 

crashed again due to the emergence of the parasites Marteilia refringens and Bonamia 
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ostreae; overall European production fell from 29,595 tons in 1961, to 5921 tons in 2000 

(Culloty & Mulcahy, 2007). Bonamiosis (B. ostreae infection) is common in the UK, Ireland, 

France, Spain and the Netherlands (Laing, Walker and Areal, 2006). The spread of the parasite 

is aided by the unregulated movement of infected stock. The impact of species-specific 

disease on both O. edulis and C. angulata production in France led to the introduction of the 

Pacific oyster, Crassostrea gigas (Goulletquer & Heral 1997), which also met aquaculture 

demand in other European countries facing O. edulis stock declines (Steel and Mulcahy, 2001; 

Troost, 2010). The production of O. edulis was below 0.2% of total global oyster production 

in 2002; the bulk of production (97.7%) came from C. gigas (FAO, 2017). O. edulis production 

has remained low due to the prevalence of B. ostreae, and a shift to C. gigas production. 

However, its culture remains an important industry where it is grown and sold. Indeed, the 

wholesale average price for O. edulis is 3-5 times greater than that for C. gigas (FAO, 2017). 

Furthermore, O. edulis has been shown to support a greater species richness of epibiont 

species (i.e. those which live on the surfaces of the oyster) than its competitor C. gigas, when 

studied in sympatry within Strangford Lough, Northern Ireland (Guy et al., 2018).  

O. edulis has been successfully translocated to areas both within and outside its 

natural range. The species was introduced to Canada for aquaculture over 30 years ago 

(Vercaemer et al., 2006) from populations in the US (Maine), which were derived from early 

introductions from the Netherlands in 1949 (Loosanoff, 1955). The species has also been 

introduced to other countries, including Australia, Japan, New Zealand and South Africa 

(Ruesink et al., 2005). In addition to potentially spreading disease to vulnerable native 

populations, anthropogenic transfer of shellfish has introduced exotic pests to Northern 

Europe, such as the slipper limpet Crepidula fornicata that competes with native oysters for 

space and planktonic food, and the predatory gastropod Urosalpinx cinerea , an oyster drill 

from the eastern US coast (Laing, Walker and Areal, 2006). 

 

1.4 GENETIC STUDIES 

 

Genetic markers have been used to investigate the diversity and connectivity of O edulis 

stocks, and factors affecting fitness in natural and hatchery-produced strains. To date, these 

studies have utilized allozyme, microsatellite and mitochondrial markers. Allozymes are 

allelic variants of proteins encoded at a single locus. Amino acid differences between the 

alleles of an enzyme reflect changes in the underlying DNA sequence, which can cause alleles 
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to migrate at different rates during gel electrophoresis, due to changes in charge or size 

(Bader, 1998). The level of detectable genetic variation with allozymes, however, is limited 

due to the fact that allozymes are: 1) unaffected by substitutions in the nucleotide sequence, 

which do not alter the encoded polypeptide (e.g. introns); and 2) unaffected by mutations 

which do affect exon sequences, but do not produce amino acid changes (i.e. synonymous 

mutations; Liu & Cordes, 2004). Furthermore, due to their functional role as proteins, 

allozymes may be under selective pressures, thus their presumed neutrality in the estimation 

of diversity, ancestry and divergence is questionable (Liu & Cordes, 2004). 

 Microsatellites are multiple copies of tandem simple sequence DNA repeats. They 

are evenly distributed across all chromosomes and regions (Liu & Cordes, 2004). 

Microsatellite alleles vary by the number of repeated units at a particular locus. A 

microsatellite locus can have a large number of alleles (in excess of 50-60 in some cases). Due 

to their high polymorphism and Mendelian codominant inheritance, microsatellites have 

been one of the most widely used class of molecular markers in population genetics, and in 

the investigation of  relatedness among individuals for the last 20 years (Jarne & Lagoda, 

1996).  

Mitochondrial DNA (mtDNA), from the cytoplasmic organelles of eukaryotic cells, has 

historically been a popular class of marker for genetic studies in animals because of their high 

copy number, high mutation rate and increased susceptibility to drift – relative to nuclear 

DNA (Avise, Arnold and Ball, 1987). While animal mtDNA is usually non-recombining (but see 

Ballard and Whitlock, 2004), different regions can undergo different rates of evolution, 

allowing its use for deep lineage reconstruction or recent divergences, depending on the 

selection pressures on different mitochondrial gene/regions, and the rate of evolution in the 

lineage studied (Mueller, 2006). Due to the increasing affordability of DNA sequencing and 

the relatively small size of the mitochondrial genome, whole “mitogenome” variability can 

now be analysed from multiple individuals, to facilitate mitogenomic diversity studies at 

varying levels of geographic and temporal coverage. 

Studies employing genetic tools to aid in the management, conservation or 

restoration of O. edulis stocks fall into two main categories: 1) Population genetic studies, 

estimating the variability and connectivity of hatchery and wild stocks at different geographic 

and genomic scales and; 2) Studies exploring the fitness of wild and hatchery strains, 

including those which exhibit B. ostreae tolerance. An overview of previously published 
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research focusing on these areas is provided below, as a preamble to the research needs 

identified and explored in this thesis. 

 

1.4.1 O. edulis population genetics 

 

Saavedra et al. (1993, 1995) analysed variation at 14 allozyme loci across 19 flat oyster 

sample sites from Norway to Turkey; finding small overall differentiation (mean FST = 0.062), 

with the highest divergence occurring between Atlantic and Mediterranean populations. 

Clines in allelic frequencies at some loci were attributed to secondary contact of Atlantic and 

Mediterranean populations at Gibraltar, following separation during the last glaciation. 

Further analysis of 15 O. edulis populations (from Norway to the Black Sea) at 5 microsatellite 

loci (Launey et al., 2002) yielded results congruent with the allozyme studies, i.e. that 

populations are ordered according to their geographical origin, supporting a hypothesis of 

mild but significant isolation-by-distance, and rejecting panmixia (global multilocus FST = 

0.019). Lower genetic diversity among Atlantic populations was also observed with 

microsatellite loci, however no discontinuity between Atlantic and Mediterranean 

populations was apparent. The lower genetic diversity observed among Atlantic stocks may 

be explained by: 1) a shorter reproductive window in the north causing recurrent 

bottlenecks; 2) the prevalence of oyster parasites (M. refringens and B. ostreae) along 

Atlantic coasts, and/or 3) overexploitation of Atlantic beds and subsequent stock transfers 

(Launey et al., 2002). 

 

Extending the Launey et al. (2002) study, Diaz-Almela et al. (2004) compared 

mitochondrial DNA to microsatellite variation, in the same O. edulis individuals. While 

mitochondrial markers are important to resolve phylogeographic histories, they are 

particularly useful to investigate the impact of alternating hermaphroditism such as in O. 

edulis, where the maternal inheritance of mitochondria (Liu & Cordes, 2004) allows the 

female-phase reproductive success to be inferred. The fixation index (FST) estimated by the 

mitochondrial marker was 12 times that of microsatellites, suggesting that the female-phase 

gene flow in O. edulis is extremely low. The mitochondrial DNA marker approach used in the 

study was based on single-strand-conformation polymorphism (SSCP) at a 313bp stretch of 

the 12S-rRNA gene; which is a limited representation of the 16,320 bp mitochondrial genome  

(Danic-Tchaleu et al., 2011). The 14 haplotypes found at this locus fell into three distinct 
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groups, corresponding to Atlantic, Mediterranean and geographic extreme populations 

(Norway and the Black Sea), respectively. The authors suggested that this peculiar association 

between haplotypes at opposite ends of the species’ distribution could be a result of either 

anthropogenic transfer, or adaptation to low salinity in these areas. The results supported a 

similar isolation-by-distance profile to that reported by Launey et al. (2002) using 

microsatellites, but with differentiation between Atlantic and Mediterranean haplotypes 

being absent at nuclear markers. However, the mitochondrial marker did not appear to 

support a higher genetic diversity among Mediterranean populations, as observed with 

allozymes and microsatellites (Saavedra et al., 1993, 1995; Launey et al., 2002).  

 

Subsequent studies of O. edulis biodiversity have focused on microsatellite variation 

over smaller geographic scales. For instance, isolation by distance was not detected among 

samples from North Atlantic beds using four to six microsatellite loci (Sobolewska and 

Beaumont, 2005; Beaumont et al., 2006). Lack of population structure was attributed to 

anthropogenic transfers. Despite this, evidence for genetic differentiation was found for 

Norway samples and those from Skye (Scotland), indicating the presence of separate 

populations in areas where natural gene flow or stock transfers have may have been 

limited/absent. Samples from hatchery derived sites displayed higher fixation indices, 

indicating the greater influence of genetic drift on hatchery reared O. edulis. A preliminary 

joint analysis using only two microsatellite loci – standardized between samples from Launey 

et al. (2002) and North American O. edulis – found a lack of structure between Maine (USA) 

O. edulis and their putative source population, the Netherlands (Vercaemer et al., 2006). This 

indicates that greater genome coverage may allow traceability of O. edulis stocking events. 

Again, this study reported that hatchery sourced O. edulis displayed reduced diversity when 

compared to naturalized stocks. A more recent study of Atlantic O. edulis stocks used 16 

microsatellites to resolve spatial and temporal genetic structure (Vera et al., 2016). While O. 

edulis locations displayed low temporal genetic variability, analyses of this relatively large 

marker panel found mild isolation by distance, and the presence of three genetically-distinct 

clusters: Denmark and the Netherlands; England, Ireland and France; and a group composed 

of six locations sampled from Spain.  

Reliable microsatellite markers (i.e. consistent and reproducible PCR amplification, 

ease of genotyping and polymorphism) can be difficult to develop for molluscs, with O. edulis 

being no exception. Heterozygote deficiencies attributed to null alleles have been reported 

in several studies (Launey et al., 2002; Beaumont et al., 2006; Vera et al., 2016). Null alleles 
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can be caused by substitutions in the primer binding site which prevent amplification (e.g. 

Reece et al., 2004; Hedgecock et al., 2004), or the activity of transposable elements (e.g. 

McInerney et al., 2011). Although the complete O. edulis genome is yet to be sequenced, a 

high frequency of polymorphisms in coding and non-coding regions has been observed 

(Harrang et al., 2013), while the genome sequence of C. gigas (also a member of Ostreidae) 

has indicated the presence of high levels of polymorphism and active transposable elements 

(Zhang et al., 2012). The time consuming nature of developing and validating microsatellites, 

coupled with the high probability for the occurrence of null alleles in molluscs, and the 

increasing affordability of high throughput sequencing platforms, have incentivised efforts 

to develop single nucleotide polymorphism (SNP) markers for O. edulis. SNPs, which are 

variants at a specific nucleotide site, have a high frequency across most species’ genomes, 

and can occur in both coding and non-coding regions. A number of SNP markers, assembled 

into two SNP genotyping arrays, have now been developed for O. edulis (Lapègue et al., 2014; 

Gutierrez et al., 2017), containing 384 and >11,000 SNPs, respectively. High genomic 

coverage, through the use of thousands of SNPs, has the potential to be very informative – 

and may allow insights into neutral and selective processes which have shaped the 

evolutionary history of O. edulis populations (Chapter 3). 

 

1.4.2 O. edulis fitness studies 

 

Several studies have used genetic markers to investigate the correlation between genetic 

diversity and fitness traits in Ostrea edulis. Hatchery-propagated O. edulis stocks have been 

maintained in an attempt to select for bonamiosis tolerance (Naciri-Graven, Martin and 

Baud, 1998). The comparison of fitness between wild and farmed individuals can allow the 

extent of inbreeding to be determined, and quantify the loss of genetic diversity linked to 

hatchery-produced strains. Furthermore, knowledge of the genetic homogeneity of 

hatchery-reared oysters could help inform healthy breeding programs that aim to maintain 

a trade-off between selected traits and genetic diversity. These could aid in restoring 

particular areas without minimising the genetic diversity of remnant or neighbouring 

populations through gene flow. 

 Alvarez et al. (1989) studied the association between multi locus heterozygosity 

(MLH) and fitness in O. edulis using five allozyme loci, and found a positive correlation 

between growth rate and MLH in the two ages classes (18 and 30 months). However, there 
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was a decrease in the estimated post-settlement viability when heterozygosity increased. 

This was perhaps due to high mortalities within the sample area, where B. ostreae was 

present, or a limitation of using allozymes, which may have different mechanisms influenced 

by multiple genes. Bierne et al. (1998) investigated the effect of inbreeding on growth and 

survival of O. edulis larvae using four microsatellite loci. Full siblings were crossed in two 

experiments and samples were taken at three points of the oysters’ early life cycle, to identify 

where potential selection events take place. Each cross showed strong selection for 

heterozygotes at the larval stage or at settlement, suggesting a lower fitness of homozygotes 

at early stages of life (though deceased individuals were not sampled). Significant 

heterozygote excesses were recorded in each cross, perhaps indicating that the markers 

cosegregated with fitness-associated genes.  

 Launey et al. (2001) assessed how bottlenecks and low numbers of breeders affected 

the genetic variation of three hatchery strains (selected for bonamiosis tolerance) at five 

microsatellite loci. A significant reduction in rare alleles at each locus was observed among 

hatcheries, when compared to their natural source population. The B. ostreae tolerant 

strains exhibited very low effective population sizes, suggesting a small number of breeders 

relative to the actual population size. Low numbers of breeders have been estimated in other 

marine bivalves, which have characteristically wide variances in reproductive success (Li and 

Hedgecock 1998). All individuals sampled were found to be either half or full siblings, with 

evidence that one strain (S89W-G1) is the product of a single spawning event involving only 

one “female” and two “males”. These results indicated there is a need to maintain genetic 

diversity among hatchery organisms while undergoing selection for desirable traits, because 

negative correlations have been observed between growth performances of the offspring 

and relatedness of their parents (Naciri-Graven et al., 2000). 

 The high fecundity and early larval mortality observed in many marine invertebrates 

can lead to variable “sweepstakes” reproductive success of adults, whereby a small effective 

number of breeders disproportionally contribute to the genetic diversity of subsequent 

generations – potentially leading to increased genetic drift, and higher rates of inbreeding. 

Juvenile O. edulis sampled over 12 days, and compared to adults from the same region (at 

four microsatellites), had significantly fewer mean alleles per locus than the adult sample 

(Hedgecock et al., 2007), despite the larger size of the juvenile sample (n = 185 vs 99 adults). 

Analysis of the effective number of parents revealed that only 10-20 adults produced the 

larval cohort, and the observed juvenile-adult divergence (FST = 0.041) was as great as that 

observed between adult populations separated by thousands of kilometres (Launey et al., 
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2002). Full and half-sibling relatedness between individuals was significantly more likely in 

the juvenile sample of O. edulis, suggesting a small effective number of parents succeeded in 

producing the next generation. Due to the short temporal sampling window, and 

asynchronous sexual maturation in O. edulis, the differences between adult and juvenile 

diversity observed in this study likely underrepresents an entire spawning season. To address 

this limitation, wild O. edulis adults containing larvae in their mantle cavity were collected 

through an extended sampling window (June to August) for parentage analysis using four 

microsatellite markers (Lallias, Taris, et al., 2010). The number of individuals contributing as 

fertilizing males was highly variable and skewed, with some males contributing genetic 

material to 50-100% of a female’s progeny. Under hatchery conditions, six successive larval 

cohorts had lower allelic diversities than the adult progenitors (n = 62); with the number of 

effective breeders below 25 – the contribution of these to each cohort varied greatly. The 

results supported the high variance in reproductive success and reduced effective size 

previously observed in O. edulis under experimental conditions and in the wild. The authors 

highlighted the importance of the sampling window size (Lallias, Taris, et al., 2010). Sexual 

maturation is not synchronous in O. edulis, thus reproductive success can be highly variable 

in time. This can lead to “chaotic genetic patchiness” being observed from a cohort that is 

not representative of the overall reproductive effort.  

A linkage map was developed for O. edulis (Lallias et al., 2007) with the aim of 

identifying quantitative trait loci (QTL) associated with bonamiosis tolerance, thus allowing 

for the implementation of marker-assisted selection (MAS) programmes. A three generation 

pedigree, produced by crossing wild and hatchery O. edulis bred for B. ostreae tolerance, was 

genotyped at 246 amplified fragment length polymorphism (AFLP) markers and 20 

microsatellite markers. The map had an estimated genome coverage of over 82%, with eight 

linkage groups that were likely homologous between the two parents (karyotype analysis 

reveals that the O. edulis genome is diploid with 20 chromosomes: Leitão, Chaves and Santos, 

2004). A similar linkage map was built to identify QTL for resistance, or susceptibility, to 

bonamiosis. This experiment involved cohabitation of a family from a wild/resistant cross 

with wild oysters infected with the parasite (Lallias, Gomez-Raya, et al., 2009). A subset of 

infected oysters that died, and Bonamia free survivors from the cross family, were genotyped 

for 20 microsatellite and 34 AFLP markers. Nine markers were linked to resistance, and six 

were linked to susceptibility. Some linkage groups spanned short distances or displayed low 

polymorphism. The use of additional codominant markers would allow higher genome 

coverage. Using SNP markers in conjunction with AFLPs and microsatellites, a linkage map 
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achieved 92.4% genome coverage, and consisted of ten linkage groups (Harrang et al., 2015). 

This new linkage map allowed for the confirmation of previously identified putative QTLs for 

bonamiosis tolerance, whilst also detecting new candidate genome regions. 

Additional studies have focused on measuring differences in gene expression or 

regulation in response to bonamiosis infection, in an effort to elucidate the interaction 

between B. ostreae and O. edulis haemocytes (Morga et al., 2011; Martín-Gómez, Villalba 

and Abollo, 2012; Martín-Gómez et al., 2014). Similar methodologies have been applied to 

studying differential gene expression between a B. ostreae tolerant strain and wild O. edulis 

(Morga et al., 2012) under parasite infection. Three genes involved in apoptosis 

(programmed cell death) were found to be overexpressed in resistant oysters exposed to the 

parasite. This suggested that apoptosis may restrict the development of B. ostreae in tolerant 

host cells. One of these genes, inhibitor of apoptosis (OeIAP), is possibly up-regulated by B. 

ostreae in order to inhibit apoptosis and survive in the haemocytes. Furthermore, the 

extracellular superoxide dismutase gene (OeEcSOD) was overexpressed in tolerant O. edulis, 

and might be related to an increased production of cytotoxic components (i.e. reactive 

oxygen intermediates) generated during an immune response. Molecular studies of 

bonamiosis tolerance in O. edulis have exclusively studied the strains developed in France by 

IFREMER researchers (Naciri-Graven et al. 1998); whether the Irish “Rossmore” O. edulis 

strain (Culloty, Cronin and Mulcahy, 2001) exhibits increased B. ostreae tolerance through 

similar mechanisms remains to be seen. 

 

1.5 THESIS OUTLINE 

 

Ostrea edulis is recognized as a threatened and/or declining species within the UK and its 

native distribution as a whole (Laing, Walker and Areal, 2005; Haelters and Kerckhof, 2009). 

The restoration of once present populations, and the recovery of depleted fisheries are 

recognized as important management targets (e.g. Kennedy and Roberts, 1999; Laing, 

Walker and Areal, 2005; Fariñas-Franco et al., 2018; Rodriguez-Perez et al., 2019). Therefore,  

robust information on the levels of genetic diversity and structure among remaining O. edulis 

sites is would be of great value to effectively manage the existing genetic diversity of the 

species, and protect the genetic integrity of distinct populations – from translocations or the 

use of hatchery strains (Haelters and Kerckhof, 2009).  
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The research undertaken in this thesis was funded by the IBIS project, supported by the EU’s 

INTERREG IVA Programme and managed by the SEUPB. The overarching goal of IBIS was to 

deliver applied research for the evidence-based management of aquatic resources within 

Northern Ireland, Ireland and Scotland. To this end, the primary aim of this thesis is to 

describe patterns and levels of population genetic structure of O. edulis, based on both 

existing markers and with novel markers providing a higher genomic representation. The 

current extent of O. edulis population genetic research has relied on a limited number of 

traditional molecular markers such as allozymes and microsatellites (e.g. Saavedra et al., 

1993; Sobolewska, Beaumont and Hamilton, 2001; Launey et al., 2002; Lallias, Stockdale, et 

al., 2009; Vera et al., 2015), which have often reported only mild genetic differentiation 

exists; whether this is due to limited genetic markers for the species, or gene flow as a result 

of stock transfers and/or natural larval dispersal, remains to be elucidated. The research 

chapters elaborate on both the application of existing markers and the development and 

assessment of new markers, to measuring genetic diversity and structure among the sampled 

O. edulis stocks. 

 The current extent of O. edulis genetic research suffers from a limited understanding 

of the connectivity among stocks. This was mostly due to the limited number of available 

informative genetic markers, and weak reported levels of population structuring – 

presumably related to both extensive anthropogenic transfer, and the high dispersal 

potential of marine bivalve larvae.  

Chapter 2 represents the study of population genetic structure among O. edulis 

samples from 18 geographically distinct locations across the North Atlantic, Croatia and 

Maine (USA), inferred using microsatellite markers drawn from the available literature and 

developed into genotyping panels by Vera et al. (2016). The final dataset consisted of 867 

individuals, genotyped at 13 loci. Population-based and individual-based clustering was 

carried out using Bayesian and multivariate approaches in a hierarchical fashion. The 

robustness of inferred genetic clusters was assessed using statistical analyses of genetic 

diversity and genetic differentiation. The results are compared to previous studies of O. edulis 

population genetics. The implications of known translocations and husbandry practices are 

discussed in relation to observed patterns of genetic structure among stocks.  

Chapter 3 elaborates on the first (to our knowledge) utilization of genome-wide SNP 

markers to measure population genetic structure among O. edulis stocks, using a medium 

density SNP array developed by Gutierrez et al. (2017). The final dataset consisted of 364 O. 
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edulis individuals genotyped at 11,151 SNPs, of which 7836 loci (70%) were found to: be 

putatively neutral; have a high call rate between runs; segregate according to Hardy-

Weinberg proportions; and have no significant linkage. The putatively neutral SNPs were 

applied to downstream population genomic analyses. Similar to the microsatellite dataset 

(Chapter 2), clustering was carried out on the SNP dataset using Bayesian and multivariate 

approaches in a hierarchical fashion, and the robustness of inferred genetic clusters was 

assessed using statistical analyses of genetic diversity and differentiation. Additionally, 

markers under putative balancing and divergent selection were analysed with a multivariate 

clustering approach, and these loci were compared to database sequences, in an effort to 

infer functional significance which may underpin their potential selection. We discuss the use 

of thousands of SNPs, which generally recovered genetic structure with greater confidence, 

in comparison to previous microsatellite studies – including our own (Chapter 2). 

Chapter 4 presents the study of mitochondrial genome diversity and the 

development of mitochondrial markers for O. edulis. This chapter is a response to the very 

limited research to date utilizing mitochondrial haplotypes for population studies that raised 

interesting questions regarding: effective number of females, the mitochondrial lineage of 

geographic outliers (Norway and Black Sea), and an Atlantic/Mediterranean divide among O. 

edulis haplotypes (Diaz-Almela et al., 2004). Utilization of additional mitochondrial markers 

may provide useful information regarding the impact of translocations on cytoplasmic 

lineages that do not undergo recombination, and may offer insights into the maternal genetic 

contribution in an organism with alternating sex cycles. Taking advantage of the recently 

sequenced O. edulis mitochondrial genome (Danic-Tchaleu et al., 2011), this study covers the 

technical aspects of designing conserved primers for the resequencing of mitochondrial 

genomes (mitogenomes) from low quality DNA extracts. Forty O. edulis individuals from 

seven geographically distinct locations were resequenced across the mitogenome, using 33 

primer pairs. We carried out preliminary analyses of molecular diversity and intraspecific 

phylogeny among these individuals, across genes/regions of the resequenced mitogenomes. 

Furthermore, we introduce an analytical approach to identify genome regions rich in 

parsimony informative, unlinked SNP loci, in order to create informative markers for targeted 

amplification, thus allowing for a greater number of samples to be screened more efficiently 

in future studies. 

Finally, Chapter 5 summarizes the main hypotheses and conclusions derived from 

each chapter. The main findings are also considered in relation to a management and 

conservation perspective for sampled O. edulis stocks. 



 

CHAPTER 2  
 

 

 

Population genetic analysis of 

European flat oyster (Ostrea edulis) 

stocks using microsatellite markers 
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2.1 INTRODUCTION 

 

The European flat oyster Ostrea edulis occurs naturally from Norway to Morocco in the 

North-Eastern Atlantic and throughout the Mediterranean Basin (Lapègue et al., 2006). It has 

also been translocated to other parts of the world for commercial exploitation (Ruesink et 

al., 2005), and sustainable populations are also known to exist in the USA (Vercaemer et al., 

2006). The species has been harvested by humans for many centuries, and once supported 

extensive aquaculture and fishing activities throughout Europe (Goulletquer and Heral, 

1997). O. edulis are also a valuable component of coastal and estuarine ecosystems, 

providing many services including filtration of suspended organic particles in addition to 

providing hard-substrate for the formation of biogenic reefs (Ruesink et al., 2005). The 

species is a protrandic hermaphrodite with the potential of switching sex phase multiple 

times throughout its life, depending on biological and environmental factors (Cole 1942; 

Joyce et al., 2013). It also shows “parental care”, localising fertilization in the mantle cavity 

where eggs are incubated (O´ Foighil and Taylor, 2000). These complex life history traits, in 

addition to their variable reproductive success and low synchrony of gametogenesis 

(Hedgecock et al., 2007; Lallias, Taris, et al., 2010) present challenges for hatchery production 

and use of broodstock. Indeed, most O. edulis production relies on the exploitation of wild 

stocks, using spat collectors to recruit wild juveniles (FAO, 2017). 

Over-exploitation, destruction of natural beds, pollution, and severe winters have all 

contributed to stock decline since the 18th century (Laing, Walker and Areal, 2006). Concerns 

about the long-term sustainability of O. edulis stocks led to the development and 

implementation of repletion and reseeding management approaches. An unintended 

consequence of stock movement to aid restoration was the spread of epizootic parasites, 

most notably Bonamia ostreae in Atlantic Europe, which can cause up to 90% mortalities 

amongst naïve oyster populations (Culloty and Mulcahy, 2007). Differential tolerance to the 

parasite has been observed among naturally-exposed populations in Ireland (Culloty, Cronin 

and Mulcahy, 2001), France (Naciri-Graven, Martin and Baud, 1998) and Spain (da Silva, 

Fuentes and Villalba, 2005). A multigenerational selection programme for B. ostreae 

tolerance, initiated with naturally-exposed survivors, suggested an additive and heritable 

basis for survival (Naciri-Graven, Martin and Baud, 1998), but at the expense of reduced 

genetic variability (Launey et al., 2001). Stock movements have been extensive and poorly 

documented (Bromley et al., 2016). Thus, little is known about the presumed contribution to 
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gene flow, and the possible dilution of traits conferring adaptation to local conditions, as a 

result of anthropogenic transfer. However, increased winter mortalities among juvenile 

oysters in Dutch waters has been attributed to reduced winter tolerance, as a result of 

interbreeding between local stocks and imported southern strains (Drinkwaard, 1999).  

Conversely, the failure of historical stock transfers, reported in many cases, may be the result 

of reduced fitness of moved stocks under different environmental conditions. 

Despite being a key component of marine ecosystems, and a valuable economic 

resource, O.edulis has few readily available genomic resources  in comparison to the Pacific 

cupped oyster Crassostrea gigas, for which complete genome sequence information is 

available (Zhang et al., 2012). The difference in genomic resources is a reflection of the 

worldwide share of oyster production for C. gigas (97.7% in 2002) and O. edulis (0.2%, FAO 

2017), respectively. C. gigas is a highly competitive invasive species with broad 

environmental tolerances (Diederich et al., 2005), and is also more amenable to hatchery 

production than O. edulis (synchronous spawning, high growth rate, broadcast spawning and 

separate sexes). However, O. edulis is considered an important economic resource where it 

is produced, often selling as a luxury item for three to five times the wholesale price of C. 

gigas (FAO, 2017). Research efforts to aid in sustainable exploitation, development of disease 

resistant strains, and recovery of depleted oyster stocks has become more important in 

recent years, due to mass summer mortalities of C. gigas in France, UK and Ireland, which 

have been linked to the ostreid herpesvirus 1 micro-variant (Segarra et al., 2010; EFSA 2010). 

C. gigas was introduced to France in the 1970s to mitigate the impact of the reduction of 

Portuguese oyster (Crassostrea angulata) stocks, resulting from gill and viral related diseases 

(Goulletquer and Heral, 1997). C. angulata was initially imported into France to supplement 

declining O. edulis stocks.  This “boom and bust” history highlights the importance of 

polyculture to reduce the reliance on one particular species, the impact of species-specific 

epizootics, and the stability offered through the development of disease resistant strains, 

such as that observed in strains of the Eastern oyster Crassostrea virginica in response to 

Haplosporidium nelsoni (Ford and Haskin, 1987). 

Efforts to characterize the genetic diversity of O. edulis stocks have been based on 

allozymes (Saavedra et al., 1993,  1995), microsatellites (Launey et al., 2002; Sobolewska & 

Beaumont 2005; Beaumont et al., 2006; Vercaemer et al., 2006; Lallias et al., 2010; Vera et 

al., 2016) and mitochondrial markers (Diaz-Almela et al., 2004), at varying geographic and 

genomic coverages. Saavedra et al. (1993,  1995), in an allozyme based study of 19 sample 

sites from the species’ Atlantic and Mediterranean range, reported on low overall population 
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structure and levels of heterozygosity. However, stocks between the two water bodies were 

genetically distinct, exhibiting a cline of allele frequencies along the Straits of Gibraltar, and 

lower observed genetic diversity among Atlantic O. edulis. Using five microsatellite marker 

loci, Launey et al. (2002) investigated the variability within and between O. edulis populations 

sampled from Norway to the Black Sea. The authors did not observe a sharp differentiation 

between Atlantic and Mediterranean basins, but rather mild genetic structure (global FST 

0.019 ± 0.003) following a weak isolation by distance pattern, ruling out panmixia facilitated 

by anthropogenic and natural means. Given that only five loci were used, however, the 

observed low differentiation among sample sites could be a reflection of limited genomic 

coverage, as opposed to high genetic connectivity. The sample collection from Launey et al. 

(2002) were subsequently analysed with mitochondrial 12S-rRNA single strand conformation 

polymorphisms (SSCP) by Diaz-Almela et al. (2004). While these authors’ overall results 

confirmed a similar pattern of isolation by distance, samples from Norway and the Black Sea 

(i.e. geographical extremes) shared a unique group of haplotypes, which were rare 

elsewhere. Additionally, mitochondrial markers revealed a greatly reduced female gene flow, 

having a 12 fold larger FST than that observed with microsatellites. For diploid 

hermaphrodites, the nuclear effective population size is expected to be twice the 

mitochondrial effective population size, since all individuals have the potential to spawn as 

females. This suggests that barriers to female-phase gametogenesis may exist in the native 

O. edulis distribution. 

Based on four microsatellites (developed by Sobolewska et al., 2001), Sobolewska & 

Beaumont (2005) characterized wild and hatchery O. edulis stocks from the North Atlantic. 

With the exceptions of Norway and hatchery sourced samples, low levels of genetic 

differentiation were observed. Also, no significant pattern of isolation by distance was 

detected. With a high coverage of Scotland, and a different microsatellite set (three from 

Launey et al., 2002 and three from Morgan et al., 2000), Beaumont et al. (2006) conducted 

genetic comparisons involving samples from ten Scottish sample sites with French, Dutch and 

Norwegian oysters. O. edulis from the Isle of Skye were genetically distinct from other 

Scottish samples under study, suggesting that the potential for microgeographic isolation 

exists in spite of high genetic similarities observed across larger distributions. Again, no 

apparent patterns of isolation by distance were noted in the study. 

Vercaemer et al. (2006) investigated genetic diversity of introduced O. edulis stocks 

in USA and Canada, alongside the genotype dataset from Launey et al. (2002). Based on the 

preliminary joint-analysis of genetic data from two microsatellite loci standardized between 
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the two studies, the authors found non-significant FST values between the Netherlands and 

two Maine (USA) populations, providing limited support for documented transfer of Maine 

oysters from Netherlands in 1949 (Loosanoff, 1955). Hatchery sourced oysters displayed a 

lower number of alleles, in agreement with those profiled in Sobolewska & Beaumont (2005). 

More recently, Vera et al. (2016) used 16 microsatellite marker loci (the highest 

number of markers for a flat oyster population study to date: four from Launey et al., 2002; 

nine from Lallias et al., 2009; and three from Vera et al., 2015) to characterize spatial and 

temporal genetic variation among O. edulis specimens sampled at 16 locations, along the 

Atlantic coastline from Denmark to Spain. Temporal variation was low between adults 

sampled in 2011 and juveniles sampled in 2013, indicating greater spawning stability than 

previously reported (Hedgecock et al., 2007; Lallias et al., 2010). Analyses indicated mild 

isolation by distance, supporting the presence of three genetically distinct clusters: 1) 

Denmark and Netherlands; 2) England, Ireland and France; and 3) a third cluster containing 

the six Spanish sampling locations. In this study, we extend Vera et al. (2016)’s investigation, 

using the same panel of 16 microsatellite marker loci, to assess the genetic variability of O. 

edulis across remaining Atlantic stocks (Norway to Spain), Croatia and Maine, USA. In 

addition, we also carry out a more comprehensive genetic characterisation of O. edulis stocks 

from the island of Ireland. Here we applied clustering approaches to determine whether 

separate gene pools exist within and among sampling sites, to better inform movement and 

management practices to aid in the preservation of unique genetic units, the restoration of 

particular areas and the sustainable exploitation of remaining stocks. 
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2.2 METHODS 

 

2.2.1 Sampling design 

 

Biopsy material (gill tissue) was collected from Ostrea edulis individuals and preserved in 20% 

DMSO salt-saturated solution or by freezing at -20°C until DNA was extracted. Samples were 

taken from 18 putative O. edulis populations representing the European Atlantic Coast, 

Croatia, and Maine USA (Fig. 2.1). Codes to denote sampling location are described in Table 

2.1. Samples from Croatia (CRO) were initially derived from two separate sampling sites, but 

were ultimately pooled due to lack of observable genetic differences (see Figs. S2.8 and S2.9). 

 

 

Figure 2.1. (A) North American and (B) European sample locations used in this study, (C) relative geographic 

positions of areas displayed in 2.1. A and 2.1. B. 
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Table 2.1. Overview of sample locations, including sample size (N) following adjustment, geographical coordinates 

(decimal degrees). 

Code Location Country N 
Longitude  

(°W) 

Latitude 

(°N) 

CRO Mali Ston; Limski Croatia 50 17.688714 42.855972 

DEN Struer, Limfjord Denmark 50 8.677424 56.520681 

MER Mersea, Colchester England 50 0.964656 51.776931 

LEF Le Faou, Brest France 41 -4.209101 48.295193 

QUI Quiberon, Brittany France 50 -2.996199 47.548744 

CB Clew Bay, Mayo Ireland 49 -9.799746 53.833045 

GAL Clarenbridge, Galway Ireland 38 -8.913139 53.217063 

TRA Tralee Bay, Kerry Ireland 50 -10.0286 52.316452 

ROS Rossmore, Cork Ireland 49 -8.24771 51.883245 

FOY Lough Foyle Ireland/Northern Ireland 50 -7.087622 55.130112 

NET Lake Grevelingen Netherlands 44 4.017114 51.709254 

LAR Larne Lough Northern Ireland 50 -5.751793 54.817369 

STR Strangford Lough Northern Ireland 50 -5.539523 54.489014 

NOR Mølstrevåg, Sveio Norway 50 5.22713 59.519682 

RYA Loch Ryan Scotland 49 -5.039015 54.949244 

SPA Ortigueira Spain 47 -7.835983 43.722612 

DAM Damariscotta, Maine USA 50 -69.534792 44.028497 

QB Quahog Bay, Maine USA 50 -69.961011 43.789687  

  Σ 867 
  

 

2.2.2 Sample processing and genotyping 

 

DNA extraction  

 

DNA was extracted using a phenol-chloroform procedure modified from Taggart et al. (1992). 

Briefly, 50mg of gill tissue was incubated at 37°C overnight in a microfuge tube containing 

a 375µL solution of 0.2M EDTA (pH 8.0), 0.5% sodium lauroylsarcosine, and 10µL proteinase 

K (20mg/ml). Following overnight incubations, 10µL RNAse (20mg/ml) was added to each 

extraction tube, which were then shaken vigorously and further incubated for 60 minutes at 

37°C. 400µL of equilibrated phenol (pH 8.0) was added to each tube, which were again mixed 

at room temperature for 20 minutes on a rotatory plate. 400uL chloroform: isoamyl alcohol 
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(99:1) was added to each tube. Tubes were again shaken and incubated for 20 minutes in the 

rotatory plate. Following centrifugation for 10 minutes (14,000 rpm), 330µL of the top 

aqueous layer was then transferred to a new microfuge tube and mixed with 990µL of 92% 

ethanol. DNA was allowed to precipitate out of solution, and most of the ethanol was 

decanted off. 1mL of 70% ethanol was subsequently added to tubes containing the DNA 

pellet, and these were then incubated overnight on a rotatory plate at room temperature. 

The 70% ethanol wash was then removed from the DNA pellets, and the pellets were allowed 

to partially air dry at room temperature for 5-10 minutes before resuspension in TE buffer 

(pH 8.0). 

 

PCR Amplification 

 

Polymerase chain reactions (PCRs) were performed in 3.5µL reaction volumes containing 1µL 

of template DNA (5ng/µl) and 1.75µL 2X PP mix (Top-Bio©). Table 2.2 shows the 16 

microsatellites used in this study, their concentrations, fluorescent labels and three 

multiplexes. With the exception of primer concentrations – which were arrived at through 

successive trial runs  – these conditions were based on the microsatellite panels of Vera et 

al. (2016). Reverse primers were modified with “PIG-tails” to limit non-templated nucleotide 

addition (Brownstein, Carpten and Smith, 1996). Optimal multiplex amplification was 

achieved using concentrations of 0.15µM for each forward and reverse primer per reaction, 

with the exception of 0.1 µM for forward (F) and reverse (R) primers of OeduT5, OeduU2 , 

Oedu327  and OeduJ12; 0.2µM for OE11 F and R; and 0.25µM each for OeduO9 F and R. PCR 

Amplifications were carried out under the following conditions: 5 cycles of 

denaturation/annealing/extension (94°C/30s, 55°C/90s, 72°C/60s) followed by 20 cycles of 

denaturation/annealing/extension (94°C/30s, 57°C/90s, 72°C/60s). 
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Table 2.2. Information on microsatellite loci used in this study. The legend indicates source publication of primer 

sequences. 

Locus Primer Sequence (5'-3') Label Multiplex Primer 

concentration 

(µM) 

Oed2402 F: GACTTACATAAGCAAACTCTT NED 1 0.15 

 
R: ACTGGGCGGTCACCACCTTGGGCC 

  

0.15 

OE273 F: CACAGTAAGAACCGGCTTGA FAM 1 0.15 

 
R: CCGTGTTTGCCCAACTATCT 

  

0.15 

OE033 F: TTGATCCTCAATGATACTCGTG FAM 1 0.15 

 
R: GATGAGCGCGATGCTCTAAC 

  

0.15 

Oed3252 F: GAGACCTTGATTCGAAACTTCTTT PET 1 0.15 

 
R: CACGACATATCTAGCACTTTTCA 

  

0.15 

Oed202b2 F: GCGGGTATTACATTAGCAATCC NED 1 0.15 

 
R: TTGTACATGGAAGTAGGACAGTCA 

  

0.15 

Oed202a2 F: AAATTCAAATCACCGGAGGA VIC 1 0.15 

  R: TCCTCCCTGAATATCTGTCCA 
  

0.15 

OeduT51 F: CTTCGTTCTTGTACGTAAGCG VIC 2 0.1 

 
R: TAGTGAATGGTCTTGCATTCC 

  

0.1 

OeduO91 F: ATTCAATTGATTTTAGGTTGG FAM 2 0.25 

 
R: ACTTCAATGTCTGTTCTAATGG 

  

0.25 

OeduU21 F: GAAAGAAATGGAGGCAATAAC NED 2 0.1 

 
R: ACCAATGAACACAGATCACC 

  

0.1 

Oed3272 F: CCGTTAGCCCCATCAGATAA PET 2 0.1 

 
R: TGGGGTGTAAAGTAATCTTCCAG 

  

0.1 

OeduJ121 F: GCTGTATTTCCATCAATTCGAG PET 2 0.1 

  R: TCGTCACCTCCCTCTCAGAG     0.1 

Oed177a2 F: TGCAAGATTAAAAGGCAGCA FAM 3 0.15 

 
R: TCTGCACCTAATAGACTGTTCTGA 

  

0.15 

Oed1812 F: TGGTCAGCTGAAACTGTTCAA NED 3 0.15 

 
R: CAAGGCCTTTTCAATAATGTACTGT 

  

0.15 

Oed212b2 F: TTGAAATGCCGATGTCTGTC VIC 3 0.15 

 
R: TGCCTCTTTGTAAAGTCTTTGTATATT 

  

0.15 

Oed2432 F: GCCGCGAGCTGTAATCATA PET 3 0.15 

 
R: CGGCTGACCGCTATATTTGT 

  

0.15 

OE113 F: GTGAGGCAGGTGATTCCATT PET 3 0.2 

  R: CCCTTGCTCAGGTGCTATTC     0.2 

1 : Launey et al. (2002)       

2 : Lallias et al. (2009)    

3 : Vera et al. (2015)    
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Genotyping 

 

Amplified PCR products were resolved by electrophoresis on an ABI 3730XL 96 capillary DNA 

analyser (Life Technologies). Raw product sizes (i.e. allele and genotypic calls) were 

determined using GeneMapper™ v4.1 (Life Technologies). Raw allele sizes (i.e. non-integers) 

were examined for outliers and assigned to size bins using the MsatAllele package v1.03 

(Alberto, 2009) in the R programming environment (R Core Team 2016; see Figs. S2.21 – 

S2.35).  

 

2.2.3 Microsatellite characterization 

 

Loci were tested for scoring errors and allelic dropout using Microchecker v2.2.3 (van 

Oosterhout et al., 2004). Null allele frequencies were estimated using FreeNA (Chapuis and 

Estoup, 2007) by correlating corrected FST values with FST values without an estimated null 

allele correction (1000 replicates). Linkage disequilibrium between loci pairs was measured 

using a log likelihood ratio statistic (G-test) implemented in GenePop v4.2 (Rousset, 2008) 

based on 1000 iterations, 1000 dememorization and 100 batches. Microsatellites were 

excluded from analyses which assume independence of loci if significant linkage occurred 

between the majority of comparisons involving a specific locus. The significance of observed 

heterozygote departures from Hardy-Weinberg proportions (HWP) was tested using the 

Fisher’s exact test (1000 replicates) implemented by the divBasic function of the diveRsity 

v1.9.90 R package (Keenan et al., 2013). Loci were excluded from analyses which assume 

HWP if results were significant across the majority of sample groups (p-value ≤ 0.05). 

 

2.2.4 Cluster analysis 

 

STRUCTURE 

 

Patterns of genetic similarities were investigated using the Bayesian clustering algorithm 

implemented in the program STRUCTURE v2.3.2.1 (Pritchard, Stephens and Donnelly, 2000). 

STRUCTURE attempts to assign individuals to clusters which minimize Linkage Disequilibrium 
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(LD) and departures from Hardy-Weinberg Proportions (HWP), in order to detect population 

structure among “K” numbers of clusters. STRUCTURE analysis was initially carried out on the 

entire dataset to identify the main genetic clusters (i.e. the top level of structure where 

genetic divergence is highest). Sample group sizes were equalized where possible to reduce 

sample unevenness which can affect the inference of correct population structure 

(Puechmaille, 2016). Since we aimed to sample 50 individuals per location – a sampling depth 

higher or similar to previous microsatellite population genetic studies (Launey et al., 2002; 

Sobolewska and Beaumont, 2005; Beaumont et al., 2006; Vera et al., 2016) – sites with more 

than 50 individuals were reduced to this number by selecting individuals which had the 

greatest genotyping success rate. A sample site identifier was used for the “LOCPRIOR” model 

to improve the detection of weak genetic structure, the “admixture” model and correlated 

allele frequencies were used. Individuals were grouped into K clusters (where K ranged from 

1 to the number of sample locations + 2). Twenty independent replicates were carried out 

for each K value, with a burnin period of 100,000 followed by 100,000 Monte Carlo Markov 

Chain (MCMC) iterations for each run. These parameters were chosen from previous trial 

runs to ensure data convergence.  

In order to identify further genetic substructure within the overall dataset, observed 

clusters were then analysed independently using the above parameters (i.e. hierarchical 

structure analysis). “High confidence” assignments were considered when groups of 

individuals were placed in the same cluster with consistently high membership probabilities 

(i.e. q-value thresholds >0.5 to >0.9, depending on hierarchy level; see results) across all 

individuals and replicates at the optimal K values, which were determined using the ΔK 

statistic (Evanno, Regnaut and Goudet, 2005). Cluster membership coefficients were 

visualized for each K value using the R package pophelper v2.2.0 (Francis, 2016) after being 

matched across all 20 replicates for each K value with the cluster matching and permutation 

program CLUMPP v1.1.2 (Jakobsson and Rosenberg, 2007), using the “greedy” algorithm with 

random input orders and 20 repeats. The ΔK statistic (Evanno, Regnaut and Goudet, 2005) 

was used as a guide to identify the best K value explaining the data at each hierarchical step 

of the analysis.  
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DAPC 

 

The Discriminant Analysis of Principal Components (DAPC) multivariate clustering method 

(Jombart, Devillard and Balloux, 2010) was also used as an additional, non-parametric 

approach, to test the robustness of clusters identified with STRUCTURE, and sample locations 

as prior groupings, as implemented in the R package adegenet v2.1.0 (Jombart and Ahmed, 

2011). DAPC identifies groups of more genetically related individuals within a genotype 

dataset. Additionally, we applied DAPC to adhoc prior groupings inferred using the 

find.clusters adegenet function. This method uses successive k-means clustering of genetic 

data and applies the Bayesian Information Criterion (BIC) to choose the best model to infer 

the number of genetic clusters (which is the lowest number of clusters after which the BIC 

increases or decreases by a negligible amount). For each DAPC analysis, the optimal number 

of principal components was estimated using the adegenet function optim.a.score. The 

number of genetic groups and their variability were visualized graphically by plotting the 

principal components of the DAPC model. 

 

2.2.5 Genetic diversity and differentiation 

 

The number of alleles, allelic richness, observed and expected heterozygosity and inbreeding 

coefficients (FIS) for inferred genetic clusters were estimated using the divBasic function in 

the R package diveRsity v1.9.90 (Keenan et al., 2013). Effective population sizes (Ne) were 

estimated for inferred clusters using the bias-corrected LD method of Waples and Do (2008), 

as implemented in the program NeEstimator v2.1 (Do et al., 2014). Ne and its 95% confidence 

intervals were estimated at a Pcrit value (the frequency at which rare alleles are excluded) of 

0.02 for groups above 25, and 1/(2S) < Pcrit ≤ 1/S (where S is number of individuals in the 

cluster) for groups below or equal to 25, as recommended in Waples and Do (2010). Due to 

the variance in inferred cluster sizes, clusters were subsampled to a maximum of 50 

individuals when cluster size exceeded 50, using the gpSampler function in the R package 

diveRsity v1.9.90 (Keenan et al., 2013). To detect evidence of population bottlenecks, 

inferred genetic clusters were analysed with BOTTLENECK v1.2.02, across 1000 replications 

using the two-phase model (TPM), with a 30% variance and a stepwise mutation model 

proportion of 70% (Cornuet and Luikart, 1996).  
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Pairwise population genetic differentiation between inferred clusters was calculated 

with the diffCalc function implemented in diveRsity v1.9.90 (Keenan et al., 2013), using 1000 

bootstraps and bias correction to estimate 95% confidence intervals. Due to its widespread 

use, FST (Weir and Cockerham, 1984) values are reported for comparison with previous 

studies, but because this statistic can underestimate genetic differentiation when used with 

highly variable microsatellite loci (Jost 2008; Meirmans & Hedrick 2011), we also report the 

differentiation measure Jost’s D (Jost, 2008), which may provide better estimates for 

population divergence when using multi-allelic microsatellite marker loci (see Fig. S2.1). 

Pairwise differentiation statistics were summarised as dendrograms following hierarchical 

clustering (hclust function in R) using the plot.phylo function implemented in the R package 

ape v5.0 (Paradis, Claude and Strimmer, 2004). 

An Unweighted Pair Group Method with Arithmetic Mean (UPGMA) tree was drawn 

from Nei’s genetic distance values (Nei, 1972, 1978) between inferred groups and sample 

sites of O. edulis, and visualized with branch values showing percentage support following 

1000 bootstraps using the aboot function of the R package poppr v 2.5.0 (Kamvar et al., 2014; 

2015). A Mantel test was carried out to investigate whether the data supported an isolation 

by distance (IBD) model. The correlation between pairwise genetic distance, calculated by 

FST/(1- FST) as suggested by Rousset (1997), and geographic Euclidean distance was calculated 

using the function mantel.randtest from the R package ade4 v1.7-8 (Dray and Dufour, 2007). 

10,000 replicates were used to test the strength of the observed correlation and its 

significance when compared to random sampling. Sample sites from Maine, USA (“DAM” and 

“QB”) were excluded from Mantel tests since they do not form part of the O. edulis natural 

range. 
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2.3 RESULTS 

 

2.3.1 Genetic diversity (sample sites) 

 

Of the 16 microsatellites initially tested (Vera et al., 2016), locus Oed325 exhibited erroneous 

multi-allele (> 2) banding patterns in most individuals, and so was excluded from downstream 

analyses. FST values were corrected for null alleles with FreeNA (Table S2.4), and uncorrected 

FST values had correlation coefficients above 0.95 for remaining loci.  Locus OE27 was found 

to be in linkage disequilibrium with 10 of the 14 other loci across all samples pooled together 

(p ≤ 0.05; Table S2.1), and OE03 deviated from Hardy-Weinberg proportions in 12 of 18 

sample sites (Table S2.2), therefore these loci were excluded from STRUCTURE, which 

assumes loci are unlinked and genotypes are within Hardy-Weinberg proportions (Pritchard, 

Stephens and Donnelly, 2000), and downstream analyses. In total, genotypic data was 

obtained for 1199 individuals at 15 loci with high overall success (1.32% missing genotype 

calls), prior to sample size equalization, and the removal of OE27 and OE03. Sample size 

adjustment (as described above) resulted in a genotypic dataset for 867 individuals (0.85% 

missing genotype calls) with more consistent sample site representation (range = 38 - 50, 

mean = 48). Table 2.3 displays overall diversity statistics following sample size adjustment 

and removal of OE27 and OE03; while Table S2.2 displays diversity statistics across loci prior 

to sample and locus adjustments. 

The total observed number of alleles (over 13 loci) for each sample site ranged from 

165 to 290, being lowest for LAR and highest for CRO, as was also the case for the proportion 

of alleles observed and allelic richness (Table 2.3). Evidence of inbreeding was low among 

sampled sites, with only CRO having a significantly positive (yet low) FIS (0.03), despite its 

higher genetic diversity. Eight of the 18 sample sites were not in HWP (p ≤ 0.05). Of these 

samples, four had an overall heterozygote deficiency (CRO, QB, NET and TRA), one had an 

overall mean locus heterozygote excess (LAR), whilst three had a mean observed 

heterozygosity equal to the mean expected heterozygosity (ROS, GAL and FOY) across all loci.  
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Table 2.3. Overall genetic diversity statistics across loci for 18 O. edulis samples following sample size and locus 

removals, showing: mean individuals genotyped per locus per population sample (N), Total allele number across 

loci per population (A), Proportion of alleles observed across loci per population (%), mean allelic richness per 

locus per population (AR), mean observed heterozygosity across loci per population (HO), mean expected 

heterozygosity across loci per population (HE), overall p-values from chi-square test for goodness-of-fit to Hardy-

Weinberg proportions (HWP; significant deviations in bold), global inbreeding coefficient (FIS), lower (FIS_LCI) and 

upper (FIS_UCI) 95% confidence intervals. Sample site codes: LAR, Larne Lough (N. Ireland); CRO – Croatia; DAM – 

Damariscotta, Maine (USA); QB – Quahog Bay, Maine (USA); NOR – Sveio (Norway); DEN – Limfjord (Denmark); 

NET – Grevelingen (Netherlands); MER – Mersea, Colchester (England); LEF – Le Faou, Brest (France); QUI – 

Quiberon, Brittany (France); SPA – Ortigueira (Spain); ROS – Rossmore, Cork (Ireland); GAL – Galway (Ireland); 

RYA – Loch Ryan (Scotland); TRA – Tralee Bay (Ireland); CB – Clew Bay (Ireland); STR – Strangford Lough (N. 

Ireland); FOY – Lough Foyle (Ireland). 

Stat LAR CRO DAM QB NOR DEN NET MER LEF 

N 50.00 50.00 50.00 50.00 49.85 47.31 43.31 50.00 41.00 

A 165 290 211 211 210 197 220 236 225 

% 42.28 73.49 54.49 54.20 51.86 49.78 56.52 60.63 57.90 

AR 10.86 18.80 13.59 13.96 13.48 13.13 14.37 15.34 15.07 

HO 0.86 0.87 0.82 0.85 0.84 0.83 0.85 0.87 0.87 

HE 0.83 0.89 0.84 0.87 0.82 0.84 0.85 0.86 0.88 

HWP 0.000 0.000 0.154 0.001 0.860 0.691 0.000 0.936 0.310 

FIS -0.04 0.03 0.02 0.02 -0.02 0.01 0.00 -0.01 0.00 

FIS_LCI -0.07 0.01 -0.01 -0.01 -0.05 -0.01 -0.02 -0.03 -0.02 

FIS_UCI -0.01 0.05 0.05 0.06 0.01 0.04 0.03 0.02 0.03 

 

Table 2.3 cont. 

Stat QUI SPA ROS GAL RYA TRA CB STR FOY 

N 49.85 46.92 49.00 37.08 48.38 49.46 48.31 49.85 49.54 

A 237 248 213 202 238 238 226 225 222 

% 60.81 63.15 53.90 50.96 59.41 60.74 57.14 57.91 55.41 

AR 15.46 15.98 14.34 13.85 15.54 15.16 14.70 14.93 14.51 

HO 0.86 0.87 0.86 0.84 0.88 0.87 0.87 0.87 0.86 

HE 0.87 0.87 0.86 0.86 0.86 0.88 0.86 0.87 0.86 

HWP 0.201 0.540 0.000 0.017 0.120 0.000 0.188 0.441 0.026 

FIS 0.01 0.01 0.00 0.01 -0.01 0.01 -0.01 0.00 0.00 

FIS_LCI -0.01 -0.02 -0.02 -0.02 -0.04 -0.01 -0.04 -0.02 -0.03 

FIS_UCI 0.04 0.03 0.03 0.05 0.01 0.03 0.01 0.02 0.02 



Chapter 2: Microsatellite population genetics 

 

30 

 

2.3.2 Genetic cluster assignment 

 

STRUCTURE 

 

Analysis of STRUCTURE outputs for the entire dataset with the ΔK approach (Evanno, Regnaut 

and Goudet, 2005) estimated K = 2 to be the highest level of structure (Fig. S2.6), which 

distinguished LAR individuals from the rest of the sample sites (Fig. 2.2A). Substructure within 

each major cluster (i.e. LAR, and the remaining 17 locations) was then investigated. LAR 

exhibits a unique substructure when analysed independently, for which ΔK estimated the 

best K = 2 (Fig. 2.2 B (i)), where individuals were grouped to one of two unique clusters with 

high membership probabilities (mean q-value > 0.9). Although not supported by ΔK, K = 4 for 

LAR identified four separate genetic groups (See Fig. S2.13) designated LAR-C1 to LAR-C4, 

due to support with other assignment methods given below. When analysed independently, 

the remaining 17 locations were found to have ΔK support for K = 3 (S2.14). At three clusters, 

CRO individuals are assigned to their own unique cluster with high posterior membership 

probabilities (mean q-value > 0.9), and the remaining 16 sampling sites exhibit a “gradient” 

of shared membership probabilities between two different clusters, showing a large variance 

between locations, and a generally uniform membership pattern within locations (Fig. 2.2B 

(ii)). North-west Europe and North American sites (NWEuNA) NOR, DEN, NET, DAM and QB 

have an admixture pattern assigned predominantly to one of these clusters (Q > 0.6 mean, 

hereby termed the “NWEuNA” cluster). Conversely, Ireland/N. Ireland sites excluding LAR 

(i.e. ROS, GAL, TRA, CB, STR and FOY), as well as France (QUI, LEF), England (MER), Scotland 

(RYA) and Spain (SPA) are assigned predominantly to the second cluster, hereby referred to 

as the West Europe (WEu) cluster. Some WEu individuals exhibited a moderate degree of 

shared ancestry with the cluster CRO was assigned to, this was largest for French and Spanish 

samples (LEF, QUI and SPA).  

CRO individuals which were analysed independently (Fig. 2.2C (i)) showed support 

for the highest ΔK value of 6 (Fig. S2.8), however this results in spurious clusters which do 

not distinguish individuals, but rather each individual has identical membership probabilities 

for all clusters. Due to this observation, and because ΔK cannot be calculated for K = 1 

(Evanno, Regnaut and Goudet, 2005), we do not regard K = 6 as accurate. Despite the fact 

that CRO individuals were sourced from two separate locations (Mali Ston; Limski), no 

evidence of differential cluster membership probabilities was observed at K values from 1-
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10. Furthermore, mean L(K) is greatest at K = 1, with lowest S.D. (Fig. S2.8). The NWEuNA 

subset was analysed independently, in order to identify whether evidence for further genetic 

substructure was observed. ΔK supported a K value of 2 (Fig. S2.10), at which level DAM is 

predominantly assigned to a single cluster, separate from the remaining locations, including 

the second Maine sample QB (Fig. 2.2C (ii)). The Netherlands is the documented source of 

flat oyster translocations to Maine (Loosanoff, 1955), however despite QB and NET having 

similar cluster membership probabilities at K = 3, DAM does not, suggesting the existence of 

genetic differentiation within Maine, USA. At K = 3 for the NWEuNA subset, NOR has a distinct 

membership probability profile from DEN NET and QB (Fig. S2.11). When analysed 

independently, the WEu group revealed mixed ancestry between two clusters at K = 2 (Fig. 

2.2C (iii)), which was the highest ΔK value (Fig. S2.15). Assignment probability to a single 

cluster was highest across samples, with the exception for SPA, QUI and LEF which were split 

equally between clusters. K values of 3 onwards revealed potential substructure within ROS, 

with five individuals having a majority membership probability to a unique genetic group (Fig. 

S2.16). 
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Figure 2.2. Summary of STRUCTURE membership probabilities at various hierarchic levels of genetic structure at 

the best K supported by ΔK (Evanno et al., 2005). Each vertical coloured bar represents an individual, sorted by 

sampling location and their inferred genetic cluster. The proportion of each colour indicates the posterior 

membership probability of an individual belonging to each distinct cluster (K). The uppermost level (A) reflects 

the entire dataset, and each subsequent level (B,C) is determined by the prior dataset at it’s best supported K. 

Sample site codes: LAR, Larne Lough (N. Ireland); CRO – Croatia; DAM – Damariscotta, Maine (USA); QB – Quahog 

Bay, Maine (USA); NOR – Sveio (Norway); DEN – Limfjord (Denmark); NET – Grevelingen (Netherlands); MER – 

Mersea, Colchester (England); LEF – Le Faou, Brest (France); QUI – Quiberon, Brittany (France); SPA – Ortigueira 

(Spain); ROS – Rossmore, Cork (Ireland); GAL – Galway (Ireland); RYA – Loch Ryan (Scotland); TRA – Tralee Bay 

(Ireland); CB – Clew Bay (Ireland); STR – Strangford Lough (N. Ireland); FOY – Lough Foyle (Ireland). 

 

DAPC 

 

DAPC was ran on the entire dataset using STRUCTURE-derived clusters as priors. For the 

entire dataset, DAPC did not resolve meaningful groups when using STRUCTURE clusters as 

priors, with the exception of LAR clusters C1-C3, which had 100% reassignment to their prior 

STRUCTURE cluster (Fig 2.3). When using sampling locations as prior groupings, DAPC could 

only differentiate LAR individuals (Fig. S2.17), and the use of k-means inferred clusters as 
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priors did not produce meaningful divisions within the entire dataset, where STRUCTURE 

inferred clusters (excluding LAR-C2 and LAR-C3) were divided equally across multiple k-

means inferred clusters (Figs. S2.18 - S2.20). Using the LAR subset, successive k-means 

clustering and DAPC provided strong support for four LAR clusters (Fig. 2.4) as identified in 

STRUCTURE analyses for LAR at K = 4 (Fig. S2.13). Individuals had 100% reassignment success 

to a priori clusters. However, DAPC could not infer reproducible or meaningful clusters within 

the CRO, NWEuNA or WEu subsets, or within the dataset with LAR removed. 

 

 

Figure 2.3. Ordination plot and group classification on flat oyster data using STRUCTURE clusters as priors, 

showing (A) first and second axes of DAPC scatterplot, colours correspond to STRUCTURE clusters (B) percentage 

reassignment of individuals to STRUCTURE cluster prior following DAPC. Cluster abbreviations: CRO – Croatia 

cluster; NWEuNA – North West Europe/North America cluster; WEu – Western Europe cluster; LAR-C1-C4 – Larne 

Lough Clusters 1-4 (N. Ireland). 
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Figure 2.4. (A) Partitioning of group memberships for k-means inferred clusters (x-axis) against STRUCTURE 

derived clusters (y-axis) (B) ordination plot based on DAPC of LAR individuals, colours indicate k-means inferred 

groups. Individual labels are prefixed by their STRUCTURE derived clusters. 
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2.3.3 Genetic variability of inferred clusters 

 

Allele numbers, proportions and richness statistics for genetic clusters are largely influenced 

by the size of clusters, which ranged from 10 (LAR-C1) to 523 (WEu). All LAR clusters had 

comparatively low numbers of alleles, with the exception of LAR-C4 which had a slightly 

larger sample size (n =16 compared to 10-12). LAR genotypes deviated significantly from 

Hardy-Weinberg proportions (p < 0.05), having an excess of heterozygotes, while NWEuNA 

deviated from HWP with lower heterozygosity than expected (Table 2.4). CRO, NWEuNA and 

WEu clusters had similarly low yet significant inbreeding coefficients (Fig. 2.5). Conversely 

LAR cluster FIS values ranged from -0.058 (LAR-C4) to -0.33, indicating potential outcrossing 

at this hatchery site. While Ne estimate values were obtained for all inferred clusters but CRO, 

Infinite upper confidence intervals were obtained for all clusters excluding LAR-C4 (Table 

2.5). Excluding CRO, Ne estimates were low among LAR clusters (24.6 – 87.8), and highest for 

the inferred clusters, NWEuNA (4816.2) and WEu (3295.8), which were randomly 

subsampled to 50 individuals without replacement. Lower confidence intervals ranged from 

6 (LAR-C3) to CRO (2687.2). Possible evidence of recent population bottlenecks in LAR-C1, 

LAR-C2, LAR-C3 and CRO were found, using three tests implemented in BOTTLENECK (Fig. 

S2.36, Table S2.3). Support for bottlenecks in these clusters varied from one to all three tests: 

LAR-C1 and LAR-C3 were supported by all measures (sign test, 2-tail Wilcoxon test, and mode 

shift); LAR-C2 was supported by the mode shift only; and CRO was supported by the 2-tailed 

Wilcoxon test only. No evidence of bottlenecks was observed for LAR-C4, NWEuNA or WEu 

clusters. 
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Table 2.4. Multilocus genetic diversity statistics for inferred genetic clusters, showing: mean individuals 

genotyped per locus per population sample (N), Total allele number across loci per population (A), Proportion of 

alleles observed across loci per population (%), mean allelic richness per locus per population (AR), mean observed 

heterozygosity across loci per population (HO), mean expected heterozygosity across loci per population (HE), 

overall p-values from chi-square test for goodness-of-fit to Hardy-Weinberg proportions (HWP; deviations in bold 

(p ≤ 0.05)), global inbreeding coefficient (FIS), lower (FIS_LCI) and upper (FIS_UCI) 95% confidence intervals. 

Cluster abbreviations: CRO – Croatia cluster; NWEuNA – North West Europe/North America cluster; WEu – 

Western Europe cluster; LAR-C1…C4 – Larne Lough clusters 1 to 4 (N. Ireland). 

Statistic LAR-C1 LAR-C2 LAR-C3 LAR-C4 CRO NWEuNA WEu 

N 10 12 12 16 50 240.46 519.38 

A 52 54 48 151 290 306 368 

% 13.3 13.89 13.09 38.98 73.49 76.34 91.74 

AR 3.64 3.72 3.61 8.1 11.24 9.46 10.26 

HO 0.82 0.82 0.91 0.88 0.87 0.84 0.87 

HE 0.61 0.6 0.68 0.84 0.89 0.86 0.88 

HWP 0.044 0.000 0.000 0.000 0.303 0.005 0.071 

FIS -0.3384 -0.377 -0.3401 -0.0582 0.0298 0.0224 0.0156 

FIS_LCI -0.4394 -0.4481 -0.4271 -0.1138 0.0107 0.0096 0.0084 

FIS_UCI -0.2601 -0.3178 -0.2835 -0.0149 0.0472 0.035 0.0232 
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Figure 2.5. Multilocus inbreeding coefficient (FIS) estimates for STRUCTURE-inferred clusters. Error bars indicate 

95% confidence intervals after 1000 bootstraps. 

 

Table 2.5. Effective population size estimates (Ne) for inferred O. edulis genetic clusters at 13 microsatellite loci, 

indicating sizes (N) of groups (those above 50 were subsampled – total cluster sizes are given in parentheses). LCI 

and UCI represent the lower and upper 95% confidence intervals. Infinite values are represented by “∞”.Cluster 

abbreviations: CRO – Croatia cluster; NWEuNA – North West Europe/North America cluster; WEu – West Europe 

cluster; LAR-C1 to LAR-C4 – Larne Lough Clusters 1 to 4 (N. Ireland). 

Cluster N Ne LCI UCI 

LAR-C1 10 87.8 11.7 ∞ 

LAR-C2 12 24.6 6.2 ∞ 

LAR-C3 12 33 6 ∞ 

LAR-C4 14 35.6 23.8 64.2 

CRO 50 ∞ 2687.2 ∞ 

NWEuNA 50 (of 244) 4816.2 613.8 ∞ 

WEu 50 (of 523) 3295.8 630.4 ∞ 
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2.3.4 Genetic differentiation among inferred clusters 

 

Global D within the STRUCTURE-inferred clusters was 0.4819 (95% CIs = 0.4582-0.5079), and 

global FST was 0.0274 (95% CIs = 0.0253-0.0295), providing support for genetic differentiation 

within the sampled flat oyster distribution. Pairwise comparisons for both measures were 

significant, with the exception of D values between LAR-C4 and WEu – indicating potential 

gene flow between these clusters that may account for the mixed ancestry observed in LAR-

C4 individuals using STRUCTURE (Fig. 2.2B). Pairwise D and FST values were positively 

correlated (Pearson’s r = 0.8535, n = 21). Pairwise D ranged from 0.031 (not significant) for 

WEu vs LAR-C4, to 0.716 (95% CIs = 0.674-0.7618) between LAR-C1 and LAR-C2 (Fig. 2.6). 

Pairwise FST values occupied a narrower range, from 0.0076 (95% CIs =0.0063-0.0089) for 

NWEuNA vs WEu, to 0.3399 (95% CIs = 0.3093-0.3777) for LAR-C1 vs LAR-C2 (Fig. 2.7). These 

measures provide support for the STRUCTURE-inferred clusters representing distinct genetic 

units, and potential gene flow from WEu site(s) to Larne. Finally, the UPGMA dendrogram 

based on Nei’s genetic distances groups together sample locations by their STRUCTURE-

inferred clusters, with majority bootstrap support for these nodes (Fig. 2.8). Also similar to 

STRUCTURE is the absence of significant support for sub-structure, i.e. the topologies within 

these high- confidence clusters is weak, predominately failing to meet the 50% majority rule 

following bootstrapping. An exception to this is the discrimination of DAM from other 

NWEuNA members across 70.5% of bootstraps. 

 

 

Figure 2.6. Genetic structure between STRUCTURE-inferred clusters using D (Jost 2008): (A) Unrooted 

dendrogram of pairwise D values. Tip label colours indicate significant genetic groups (B) Heat map of pairwise 

comparisons grouped by (A). Colour intensity indicates the D value as shown by top left key. “NS” denotes pairwise 

comparisons which are not significant. Cluster abbreviations: CRO – Croatia cluster; NWEuNA – North West 

Europe/North America cluster; WEu – Western Europe cluster; LAR-C1…C4 – Larne Lough Clusters 1-4 (N. Ireland). 
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Figure 2.7. Genetic structure between STRUCTURE-inferred clusters using FST (Weir and Cockerham, 1984): (A) 

Unrooted dendrogram of pairwise FST values. Tip label colours indicate significant genetic groups (B) Heat map of 

pairwise FST comparisons grouped by (A). Colour intensity indicates the FST value as shown by top left key. “NS” 

denotes pairwise comparisons which are not significant. Cluster abbreviations: CRO – Croatia cluster; NWEuNA – 

North West Europe/North America cluster; WEu – Western Europe cluster; LAR-C1…C4 – Larne Lough Clusters 1-

4 (N. Ireland). 
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Figure 2.8. UPGMA dendrogram showing relationships among sample sites and STRUCTURE inferred clusters 

based on Nei's genetic distance, showing percentage bootstrap support (1000 replicates) for branches (above 

50%). Tip labels colour represents STRUCTURE inferred clusters. Sample site codes: LAR, Larne Lough (N. Ireland); 

CRO – Croatia; DAM – Damariscotta, Maine (USA); QB – Quahog Bay, Maine (USA); NOR – Sveio (Norway); DEN – 

Limfjord (Denmark); NET – Grevelingen (Netherlands); MER – Mersea, Colchester (England); LEF – Le Faou, Brest 

(France); QUI – Quiberon, Brittany (France); SPA – Ortigueira (Spain); ROS – Rossmore, Cork (Ireland); GAL – 

Galway (Ireland); RYA – Loch Ryan (Scotland); TRA – Tralee Bay (Ireland); CB – Clew Bay (Ireland); STR – Strangford 

Lough (N. Ireland); FOY – Lough Foyle (Ireland). 

 

2.3.5 Isolation by distance 

 

A Mantel test exclusive to the native species distribution (i.e. excluding DAM and QB) 

revealed a positive yet insignificant correlation between geographic and genetic distances (r 

= 0.194, p = 0.115, 10,000 replicates). LAR was subsequently excluded, due to its high genetic 

differentiation with all samples regardless of geographic proximity, resulting in a positive and 

significant correlation between geographic and genetic distance (r = 0.675, p = 0.0002, 10,000 

replicates). As Fig. 2.9 visualises, pairwise comparisons between locations belonging to 

separate inferred clusters (green) are responsible for driving the positive correlation 

between genetic and geographic distance, while within-cluster pairwise comparisons do not 

follow this correlation. 
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Figure 2.9. Genetic isolation by geographical distance among O. edulis sample locations (excluding LAR, DAM and 

QB; r = 0.675, p < 0.001). Colours indicate pairwise comparisons in relation to STRUCTURE derived clusters. R2 

value is reported for the line of best fit. 

 

2.3.6 LAR-C4 ancestry/admixture 

 

Pairwise D values indicate a lack of differentiation between LAR-C4 and WEu genetic clusters 

(Fig. 2.6). Further DAPC and STRUCTURE clustering analyses were undertaken using LAR and 

WEu individuals so as to address the hypothesis of shared ancestry. RYA (n =50) individuals 

were used to represent WEu due to their close geographical proximity, and low observed 

genetic differentiation with LAR-C4 (pairwise FST = 0.01, 95% CIs = 0.0002 - 0.0246). 

STRUCTURE results showed that LAR-C4 and RYA individuals had a high degree of shared 

ancestry (Fig. 2.10A). ΔK supported the optimal number of clusters as 3, where LAR-C1 is a 

distinct cluster, LAR-C2 and C3 are grouped together, and LAR-C4 individuals share a high 

proportion of their cluster membership with RYA. Successive k-means clustering of the 

LAR/RYA subset supported the assignment of LAR-C4 and RYA to the same cluster (Fig. 2.10B), 

where the Bayesian information Criterion (BIC) indicated the optimal number of clusters as 

four (LAR-C2 and C3 could be distinguished). Cluster membership reassignment with this 
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DAPC model was 100% for all inferred clusters, and ordination plots were highly similar 

between k-means inferred clustering (Fig. 2.10C) and no prior groupings (Fig. 2.10D).  

 

 

Figure 2.10. Cluster assignment results for LAR (Larne Lough, N. Ireland) & RYA (Loch Ryan, Scotland) subset. (A) 

STRUCTURE membership probabilities for K = 3 (B) allocation of individuals to successive k-means inferred clusters 

(C) ordination plot of first 2 axes of DAPC using k-means inferred clusters as priors (D) ordination plot of first 2 

axes of DAPC using LAR clusters/RYA as prior groupings. 
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2.4 DISCUSSION 

 

2.4.1 Genetic variability 

 

The 13 microsatellites used in this study were generally polymorphic, (mean alleles = 31.85) 

and ranged from 8 to 50 alleles. The failure of locus Oed325 due to erroneous multi allele 

banding patterns could have been caused by differences between the amplification protocols 

employed in this study, and those in the original multiplex design (Vera et al., 2016) – given 

the genotyping success of Oed325 in the latter study. Although specimens from CRO were 

the only representatives of Mediterranean O. edulis, their high genetic variability relative to 

Atlantic sample sites is in agreement with previous flat oyster population genetic studies 

(Saavedra et al., 1993, 1995; Launey et al., 2002). However, when the variability of 

STRUCTURE inferred clusters were considered, the allele proportion of Croatian individuals 

(73.49%, n = 50) was still relatively high compared to the larger genetic groups of North West 

Europe/North America (76.34%, n = 244) and West Europe (91.74%, n = 523), considering 

Croatia’s lower sampling depth.  

Heterozygosity across all loci deviated from Hardy-Weinberg Proportions (HWP) in 

six of the 18 sample sites (p ≤ 0.01), or across all Larne (N. Ireland) inferred clusters, which 

was expected – given the hatchery effort at Larne.  Deviations from HWP are documented in 

previous O. edulis studies (Saavedra et al., 1993, 1995; Launey et al. 2002; Sobolewska & 

Beaumont 2005; Beaumont et al., 2006; Vera et al., 2016), along as with other marine 

bivalves (Martínez et al., 2015; Mackenzie et al., 2018).  After the exclusion of OE03 and 

OE27, HWP deviations could not be attributed to particular loci, but Larne Lough had the 

highest number of loci outside HWP of all sample sites (8 of 13 loci, p ≤ 0.01). This might be 

explained by a Wahlund effect, as strong evidence for four distinct LAR clusters existed; 

however, LAR-C2, C3 and C4 also contained significant overall HWP deviations, although 

these have the lowest sample sizes (n = 10 - 16). These clusters had overall heterozygote 

excesses, as is evident in their extremely low inbreeding coefficients. One possible 

explanation for these observations could be hatchery processes, such as the intentional 

crossing of non-related individuals, or conditions favouring survival of heterozygous 

individuals. Multi locus heterozygosity at microsatellites has a positive association with early 

stage fitness in O. edulis (Bierne et al., 1998). Larne Lough has a single known O. edulis 

production effort, where large/older oysters are gathered before the spawning season, and 
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brought together into warmer, shallow water. Fertilization of oysters occurs in the wild and 

broodstock are then collected for brooding of fertilized eggs and larvae under controlled 

conditions (Donald Saville, personal communication, 4 December 2014).  

Effective population size (Ne) estimates are an important measure for genetic units 

under hatchery conditions or of conservation interest, as they can allow the impact of genetic 

drift and inbreeding to be gauged (Wang, Santiago and Caballero, 2016). This is especially 

important in O. edulis, which has a biased sex ratio and evidence of sweepstakes reproductive 

success, which can limit the number of successful breeders (Diaz-Almela et al., 2004; 

Hedgecock et al., 2007). The relatively low number of alleles and Ne estimates observed 

among Larne clusters, despite excesses in heterozygosity, may indicate a hatchery bottleneck 

process. Although evidence of recent bottlenecks was observed for Larne clusters LAR-C1, 

LAR-C2 and LAR-C3, the results of tests implemented in BOTTLENECK could be unreliable, due 

to the low numbers of individuals these clusters are composed of (Cornuet and Luikart, 1998; 

Luikart et al., 1998). The evidence of recent bottlenecks in Croatian samples is concerning 

given that the culture of O. edulis in this region is sourced from wild spat (GlaMuzIna, 2002). 

Zrnčić et al. (2007) cited an unorganized market, traditional cultivation technology and 

predatory fish as some of the reasons for the decline in Croatian O.edulis cultivation. O. edulis 

decline in Western European areas, exacerbated by parasitic diseases over the last 40 years, 

has no corresponding evidence of bottlenecks in the two main genetic groups observed 

(WEu, NWEuNA). However, in Croatia, O. edulis culture has fallen – despite the absence of 

marteiliosis and bonamiosis up to 2007 (Zrnčić et al., 2007). Perhaps Western European 

clusters have had sufficient generations to dilute heterozygosity excesses, following historic 

population bottlenecks, in response to parasite-associated mortalities. Regardless, evidence 

of Croatian bottlenecks highlights the need for greater research in this area, and other 

Mediterranean stocks. 

 

2.4.2 Genetic differentiation 

 

This study provides evidence for the large scale genetic connectivity of surviving flat oyster 

stocks, and also the potential for genetic isolation and substructure as evident in Larne Lough, 

Northern Ireland. The consensus of the analyses employed here found that multiple distinct 

genetic clusters exist: LAR clusters (exclusive to Larne Lough samples), CRO (exclusive to 

Croatian oysters), North West Europe/North America (including sampled Norway, 
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Netherlands, Denmark, and Maine USA sites) and West Europe (including samples from 

Ireland, Northern Ireland, England, Scotland, France, and Spain).   

 To a lesser extent, evidence also exists for unique substructuring within the inferred 

clusters. Individuals from DAM and NOR exhibited unique STRUCTURE membership 

probabilities when the inferred cluster North West Europe/North America (NWEuNA) is 

analysed independently, and are significantly differentiated in pairwise D and FST 

comparisons with other NWEuNA sites (with the exception of NOR vs NET and QB D values, 

see Fig. S2.2.). STRUCTURE assigned five of the 49 Rossmore Cork (Ireland) individuals to a 

unique cluster when the inferred cluster West Europe (WEu) samples were ran individually, 

which may indicate substructure in Rossmore– a site where O. edulis underwent selective 

breeding for Bonamia ostreae tolerance since 1988 (Culloty et al., 2001; Lynch et al., 2014). 

Rossmore’s selective breeding programme involves pond culture, and has intermediate 

genetic diversity to that observed in hatchery and wild sites (Lallias et al., 2010). The sampling 

carried out in this study showed Rossmore to have lower diversities compared to other Irish 

sites, with the exception of Galway which was a lower sample size (n = 38). Examination of 

larger sample sizes across growing areas should be carried out in Rossmore to address the 

existence of substructure, which could potentially cause dilution of adaptive traits within 

parasite-tolerant strains.  

Larne Cluster four (LAR-C4) and the West Europe cluster had non-significant pairwise 

D estimates, and were assigned to the same clusters in DAPC and STRUCTURE analyses. This 

may indicate that gene flow has occurred between LAR and surrounding locations. Potential 

gene flow would have to have been limited, allowing for the three unique subgroups which 

do not share genetic identity with the surrounding WEu locations. The fact that no LAR 

individuals have identical STRUCTURE membership probability profiles to WEu individuals 

(Fig. 2.10 A), suggested that no migrants were directly sampled in this study – and that a gene 

flow event may have been generations ago. Unfortunately, the stocking history of Larne 

Lough is largely unknown. Greater sampling depth and coverage could be carried out over 

Larne Lough to attempt to assess the robustness of the genetic structure observed within 

this study, and risk of gene flow and dilution of unique genetic resources. DAPC was able to 

resolve Larne clusters identified in the other methods, but was unable to successfully resolve 

groups with less extreme STRUCTURE, FST, D and Nei’s genetic distance values. The gradient 

of shared ancestry observed between NWEuNA and WEu groups with STRUCTURE is in 

agreement with D, FST and genetic distance values placing these groups together, indicating 

that they are relatively closely related, while still maintaining a measurable overall structure. 
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This suggests that gene flow may occur between WEu and NWEuNA to a limited extent, or 

may even be a result of admixture following isolation in the past. 

The strong regression between genetic and geographic distance when Larne samples 

are excluded, suggests that gene flow – whether natural or human-mediated – is limited by 

distance, and strong barriers to gene flow with Larne are likely to exist. In an extensive review 

of literature from the past 200 years documenting flat oyster translocations,  Bromley et al. 

(2016) showed that England, Ireland and Scotland were subject to high volumes of stock 

transfers – mainly from Atlantic France and each other – which could account for the 

observed homogeneity within the WEu cluster. Conversely, there was evidence for extensive 

stock transfers between locations within the NWEuNA and WEu sample areas. Netherlands 

is in many cases a source and site of translocations with Ireland, France and England O. edulis, 

as is Denmark and Norway to a lesser extent (Bromley et al., 2016). A number of these 

transfers lack information such as number of oysters transferred and specific locations. These 

factors may contribute significantly to their success or failure, as do other influences such as 

pathogens, severe weather events and adaptation to similar environmental conditions. 

Employing a greater genomic representation through markers would allow researchers to 

test for potential signatures of selection, which may help discern heritable factors 

underpinning the chance of successful stocking for restoration efforts. 

 

Connectivity of Maine O. edulis with Europe 

 

Vercaemer et al. (2006) observed non-significant FST values between Maine (USA) and 

Netherlands O. edulis, which was in agreement with the documented transfer of Maine 

oysters from Netherlands (Loosanoff, 1955). However, the authors also observed clustering 

between Nova Scotia and Norwegian stocks with neighbour joining tree of co-ancestry 

genetic distances. This observation may be due to: 1) the preliminary nature of the meta-

analysis, which was based on only two loci; 2) undocumented transfers from Norway to 

Maine; 3) more recent gene flow/transfers among sites within the NWEuNA cluster. 

Transfers from the Netherlands to Denmark from 1922 to 1931 (2 million oysters per year for 

three years, with one off stocking events of 200,000 and 18 million oysters in 1922 and 1931 

respectively), and from Norway to Denmark (low numbers) in the 1940s are documented 

(see Bromley et al., 2016), with transfers from Norway to the Netherlands (millions of 



Chapter 2: Microsatellite population genetics 

 

47 

 

oysters) taking place after the  translocation from Netherlands to Maine in 1949 (Drinkwaard, 

1999). 

 We sampled naturalized Maine O. edulis from the Damariscotta River (DAM) and 

Quahog Bay (QB). The analyses support the inclusion of Maine oysters in the NWEuNA cluster 

(with Netherlands, Denmark and Norway samples) with high confidence across all analyses 

(excluding DAPC). QB oysters had similar cluster membership probabilities to NET oysters at 

K = 3, when the NWEuNA cluster was ran separately on STRUCTURE (Fig. S2.11). QB also 

formed a node with NET (59.5% bootstrap support) in the UPGMA dendrogram based on 

Nei’s genetic distance matrix, and were not significantly differentiated from the Netherlands 

or Denmark (pairwise FST) – or from Norway, The Netherlands and Denmark (pairwise D). 

Based on these results, we could not identify a single potential origin of Quahog Bay oysters, 

which could be due to successful gene flow between The Netherlands, Denmark and Norway 

precluding the existence of separate genetic units, or limited genetic resolution offered by 

these loci and analysis methods. Our results indicated the differentiation of Damariscotta 

individuals from other NWEuNA O. edulis, showing: 1) low but significant pairwise FST and D 

values with other cluster sites; 2) a unique STRUCTURE membership probability from K = 2 

onwards (NWEuNA subset); 3) moderately strong bootstrap support (70.5%) for separation 

from other NWEuNA sites in a UPGMA dendrogram of Nei’s genetic distance. The observed 

genetic structure between Damariscotta and Quahog Bay is surprising, and presents further 

challenges for the identification of sources of stock transfers. It has been over 60 years since 

oysters were transferred from The Netherlands to Maine (Loosanoff, 1955), and a range of 

environmental and anthropogenic agents could have caused the observed genetic 

differentiation within Maine in this time. The Damariscotta River is a 30km tidal river, so tidal 

cycles could limit the spread of O. edulis sperm and pelagic larvae from coastal sites 

upstream, increasing the retention of genetic material within the river – providing the beds 

are sufficiently far from the river’s mouth.  

Bonamia ostreae was first described in Maine O. edulis from the Damariscotta River, 

where transfers of O. edulis from California in the 1970s are thought to have introduced the 

parasite (Friedman and Perkins, 1994), and  B. ostreae infections were confirmed 

histologically in 34% and 45% of samples in September 1991 and 1992. Low B. ostreae 

prevalence and intensity of infection was documented among oysters from Gun Point Creek, 

within 1km of Quahog Bay, using PCR and cytology (Carnegie et al., 2000). These observed 

differences in infection could indicate genetic differences in parasite tolerance between DAM 

and QB individuals, which may explain the observed genetic structure. However, this 
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question can only be addressed with further research using a greater genomic 

representation, or differential expression of immune-related genes in order to detect 

genomic evidence of adaptive differences. Other explanations for the Maine substructure 

could be undocumented transfers, or hatchery effects; although as Table 2.3 indicated, 

genetic diversity was highly similar at each Maine site. 

 

Relation of findings to previous population genetic studies 

 

Previous microsatellite studies report significant isolation by distance among sampled O. 

edulis sites (Launey et al., 2002; Vera et al., 2016). Significant correlations were not reported 

by Sobolewska & Beaumont (2005) and Beaumont et al. (2006), which focused on Northern 

populations of flat oyster, which a stronger emphasis on Scotland in the latter case. In the 

present study, we do not detect a significant difference between isolation by distance and 

random comparisons using a Mantel test until Larne individuals are excluded. In Beaumont 

et al. (2006), the greatest genetic structure existed between oysters from the Isle of Skye (n 

= 11) and all other oysters. It is possible that Skye represents a distinct unit which has been 

unaffected by historical human mediated gene flow, for this reason it would be desirable to 

compare the genetic profile of Skye oysters to samples representing the clusters identified in 

the present study. Sobolewska & Beaumont (2005) and Beaumont et al. (2006) also find 

evidence for distinct genetic structure of Norwegian O. edulis from all others sampled, 

however this also included a Netherlands sample, which we found to belong to the same 

cluster as Norwegian O. edulis (NWEuNA). 

Vera et al. (2016) was the first study to apply the Bayesian clustering algorithm in 

STRUCTURE to group samples of O. edulis based on 16 microsatellites – the most loci used in 

O. edulis population genetic analyses to date. The authors report that O.edulis from Atlantic 

locations group into one of three clusters – “Cluster I”: Denmark and the Netherlands; 

“Cluster II”: England, Ireland and France; and “Cluster III”: Spain. The results of the present 

study provide support for the observations of genetic similiarity among sampling locations 

composing Cluster I and II, which likely represent the genetic units referred to here as 

NWEuNA and WEu, respectively.  However, in our study, we could not detect a genetic 

distinction of Spanish O. edulis, and instead found that they were consistently grouped with 

WEu samples, displaying similar STRUCTURE profiles and relative pairwise genetic distances 

as French sites. Vera et al. (2016) sampled oysters from six different Spanish sites in 2011 
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and 2013 (n = 569): Eo Ria, Ortigueira, Ferrol, Pontedeume, Noia and Pontevedra. A possible 

explanation for the differential clustering of Spain between studies is a misrepresentative 

sample in the present study. Vera et al. (2016) observed a lack of significant pairwise FST 

between any Spanish sample sites after pooling temporal samples from the same locations 

(Supplementary Table 3 of Vera et al., 2016). The lack of significant genetic differentiation 

among Spanish sites suggests panmixia, making it unlikely that the smaller sample obtained 

in our study did not represent the same genetic unit in Vera et al. (2016); unless substructure 

exists within Ortigueira which each study failed to completely represent. Failure to reliably 

genotype samples at locus Oed325 may have attributed to our inability to detect 

differentiation at Spain with STRUCTURE, however Vera et al. (2016) reported null alleles, 

deviations from HWP and evidence of directional selection at this locus, indicating that this 

would not be a suitable neutral marker for population genetic analyses. 

The use of several microsatellite loci in conjunction with clustering algorithms have 

produced some similar and conflicting delineations of genetic structure within the Atlantic. 

Increased genomic representation through SNP markers could increase our power to resolve 

genetic structure, and allow underlying adaptive differences to be studied – which may help 

explain the evolutionary forces responsible for producing the observed genetic clusters. 

Similarly, a renewed effort to develop and apply mitochondrial markers could help address 

historical stocking ambiguity by providing a stronger cytoplasmic signal to study the 

phylogeographic distribution of unique haplotype groups. 
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2.5 SUPPLEMENTARY MATERIAL 

 

 

Figure S2.1 Correlation plots between mean number of alleles and differentiation measure of loci, generated 

using the corPlot function of the diveRsity R package. 
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Figure S2.2. Genetic structure between sample sites (and LAR clusters) using D (Jost 2008) (A) Unrooted 

dendrogram of pairwise D values. Tip label colours indicate significant genetic groups (B) Heat map of pairwise 

comparisons grouped by (A). Colour intensity indicates the D value as shown by top left key. “NS” denotes pairwise 

comparisons which are not significant. 
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Figure S2.3. Genetic structure between sample sites (and LAR clusters) using FST (Weir and Cockerham, 1984): (A) 

Unrooted dendrogram of pairwise FST values. Tip label colours indicate significant genetic groups (B) Heat map of 

pairwise comparisons. . “NS” denotes pairwise comparisons which are not significant. 
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Figure S2.4. Multilocus inbreeding coefficient (FIS) estimates for O.edulis grouped by sampling location. Error bars 

indicate 95% confidence intervals after 1000 bootstraps. 

 

 

Figure S2.5. Histogram showing displaying frequency of correlations between 10,000 random combinations of FST 

and geographical distances for the mantel test excluding Maine and LAR samples. The point denotes actual 

correlation between genetic and geographic distance obtained with the dataset excluding Maine and LAR. 
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Figure S2.6. Evanno derivative plot estimating the optimal number of K across STRUCTURE runs from the entire 

dataset. (A) Mean estimated Ln probability of data (± SD), (B) First derivative (± SD), (C) Second derivative (± SD), 

(D) ΔK, generated using the evannoMethodStructure function of the R package pophelper v2.2.0. 

 

 

Figure S2.7. Summary of STRUCTURE membership probabilities for the entire dataset using K = 5. Each vertical 

bar represent an individual, sorted by sampling location and their inferred genetic cluster. The proportion of each 

colour indicates the membership probability of an individual to each distinct cluster (K). 

 



Chapter 2: Microsatellite population genetics 

 

55 

 

 

Figure S2.8. Evanno derivative plot estimating the optimal number of K across STRUCTURE runs from the CRO 

subset. (A) Mean estimated Ln probability of data (± SD), (B) First derivative (± SD), (C) Second derivative (± SD), 

(D) ΔK, generated using the evannoMethodStructure function of the R package pophelper v2.2.0. 

 

 

Figure S2.9. Summary of STRUCTURE membership probabilities for the CRO subset using K = 2. Each vertical bar 

represent an individual, sorted by sampling location and their inferred genetic cluster. The proportion of each 

colour indicates the membership probability of an individual to each distinct cluster (K). 
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Figure S2.10. Evanno derivative plot estimating the optimal number of K across STRUCTURE runs from the 

NWEuNA subset. (A) Mean estimated Ln probability of data (± SD), (B) First derivative (± SD), (C) Second derivative 

(± SD), (D) ΔK, generated using the evannoMethodStructure function of the R package pophelper v2.2.0. 

 

 

Figure S2.11. Summary of STRUCTURE membership probabilities for the NWEuNA subset using K = 3. Each vertical 

bar represent an individual, sorted by sampling location and their inferred genetic cluster. The proportion of each 

colour indicates the membership probability of an individual to each distinct cluster (K). 
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Figure S2.12. Evanno derivative plot estimating the optimal number of K across STRUCTURE runs from the LAR 

clusters subset. (A) Mean estimated Ln probability of data (± SD), (B) First derivative (± SD), (C) Second derivative 

(± SD), (D) ΔK, generated using the evannoMethodStructure function of the R package pophelper v2.2.0. 

 

 

Figure S2.13. Summary of STRUCTURE membership probabilities for the LAR subsets using K = 4. Each vertical bar 

represent an individual, sorted by sampling location and their inferred genetic cluster. The proportion of each 

colour indicates the membership probability of an individual to each distinct cluster (K). 
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Figure S2.14. Evanno derivative plot estimating the optimal number of K across STRUCTURE runs from the entire 

dataset excluding LAR individuals. (A) Mean estimated Ln probability of data (± SD), (B) First derivative (± SD), (C) 

Second derivative (± SD), (D) ΔK, generated using the evannoMethodStructure function of the R package 

pophelper v2.2.0. 
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Figure S2.15. Evanno derivative plot estimating the optimal number of K across STRUCTURE runs from the WEu 

subset. (A) Mean estimated Ln probability of data (± SD), (B) First derivative (± SD), (C) Second derivative (± SD), 

(D) ΔK, generated using the evannoMethodStructure function of the R package pophelper v2.2.0. 

 

 

Figure S2.16. Summary of STRUCTURE membership probabilities for the WEu subset using K = 3. Each vertical bar 

represent an individual, sorted by sampling location and their inferred genetic cluster. The proportion of each 

colour indicates the membership probability of an individual to each distinct cluster (K). 
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Figure S2.17. Ordination plot of discriminant functions one and two (axes 1 and 2) of entire dataset using sampling 

location as prior groupings. 

 

 

Figure S2.18 Inference of the number of clusters in the entire dataset, showing the Bayesian Information Criterion 

(BIC) from 1 to 20 clusters, for which 4 was selected (See Fig. S2.19 and S2.20), generated using the find.clusters 

function implemented in the R package adegenet v2.1.0. 
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Figure S2.19. Allocation of individuals to k-means inferred clusters (columns) and their STRUCTURE derived 

clusters (rows). 

  

 

Figure S2.20. Ordination plot of discriminant functions one and two (axes 1 and 2) of entire dataset using k-means 

inferred clusters. 
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Figure S2.21. Histogram summarizing raw microsatellite fragment sizes, and their allocated bins (denoted by red 

vertical lines) for locus Oed240. 

 

 

Figure S2.22. Histogram summarizing raw microsatellite fragment sizes, and their allocated bins (denoted by red 

vertical lines) for locus OE27. 
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Figure S2.23. Histogram summarizing raw microsatellite fragment sizes, and their allocated bins (denoted by red 

vertical lines) for locus OE03. 

 

 

 

Figure S2.24. Histogram summarizing raw microsatellite fragment sizes, and their allocated bins (denoted by red 

vertical lines) for locus Oed202b. 
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Figure S2.25. Histogram summarizing raw microsatellite fragment sizes, and their allocated bins (denoted by red 

vertical lines) for locus Oed202a. 

 

 

 

Figure S2.26. Histogram summarizing raw microsatellite fragment sizes, and their allocated bins (denoted by red 

vertical lines) for locus OeduT5. 
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Figure S2.27. Histogram summarizing raw microsatellite fragment sizes, and their allocated bins (denoted by red 

vertical lines) for locus OeduO9. 

 

 

Figure S2.28. Histogram summarizing raw microsatellite fragment sizes, and their allocated bins (denoted by red 

vertical lines) for locus OeduU2. 
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Figure S2.29. Histogram summarizing raw microsatellite fragment sizes, and their allocated bins (denoted by red 

vertical lines) for locus Oed327. 

 

 

 

Figure S2.30. Histogram summarizing raw microsatellite fragment sizes, and their allocated bins (denoted by red 

vertical lines) for locus OeduJ12. 
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Figure S2.31. Histogram summarizing raw microsatellite fragment sizes, and their allocated bins (denoted by red 

vertical lines) for locus Oed177a. 

 

 

 

Figure S2.32. Histogram summarizing raw microsatellite fragment sizes, and their allocated bins (denoted by red 

vertical lines) for locus Oed181. 
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Figure S2.33. Histogram summarizing raw microsatellite fragment sizes, and their allocated bins (denoted by red 

vertical lines) for locus Oed212b. 

 

 

 

Figure S2.34. Histogram summarizing raw microsatellite fragment sizes, and their allocated bins (denoted by red 

vertical lines) for locus Oed243. 
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Figure S2.35. Histogram summarizing raw microsatellite fragment sizes, and their allocated bins (denoted by red 

vertical lines) for locus OE11. 

 

 

Figure S2.36. Distribution of allele frequencies in each STRUCTURE inferred cluster. These box plots display 

deviations from normal L-shaped distributions in LAR-C1, LAR-C2 and LAR-C3, where low allele frequency classes 

are less abundant than intermediate classes - indicating the cluster has undergone a recent bottleneck (Luikart et 

al., 1998, Maltagliati, 2002). 
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Table S2.1. Linkage between 15 microsatellite loci across the pooled dataset (n = 1199), indicating significant 

linkage in bold (p-value ≤ 0.05). P-value adjustments following Bonferroni correction (“pval.bonf”) are given. 

Pop Locus#1 Locus#2 P-Value pval.bonf S.E. Switches 

ALL OE03 Oed202a 0 0 0 278 

ALL OE03 Oedu_J12 0 0 0 429 

ALL OE11 Oed_181 0 0 0 795 

ALL OE27 Oed_177a 0 0 0 2474 

ALL OE27 Oed_243 0 0 0 2113 

ALL OE27 Oedu_J12 0 0 0 1580 

ALL OE27 Oedu_O9 0 0 0 1962 

ALL Oed_177a Oed_181 0 0 0 117 

ALL Oed_177a Oed202a 0 0 0 58 

ALL Oed202b Oedu_J12 0 0 0 68 

ALL OE03 Oed_327 0.00164 0.1722 0.00164 527 

ALL OE11 Oed240 0.00369 0.3875 0.00369 810 

ALL OE11 Oedu_T5 0.00721 0.7571 0.005368 641 

ALL Oed_243 Oedu_O9 0.00739 0.7760 0.00739 142 

ALL OE03 OE27 0.00773 0.8117 0.004152 2431 

ALL Oed202b Oedu_O9 0.0133 1.0000 0.010499 99 

ALL Oed_243 Oed_327 0.01438 1.0000 0.010877 130 

ALL OE27 Oed_181 0.01803 1.0000 0.011393 1607 

ALL OE11 Oedu_O9 0.01973 1.0000 0.011451 944 

ALL Oed240 Oed_177a 0.02684 1.0000 0.014521 136 

ALL OE27 Oed240 0.02869 1.0000 0.012272 1534 

ALL Oed_327 Oedu_T5 0.02935 1.0000 0.015746 51 

ALL OE11 Oedu_J12 0.03053 1.0000 0.013437 742 

ALL OE27 Oed202b 0.03058 1.0000 0.015727 1987 

ALL OE27 Oedu_T5 0.03109 1.0000 0.015459 1346 

ALL OE03 Oed240 0.03147 1.0000 0.017182 387 

ALL Oed_243 Oedu_U2 0.03341 1.0000 0.017421 32 

ALL Oed_177a Oedu_J12 0.0345 1.0000 0.017648 102 

ALL Oed_212b Oedu_T5 0.04058 1.0000 0.019691 43 

ALL Oed_181 Oed202b 0.04544 1.0000 0.020324 69 

ALL OE11 Oed_243 0.0489 1.0000 0.019491 965 

ALL OE27 Oed_327 0.04949 1.0000 0.018726 2138 

ALL Oed_177a Oedu_T5 0.05093 1.0000 0.021903 92 

ALL Oed_177a Oed_327 0.05264 1.0000 0.021107 158 

ALL OE27 Oedu_U2 0.05582 1.0000 0.022425 854 

ALL OE27 Oed_212b 0.05954 1.0000 0.020945 1632 

ALL Oed_212b Oed202b 0.06429 1.0000 0.023228 89 

ALL Oed_212b Oedu_J12 0.06667 1.0000 0.024432 53 
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Table S2.1 cont. 

Pop Locus#1 Locus#2 P-Value pval.bonf S.E. Switches 

ALL Oed_177a Oed202b 0.06977 1.0000 0.02556 155 

ALL OE11 Oed202b 0.07118 1.0000 0.024366 842 

ALL OE11 Oed202a 0.07846 1.0000 0.024591 518 

ALL Oed240 Oed202a 0.07865 1.0000 0.026836 25 

ALL OE11 OE27 0.08658 1.0000 0.021814 4384 

ALL Oed202b Oedu_U2 0.08715 1.0000 0.027982 24 

ALL Oed_181 Oed_243 0.09312 1.0000 0.028833 113 

ALL Oed_212b Oed_243 0.09616 1.0000 0.029224 111 

ALL Oed_212b Oed_327 0.1021 1.0000 0.030154 95 

ALL Oed_177a Oed_243 0.11865 1.0000 0.03159 194 

ALL Oed240 Oedu_J12 0.12372 1.0000 0.032734 38 

ALL Oed_181 Oed_212b 0.12685 1.0000 0.033121 55 

ALL OE03 Oedu_T5 0.14021 1.0000 0.032672 373 

ALL OE03 Oed_177a 0.1428 1.0000 0.033705 617 

ALL Oed240 Oed_243 0.14731 1.0000 0.03534 112 

ALL OE11 Oed_177a 0.18608 1.0000 0.034265 1167 

ALL Oed_181 Oedu_O9 0.19126 1.0000 0.039387 68 

ALL Oed240 Oed_327 0.19637 1.0000 0.039632 88 

ALL Oed_177a Oedu_O9 0.20038 1.0000 0.039455 167 

ALL Oed240 Oedu_O9 0.2193 1.0000 0.040485 81 

ALL Oedu_J12 Oedu_T5 0.22349 1.0000 0.041593 32 

ALL Oed_327 Oed202a 0.24527 1.0000 0.042949 32 

ALL Oedu_J12 Oedu_O9 0.2463 1.0000 0.042005 53 

ALL Oed_181 Oedu_J12 0.24828 1.0000 0.042747 41 

ALL Oed_327 Oedu_J12 0.24889 1.0000 0.04334 59 

ALL Oed202a Oedu_J12 0.28654 1.0000 0.04519 20 

ALL Oed_243 Oedu_J12 0.29305 1.0000 0.045511 87 

ALL OE27 Oed202a 0.297 1.0000 0.045422 1011 

ALL Oed240 Oedu_U2 0.31162 1.0000 0.046401 19 

ALL Oed202b Oedu_T5 0.31608 1.0000 0.045912 40 

ALL Oed_243 Oed202b 0.31714 1.0000 0.045972 107 

ALL Oedu_O9 Oedu_U2 0.32061 1.0000 0.046845 21 

ALL Oed_181 Oedu_T5 0.35025 1.0000 0.047465 37 

ALL OE03 Oed_212b 0.35986 1.0000 0.046167 422 

ALL Oed_212b Oed202a 0.38506 1.0000 0.048647 34 

ALL Oedu_T5 Oedu_U2 0.38781 1.0000 0.048794 8 

ALL OE11 Oed_212b 0.39611 1.0000 0.04626 790 

ALL OE11 Oedu_U2 0.42018 1.0000 0.047886 444 

ALL Oed240 Oed202b 0.43059 1.0000 0.048915 81 

ALL Oed_177a Oedu_U2 0.44496 1.0000 0.049665 39 

ALL OE03 Oed_243 0.49204 1.0000 0.048167 484 

ALL Oed240 Oed_212b 0.50754 1.0000 0.049583 61 

ALL Oed_181 Oedu_U2 0.51476 1.0000 0.049979 15 
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Table S2.1 cont. 

Pop Locus#1 Locus#2 P-Value pval.bonf S.E. Switches 

ALL OE03 Oed_181 0.52654 1.0000 0.045652 417 

ALL Oedu_O9 Oedu_T5 0.52926 1.0000 0.049294 53 

ALL Oed240 Oedu_T5 0.55078 1.0000 0.049919 38 

ALL OE11 Oed_327 0.56943 1.0000 0.047575 980 

ALL Oed_181 Oed_327 0.68525 1.0000 0.045593 62 

ALL OE03 Oed202b 0.70663 1.0000 0.044904 460 

ALL OE03 Oedu_U2 0.72475 1.0000 0.040936 326 

ALL Oed202a Oed202b 0.77636 1.0000 0.041598 36 

ALL Oed_212b Oedu_U2 0.79058 1.0000 0.040631 32 

ALL Oed_243 Oed202a 0.88092 1.0000 0.032422 43 

ALL Oed_327 Oed202b 0.92958 1.0000 0.025227 81 

ALL Oed202a Oedu_O9 0.93105 1.0000 0.025277 34 

ALL OE03 OE11 0.94905 1.0000 0.018279 1488 

ALL OE03 Oedu_O9 0.95649 1.0000 0.018259 520 

ALL Oed_327 Oedu_O9 0.95895 1.0000 0.019071 97 

ALL Oed_212b Oedu_O9 0.99206 1.0000 0.005628 109 

ALL Oed240 Oed_181 0.99921 1.0000 0.00079 46 

ALL Oed_181 Oed202a 1 1.0000 0 17 

ALL Oed_243 Oedu_T5 1 1.0000 0 59 

ALL Oed_327 Oedu_U2 1 1.0000 0 24 

ALL Oed202a Oedu_T5 1 1.0000 0 19 

ALL Oed202a Oedu_U2 1 1.0000 0 11 

ALL Oedu_J12 Oedu_U2 1 1.0000 0 13 
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Table S2.2. Genetic diversity statistics for 15 microsatellite loci across the O. edulis dataset prior to adjustment (n = 1199), showing: mean individuals genotyped per locus per population sample (N), Total allele number 

per locus and sample site (A), Proportion of alleles observed across loci per sample site (%), allelic richness per locus per sample site (AR), observed heterozygosity per locus per sample site (HO), expected heterozygosity 

per locus per sample site (HE), p-values from chi-square test for goodness-of-fit to Hardy-Weinberg proportions (HWP; deviations in bold (p ≤ 0.05)), inbreeding coefficient (FIS), lower (FIS LCI) and upper (FIS UCI) 95% 

confidence intervals. 

LAR OE03 OE11 OE27 Oed240 Oed177a Oed181 Oed212b Oed243 Oed327 Oed202a Oed202b OeduJ12 OeduO9 OeduT5 OeduU2 Overall 

N 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54 54 

A 4 4 5 13 13 16 11 10 13 21 13 13 17 16 14 183 

% 40 50 62.5 33.33 40.62 50 36.67 38.46 48.15 45.65 43.33 48.15 54.84 44.44 28 44.28 

AR 3.5 3.27 4.89 10.84 11.87 12.89 9.45 8.29 12.08 16 10.86 11.92 13.48 13.73 11.92 10.33 

HO 0.46 0.41 0.7 0.87 0.98 0.8 0.94 0.91 0.93 0.98 0.85 0.93 0.98 1 0.69 0.83 

HE 0.5 0.52 0.75 0.81 0.9 0.83 0.84 0.81 0.89 0.91 0.81 0.88 0.89 0.9 0.87 0.81 

HWP 0.00 0.16 0.00 0.00 0.24 0.00 0.00 0.09 0.23 0.00 0.59 0.07 0.00 0.00 0.11 0.00 

FIS 0.08 0.21 0.07 -0.07 -0.10 0.04 -0.13 -0.12 -0.03 -0.07 -0.05 -0.06 -0.10 -0.11 0.21 -0.03 

FIS_LCI -0.12 -0.03 -0.09 -0.17 -0.13 -0.07 -0.22 -0.22 -0.11 -0.11 -0.15 -0.13 -0.14 -0.13 0.09 -0.05 

FIS_UCI 0.28 0.45 0.23 0.02 -0.04 0.15 -0.03 -0.02 0.05 -0.02 0.05 0.03 -0.05 -0.09 0.34 0.00 

                 

CRO OE03 OE11 OE27 Oed240 Oed177a Oed181 Oed212b Oed243 Oed327 Oed202a Oed202b OeduJ12 OeduO9 OeduT5 OeduU2 Overall 

N 95 95 95 95 95 95 95 95 95 95 95 94 95 95 95 94.93 

A 4 6 6 30 17 22 26 21 22 37 25 26 26 28 38 334 

% 40 75 75 76.92 53.12 68.75 86.67 80.77 81.48 80.43 83.33 96.3 83.87 77.78 76 75.69 

AR 2.84 5.06 4.88 22.62 14.88 17.82 20.27 16.95 19.4 27.58 19.05 21.23 20.41 22.16 27.93 17.54 

HO 0.11 0.42 0.49 0.85 0.94 0.95 0.87 0.95 0.88 0.98 0.84 0.85 0.94 0.96 0.84 0.79 

HE 0.1 0.42 0.53 0.94 0.91 0.93 0.93 0.93 0.94 0.96 0.94 0.94 0.94 0.94 0.96 0.82 

HWP 1.00 0.96 0.51 0.00 1.00 1.00 0.50 1.00 1.00 0.94 0.08 1.00 1.00 1.00 0.98 0.86 

FIS -0.04 0.00 0.07 0.09 -0.02 -0.02 0.06 -0.02 0.06 -0.02 0.10 0.10 0.00 -0.02 0.12 0.04 

FIS_LCI -0.07 -0.10 -0.07 0.03 -0.07 -0.06 -0.01 -0.06 -0.01 -0.04 0.02 0.03 -0.05 -0.06 0.05 0.02 

FIS_UCI -0.02 0.12 0.23 0.17 0.03 0.03 0.13 0.04 0.12 0.02 0.18 0.18 0.06 0.03 0.20 0.05 
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Table S2.2 cont. 

DAM OE03 OE11 OE27 Oed240 Oed177a Oed181 Oed212b Oed243 Oed327 Oed202a Oed202b OeduJ12 OeduO9 OeduT5 OeduU2 Overall 

N 52 52 52 52 52 52 52 52 52 52 52 52 52 52 52 52 

A 3 6 4 19 16 19 14 12 15 21 18 19 13 18 23 220 

% 30 75 50 48.72 50 59.38 46.67 46.15 55.56 45.65 60 70.37 41.94 50 46 51.7 

AR 2.51 5.17 3.97 15.89 12.51 16.59 12.04 9.51 13.27 18.18 14.98 15 11.15 14.77 18.06 12.24 

HO 0.62 0.44 0.27 0.87 0.85 0.88 0.9 0.83 0.9 0.9 0.85 0.83 0.83 0.75 0.88 0.77 

HE 0.45 0.42 0.51 0.89 0.86 0.92 0.85 0.82 0.9 0.92 0.9 0.83 0.87 0.89 0.9 0.79 

HWP 0.00 1.00 0.01 0.96 0.00 0.99 1.00 0.62 1.00 1.00 0.03 0.33 0.79 0.66 0.84 0.01 

FIS -0.38 -0.06 0.47 0.03 0.02 0.04 -0.07 -0.01 0.00 0.02 0.06 0.00 0.05 0.16 0.02 0.03 

FIS_LCI -0.55 -0.20 0.26 -0.06 -0.08 -0.04 -0.14 -0.12 -0.09 -0.07 -0.04 -0.13 -0.07 0.03 -0.06 0.00 

FIS_UCI -0.17 0.14 0.69 0.13 0.12 0.14 0.01 0.12 0.10 0.12 0.18 0.14 0.17 0.29 0.12 0.06 

                 

QB OE03 OE11 OE27 Oed240 Oed177a Oed181 Oed212b Oed243 Oed327 Oed202a Oed202b OeduJ12 OeduO9 OeduT5 OeduU2 Overall 

N 54 55 53 55 55 55 55 55 55 55 55 55 55 55 55 54.8 

A 2 6 5 20 12 18 13 15 15 23 17 19 14 20 26 225 

% 20 75 62.5 51.28 37.5 56.25 43.33 57.69 55.56 50 56.67 70.37 45.16 55.56 52 52.59 

AR 2 5.24 4.47 15.75 11.37 15.09 11.1 12.16 14.13 19.21 13.75 16.05 12.05 16.95 21.21 12.7 

HO 0.56 0.56 0.36 0.91 0.89 0.95 0.85 0.89 0.82 0.89 0.91 0.69 0.84 0.91 0.93 0.8 

HE 0.42 0.51 0.54 0.89 0.9 0.9 0.85 0.88 0.92 0.92 0.9 0.89 0.87 0.91 0.94 0.82 

HWP 0.02 0.71 0.02 0.00 0.49 0.68 0.97 0.08 1.00 0.80 0.80 0.06 0.68 1.00 0.95 0.03 

FIS -0.33 -0.10 0.34 -0.02 0.01 -0.05 -0.01 -0.02 0.11 0.03 -0.01 0.22 0.04 0.01 0.02 0.02 

FIS_LCI -0.49 -0.24 0.12 -0.10 -0.08 -0.11 -0.10 -0.11 0.00 -0.04 -0.09 0.08 -0.06 -0.07 -0.05 0.00 

FIS_UCI -0.13 0.05 0.58 0.08 0.11 0.03 0.09 0.09 0.23 0.13 0.08 0.37 0.15 0.09 0.10 0.06 
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Table S2.2 cont. 

NOR OE03 OE11 OE27 Oed240 Oed177a Oed181 Oed212b Oed243 Oed327 Oed202a Oed202b OeduJ12 OeduO9 OeduT5 OeduU2 Overall 

N 48 50 50 50 50 50 50 50 50 50 50 50 48 50 50 49.73 

A 3 3 4 14 12 18 17 12 16 22 17 16 14 23 26 217 

% 30 37.5 50 35.9 37.5 56.25 56.67 46.15 59.26 47.83 56.67 59.26 45.16 63.89 52 48.94 

AR 2.79 2.97 3.78 12.04 10.6 15.48 13.97 10.06 14.68 16.44 14.21 12.56 12.15 18.66 21.29 12.11 

HO 0.67 0.22 0.34 0.88 0.82 0.94 0.88 0.9 0.86 0.88 0.98 0.76 0.88 1 0.94 0.8 

HE 0.5 0.2 0.56 0.86 0.86 0.9 0.86 0.83 0.89 0.86 0.89 0.81 0.88 0.93 0.93 0.78 

HWP 0.06 0.43 0.04 0.61 0.75 0.96 0.71 0.37 1.00 0.81 0.56 0.00 0.89 0.00 0.63 0.01 

FIS -0.34 -0.09 0.39 -0.03 0.04 -0.04 -0.03 -0.08 0.03 -0.02 -0.10 0.06 0.01 -0.08 -0.01 -0.02 

FIS_LCI -0.56 -0.14 0.17 -0.12 -0.06 -0.11 -0.12 -0.18 -0.05 -0.13 -0.15 -0.09 -0.09 -0.09 -0.06 -0.05 

FIS_UCI -0.11 -0.04 0.61 0.08 0.16 0.03 0.09 0.02 0.13 0.10 -0.05 0.22 0.11 -0.06 0.07 0.02 

                 

DEN OE03 OE11 OE27 Oed240 Oed177a Oed181 Oed212b Oed243 Oed327 Oed202a Oed202b OeduJ12 OeduO9 OeduT5 OeduU2 Overall 

N 52 54 53 54 54 54 54 54 54 54 54 36 54 54 37 51.47 

A 5 4 4 15 13 21 15 10 17 22 18 18 13 18 21 214 

% 50 50 50 38.46 40.62 65.62 50 38.46 62.96 47.83 60 66.67 41.94 50 42 50.3 

AR 4.21 3.86 3.91 13.07 11.39 17.37 13.56 9.04 15.6 17.6 14.78 14.16 11.08 16.21 16.68 12.17 

HO 0.67 0.24 0.34 0.91 0.91 0.89 0.87 0.81 0.94 0.85 0.94 0.86 0.91 0.91 0.84 0.79 

HE 0.54 0.27 0.52 0.87 0.89 0.92 0.88 0.84 0.92 0.9 0.91 0.91 0.86 0.92 0.93 0.8 

HWP 0.02 0.56 0.00 0.99 0.99 0.07 1.00 1.00 1.00 0.59 0.01 0.00 0.63 1.00 0.25 0.00 

FIS -0.25 0.10 0.35 -0.04 -0.03 0.03 0.01 0.02 -0.03 0.06 -0.04 0.05 -0.05 0.01 0.10 0.01 

FIS_LCI -0.47 -0.09 0.09 -0.12 -0.10 -0.05 -0.08 -0.09 -0.09 -0.03 -0.10 -0.07 -0.13 -0.06 -0.01 -0.01 

FIS_UCI -0.03 0.36 0.59 0.05 0.07 0.12 0.11 0.15 0.05 0.16 0.03 0.18 0.04 0.10 0.23 0.04 
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Table S2.2 cont. 

NET OE03 OE11 OE27 Oed240 Oed177a Oed181 Oed212b Oed243 Oed327 Oed202a Oed202b OeduJ12 OeduO9 OeduT5 OeduU2 Overall 

N 44 44 43 42 44 44 44 44 44 42 42 44 41 44 44 43.33 

A 4 6 5 14 12 18 16 15 15 20 14 19 17 24 30 229 

% 40 75 62.5 35.9 37.5 56.25 53.33 57.69 55.56 43.48 46.67 70.37 54.84 66.67 60 54.38 

AR 3.19 5.44 4.55 11.89 11.23 15.46 14.09 12.66 13.36 16.52 12.46 15.83 14.63 19.61 23.23 12.94 

HO 0.48 0.34 0.3 0.9 0.93 0.91 0.82 0.86 0.86 0.86 0.98 0.77 0.93 0.95 0.89 0.79 

HE 0.46 0.36 0.58 0.85 0.89 0.89 0.89 0.86 0.9 0.88 0.89 0.88 0.9 0.93 0.94 0.81 

HWP 0.01 0.28 0.00 0.16 1.00 0.82 0.11 0.94 0.90 0.81 0.98 0.16 0.01 0.00 0.00 0.00 

FIS -0.03 0.05 0.48 -0.07 -0.05 -0.02 0.08 0.00 0.04 0.03 -0.10 0.12 -0.04 -0.03 0.05 0.03 

FIS_LCI -0.31 -0.11 0.25 -0.16 -0.13 -0.10 -0.03 -0.10 -0.07 -0.07 -0.16 0.00 -0.11 -0.08 -0.04 0.00 

FIS_UCI 0.24 0.19 0.70 0.03 0.04 0.07 0.21 0.11 0.17 0.14 -0.03 0.27 0.06 0.04 0.16 0.05 

                 

MER OE03 OE11 OE27 Oed240 Oed177a Oed181 Oed212b Oed243 Oed327 Oed202a Oed202b OeduJ12 OeduO9 OeduT5 OeduU2 Overall 

N 55 57 57 57 57 57 57 57 57 57 57 57 57 57 57 56.87 

A 4 7 4 20 16 19 15 19 17 27 18 22 17 23 27 255 

% 40 87.5 50 51.28 50 59.38 50 73.08 62.96 58.7 60 81.48 54.84 63.89 54 59.81 

AR 3.61 5.27 4 15.46 13.37 16.58 13.07 14.56 15.02 21.52 15.28 18.17 14.45 18.73 22.04 14.08 

HO 0.75 0.35 0.61 0.93 0.89 0.88 0.84 0.95 0.91 0.96 0.95 0.88 0.89 0.91 0.95 0.84 

HE 0.52 0.34 0.66 0.89 0.88 0.92 0.89 0.88 0.91 0.94 0.9 0.9 0.9 0.93 0.94 0.83 

HWP 0.07 0.10 0.93 0.00 0.78 1.00 0.38 0.61 1.00 0.68 0.99 0.99 1.00 0.22 1.00 0.55 

FIS -0.43 -0.04 0.07 -0.04 -0.01 0.04 0.06 -0.07 -0.01 -0.03 -0.05 0.03 0.00 0.02 -0.01 -0.02 

FIS_LCI -0.60 -0.15 -0.10 -0.12 -0.10 -0.04 -0.04 -0.13 -0.08 -0.08 -0.10 -0.07 -0.07 -0.05 -0.06 -0.05 

FIS_UCI -0.26 0.09 0.25 0.04 0.08 0.14 0.17 0.00 0.08 0.03 0.01 0.13 0.09 0.09 0.06 0.00 
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Table S2.2 cont. 

LEF OE03 OE11 OE27 Oed240 Oed177a Oed181 Oed212b Oed243 Oed327 Oed202a Oed202b OeduJ12 OeduO9 OeduT5 OeduU2 Overall 

N 41 41 41 41 41 41 41 41 41 41 41 41 41 41 41 41 

A 3 6 4 14 15 20 15 16 13 28 18 19 19 19 23 232 

% 30 75 50 35.9 46.88 62.5 50 61.54 48.15 60.87 60 70.37 61.29 52.78 46 54.09 

AR 2.6 5.92 4 12.5 12.72 16.63 13.59 14.77 11.97 23.37 16.2 17.06 16.24 15.72 19.16 13.5 

HO 0.59 0.61 0.61 0.83 0.9 0.9 0.85 0.85 0.95 0.93 0.9 0.88 0.85 0.95 0.93 0.84 

HE 0.42 0.58 0.73 0.86 0.86 0.91 0.9 0.89 0.9 0.95 0.92 0.9 0.91 0.89 0.92 0.84 

HWP 0.01 1.00 0.16 0.43 0.71 0.60 0.38 0.52 1.00 0.03 0.13 0.50 1.00 0.02 0.01 0.01 

FIS -0.39 -0.06 0.17 0.04 -0.05 0.00 0.05 0.04 -0.06 0.02 0.02 0.03 0.06 -0.07 -0.01 0.00 

FIS_LCI -0.54 -0.21 -0.04 -0.08 -0.13 -0.09 -0.06 -0.07 -0.13 -0.05 -0.06 -0.07 -0.05 -0.14 -0.09 -0.03 

FIS_UCI -0.26 0.11 0.38 0.16 0.05 0.11 0.17 0.16 0.02 0.12 0.11 0.14 0.19 0.02 0.08 0.03 

                 

QUI OE03 OE11 OE27 Oed240 Oed177a Oed181 Oed212b Oed243 Oed327 Oed202a Oed202b OeduJ12 OeduO9 OeduT5 OeduU2 Overall 

N 50 50 50 50 50 50 50 50 50 50 50 50 48 50 50 49.87 

A 2 6 4 17 15 20 17 17 17 27 18 20 17 20 26 243 

% 20 75 50 43.59 46.88 62.5 56.67 65.38 62.96 58.7 60 74.07 54.84 55.56 52 55.88 

AR 2 5.74 4 14.22 12.49 16.68 14.14 14.51 14.66 21.92 15.8 17.87 14.95 16.16 21.79 13.8 

HO 0.54 0.46 0.58 0.88 0.98 0.88 0.72 0.88 0.84 0.94 0.92 0.84 0.94 0.98 0.92 0.82 

HE 0.39 0.41 0.7 0.87 0.88 0.91 0.89 0.88 0.9 0.94 0.92 0.93 0.91 0.9 0.94 0.83 

HWP 0.00 0.83 0.05 0.85 0.00 0.00 0.47 0.99 0.67 0.60 1.00 1.00 0.03 0.38 1.00 0.00 

FIS -0.37 -0.12 0.17 -0.01 -0.12 0.04 0.19 0.00 0.07 0.00 0.00 0.10 -0.03 -0.08 0.03 0.01 

FIS_LCI -0.51 -0.21 -0.01 -0.09 -0.16 -0.05 0.07 -0.08 -0.03 -0.06 -0.08 0.00 -0.10 -0.12 -0.04 -0.02 

FIS_UCI -0.25 -0.03 0.35 0.09 -0.06 0.14 0.32 0.10 0.18 0.08 0.09 0.20 0.06 -0.03 0.12 0.03 
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Table S2.2 cont. 

SPA OE03 OE11 OE27 Oed240 Oed177a Oed181 Oed212b Oed243 Oed327 Oed202a Oed202b OeduJ12 OeduO9 OeduT5 OeduU2 Overall 

N 47 47 47 47 47 47 47 47 47 47 47 46 47 47 47 46.93 

A 4 6 4 18 17 23 17 17 17 29 17 19 19 22 27 256 

% 40 75 50 46.15 53.12 71.88 56.67 65.38 62.96 63.04 56.67 70.37 61.29 61.11 54 59.18 

AR 3.15 5.46 4 15.4 15.2 18.3 14.56 14.19 15.25 22.18 13.57 15.94 16.7 17.39 22.98 14.28 

HO 0.57 0.47 0.74 0.87 0.94 0.87 0.83 0.96 0.94 0.94 0.81 0.83 0.94 0.89 0.98 0.84 

HE 0.43 0.47 0.72 0.91 0.9 0.91 0.87 0.9 0.92 0.94 0.89 0.86 0.93 0.9 0.95 0.83 

HWP 0.01 0.62 0.80 0.65 0.23 0.16 0.69 0.00 1.00 0.00 0.00 1.00 1.00 0.12 0.88 0.00 

FIS -0.34 0.00 -0.03 0.04 -0.04 0.04 0.05 -0.07 -0.02 0.00 0.09 0.04 -0.01 0.01 -0.03 -0.01 

FIS_LCI -0.49 -0.15 -0.19 -0.06 -0.11 -0.06 -0.06 -0.12 -0.09 -0.06 -0.03 -0.08 -0.08 -0.09 -0.06 -0.03 

FIS_UCI -0.19 0.19 0.14 0.15 0.05 0.14 0.17 0.00 0.07 0.08 0.22 0.17 0.06 0.11 0.02 0.02 

                 

ROS OE03 OE11 OE27 Oed240 Oed177a Oed181 Oed212b Oed243 Oed327 Oed202a Oed202b OeduJ12 OeduO9 OeduT5 OeduU2 Overall 

N 49 49 49 49 49 49 49 49 49 49 49 49 49 49 49 49 

A 5 5 4 14 12 20 14 14 16 25 15 17 15 19 27 222 

% 50 62.5 50 35.9 37.5 62.5 46.67 53.85 59.26 54.35 50 62.96 48.39 52.78 54 52.04 

AR 3.9 4.38 4 12.77 11.61 17.54 11.72 12.95 14.73 21.13 13.12 15.85 13.7 14.97 21.87 12.95 

HO 0.51 0.39 0.67 0.92 0.94 0.98 0.86 0.84 0.86 0.92 0.94 0.94 0.94 0.78 0.9 0.82 

HE 0.42 0.38 0.72 0.89 0.88 0.92 0.88 0.88 0.91 0.94 0.88 0.92 0.91 0.89 0.94 0.82 

HWP 0.00 1.00 0.66 0.94 1.00 1.00 0.65 1.00 1.00 0.52 0.08 1.00 0.08 0.03 0.00 0.02 

FIS -0.22 -0.03 0.06 -0.03 -0.07 -0.06 0.03 0.05 0.06 0.02 -0.06 -0.02 -0.03 0.13 0.05 0.00 

FIS_LCI -0.39 -0.18 -0.10 -0.11 -0.14 -0.10 -0.07 -0.06 -0.04 -0.05 -0.15 -0.09 -0.10 0.01 -0.04 -0.03 

FIS_UCI -0.07 0.18 0.23 0.06 0.02 -0.01 0.14 0.16 0.18 0.11 0.03 0.07 0.06 0.26 0.14 0.03 
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Table S2.2 cont. 

GAL OE03 OE11 OE27 Oed240 Oed177a Oed181 Oed212b Oed243 Oed327 Oed202a Oed202b OeduJ12 OeduO9 OeduT5 OeduU2 Overall 

N 38 38 38 38 38 38 38 37 38 32 37 36 36 38 38 37.2 

A 4 4 4 15 12 19 13 13 15 23 13 21 15 16 23 210 

% 40 50 50 38.46 37.5 59.38 43.33 50 55.56 50 43.33 77.78 48.39 44.44 46 48.94 

AR 3.51 3.86 4 13.34 10.98 16.8 12.2 12.27 14.13 18.8 12.31 18.05 13.84 13.68 19.81 12.51 

HO 0.68 0.29 0.58 0.87 0.89 0.79 0.92 0.86 0.84 0.88 0.97 0.97 0.89 0.87 0.92 0.82 

HE 0.52 0.3 0.72 0.9 0.86 0.92 0.89 0.89 0.92 0.93 0.9 0.92 0.91 0.87 0.94 0.82 

HWP 0.04 0.56 0.74 0.81 1.00 0.02 1.00 0.95 1.00 0.00 1.00 0.00 1.00 0.58 0.00 0.00 

FIS -0.31 0.04 0.19 0.04 -0.04 0.14 -0.04 0.03 0.08 0.06 -0.08 -0.06 0.02 0.00 0.02 0.01 

FIS_LCI -0.56 -0.16 0.00 -0.07 -0.13 0.01 -0.12 -0.09 -0.03 -0.05 -0.14 -0.11 -0.08 -0.10 -0.07 -0.02 

FIS_UCI -0.05 0.35 0.39 0.16 0.07 0.28 0.06 0.16 0.21 0.18 0.00 0.00 0.15 0.12 0.11 0.04 

                 

RYA OE03 OE11 OE27 Oed240 Oed177a Oed181 Oed212b Oed243 Oed327 Oed202a Oed202b OeduJ12 OeduO9 OeduT5 OeduU2 Overall 

N 48 48 49 49 49 49 48 48 49 49 49 48 46 48 49 48.4 

A 4 4 6 18 17 20 16 16 18 26 19 21 14 21 28 248 

% 40 50 75 46.15 53.12 62.5 53.33 61.54 66.67 56.52 63.33 77.78 45.16 58.33 56 57.7 

AR 3.34 3.58 5.08 15.33 13.81 17.03 13.56 13.77 15.75 21.16 16.05 18.15 12.82 17.61 23.89 14.06 

HO 0.62 0.33 0.69 0.96 0.92 0.96 0.94 0.96 0.88 0.98 0.96 0.79 0.85 0.96 0.9 0.85 

HE 0.52 0.29 0.63 0.91 0.89 0.92 0.9 0.88 0.91 0.94 0.91 0.93 0.9 0.91 0.95 0.83 

HWP 0.00 0.78 0.94 0.64 0.00 1.00 0.98 0.97 0.20 0.17 0.43 0.36 0.98 0.10 1.00 0.02 

FIS -0.21 -0.15 -0.10 -0.06 -0.03 -0.04 -0.05 -0.10 0.03 -0.04 -0.05 0.15 0.06 -0.05 0.06 -0.03 

FIS_LCI -0.47 -0.24 -0.24 -0.11 -0.11 -0.09 -0.11 -0.16 -0.05 -0.07 -0.11 0.02 -0.04 -0.12 -0.03 -0.05 

FIS_UCI 0.05 -0.08 0.06 0.01 0.06 0.03 0.03 -0.02 0.13 0.01 0.02 0.28 0.18 0.02 0.15 0.00 
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Table S2.2 cont. 

TRA OE03 OE11 OE27 Oed240 Oed177a Oed181 Oed212b Oed243 Oed327 Oed202a Oed202b OeduJ12 OeduO9 OeduT5 OeduU2 Overall 

N 58 60 61 61 61 61 61 61 61 60 61 60 57 61 61 60.33 

A 3 6 4 18 17 20 16 17 16 25 21 22 14 28 29 256 

% 30 75 50 46.15 53.12 62.5 53.33 65.38 59.26 54.35 70 81.48 45.16 77.78 58 58.77 

AR 2.44 5.52 4 14.66 13.72 15.9 13.2 13.92 14.31 19.68 16.51 17.84 12.49 20.46 22.93 13.84 

HO 0.36 0.47 0.66 0.89 0.92 0.9 0.89 0.79 0.8 0.85 0.98 0.87 0.96 0.97 0.93 0.82 

HE 0.35 0.52 0.72 0.9 0.89 0.9 0.89 0.84 0.91 0.92 0.92 0.92 0.91 0.93 0.95 0.83 

HWP 0.09 0.08 0.86 0.89 0.00 0.00 0.84 0.06 1.00 0.55 0.06 1.00 0.95 0.00 0.92 0.00 

FIS -0.03 0.10 0.09 0.01 -0.03 0.00 0.00 0.06 0.12 0.08 -0.07 0.06 -0.07 -0.04 0.02 0.02 

FIS_LCI -0.25 -0.08 -0.08 -0.08 -0.10 -0.08 -0.09 -0.04 0.02 -0.01 -0.10 -0.03 -0.11 -0.09 -0.04 -0.01 

FIS_UCI 0.21 0.27 0.24 0.10 0.06 0.09 0.11 0.18 0.24 0.18 -0.03 0.16 0.00 0.01 0.08 0.04 

                 

CB OE03 OE11 OE27 Oed240 Oed177a Oed181 Oed212b Oed243 Oed327 Oed202a Oed202b OeduJ12 OeduO9 OeduT5 OeduU2 Overall 

N 49 41 49 48 49 49 49 49 49 49 49 49 49 49 49 48.4 

A 4 5 4 17 13 19 12 16 17 27 18 18 17 21 26 234 

% 40 62.5 50 43.59 40.62 59.38 40 61.54 62.96 58.7 60 66.67 54.84 58.33 52 54.08 

AR 3.09 4.79 4 14.42 11.69 17.14 11.22 13.25 14.71 21.86 15.25 15.66 13.94 15.81 21.5 13.22 

HO 0.43 0.39 0.73 0.96 0.86 0.94 0.88 0.9 0.94 0.96 0.94 0.84 0.88 0.92 0.94 0.83 

HE 0.38 0.38 0.73 0.9 0.86 0.93 0.87 0.88 0.91 0.94 0.92 0.88 0.9 0.88 0.94 0.82 

HWP 0.09 0.66 1.00 0.96 0.45 1.00 1.00 0.94 1.00 0.53 0.82 0.15 0.51 0.00 0.69 0.46 

FIS -0.13 -0.04 0.00 -0.07 0.01 -0.01 -0.01 -0.02 -0.03 -0.02 -0.03 0.05 0.02 -0.04 0.01 -0.02 

FIS_LCI -0.32 -0.17 -0.16 -0.13 -0.10 -0.07 -0.10 -0.10 -0.09 -0.07 -0.09 -0.06 -0.07 -0.11 -0.06 -0.04 

FIS_UCI 0.10 0.11 0.16 0.01 0.12 0.06 0.10 0.07 0.05 0.05 0.05 0.15 0.12 0.04 0.09 0.01 
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Table S2.2 cont. 

STR OE03 OE11 OE27 Oed240 Oed177a Oed181 Oed212b Oed243 Oed327 Oed202a Oed202b OeduJ12 OeduO9 OeduT5 OeduU2 Overall 

N 128 131 131 131 131 131 131 131 130 130 131 130 128 131 131 130.4 

A 6 7 6 25 17 24 16 16 19 29 19 22 19 27 35 287 

% 60 87.5 75 64.1 53.12 75 53.33 61.54 70.37 63.04 63.33 81.48 61.29 75 70 67.61 

AR 3.78 5.43 5 16.67 11.78 17.91 12.69 12.93 16.36 20.94 13.97 18.14 14.68 18.46 25.41 14.28 

HO 0.55 0.36 0.66 0.92 0.88 0.9 0.86 0.84 0.9 0.92 0.91 0.88 0.9 0.91 0.92 0.82 

HE 0.45 0.4 0.72 0.92 0.87 0.93 0.89 0.85 0.93 0.93 0.91 0.93 0.91 0.9 0.96 0.83 

HWP 0.04 0.00 0.98 1.00 0.01 0.90 1.00 0.99 1.00 1.00 0.42 1.00 0.92 0.84 0.87 0.38 

FIS -0.25 0.11 0.07 0.00 -0.01 0.03 0.03 0.01 0.03 0.01 0.00 0.05 0.02 -0.01 0.03 0.01 

FIS_LCI -0.36 -0.03 -0.03 -0.05 -0.06 -0.03 -0.03 -0.06 -0.02 -0.03 -0.05 0.00 -0.04 -0.05 -0.01 0.00 

FIS_UCI -0.11 0.26 0.18 0.05 0.05 0.08 0.10 0.07 0.09 0.06 0.06 0.11 0.08 0.05 0.08 0.03 

                 

FOY OE03 OE11 OE27 Oed240 Oed177a Oed181 Oed212b Oed243 Oed327 Oed202a Oed202b OeduJ12 OeduO9 OeduT5 OeduU2 Overall 

N 214 212 223 221 223 222 220 220 220 213 221 213 155 219 221 214.47 

A 9 6 6 22 19 23 17 18 21 33 21 25 19 25 39 303 

% 90 75 75 56.41 59.38 71.88 56.67 69.23 77.78 71.74 70 92.59 61.29 69.44 78 71.63 

AR 4.83 4.68 4.56 15.27 12.13 17.59 12.28 12.82 16.55 19.96 15.46 18.29 13.71 17.53 25.32 14.07 

HO 0.62 0.36 0.72 0.91 0.87 0.91 0.83 0.86 0.93 0.92 0.91 0.86 0.92 0.88 0.91 0.83 

HE 0.54 0.35 0.72 0.91 0.89 0.92 0.86 0.81 0.92 0.93 0.91 0.92 0.92 0.91 0.95 0.83 

HWP 0.04 0.91 0.99 1.00 0.37 0.00 1.00 0.89 0.95 0.00 0.98 0.34 1.00 0.82 0.89 0.10 

FIS -0.14 -0.05 0.00 -0.01 0.02 0.02 0.04 -0.06 -0.01 0.01 0.00 0.06 -0.01 0.03 0.04 0.00 

FIS_LCI -0.24 -0.11 -0.07 -0.04 -0.03 -0.02 -0.02 -0.10 -0.04 -0.03 -0.04 0.01 -0.05 -0.01 0.00 -0.01 

FIS_UCI -0.05 0.03 0.08 0.03 0.06 0.06 0.10 -0.01 0.03 0.05 0.05 0.11 0.04 0.08 0.08 0.01 
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Table S2.3. Summary of three BOTTLENECK analyses (Sign test, 2-tail Wilcoxon, Mode shift) conducted on 

STRUCTURE inferred clusters under the TPM. N: cluster size; K: mean number of alleles per locus; HE: Hardy-

Weinberg expected heterozygosity; LHexc: number of loci with excess heterozygosity (obs: observed, exp: 

expected under TPM); p: probability of no significant heterozygosity excess (significant values are in bold); Mode 

shift: qualitative measure of allelic frequency distributions, shifted modes indicate possible bottlenecks (Fig. 

S2.36).  

Inferred 

population 

N K HE Sign test p (2-tail 

Wilcoxon 

test) 

Mode shift 

obs LHexc exp LHexc p 

LAR-C1 10* 4 0.641 11 7.08 0.017 0.002 shifted mode 

LAR-C2 12* 4.15 0.622 9 7.12 0.212 0.151 shifted mode 

LAR-C3 12* 3.69 0.709 13 7.57 0.001 0.000 shifted mode 

LAR-C4 16* 11.62 0.863 8 7.8 0.575 0.542 normal L-shaped distribution 

CRO 50 22.31 0.902 11 7.86 0.061 0.027 normal L-shaped distribution 

NWEuNA 240.46 23.54 0.859 6 7.68 0.251 0.497 normal L-shaped distribution 

WEu 519.38 28.31 0.880 8 7.58 0.524 0.636 normal L-shaped distribution 

*: sample sizes <30, unreliable (Cornuet and Luikart, 1998; Luikart et al., 1998) 
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Table S2.4. FreeNA estimated null allele frequencies across 15 microsatellite loci, for 18 O. edulis sample sites. Estimates over 0.05 are highlighted in red. . Sample site codes: LAR, Larne Lough 

(N. Ireland); CRO – Croatia; DAM – Damariscotta, Maine (USA); QB – Quahog Bay, Maine (USA); NOR – Sveio (Norway); DEN – Limfjord (Denmark); NET – Grevelingen (Netherlands); MER – 

Mersea, Colchester (England); LEF – Le Faou, Brest (France); QUI – Quiberon, Brittany (France); SPA – Ortigueira (Spain); ROS – Rossmore, Cork (Ireland); GAL – Galway (Ireland); RYA – Loch Ryan 

(Scotland); TRA – Tralee Bay (Ireland); CB – Clew Bay (Ireland); STR – Strangford Lough (N. Ireland); FOY – Lough Foyle (Ireland). 

Sample site OE03 OE11 OE27 Oed240 Oed177a Oed181 Oed212b Oed243 Oed327 Oed202a Oed202b OeduJ12 OeduO9 OeduT5 OeduU2 

LAR 0.032 0.068 0.049 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.078 

CRO 0.000 0.000 0.031 0.041 0.000 0.000 0.022 0.000 0.013 0.000 0.047 0.050 0.000 0.000 0.058 

DAM 0.000 0.000 0.163 0.000 0.000 0.018 0.000 0.000 0.009 0.020 0.044 0.027 0.021 0.063 0.007 

QB 0.000 0.000 0.126 0.013 0.022 0.000 0.000 0.000 0.056 0.019 0.000 0.109 0.014 0.012 0.016 

NOR 0.000 0.000 0.142 0.000 0.013 0.000 0.000 0.000 0.000 0.008 0.000 0.042 0.000 0.000 0.000 

DEN 0.000 0.027 0.141 0.000 0.000 0.009 0.000 0.000 0.000 0.012 0.000 0.034 0.000 0.000 0.055 

NET 0.043 0.000 0.182 0.000 0.000 0.000 0.035 0.000 0.027 0.004 0.000 0.051 0.000 0.000 0.037 

MER 0.000 0.000 0.036 0.000 0.000 0.016 0.026 0.000 0.000 0.003 0.000 0.019 0.000 0.000 0.002 

LEF 0.000 0.000 0.073 0.005 0.000 0.000 0.011 0.003 0.000 0.008 0.000 0.027 0.031 0.003 0.000 

QUI 0.000 0.000 0.069 0.000 0.000 0.017 0.081 0.000 0.017 0.000 0.004 0.050 0.001 0.000 0.010 

SPA 0.000 0.011 0.000 0.011 0.000 0.011 0.013 0.000 0.000 0.000 0.045 0.029 0.000 0.008 0.000 

ROS 0.000 0.000 0.010 0.000 0.000 0.000 0.000 0.000 0.029 0.010 0.002 0.000 0.000 0.070 0.019 

GAL 0.000 0.027 0.070 0.019 0.000 0.063 0.000 0.007 0.045 0.015 0.000 0.000 0.000 0.000 0.013 

RYA 0.016 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.000 0.070 0.024 0.000 0.029 

TRA 0.000 0.043 0.041 0.012 0.000 0.017 0.022 0.028 0.058 0.036 0.000 0.027 0.000 0.000 0.001 

CB 0.000 0.000 0.000 0.000 0.018 0.000 0.000 0.000 0.000 0.000 0.000 0.026 0.003 0.000 0.006 

STR 0.002 0.048 0.023 0.000 0.000 0.017 0.013 0.002 0.012 0.003 0.000 0.017 0.004 0.000 0.013 

FOY 0.005 0.000 0.000 0.000 0.000 0.018 0.014 0.000 0.000 0.009 0.004 0.033 0.000 0.008 0.022 

MEAN 0.005 0.012 0.064 0.006 0.003 0.010 0.013 0.002 0.015 0.008 0.008 0.034 0.005 0.009 0.020 
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3.1 INTRODUCTION 

 

Measuring patterns and levels of genetic independence between and among populations is 

of central importance to their conservation and sustainable management (Schwartz, Luikart 

and Waples, 2007). It facilitates the identification of monitoring units and the assessment of 

the impacts of both natural and human activities, including, for instance, translocations, 

habitat change and exploitation, on stock abundance (Palsbøll, Bérubé and Allendorf, 2007). 

Population genetic analyses of non-model species has traditionally relied on a limited 

number of markers, often resulting from laborious and costly molecular work (e.g. marker 

discovery, assay development, etc.). Limited marker availability is particularly problematic 

for the delineation of conservation and management units in marine species, due to their 

often large effective population sizes (i.e. little genetic drift) and high gene flow potential 

(Allendorf, Hohenlohe and Luikart, 2010). Consequently, the traditional view is that the 

reduced number of markers offer limited discriminatory power to differentiate between 

populations of marine species.  

 Within the last decade, the increasing coverage and affordability of high-throughput 

sequencing (HTS) technologies have enabled the development of methodologies that permit 

the genotyping of thousands of loci spread throughout the genome, from hundreds to 

thousands of samples. In this context, reduced genome representation, genotyping by 

sequencing approaches such as restriction site-associated DNA sequencing (RAD sequencing 

or RAD-seq) and its newer variants (e.g. ddRAD-seq, 2b-RAD and RAD Capture) are 

particularly promising for genetic studies in non-model species. In particular, this is because 

the use of these markers requires no prior linkage maps, or knowledge of the organism’s 

genome sequence (Davey and Blaxter, 2010). 

The increasing application of thousands of genome-wide genetic markers to the 

study of populations is now promoting a transition from classical population genetics to 

“population genomics”. This endeavour is defined as the simultaneous analysis of numerous 

loci or genome regions to better understand the roles of processes such as mutation, genetic 

drift, gene flow and natural selection in the evolutionary trajectory of populations and 

species (Luikart et al., 2003). Population genomics can substantially increase the accuracy 

and precision of measures relying on neutral loci similarly affected by demographic factors 

and evolutionary history through greater genomic representation. It also allows for the 

identification of regions responding to selective pressures, which can vary across the species 
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distribution, such as adaptation to local conditions (Allendorf, Hohenlohe and Luikart, 2010). 

Studying the extent of neutral variation allows the health status of particular genetic units to 

be predicted, through parameters such as effective population size (i.e. the size of an ideal 

population that has the same rate of genetic changes as the observed population, used to 

approximate the number of breeders which successfully produce offspring that survive to 

reproductive age - Schwartz, Luikart and Waples, 2007) and allelic diversity. This information 

can then be used for the implementation of sound management strategies (e.g. Mcmahon, 

Teeling and Höglund, 2014). Non-neutral loci can be potentially used to identify signatures 

of past selective processes or local adaptation. This information can be used to better 

manage the movement of stocks and restoration efforts, and ultimately aid the recovery of 

commercially exploited stocks. 

Other issues, specific to marker development in molluscs, could be overcome with 

the use of sequencing technologies such as RAD-seq. Microsatellites have been widely used 

for population genetic analyses, linkage maps and parentage assignments of important 

aquaculture species due to their genomic abundance, high polymorphism and codominant 

inheritance (Wright and Bentzen, 1994). However, the development of informative 

microsatellite markers has been problematic for organisms with complex genomes such as 

molluscs (Weetman et al., 2001; Reece et al., 2004; Weetman et al., 2005; McInerney et al., 

2011). Molluscs, particularly marine bivalves, exhibit high genetic variability (i.e. mutations 

at the sequence level), which can impede microsatellite marker functionality (through 

mutations in primer binding sites), preventing PCR amplification. In the European flat oyster 

Ostrea edulis, for instance, one SNP has been reported to occur every 76/47 bp in coding and 

noncoding regions, respectively (Harrang et al., 2013). Hedgecock et al. (2004) attributed null 

alleles in Pacific oyster (Crassostrea gigas) microsatellite marker loci to high sequence 

polymorphism in PCR primer binding sites. The authors suggested that a high mutation load 

(driven by high fecundity and a large number of cell divisions) could underpin null allele 

problems in marine bivalves. 

O. edulis provides many services in coastal and estuarine ecosystems, including 

filtration of suspended organic particles and the provision of hard-substrate surfaces 

(Ruesink et al., 2005). The species has been harvested by humans for many centuries, and 

has once supported extensive aquaculture and fishing activities throughout Europe 

(Goulletquer and Heral, 1997). Over-exploitation, destruction of natural beds, pollution, and 

severe winters have all contributed to stock decline since the 18th century (Laing, Walker and 

Areal, 2006). Concerns about oyster stocks long-term sustainability has led to repletion and 
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reseeding efforts. An unintended consequence of stock movement to aid restoration was the 

spread of epizootic parasites, most notably Bonamia ostreae in Atlantic Europe, which can 

cause up to 90% mortalities amongst naïve oyster populations (McArdle et al., 1991). 

Regardless of stock decline, O. edulis production is an important industry in the areas it is still 

grown.  

Despite its significance as an ecological and economic resource, the flat oyster has 

relatively few genomic resources available compared to the Pacific cupped oyster 

Crassostrea gigas, which also has an available genome sequence (Zhang et al., 2012) and 

constitutes the majority of global oyster production. Movement of flat oyster stocks 

throughout its natural distribution range and elsewhere have been extensive, yet poorly 

documented (see Bromley et al., 2016). Considering that some of these translocation 

activities have occurred for hundreds of years at an industrial scale, they may have had a 

profound impact on contemporary patterns and levels of gene flow between and among 

stocks and contributed to the potential dilution of important traits conferring adaptation to 

local conditions (e.g. Fleming et al., 2000; Gum, Gross and Kuehn, 2006; Audzijonyte et al., 

2017).  Historical stock transfers and interbreeding with native strains may result in reduced 

fitness. For example, higher winter mortalities among O. edulis juveniles in Dutch waters has 

been associated with translocations of imported southern strains, suggesting a reduced 

winter tolerance among progeny as a result of interbreeding (Drinkwaard, 1999). 

Efforts to characterize the genetic diversity of remaining flat oyster stocks have 

utilized allozymes (Saavedra et al., 1993,  1995), microsatellites (Launey et al., 2002; 

Sobolewska & Beaumont 2005; Beaumont et al., 2006; Vercaemer et al., 2006; Lallias et al., 

2010; Vera et al., 2016; Chapter 2) and mitochondrial markers (Diaz-Almela et al., 2004), at 

varying geographic and genomic coverages (see Chapter 2 for a review). Recent studies, 

based on microsatellite markers and predominantly focused on Atlantic populations, have 

reported weak, but significant population genetic structuring with the presence of unique 

genetic clusters (Vera et al., 2016; Chapter 2). Vera et al. (2016) identified three main genetic 

clusters within Northern Atlantic populations using 16 microsatellite loci: The Netherlands 

and Denmark formed one cluster; France, Ireland and England formed a second cluster; and 

Spanish flat oysters from six Atlantic populations formed the third cluster. The authors 

suggested that these clusters are a product of current regimes acting as barriers to gene flow. 

In Chapter 2, we used the microsatellite panel from Vera et al. (2016) to quantify 

genetic connectivity among remaining North Atlantic flat oyster stocks (Norway to Spain), 



Chapter 3: SNP population genetics 

 

88 

 

Croatia and naturalized stocks introduced to Maine, USA. This study found evidence for three 

genetically distinct clusters as follows: Cluster 1 consisting of North-West Europe and North 

American samples (“NWEuNA”: Norway, Denmark, The Netherlands, and two Maine, USA 

sites); Cluster 2 represented by samples from West Europe (“WEu”: Ireland, Northern 

Ireland, France, England, Scotland and Spain); and Cluster 3 consisting of a single sample from 

Croatia. The study also found evidence for a further complex cluster represented by samples 

from Larne Lough, Northern Ireland that appears to be represented by four additional sub-

groups. Interestingly, one of the Larne sub-groups appears to share genetic similarity with 

the Cluster from Western Europe, while the other three sub-groups are significantly 

divergent both from each other and from all other clusters.  

The genetic differentiation among O. edulis samples from: 1) The Netherlands/ 

Denmark; 2) France/Ireland/England, was supported in both studies. However, Chapter 2 

found no evidence supporting the genetic differentiation of Spanish O. edulis from other 

Western European samples. Further substructure within the inferred clusters could not be 

detected; with the exception of Damariscotta, Maine from other NWEuNA sample sites. 

Whether subtle genetic structure undetected by microsatellites exists, or has been 

eliminated through gene flow and anthropogenic transfers within these inferred clusters, 

may be addressed with additional genomic coverage – which could also assist in resolving 

whether a significant distinction of Spanish O. edulis exists (Vera et al., 2016).  

 Two Single Nucleotide Polymorphism (SNP) genotyping arrays have been developed 

for O. edulis. In addition to species-specific O. edulis loci, both arrays also contain species 

specific loci for the more commercially viable Pacific oyster, C. gigas. (Lapègue et al., 2014; 

Gutierrez et al., 2017). Lapègue et al. (2014) developed and tested SNP genotyping arrays for 

C. gigas and O. edulis with 384 markers per species. Although relatively small, this array 

focuses on genomic regions found to produce differentially expressed transcripts associated 

with resistance to bonamiosis (in O. edulis) and summer mortality events (C. gigas). More 

recently, Gutierrez et al. (2017) developed a potentially more powerful SNP microarray with 

over 11,000 biallelic SNPs for O. edulis. These were derived from RAD sequencing data (i.e. 

reduced representation across the O. edulis genome) consisting of O. edulis samples from 11 

geographically distinct locations, broadly representing the natural distribution of the species 

in Europe, and thus has the potential to be very informative in terms of neutral and non-

neutral markers. 
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In the present study, we evaluated the medium density SNP array developed by 

Gutierrez et al. (2017) for population genetic studies of O. edulis. Thus, we have genotyped 

364 O. edulis collected from 15 broadly dispersed sampling sites from their native 

distribution, in addition to samples representing naturalised North American populations, at 

11,151 SNP loci. SNPs were categorized based on their putative neutrality or selection and 

adherence to expected Hardy-Weinberg proportions (HWP) and Linkage equilibrium. We 

documented population genetic diversity and structure among sampled locations, and tested 

for the presence of independent populations following clustering approaches. We discuss 

our results in relation to previous studies which relied on several microsatellite loci. 

Additionally, SNPs under putative selection were compared to existing nucleotide database 

entries, in order to identify potential candidates for adaptative selection. 

 

3.2 METHODS 

 

3.2.1 Sampling design 

 

Gill tissue was collected from O. edulis individuals and preserved in 20% DMSO salt-saturated 

solution or by freezing until DNA was extracted. Samples from 15 putative O. edulis 

populations were sampled along the European Atlantic Coast, Croatia, Maine (USA) and New 

Brunswick (Canada; Fig. 3.1). Codes to denote sampling location and the number of samples 

genotyped are described in Table 3.1. While Croatian (CRO) samples were initially derived 

from two separate sampling sites, they were pooled due to lack of observable genetic 

differences (see Fig. S3.14). The Larne Lough (LAR) sample comprises four genetically distinct 

clusters, previously identified with microsatellites as described in Chapter 2 (LAR-C1, n=6; 

LAR-C2, n=8; LAR-C3, n=7; and LAR-C4, n=9). 
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Figure 3.1. O. edulis sampling locations used in this study. 

 

Table 3.1. Summary of sample locations, codes used and final number of individuals genotyped (N) in this study. 

Code Location Country N 
Longitude 

(°W) 

Latitude 

(N°) 

LL Lockhart Lake, New Brunswick Canada 5 -64.745 45.659 

CRO Mali Ston; Limski Croatia 27 17.689 42.856 

DEN Struer, Limfjord Denmark 28 8.677 56.521 

MER Mersea, Colchester England 29 0.965 51.777 

QUI Quiberon, Brittany France 28 -2.996 47.549 

ROS Rossmore, Cork Ireland 24 -8.248 51.883 

TRA Tralee Bay, Kerry Ireland 10 -10.029 52.316 

FOY Lough Foyle Ireland/Northern Ireland 30 -7.088 55.130 

NET Lake Grevelingen Netherlands 30 4.017 51.709 

LAR Larne Lough Northern Ireland 30 -5.752 54.817 

NOR Mølstrevåg, Sveio Norway 27 5.227 59.520 

SPA Ortigueira Spain 29 -7.836 43.723 

QB Quahog Bay, Maine USA 28 -69.961 43.790 

DAM Damariscotta river, Maine USA 30 -69.535 44.028 

SWA Swansea Bay Wales 9 -3.981 51.604 
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3.2.2 Genotyping and data filtering 

 

Genomic DNA was extracted from gill tissue using a phenol-chloroform procedure modified 

from Taggart et al. (1992) as described in Chapter 2.  For each individual, at least 20µL of high 

quality genomic DNA was prepared at a concentration of 50ng/µL, and genotyped using the 

Affymetrix Axiom® medium density SNP array described in Gutierrez et al. (2017).  Samples 

were genotyped in two batches. The initial genotyping set consisted of 110 samples which 

were initially used for the identification of informative markers, development of the SNP 

array, and subsequent validation through genotyping at 11,151 SNP loci. A second sample 

set consisting of 288 O. edulis specimens were subsequently genotyped for this study by 

Edinburgh Genomics at 14,950 SNP loci using the array (see Gutierrez et al., 2017 for details). 

Raw SNP data initially underwent quality control analysis at Edinburgh Genomics using the 

Axiom Analysis Suite (v2.0.035. Affymetrix), following the “Best Practices Workflow” 

recommended by Affymetrix. However, because the second dataset contained more SNPs 

than the initial validation dataset, SNPs that were not shared between runs were dropped. 

Remaining samples and loci with a call rate ≥0.95 were initially retained for preliminary 

analyses, and subsequent screening for neutral SNPs.  

 

FST outlier analyses 

 

Many population genetic analyses are based on neutral markers (i.e. markers under selection 

are not suited for these analyses). To identify SNP loci under putative selection, FST outlier 

analyses were performed using the fdist approach (Beaumont and Nichols, 1996) 

implemented in the program LOSITAN (Antao et al., 2008), and BAYESCAN 2.1 (Foll and 

Gaggiotti, 2008): a Bayesian approach which implements the multinominal-Dirichlet model. 

For these analyses, preliminary clusters identified with STRUCTURE and DAPC (see below) 

were used to group individuals. LOSITAN was run with 200k iterations, infinite allele model 

and a 0.01 false discovery rate. The outputs of the program were summarised in R (R Core 

Team, 2016) using the LOSITAN barebones R script (Antao et al., 2008). Loci with a probability 

≥0.99 for divergent selection and ≤0.01 for balancing selection were considered to be under 

putative selection. BAYESCAN analysis was carried out with the default settings, but the prior 

odds for neutral model was increased to 10,000 to reduce the occurrence of false positives 



Chapter 3: SNP population genetics 

 

92 

 

(see Lotterhos and Whitlock, 2014). A false discovery rate of 0.05 was used, and the 

program’s output was analysed in R using the BAYESCAN R script (Foll and Gaggiotti, 2008).  

 

Hardy-Weinberg deviations 

 

Loci that departed from Hardy-Weinberg proportions (HWP) were filtered from the neutral 

loci dataset. The resulting data were converted to GENEPOP format (Rousset, 2008) using a 

custom R script. Departures from Hardy-Weinberg proportions (HWP) were evaluated using 

the Fisher’s exact test (1000 replicates) as implemented in the divBasic function of the 

diveRsity v1.9.90 R package (Keenan et al., 2013). Loci with a p-value ≤ 0.05 in over half the 

inferred clusters were considered to have genotype frequencies significantly different than 

those expected under HWP. 

 

Linkage Disequilibrium 

 

The medium density SNP array only used a single SNP per RAD locus for O. edulis (Gutierrez 

et al., 2017). In addition, we used the program PLINK v1.9 (Purcell et al., 2007; Chang et al., 

2015) to test for linkage disequilibrium in a similar approach as Larson et al. (2014): if a pair 

of loci had an r2 value ≥ 0.8 in over half of the inferred clusters, the locus with the lowest 

genotype call-rate was removed.  

 

3.2.3 Genetic cluster assignment 

 

Patterns of population genetic structuring were investigated using the Bayesian clustering 

algorithm implemented in the program STRUCTURE v2.3.2.1 (Pritchard, Stephens and 

Donnelly, 2000) and the non-parametric multivariate clustering method “Discriminant 

Analysis of Principal Components” (DAPC) implemented in the R package adegenet v2.1.0 

(Jombart, Devillard and Balloux, 2010; Jombart and Ahmed, 2011). STRUCTURE attempts to 

assign individuals to clusters that minimize LD and departures from HWP, in order to detect 

population structure between “K” numbers of clusters. STRUCTURE analysis was initially 

carried out on the entire dataset. Data were recoded from PLINK to STRUCTURE format using 
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PLINK v1.9 (Purcell et al., 2007; Chang et al., 2015). A sample site identifier was used for the 

“LOCPRIOR” model to improve the detection of weak genetic structure. The admixture model 

and correlated allele frequencies were used. Individuals were grouped into K assumed 

genetic groups ranging from 1 to 10. Ten assumed genetic groups was considered an 

adequate cut-off as hierarchical analyses of inferred genetic clusters would be undertaken; 

which, when applied to microsatellites, indicated 7 genetic clusters. Twenty independent 

replicates were carried out for each K value, with a burnin period of 10,000 followed by 

10,000 Monte Carlo Markov Chain (MCMC) iterations for each run. Cluster membership 

coefficients were visualized for each K value using the R package pophelper v2.2.0 (Francis, 

2016), after being matched across all replicates for each K value using the cluster matching 

and permutation program CLUMPP v1.1.2 (Jakobsson and Rosenberg, 2007), using the 

“greedy” algorithm with random input orders and 20 repeats. The ΔK statistic (Evanno, 

Regnaut and Goudet, 2005) was reported to identify the K value (i.e. number of clusters) best 

supported by the data.   

For DAPC, genotypic data were converted to PLINK’s “.raw” format using PLINK v1.9 

(Purcell et al., 2007; Chang et al., 2015), and imported into R as a “genlight” object with the 

adegenet function read.PLINK (Jombart and Ahmed, 2011). DAPC was carried out on the 

dataset without prior information on individual groupings, using the find.clusters adegenet 

function, to infer the best number of genetically independent groups represented by the data 

using a successive k-means and Bayesian Information Criterion (BIC) approach. DAPC 

maximizes differences between groups while minimizing variation within clusters. In order to 

achieve a trade-off between discriminatory power and over-fitting the data, the optimal 

number of principal components to retain, or the optimal a-score, was calculated using the 

optim.a.score function in adegenet v2.1.0. In order to identify further genetic substructure 

within the overall dataset (i.e. hierarchical genetic structure), observed clusters were then 

analysed independently using the above parameters for both STRUCTURE and DAPC.  

 

3.2.4 Genetic diversity and differentiation 

 

Genetic diversity statistics were calculated using the divBasic function in the R package 

diveRsity v1.9.90 (Keenan et al., 2013) both across the sampled sites, and also across the 

inferred genetic clusters. The allele number (A), allelic richness (AR), percentage of total 

observed alleles (%) observed and expected heterozygosity (HO/HE), Fisher’s exact tests for 
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Hardy-Weinberg proportions (HWP) and inbreeding coefficients (FIS) with 95% confidence 

intervals following 1000 replicates were calculated across all loci. Preliminary clustering 

analyses consistently identified genetic substructure within LAR individuals similar to that 

identified in Chapter 2 using microsatellites, therefore results are presented for specific LAR 

clusters. 

Pairwise genetic differentiation was calculated for both sample locations and 

inferred genetic clusters with Weir & Cockerham (1984)’s unbiased FST estimator, using the 

diffCalc function in diveRsity v1.9.90 (Keenan et al., 2013). 95% confidence intervals were 

calculated using 1000 bootstraps, and significant results were identified after Bonferroni 

correction. Pairwise differentiation among groups were visualized as dendrograms following 

hierarchical clustering (hclust function in R) using the plot.phylo function implemented in the 

R package ape v 5.0 (Paradis, Claude and Strimmer, 2004), and heatmaps ordered by 

dendrograms using the heatmap.2 function of the R package gplots v3.0.1 (Warnes, Bolker 

and Lumley, 2015). 

Nei’s genetic distance values (Nei, 1972, 1978) were used to construct Unweighted 

Pair Group Method with Arithmetic Mean (UPGMA) and Neighbor joining (NJ) trees for O. 

edulis inferred clusters and sample sites, and visualized with branch values showing 

percentage support following 1000 bootstraps. This was carried out using the aboot function 

of the R package poppr v2.5.0 (Kamvar et al., 2014; Kamvar et al., 2015). Sample sizes were 

adjusted to 10 individuals per site to reduce error caused by uneven comparisions with low 

sample size locations: “LL”, “TRA” and “SWA”. This was achieved through random sampling 

without replacement. 

A Mantel test was carried out to investigate whether the data supported an isolation 

by distance model. The relationship between pairwise genetic distance, calculated by FST/(1- 

FST) as suggested by Rousset (1997), and pairwise geographic Euclidean distances was 

analysed using the function mantel.randtest from the R package ade4 v1.7-8 (Dray and 

Dufour, 2007). 10,000 replicates were used to test the strength of any observed correlation, 

and its’ significance compared to random sampling. Sample sites from North America 

(“DAM”, “QB” and “LL”) were excluded from Mantel tests, since they do not form part of the 

species’ natural range. 

Effective population sizes (Ne) were estimated for inferred clusters using: 1) the bias-

corrected LD method of Waples and Do (2008), as implemented in the program NeEstimator 

v2.1 (Do et al., 2014); 2) the sibship assignment method of Wang (2009), implemented in 
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COLONY v2.0.6.4 (Jones and Wang, 2010). For the LD method, Ne and its 95% confidence 

intervals were estimated at a Pcrit value (the frequency at which rare alleles are excluded) of 

0.02 for groups above 25, and 1/(2S) < Pcrit ≤ 1/S (where S is number of individuals in a location 

or cluster) for groups below or equal to  25, as recommended in Waples and Do (2010). For 

the sibship assignment method, Ne and its 95% CIs were estimated under the following 

parameters: full-likelihood with high precision, long run, monoecious species, random 

mating, polygamy, and weak sibship size prior. Ne estimates are reported for the full SNP 

cluster sizes rather than a equalized sample (as used for Chapter 2),  because the cluster size 

ranges were less extreme with the SNP dataset, and obtaining estimates for small clusters 

proved less reliable with SNP loci.  

 

3.2.5 FST outlier characterization 

 

The sequence contigs (from which the SNP array was designed: Gutierrez et al., 2017) which 

contained the putative FST outlier SNPs were compared with the NCBI’s non-redundant 

nucleotide database, using BLAST+ v2.7.1 (Camacho et al., 2009). This was carried out in an 

attempt to annotate these genomic regions, in the absence of an O. edulis reference genome. 

Only hits with E values less than 10-4 were considered significant matches. 
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3.3 RESULTS 

 

3.3.1 SNP characterization and selection for population genetic 

inference 

 

The dataset, resulting from the initial combined runs, and comprising 11,151 SNP loci was 

filtered for: 1) FST outliers, 2) loci with evidence of significant departure from Hardy-Weinberg 

proportions, 3) loci with high missing call rates, and 4) loci in high linkage. Briefly, FST outlier 

analyses with both LOSITAN and BAYESCAN identified 326 SNP loci under putative selection 

(see section 3.3.5), which were removed from the neutral loci dataset. An additional 307 SNP 

loci were found to have genotype frequencies that significantly departed from those 

expected under Hardy-Weinberg expectations in at least three inferred clusters. These were 

also removed from downstream analyses. The neutral loci dataset was further filtered to 

exclude loci with a missing call rate ≥ 2.5% within each genotyping run, after preliminary 

STRUCTURE analyses indicated spurious clustering of individuals by genotyping run, due to 

subtle differences in locus call rates between runs, independent of the sample’s geographic 

origin. This effect was reduced by standardizing the missing locus call rate within the second 

run, to bring it more in line with the higher quality call rates in the initial, “validation” 

genotyping run (Fig. S3.3). This normalisation approach resulted in the removal of 2416 SNPs. 

Finally, 266 SNP loci showed evidence of high linkage disequilibrium (LD) with other SNPs in 

at least three inferred clusters (r2 ≥ 0.8) and, thus, were removed from the dataset. This 

systematic filtering procedure resulted in a subset of 7,836 SNPs, hereby referred to as the 

“neutral” loci SNP dataset (Fig. 3.2) which were used in subsequent downstream analyses. 

DNA from 365 O. edulis individuals were initially genotyped, however one individual was 

removed from the analyses as its overall locus call rate was below 95%. 
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Figure 3.2. Sankey diagram summarizing the workflow in which genotyped loci were filtered to obtain a putatively 

neutral subset, to be used for population genetic analyses. 

 

3.3.2 Genetic relationships among sample locations 

 

Diversity statistics for sample locations 

 

All samples, in addition to the LAR clusters, were found to conform to Hardy-Weinberg 

expectations, with observed heterozygosity values not significantly different from expected 

values in all cases (Table 3.2). Summary sample statistics including overall allele numbers, 

allelic richness, and percentage of total observed alleles per sample were lowest for LAR-C1, 

LAR-C2 and LAR-C3, and were generally correlated with sample size among the other 

locations. FIS (Table 3.2; Fig 3.3) for all samples were found to be non-significant. That is, there 

is no evidence for inbreeding within the studied samples. Inbreeding coefficients (FIS) were 

particularly low for LAR C1 to C3, perhaps due to these clusters having much larger observed 

heterozygosity frequencies than expected (Table 3.2), and further exaggerated by their lower 

sample size. 
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Table 3.2. Descriptive statistics for O. edulis sample locations and LAR clusters, calculated over 7836 putatively 

neutral SNP loci. Columns indicate sample site, sample size (N), allele number (A), allelic richness (AR), percentage 

of total observed alleles (%) observed and expected heterozygosity (HO/HE), Fisher’s exact tests for Hardy-

Weinberg proportions (HWP) and inbreeding coefficients (FIS) with lower (LCI) and upper (UCI) 95% confidence 

intervals following 1000 bootstraps. Sample site codes: CRO – Croatia; LAR –  Larne Lough (N. Ireland);  DAM – 

Damariscotta, Maine (USA); QB – Quahog Bay, Maine (USA); LL – Lockhart Lake, New Brunswick (Canada); NOR – 

Sveio (Norway); DEN – Limfjord (Denmark); NET – Grevelingen (Netherlands); MER – Mersea, Colchester 

(England); QUI – Quiberon, Brittany (France); SPA – Ortigueira (Spain); ROS – Rossmore, Cork (Ireland); TRA – 

Tralee Bay (Ireland); FOY – Lough Foyle (Ireland); SWA – Swansea Bay (Wales). 

Site N A % AR HO HE HWP FIS FIS LCI FIS UCI 

CRO 27 14645 93.45 1.64 0.25 0.24 1 -0.015 -0.032 -0.002 

LAR-C1 6 12162 77.60 1.49 0.27 0.20 1 -0.380 -0.528 -0.303 

LAR-C2 8 12112 77.28 1.49 0.29 0.20 1 -0.402 -0.484 -0.353 

LAR-C3 7 11953 76.27 1.49 0.28 0.21 1 -0.377 -0.487 -0.316 

LAR-C4 9 14419 92.00 1.68 0.27 0.26 1 -0.070 -0.152 -0.018 

DAM 30 15244 97.27 1.69 0.27 0.26 1 -0.028 -0.046 -0.014 

QB 28 15254 97.33 1.70 0.27 0.26 1 -0.028 -0.043 -0.019 

LL 5 13034 83.17 1.58 0.25 0.23 1 -0.126 -0.403 -0.010 

NOR 27 15203 97.01 1.69 0.26 0.26 1 -0.010 -0.026 0.003 

DEN 28 15285 97.53 1.70 0.27 0.26 1 -0.029 -0.042 -0.019 

NET 30 15449 98.58 1.72 0.27 0.27 1 -0.020 -0.041 -0.004 

MER 29 15505 98.93 1.73 0.28 0.27 1 -0.016 -0.030 -0.005 

QUI 28 15441 98.53 1.72 0.28 0.27 1 -0.017 -0.034 -0.004 

SPA 29 15400 98.26 1.72 0.27 0.27 1 -0.024 -0.037 -0.015 

ROS 24 15369 98.07 1.72 0.28 0.27 1 -0.024 -0.043 -0.009 

TRA 10 14750 94.12 1.70 0.28 0.27 1 -0.041 -0.112 -0.005 

FOY 30 15468 98.70 1.73 0.28 0.27 1 -0.012 -0.024 -0.001 

SWA 9 14528 92.70 1.69 0.27 0.26 1 -0.040 -0.111 0.002 
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Figure 3.3. Multilocus inbreeding coefficient (FIS) estimates for O. edulis sample locations and LAR clusters. Error 

bars indicate 95% CIs following 1000 bootstraps. 

 

FST estimates among sample locations 

 

The global FST estimate across sampling locations and LAR clusters was 0.0554 (95% CIs = 

0.0524 - 0.0588), thus indicating significant population genetic substructuring among 

samples. Hierarchical clustering of pairwise FST comparisons between the four LAR clusters 

and 14 other population samples support the presence of six genetically distinguishable 

groups (Fig. 3.4 A). Three of these six groups corresponded to the LAR clusters LAR-C1, LAR-

C2 and LAR-C3, while a fourth corresponded to the Mediterranean sample CRO. The final two 

putative population clusters each included individuals from different but geographically 

associated locations as follows: 1) Western European cluster (“WEu”) composed of O. edulis 

from Great Britain and Ireland, Spain and France (FOY, ROS, MER, TRA, SWA, SPA, QUI and 

LAR-C4); 2) North Western European and North American cluster (“NWEuNA”) formed by 
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samples from USA, Canada, The Netherlands and Scandinavia (NET, DEN QB, DAM, NOR and 

LL).  

Pairwise FST values between sample locations/LAR clusters ranged from 0.0042 (DEN 

vs NET) to 0.2445 (LAR-C1 vs LAR-C2), with a mean value of 0.068 and median of 0.0486. The 

smaller pairwise FST values were observed in sample comparisons within WEu and NWEuNA 

clusters. Indeed, many of the pairwise FST comparisons within these clusters were not found 

to be significantly different from zero (Fig. 3.4B). All pairwise comparisons involving sample 

locations from the different inferred clusters, however, were significant. Only SPA and QUI 

samples were significantly different from all other samples within inferred groups containing 

more than one sampling location/LAR cluster. Of the 153 pairwise comparisons between 

sampling locations and LAR clusters, 136 (88.9%) were found to be significant. Non-significant 

FST values were observed in comparisons including: 1) locations with small sample sizes: LL (n 

= 5), LAR-C4 (n = 9), SWA (n = 9) and TRA (n = 10); 2) three NWEuNA locations with larger 

sample sizes: QB (n = 28), DEN (n =28) and NET (n = 28). 

 

 

Figure 3.4. Pairwise FST values between sampled locations and LAR clusters, visualised as: A) Unrooted 

dendrogram of pairwise FST values. Tip label colours indicate distinguishable genetic groups, B) Heat map of 

pairwise FST comparisons grouped by dendrogram (A). Colour intensity indicates the FST value as shown by key. 

“NS” denotes pairwise comparisons which are not significant following 1000 bootstraps. 
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Nei’s genetic distance 

 

The resutling UPGMA dendrogram, based on Nei’s unbiased genetic distance (Fig. 3.5), was 

highly similar to the topology of the dendrogram constructed from pairwise FST values 

between sampling locations and LAR clusters (Fig. 3.4 A). Bootstrap support, following 1000 

replicates, was very high for all branches, with the exception of two cases in the NWEuNA 

sub-grouping. Again LAR-C4 was an outlier to other WEu locations. The remaning three LAR 

clusters were the furthest distance to all other samples, including the only Mediterranean 

sample, CRO. LL appears to be an outlier in relation to other NWEuNA samples, despite 

having no significant pairwise FST with any other NWEuNA sites. LL has the lowest sample size 

of five individuals in this study, which may explain these observations. 

 

 

Figure 3.5. UPGMA dendrogram illustrating genetic relationships among sample sites (subsampled to 10 

individuals max) and inferred clusters (see below) based on Nei's genetic distance, showing percentage bootstrap 

support (1000 replicates) for branches (above 50%). Tip label colour represents STRUCTURE inferred clusters (see 

Section 3.3.3). 
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The NJ tree of Nei’s genetic distance (Fig. 3.6) produced an unusual topology, distinct 

from the UPGMA-Nei’s genetic distance and FST dendrograms. Although the NJ tree displays 

similarity in the placement of NWEuNA sample locations together, the WEu sample locations 

are scattered across multiple branches. The NJ method places MER and NWEuNA on a node 

with high support. Although MER is geographically the closest location to NET (Fig. 3.1), no 

other analyses indicate genetic similarity between these sites. WEu nodes achieve majority 

bootstrap support, albeit low in cases, and appear to have the lowest rates of divergence. 

The tree places CRO with SPA and QUI samples with 100% support. While this is unusual in 

the context of other analyses, STRUCTURE does indicate a degree of shared ancestry within 

QUI/SPA to the CRO cluster (Fig. 3.8). Finally, LAR-C4 is not associated with any WEu sample 

locations, but is placed with other LAR clusters at the basal branches. Rates of lineage 

divergence are highest among LAR branches. 

 

Figure 3.6. Neighbour joining tree illustrating genetic relationships among sample sites (subsampled to 10 

individuals max) and inferred clusters (see below) based on Nei's genetic distance, showing percentage bootstrap 

support (1000 replicates) for branches (above 50%). Tip label colour represents STRUCTURE inferred clusters (see 

Section 3.3.3). 
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Isolation by distance 

 

The results of the Mantel test excluding introduced North American samples DAM, QB and 

LL revealed a positive, highly significant association between geographic and genetic 

distances (r =  0.715; p = <0.01, 10,000 replicates). As Fig. 3.7 A shows, the pairwise 

comparisons which drives this observation were those between locations belonging to 

different inferred genetic clusters. Comparisons between locations within the same cluster 

had low pairwise values and a restricted distribution. With the removal of LAR clusters – 

which showed high genetic differentiation to other locations regardless of proximity – the 

correlation was even greater (r = 0.807; p < 0.001; 10,000 replicates; Fig. 3.7 B). Similar to the 

LAR clusters, CRO can also be considered a genetic outlier in our dataset. Further analysis 

excluding this sample, retains a significantly positive observed relationship (r = 0.779; p < 

0.001; 10,000 replicates; Fig. 3.7 C) between genetic and geographic distances among the 

remaining Atlantic samples. The significant correlation between genetic and geographic 

distance is therefore not caused exclusively by highly differentiated sample sites, LAR and 

CRO, found in the native species distribution. 
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Figure 3.7. Genetic isolation by distance in sampled O. edulis locations, at three levels of sample exclusion: A) 

excluding North American sites (r = 0.715, p < 0.001); B) excluding North American and LAR (r = 0.807; p < 0.001); 

C) excluding North America, LAR and CRO (r = 0.779; p < 0.001). The R2 value for the line of best fit is reported for 

each level of sample exclusion. Grey areas indicate error associated with line of best fit. Colours indicate the type 

of pairwise comparison (see legend), in relation to which inferred genetic cluster a sampling location was found 

to belong to. 
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3.3.3 Genetic Cluster Assignment 

 

All individuals 

 

The results of the major STRUCTURE analyses for the entire sample set are illustrated in Fig. 

3.8. The best K value interpreted with ΔK over the whole data set is K = 4 (Fig. S3.4). At K = 4, 

STRUCTURE subdivided the sample locations into meaningful geographical groups, which 

resemble those independently attained by FST/Nei’s genetic distances, and DAPC (see below). 

North-Western Europe and North American samples (“NWEuNA”) DAM, QB, LL, NOR, DEN 

and NET formed a genetic cluster of high membership probabilities. CRO individuals formed 

a unique cluster, as did individuals from LAR clusters C2 and C3. LAR-C1 and LAR-C4 showed 

mixed ancestry profiles similar to remaining samples from Western Europe (“WEu”): MER, 

QUI, SPA, ROS, TRA, FOY and SWA, but also with a minor shared ancestry to unique LAR 

clusters. WEu samples were generally characterised by similar membership probabilities, 

with the exception of QUI and SPA. In combination, these two locations exhibited low 

membership coefficients to the cluster which CRO individuals are predominately composed 

of, which was highest among SPA individuals. WEu individuals otherwise had a majority 

membership coefficient for their own cluster, with a variable, low degree of membership to 

the genetic cluster which NWEuNA individuals were predominately composed of. Among 

WEu individuals, the shared ancestry to NWEuNA members was greatest in MER individuals. 

At K =2, the highest level of structure is between CRO and NWEuNA individuals; remaining 

locations subsequently found to belong to LAR/WEu clusters have variable, but generally 

equal, posterior membership probabilities for each cluster. At K = 5, STRUCTURE assigns LAR-

C1 individuals to a unique cluster with high probability. 
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Figure 3.8. Inferred cluster membership probabilities estimated by STRUCTURE on all sampled individuals. For 

simplicity, results are shown only for K = 2, 4 and 5. Each vertical coloured bar represents an individual, sorted by 

sampling location and their inferred genetic cluster. The proportion of each colour indicates the posterior 

membership probability of an individual belonging to each distinct cluster (K). The legend indicates the putative 

clusters applicable to the three K values. 

 

 

 



Chapter 3: SNP population genetics 

 

107 

 

The results from DAPC analyses (i.e. number of genetic clusters) for O. edulis were 

broadly consistent with those inferred from STRUCTURE analysis. The lowest BIC value was 

associated with the presence of four genetic clusters (Fig. S3.5), as was also inferred across 

all individuals with STRUCTURE. The four inferred DAPC clusters are split along the first 

discriminant function (Axis 1) with the exception of NWEuNA and WEu clusters, which could 

be resolved with the addition of the second or third discriminant functions (Axis 2 and 3; Fig. 

3.9). DAPC assignment of individuals to their BIC inferred clusters was 100%.  

 

Table 3.3. Proportion of individuals assigned to one of four DAPC inferred clusters (“inf” columns) by original 

sample location/LAR cluster (rows). Sample site codes: CRO – Croatia; LAR –  Larne Lough (N. Ireland);  DAM – 

Damariscotta, Maine (USA); QB – Quahog Bay, Maine (USA); LL – Lockhart Lake, New Brunswick (Canada); NOR – 

Sveio (Norway); DEN – Limfjord (Denmark); NET – Grevelingen (Netherlands); MER – Mersea, Colchester 

(England); QUI – Quiberon, Brittany (France); SPA – Ortigueira (Spain); ROS – Rossmore, Cork (Ireland); TRA – 

Tralee Bay (Ireland); FOY – Lough Foyle (Ireland); SWA – Swansea Bay (Wales). 
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Figure 3.9. 3-D representation of the first three discriminant functions as axes for the DAPC inferred O. edulis 

clusters. 

  

Substructuring 

 

To investigate the presence of further subtle substructuring within the major inferred 

clusters (in addition to the LAR sample), each cluster was analysed separately (hierarchical 

STRUCTURE / DAPC analyses). Further clustering analyses of LAR samples with STRUCTURE 

revealed support for best K values of four with ΔK. These sub-clusters correspond to the four 

distinct groups identified during previous microsatellite-based analyses (Chapter 2). The 

resulting membership probabilities, however, indicate a greater degree of shared ancestry 

between LAR-C2 and LAR-C3 in comparison to what was observed with microsatellites (Fig. 

3.10). The lowest BIC value also provided support for K = 4, corresponding to the four groups 

previously identified from microsatellite analysis.  

For the clusters CRO, NWEuNA and WEu, both STRUCTURE and DAPC were not able 

to detect any meaningful substructure (Figs. S3.8 to S3.16). This was in contrast to observed 

significant FST values between QUI/SPA and all other locations belonging to the WEu cluster, 

and the partial shared ancestry with CRO cluster among these individuals. Nevertheless, 

STRUCTURE membership probabilities suggested potential substructuring within DAM, NOR 
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and QUI clusters (Figs. S3.8 & S3.11). Given the low number of individuals involved, however, 

this was not investigated further. 

 

 

Figure 3.10. Separate substructure analyses of LAR individuals based on both STRUCTURE and DAPC. (A) shows 

STRUCTURE derived cluster membership probabilities at K=4 among individuals comprising the LAR sample (B) 

ordination plot of the first two DAPC axes using k-means inferred clusters as prior groupings, corresponding to 

the four LAR clusters identified in previous microsatellite analysis (Chapter 2). 

 

Overall, robust support for at least seven genetically distinct groups (clusters) was 

found. Of the sample locations investigated previously, only CRO exhibited evidence of 

belonging to a unique cluster, whereas the other sample sites (excluding LAR) could be 

divided among two large genetic units termed WEu and NWEuNA. Hierarchical STRUCTURE 

and DAPC analyses provided evidence for unique genetic structure within LAR (Fig. 3.10), 

which was supported by relatively high and significant FST values (Figs. 3.4 & 3.11), and mirror 

results of previous microsatellite analyses (Chapter 2). For this reason, we regard the LAR 

“clusters” as genetically distinct groups along with CRO, WEu, and NWEuNA.  
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3.3.4 Genetic relationships among inferred clusters 

 

Diversity statistics for inferred clusters 

 

CRO and LAR clusters conformed to Hardy-Weinberg expectations, whereas NWEuNA and 

WEu deviated significantly. However, observed heterozygosity values were greater than or 

equal to expected heterozygosity for all clusters (Table 3.4), as was the case for location-

based observed heterozygosity values (Table 3.2). Overall allele numbers, allelic richness, and 

percentage of total observed alleles were lowest for LAR-C1, LAR-C2 and LAR-C3, and were 

generally correlated with cluster sizes. Despite their relatively lower allelic diversity, LAR-C1, 

LAR-C2 and LAR-C3 possessed the lowest inbreeding coefficients of -0.380, -0.402 and -0.377 

respectively, indicating potential outbreeding/outcrossing. NWEuNA had an FIS value which 

was not significantly different to zero, whereas WEu had a low but significant inbreeding 

coefficient of 0.011 (0.006-0.015 = 95% CIs). 

 

Table 3.4. Summary statistics for inferred genetic clusters, as overall values across 7836 putatively neutral SNPs.  

Columns indicate cluster name, sample size (N) allele number (A), allelic richness (AR), percentage of total 

observed alleles (%) observed and expected heterozygosity (HO/HE), Fisher’s exact tests for Hardy-Weinberg 

proportions (HWP; SNP proportions of HWP deviants in parentheses) and inbreeding coefficients (FIS), with 95% 

lower and upper confidence intervals (LCI and UCI respectively) following 1000 replicates. 

Cluster N A % AR HO HE HWP FIS FIS LCI FIS UCI 

CRO 27 14645 93.45 1.67 0.25 0.24 1 -0.015 -0.031 -0.003 

LAR-C1 6 12162 77.6 1.5 0.27 0.2 1 -0.38 -0.529 -0.298 

LAR-C2 8 12112 77.28 1.5 0.29 0.2 1 -0.402 -0.492 -0.352 

LAR-C3 7 11953 76.27 1.5 0.28 0.21 1 -0.377 -0.483 -0.315 

LAR-C4 9 14419 92 1.7 0.27 0.26 1 -0.07 -0.159 -0.018 

NWEuNA 148 15629 99.73 1.76 0.27 0.27 0 (584/7836) 0.001 -0.004 0.006 

WEu 159 15661 99.93 1.79 0.28 0.28 0 (602/7836) 0.011 0.006 0.015 

 

FST estimates for inferred clusters 

 

Pairwise FST comparisons between the seven inferred population clusters were all significant 

(Fig. 3.11). The global FST for the dataset was 0.0554 (95% CIs = 0.0524 - 0.0588), and pairwise 

estimates ranged from 0.019 (WEu & LAR-C4) to 0.245 (LAR-C1 & LAR-C2). The lower 95% 
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confidence interval for the WEu & LAR-C4 comparison was very low, yet above zero (0.0002), 

allowing for LAR-C4 to be regarded as a separate unit, despite its genetic similarity to WEu. 

 

 

Figure 3.11. Pairwise FST values between inferred clusters, visualised as: A) Unrooted dendrogram of pairwise FST 

values; B) Heat map of pairwise FST comparisons grouped by dendrogram (A). Colour intensity indicates the FST 

value as shown by key (i.e. white = lower, yellow = middle, red = higher genetic divergence between samples). All 

pair-wise comparisons were statistically significant following 1000 bootstraps. 

 

Effective population size (Ne) 

 

Ne estimates are summarized in Table 3.5 and Fig. 3.12. Using the LD method, Ne estimates 

could not be reliably estimated for LAR-C1, LAR-C2 and LAR-C3. For the remaining inferred 

clusters, estimated Ne ranged from 64.9 (LAR-C4) to 1,977.2 (CRO). Despite having fivefold 

more individuals than CRO, the clusters NWEuNA and WEu produced lower Ne estimates 

(407.9 and 931.4, respectively). Similarly, the sibship method found a larger Ne estimate for 

WEu (4568) than NWEuNA (2417), however this method displayed wider confidence intervals 

than the LD method, and could not reliably estimate Ne for CRO, LAR-C1, LAR-C3 and LAR-C4 

(values above 2.1E+09 were interpreted as infinite). 
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Table 3.5. Effective population size estimates (Ne) for inferred O. edulis genetic clusters, inferred using the LD 

method (Waples and Do, 2008) and sibship method (Wang, 2009). N: number of individuals in a cluster. LCI and 

UCI represent the lower and upper 95% confidence intervals, respectively. Infinite values are represented by “∞”. 

Inferred 

cluster 

N LD method Sibship method 

Ne LCI UCI Ne LCI UCI 

CRO 27 1977.2 1687 2387.5 ∞ 1 ∞ 

LAR-C1 6 ∞ ∞ ∞ 30 10 ∞ 

LAR-C2 8 ∞ ∞ ∞ 28 12 239 

LAR-C3 7 ∞ ∞ ∞ 28 12 ∞ 

LAR-C4 9 64.9 63.6 66.4 144 47 ∞ 

NWEuNA 148 407.9 405.9 410 2417 1637 4343 

WEu 159 931.4 922.4 940.5 4568 2870 12312 

 

 

Figure 3.12. Graphical representation of Ne estimates (top: LD method, bottom: sibship method) for inferred O. 

edulis genetic clusters (excluding those with infinite value estimates). Error bars correspond to 95% confidence 

intervals.  
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3.3.5 Characterization of FST outliers 

 

As previously stated, LOSITAN identified 89 loci under putative balancing selection and 163 

under putative divergent selection. BAYESCAN identified 179 loci under divergent selection, 

105 of which were also detected with LOSITAN. In total, 326 SNP loci (2.92% of all loci) under 

putative selection were found from FST outlier analyses: 89 under putative balancing selection 

(0.8%) and 237 under putative divergent selection (2.12%). Forty one of the contigs 

containing SNPs under putative selection (28 divergent, 13 balancing) had positive BLAST hits 

against the NCBI’s non-redundant nucleotide database (accessed 30-01-2018). Hits with e-

values > 1E-04 were filtered, resulting in significant BLAST hits for 22 putatively divergent and 

11 putatively balancing loci (Fig. 3.13). The 33 significant hits were further distinguished by 

the molecule type of the database hit, i.e. DNA, messenger RNA (mRNA) or non-coding RNA 

(ncRNA; Table 3.6). Fifteen hits were to mRNA sequences (11 divergent, 4 balancing), 17 hits 

were to DNA sequences (10 divergent, 7 balancing loci), and one was to ncRNA (divergent). 

Of the 33 significant hits to putatively selected loci, 12 were not characterized by a particular 

type of sequence. Almost all hits (30 of 33) were to molecular data obtained from Ostrea and 

Crassostrea species (Table 3.6). Database hits derived from mRNA were either from 

uncharacterized sources (n = 7), or to predicted genes (n = 8) with orthologs of a known 

function (Fig. 3.14). All mRNA hits with a predicted gene were for loci under putative 

divergent selection. Unexpressed BLAST hits, i.e. sequences derived from DNA sequence 

entries and ncRNA, were predominantly (11 of 18) to microsatellites found in Ostrea and 

Crassostrea species (Table 3.6; Fig. 3.15). Remaining hits were uncharacterized (n = 5) or to 

Transposable element or repeat elements (n = 1 and 1, respectively). Four of the 11 

microsatellite hits were to OE-27. 
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Table 3.6. Significant database matches for FST outlier loci. Genus abbreviations: O. = Ostrea, C. = Crassostrea. 

Putative 

selection 

mol. 

Type 

Putative match Species match Alignment 

length 

E value Accession 

Divergent DNA SINE:BivaMD-SINE1 Nucula nucleus 46 5.01E-06 LC123030.1 

microsatellite CHK195 C. hongkongensis 83 2.22E-19 GQ925429.1 

microsatellite C124 O. conchaphila 169 1.70E-25 EU587459.1 

microsatellite Oed149 O. edulis 85 1.02E-27 FJ236812.1 

uncharacterized  C. gigas 175 2.15E-29 GU324325.1 

BclI repeat element O. edulis 143 1.33E-41 AJ864927.1 

microsatellite C124 O. conchaphila 270 1.26E-56 EU587459.1 

microsatellite  OE-27 O. edulis 217 4.51E-61 KP677538.1 

microsatellite HA10  O. edulis 262 4.18E-86 AF297863.1 

microsatellite  OE-27 O. edulis 289 2.01E-89 KP677538.1 

mRNA G protein-coupled receptor 

kinase 5-like  

C. virginica 32 6.06E-05 XM_022485808.1 

G protein-coupled receptor 

kinase 5-like 

C. virginica 46 3.62E-07 XM_022485808.1 

uncharacterized  C. gigas 49 8.90E-08 XM_020068271.1 

dynamin 3 (DNM3) Anas platyrhynchos 47 2.99E-08 XM_021269296.1 

uncharacterized  C. gigas 42 6.88E-09 XM_011443349.2 

mitotic checkpoint serine/ 

threonine-protein kinase BUB1 

C. gigas 55 2.24E-14 XM_011432371.2 

mediator of RNA polymerase II 

transcription subunit 11 

C. gigas 82 8.72E-23 XM_011452616.1 

STE20-like serine/threonine-

protein kinase 

C. gigas 129 1.66E-30 XM_020065620.1 

uncharacterized  C. virginica 415 3.42E-32 XM_022476211.1 

dixin-like C. virginica 169 3.07E-37 XM_022467680.1 

kyphoscoliosis peptidase-like C. virginica 531 4.10E-86 XM_022433989.1 

ncRNA uncharacterized  C. virginica 60 3.71E-17 XR_002639773.1 

 

 

 

 

 

 

 

 



Chapter 3: SNP population genetics 

 

115 

 

Table 3.6 cont. 

Putative 

selection 

mol. 

Type 

Putative match Species match Alignment 

length 

E value Accession 

Balancing DNA uncharacterized  C. gigas 125 4.67E-26 GU207438.1 

microsatellite HA10  O. edulis 255 5.06E-31 AF297863.1 

uncharacterized  C. gigas 235 8.41E-34 GU324325.1 

uncharacterized  Zebrafish 401 4.14E-42 BX908765.9 

microsatellite OE-27 O. edulis 148 3.52E-47 KP677538.1 

microsatellite C124 O. conchaphila 268 1.12E-62 EU587459.1 

microsatellite OE-27 O. edulis 277 7.56E-109 KP677538.1 

mRNA uncharacterized  C. virginica 38 1.35E-06 XM_022435776.1 

uncharacterized  C. virginica 71 1.02E-17 XM_022439976.1 

uncharacterized  C. virginica 206 2.18E-24 XM_022475057.1 

uncharacterized  C. virginica 441 1.93E-109 XM_022480226.1 

 

 

 

Figure 3.13. Composition of FST outlier loci based on BLAST hits using NCBI NR database. “sig.” = significant hits, 

“non-sig” = non-significant hits. 
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Figure 3.14. Characterization of mRNA BLAST hits by gene ortholog’s function. 

 

 

Figure 3.15. Characterization of DNA and ncRNA BLAST hits. 
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3.4 DISCUSSION 

 

3.4.1 SNP characterization and genetic diversity 

 

307 loci were found to depart from HWP. It seems unlikely that these HWP departures were 

caused by selection, since they were not detected with FST outlier tests conducted previously 

in the workflow (Antao et al., 2008; Foll and Gaggiotti, 2008). It is possible that Hardy-

Weinberg Proportion (HWP) departures at some of the loci were due to physical linkage 

among markers, causing departures from expected heterozygosity. Tests for linkage 

disequilibrium were carried out subsequent to the removal of HWP deviants, and may have 

helped address this possibility (Purcell et al., 2007). Mutations at restriction sites used in RAD 

sequencing – leading to allelic dropout – may have influenced the estimation of population 

genetic parameters. Such mutations at restriction sites could mask allele calls when the 

carrier individuals are genotyped at a SNP of interest (Gautier et al., 2013). Mutation is not 

likely to be a systemic issue, however, given the stringent SNP selection criteria used in the 

array design (Gutierrez et al., 2017). 

Among our inferred populations, North West Europe/North America (NWEuNA) and 

West Europe (WEu) had significant departures from HWP. For all clusters, heterozygosity 

values exceeded or were equal to those expected under HWP. Further, the constituent 

sample locations belonging to the NWEuNA and WEu clusters did not depart from HWP. 

Although these separate sample locations do not represent genetically distinct populations, 

this raises the question of precision when obtaining measures from genotype data with large 

numbers of samples and loci.  NWEuNA and WEu are composed of 148 and 159 individuals 

respectively, while other inferred genetic clusters were significantly smaller (N = 6 – 27). It 

may be the case that such tests and their corrections have reduced precision across large 

numbers of loci (Waples, 2014). Another possibility is that NWEuNA and WEu departed from 

HWP because of Wahlund effects, or samples failing to adequately represent these clusters. 

Wahlund effects seem unlikely, given that hierarchical clustering analyses did not reveal 

strong support for substructure, and overall heterozygote deficiencies were not observed in 

these clusters (Garnier-Géré and Chikhi, 2013). Proportions of total observed alleles were 

very high across clusters with SNPs, compared to microsatellites, possibly due to the 

occurrence of rare polymorphisms at microsatellite loci, given the larger number of 

individuals genotyped with microsatellites. FIS values did not reveal evidence for inbreeding, 
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but were extremely low, yet significantly different from zero, in the WEu cluster. These 

inferences suggest that the observed clusters have high genetic diversity. Even Larne Lough 

(LAR) clusters have no evidence of inbreeding or high observed homozygosity values, despite 

their low sample sizes and hatchery status (Lallias, Boudry, et al., 2010) – suggesting that 

outcrossing may have taken place.  

It could be interpreted that effective population size estimates were more reliable 

with SNPs than microsatellites using the LD method, as fewer infinite values were inferred. 

This could be because of the “brute force” of applying a larger number of loci, and reducing 

bias by adequately meeting the assumptions of neutrality and independence through 

stringent SNP filtering (Waples and Do, 2010). The LD method indicates that the Croatia 

cluster (CRO) has the highest Ne estimate (~2000), followed by WEu (~900), NWEuNA (~400) 

and the low Ne among LAR clusters (i.e. a commercial hatchery), which could only be reliably 

inferred for LAR-C4 (~65). This finding is in agreement with Lallias, Boudry, et al. (2010), 

where commercial hatchery sites were found to have lower effective breeding sizes than wild 

or pond produced sites  The disparity in Ne estimates among CRO, NWEuNA and WEu is 

surprising, considering CRO has the lowest sample size (27), and NWEuNA and WEu are both 

around 150 individuals each. If accurate, such Ne estimates could reflect variance in 

reproductive success among these clusters, perhaps caused by differences in spawning 

season length between their geographic ranges, as postulated by Launey et al. (2002). The 

sibship method of estimating Ne proved less reliable, failing to accurately estimate 

confidence intervals for CRO, and three of the LAR clusters. However the sibship method also 

indicates that WEu has a relatively higher Ne estimate than NWEuNA (4568 and 2417, 

respectively), although with large, overlapping confidence intervals. The sibship assignment 

method assumes that individuals represent a single cohort in a population, with non-

overlapping generations (Wang, 2009). Our sample collection almost certainly violates these 

assumptions.  
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3.4.2 Genetic differentiation 

 

Relation of findings to previous population genetic studies 

 

The significant pairwise genetic differentiation among the inferred clusters (Global FST = 

0.0554; 95% CIs = 0.0524 – 0.0588) is slightly higher than that observed in previous O. edulis 

studies utilizing microsatellites: rejecting panmixia over large sampling scales (Launey et al., 

2002; Chapter 2), and within the North Atlantic (Vera et al., 2016; Beaumont et al., 2006). 

This differentiation follows an isolation by distance pattern, even with the inclusion of the 

highly structured LAR clusters, which was excluded to detect significant IBD in our previous 

work using microsatellites (Chapter 2). As with Chapter 2, we find LAR samples to be highly 

distinct from all other O. edulis samples, independent of geographic proximity. However, 

cluster analyses using SNP loci found that LAR individuals – previously designated to the “LAR-

C1” and “LAR-C4” clusters – were placed in the “WEu” inferred cluster.  

 An aim of this study was to address whether the greater number and coverage of 

SNP markers could be used to confirm, improve, or refute the biogeographic structure 

observed with 13/16 microsatellite markers for O. edulis (Chapter 2; Vera et al., 2016). SNP 

markers were able to confirm the genetic clusters recovered by microsatellite loci, using less 

individuals but more markers, and with higher confidence across different analytical 

approaches. 

With the entire SNP STRUCTURE dataset, ΔK supported K = 4. This is a considerable 

improvement in resolving power, compared to the microsatellite dataset; where ΔK 

supported K = 2 (Chapter 2), and required further hierarchical analyses in order to detect 

additional structure. Furthermore, DAPC proved more successful with the SNP data, yielding 

100% assignment of individuals to their k-means/BIC inferred clusters: CRO, WEu (including 

LAR-C1 and LAR-C4), NWEuNA and “LAR” (LAR-C2 and LAR-C3), even though this analysis was 

unable to detect any meaningful clustering with microsatellites (Chapter 2), except among 

the LAR samples. This suggests that a larger locus dataset has greater resolving power under 

DAPC, an approach with a relatively low computational demand (Jombart, Devillard and 

Balloux, 2010). As DAPC does not rely on a particular population genetics model, we did not 

strictly need to filter loci which violated assumptions of HWP or LD (Jombart, Devillard and 

Balloux, 2010). However, preliminary analyses which included these loci did not improve 
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cluster inference. Therefore, we used the filtered dataset for simplicity and comparability 

with the STRUCTURE analyses. 

The dendrogram of Nei’s genetic distance achieved greater bootstrapping support 

when constructed from SNP data rather than with microsatellites. We found that the global 

FST estimate derived from SNP loci was almost double that of microsatellite loci (0.0554 and 

0.0274, respectively), and had a greater correlation between genetic and geographic 

distances, even with the inclusion of LAR samples (Fig. S3.26). However, this comparison is 

biased against microsatellites, due to FST and its derivatives being underestimated when 

applied to multiallelic loci, where heterozygosity does not scale linearly with diversity 

partitioning (Jost, 2008; Meirmans and Hedrick, 2011).  

Although the SNP markers recovered a similar genetic structure as microsatellites 

with a smaller number of individuals, a limitation to our marker comparison is the differential 

coverage of sample sites between each study. In the current study, we analysed 5-30 

individuals (n= 364, mean = 24) from 15 unique sample locations including LL (Lockhart Lake, 

Canada) and SWA (Swansea, Wales) which were not represented in Chapter 2, at 7836 

putatively neutral SNP loci. Using 13 microsatellite loci in Chapter 2, 38-50 individuals (n= 

867, mean = 48) from 18 sampling locations were analysed, including greater coverage of 

WEu sites which were not represented in the current study (Table S3.4). This could possibly 

contribute to observing stronger relationships between genetic and geographic distance with 

SNPs, since microsatellites sampled the WEu cluster at a greater depth, thereby resulting in 

more comparisons between close locations with genetically similar individuals.  

Given the increased costs and analytical time associated with population genomic 

studies employing thousands of SNPs, it would be desirable to know, prior to sample 

collection, the minimum sample size at which to infer relevant population metrics with a high 

degree of precision and accuracy. Empirical studies indicate that, in agreement with our 

observations in O. edulis, genomic SNP data can better resolve population genetic patterns 

compared to microsatellites, allowing for the use of a lower sample size. For example, the 

analysis of over 13k SNP loci in the Crucian carp (Carassius carassius) recovered stronger 

patterns of IBD and population structure than that previously found with microsatellites, 

whilst only using 17.6% of the sample set (Jeffries et al., 2016). A study utilizing over 1,500 

SNP loci from a broadly distributed Amazonian plant species found genetic diversity 

estimates within and between populations were accurate using eight individuals, with little 

improvement when more were used (Nazareno et al., 2017). While there is no exact 
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methodology for arriving at the optimal sample size of a species of interest at a certain 

genomic coverage, a pilot study using empirical data collected from a subset of populations 

of interest, with a sample size simulation applied to the metrics of interest, has recently been 

recommended (Flesch et al., 2018). 

A limitation of this study is the lower sample sizes for Tralee Bay, Ireland (TRA); 

Swansea Bay, Wales (SWA), Lockhart Lake, Canada (LL) and the LAR clusters for which 

substructure was not known prior to sample acquisition. Uneven sample sizes can affect the 

STRUCTURE algorithm’s ability to detect population structure (Puechmaille, 2016). In 

hindsight, the specimens acquired in our research were heavily biased towards the WEu 

genetic group, and lacking for other groups. This limited opportunities to equalize sample 

representation across clusters in STRUCTURE analyses. Indeed, samples selected for SNP 

genotyping were chosen to represent the genetic clusters (and Lockhart Lake, out of 

curiosity), following the microsatellite study. Also, TRA, SWA, LAR-C4 and LL were a source of 

many insignificant pairwise FST comparisons between sampling locations. However, their 

placement in the inferred clusters was in agreement with our microsatellite study (Chapter 

2), which had a greater number of individuals. Greater representation of O. edulis from Larne 

Lough would help elucidate the nature of the strange substructure observed within this 

location, and its relationship with neighbouring WEu sites – given that DAPC and STRUCTURE 

assigned two of the four LAR groups to the WEu cluster. As a hatchery site where 

gametogenesis is allowed to occur in the wild, it is possible that Larne Lough is composed of 

O. edulis which have undergone generations of hatchery production, yet also wild individuals 

– possibly maintained by transfers or larval dispersal from outside sources. 

As discussed in Chapter 2, our microsatellite study was able to reproduce most of the 

genetic differentiation among North Atlantic O. edulis locations found by Vera et al. (2016), 

whilst also assessing the genetic status of Croatian and wild, North American sites, in Maine 

USA and New Brunswick, Canada. Our microsatellite study did not find support for the 

assignment of Spanish O. edulis to a unique genetic unit; but instead their inclusion in the 

WEu cluster alongside O. edulis sampled from France, Ireland and the UK (excluding Larne 

Lough). The present study also supports the inclusion of Ortigueira (Spain) in the WEu cluster. 

This makes it unlikely that the differences between Chapter 2 and Vera et al. (2016)  were 

due to our use of three less microsatellite loci in the former study, as the current study also 

classifies Spanish O. edulis as WEu when  using ~7800 SNPs. It should be noted, however, 

that our Spain sample (SPA) showed significant diversity partitioning (FST) against pairwise 

comparisons with other locations, including those forming the WEu cluster. However, this 
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was also the case for our French sample, Quiberon, Brittany (QUI), which was also part of the 

WEu cluster. SPA was also found to have the highest finite effective population estimate of 

all locations (Ne = 4069.6; Table S3.3). While this alone may not constitute Spanish O. edulis 

being designated as a unique genetic unit, their effective size is relatively higher than all 

others sampled in this study, which implies that the site of interest (Ortigueira, Spain) may 

have comparatively high reproductive success, perhaps reflecting more sustainable 

husbandry practices. Another notable observation is that among Atlantic samples, SPA and 

QUI O. edulis have the highest STRUCTURE ancestry coefficients to the cluster which the 

Mediterranean sample CRO is mostly composed of. Additionally, SPA and QUI are the closest 

sampled locations to CRO, from a coastal perspective. Given the need for more sampling of 

Mediterranean O. edulis beds, we can only speculate whether this is an artefact of gradual 

isolation by distance along the Mediterranean coast and to Northern Atlantic oyster beds, or 

perhaps a consequence of stock transfers from Croatia to Atlantic Spain/France.  A third 

possible explanation for the observed ancestry of O. edulis samples from France and Spain 

with Croatia could be historical recolonisation of these Atlantic sites from a glacial refuge in 

the Mediterranean. Clines in allozyme allele frequencies on either side of Gibraltar (i.e. 

Atlantic and Mediterranean sample sites) were attributed to secondary contact following 

glacial separation (Saavedra et al., 1993; 1995); likewise these studies suggested lower 

genetic diversity in the North could be an artefact of post-glacial colonisation from a 

Mediterranean refuge. While subsequent research with microsatellites did not observe such 

clines separating Atlantic and Mediterranean O. edulis (Launey et al., 2002), lower diversity 

among Atlantic samples relative to Mediterranean samples was noted. Higher genetic 

diversity among Croatian samples was observed in our research with microsatellites (Chapter 

2); however this trend was not supported at SNP loci analysed in the present chapter.  A more 

robust sample of Mediterranean O. edulis – for both nuclear and cytoplasmic markers – may 

help to further understand the historical processes which have shaped present day O. edulis 

populations. Other marine invertebrates exhibit a strong barrier to gene flow at the Straits 

of Gibraltar (eg Quesada et al., 1998; Pérez-Losada et al., 2002; Duran et al., 2004), possibly 

due to the present day current regime whereby an upper Atlantic inflow and lower saline 

Mediterranean outflow interface (Bray, Ochoa and Kinder, 1995), or the extensive sea level 

fluctuations during the Pleistocene, impacting the historical dispersal of some marine 

organisms between the Atlantic and Mediterranean water bodies (Patarnello, Volckaert and 

Castilho, 2007).  
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North American O. edulis 

 

The clustering of O. edulis samples introduced to North America with those from Norway, 

Denmark and the Netherlands (i.e. the “NWEuNA” cluster) supports the translocation of flat 

oysters from the Netherlands in 1949 to establish flat oyster hatcheries in Maine, USA 

(Loosanoff, 1955), which eventually led to naturalized populations in Maine, New Brunswick 

and Nova Scotia (Vercaemer et al., 2006). Utilizing microsatellite markers, Maine O. edulis 

individuals could be assigned to NWEuNA, but no specific association with the Netherlands 

was observed (Chapter 2). A goal of this study was to address whether analysis of thousands 

of SNP loci could reveal stronger connectivity between North American O. edulis and Dutch 

oysters specifically, however such substructure was not found. This absence of substructure 

reveals that the inability to associate the sampled North American O. edulis stocks and a 

single NWEuNA origin (DEN, NOR, or NET) is not a limitation overcome by greater genomic 

representation (at least at the ~7800 loci used in this research), but likely reflects the high 

genetic connectivity among the NWEuNA stocks. It is possible that: 1) existing O. edulis beds 

sampled from the Netherlands have been involved in natural gene flow or anthropogenic 

transfer with Danish and Norwegian oyster beds, taking place before or after the transfer of 

O. edulis from the Netherlands to Maine in 1949; 2) Subsequent transfers to Maine have 

diluted the genealogy of current day Maine O. edulis beyond traceability to the Netherlands 

stocks. Translocations of O. edulis from California to Maine have been documented in the 

1970s (Friedman and Perkins, 1994). Such transfers may also explain the genetic structure 

we observe between the two Maine O. edulis samples studied: DAM and QB (see Chapter 2 

for additional speculation). However, it proves more difficult to account for the Lockhart Lake 

(LL) sample from New Brunswick, Canada, which also cannot be tied specifically to one of the 

NWEuNA locations as the most probable source.  

 Vercaemer et al. (2006) traced the origin of Lockhart Lake (LL) O. edulis to 1996/7 

from hatcheries in Nova Scotia, which were founded with naturalized oysters from Maine.  

The authors stated that LL is the largest naturalized O. edulis population in Eastern Canada, 

making it a desirable population to sample and compare to Maine, having undergone an 

additional potential hatchery bottleneck. In 2014, MM directly sampled oysters from 

Lockhart Lake, which also contains Crassostrea virginica. Given the scarcity of flat shells, 

“teardrop” shaped shells characteristic of C. virginica were returned to the Lake. However, 

given the plasticity of oyster shell morphology when grown in the wild, this preferential 

sampling cannot exclude all C. virginica. It has been several years since Lockhart Lake was 



Chapter 3: SNP population genetics 

 

124 

 

commercially exploited, and given our low success in obtaining an adequate sample size here 

(access to deeper parts of the lake was possible through use of a row boat), it is possible that 

Lockhart Lake is no longer the largest naturalized O. edulis population in Eastern Canada. 

Furthermore, Lockhart lake O. edulis may have undergone significant population decline in 

the generations since it was left to compete with C. virginica and mussels. It was not possible 

to obtain O. edulis from Nova Scotia at all in 2014; with contacts in the government (DFO), 

researchers and growers indicating hatchery collapses (personal communications). 

Vercaemer et al. (2006) remains the most recent publication concerned with population 

genetics of east coast USA/Canada O. edulis samples, and the low sampling success in 

Maritime Canada may indicate that Canadian populations are no longer viable. However, 

given its status as a non-native species, and the availability of bivalves which better 

complement hatchery production (i.e. distinct sexes, no brooding and synchronous 

spawning), O. edulis is a relatively low priority shellfish species in Canada, which may 

preclude regular reporting on wild and hatchery stocks.  

 

Hierarchical substructure 

 

STRUCTURE analyses using microsatellite loci (Chapter 2) provided evidence of potential 

substructure within WEu (ROS) and NWEuNA (DAM). Therefore, it was hoped that a greater 

genome representation, with thousands of SNP loci, could better resolve the existence of 

substructure within the previously inferred clusters. We analysed each cluster independently 

(WEu, NWEuNA, CRO and LAR clusters) in an attempt to recover further hierarchical genetic 

structure. However, we did not find strong evidence for further substructuring that was 

supported by all analyses. DAPC and STRUCTURE analyses could distinguish the LAR clusters, 

but failed to provide strong evidence for hierarchical structure within the WEu, NWEuNA and 

CRO clusters; other than potential structure in DAM, NOR and QUI which was not supported 

by ΔK values and DAPC. (Figs S3.8 – S3.16). The Croatian samples used in this study were 

sourced from two separate locations, however preliminary analysis found no evidence of 

genetic structure: hence they were treated as a single population (see Fig. S3.14). Pairwise 

FST values among sampling locations identified low but significant differentiation between 

SPA/QUI and all other WEu samples; and between DAM/NOR and all other NWEuNA sample 

locations except LL (N = 5). Greater sampling depth of these locations is required to ascertain 

whether meaningful substructure exists.  
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3.4.3 Processes driving the genetic structure of O. edulis 

 

Extensive dispersal and anthropogenic transfer within Europe can explain the connectivity 

observed within genetic clusters; however translocations between locations belonging to 

separate clusters have also been documented (Bromley et al., 2016), indicating that 

limitations to extensive panmixia exist, as indicated by isolation by distance. Whether such 

barriers are physical, environmental, or genetic remains to be determined, and such 

knowledge would greatly aid the understanding and management of different populations. 

Vera et al. (2016) identified three distinct clusters of North Atlantic O. edulis samples, and 

suggested oceanic fronts and other oceanographic features could play a role in explaining 

the observed clusters, by promoting the spread and retention of larvae within their 

respective regions. Despite the aforementioned difference between our studies and Vera et 

al. (2016) regarding Spain, we find the same correlation between oceanic fronts in the North 

Sea Large Marine Ecosystem (Belkin, Cornillon and Sherman, 2009) and coastal O. edulis 

locations belonging to distinct clusters on either side. Such a North Sea boundary is also 

reported for the cockle Cerastoderma edule mitochondrial haplotype distribution, however, 

three genetic clusters are found using microsatellites which have slightly shifted cluster 

boundaries: Morocco to France; Great Britain/Ireland to southern North Sea locations 

(Netherlands and Germany); and Denmark to Russia plus Shetland, Scotland (Martínez et al., 

2015). This discordance may be the result of secondary contact in the North Sea from 

northern and southern refugia following Pleistocene glaciations, and such a scenario has 

been suggested to explain the O. edulis clusters proposed in Vera et al. (2016). 

Although beyond the scope of this study, a multidisciplinary approach could help 

researchers to understand the factors determining the current genetic structure of O. edulis: 

combining larval dispersal modelling, and environmental and geographical factors with 

genetic data into a seascape genetics framework, as applied to other marine bivalves (Coscia 

et al., 2013; Gormley et al., 2015); although the extensive and poorly documented 

translocation history of O. edulis might prove particularly challenging to account for. 
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3.4.4 Selection detection 

 

The FST outlier analyses identified 326 SNP loci under potential selection, with 89 under 

putative balancing selection and 237 under putative divergent selection. BLAST annotation 

of outlier loci found gene homology (orthologs) to regions – mostly described in other 

bivalves – involved in important cellular and muscle functions under putative divergent 

selection. Also, DNA regions associated with microsatellite markers were found to be under 

putative balancing and divergent selection. However, the majority of outlier loci had no 

database hits using the NCBI non-redundant nucleotide database. While FST outlier analyses 

mainly served to refine our putatively neutral dataset, the annotation of potential candidate 

SNPs for selection provides an important contribution to our limited understanding of the O. 

edulis genome, and provides a basis for future studies into adaptive processes among O. 

edulis populations, such as studying differences in protein conformation and expression 

patterns at the genes identified here.  

Four of the 11 microsatellite hits were to OE-27 (Vera et al., 2015), a locus we excluded from 

population genetic analyses in Chapter 2, due to strong observed linkage with 10 other 

microsatellite loci. An explanation for this may be a high copy number of OE-27 as a result of 

association with transposable elements (e.g. Akagi et al., 2001; Gaffney et al., 2003; Coates 

et al., 2011); however this does not seem likely, as the study which developed this 

microsatellite marker actively screened for transposable elements (Vera et al., 2015). A plot 

visualization of the putatively divergent loci reveal extensive genotypic differences between 

NWEuNA individuals and those belonging to other clusters (Fig. S3.20). Future research 

should focus on whether these loci represent genomic regions subject to adaptation to 

different conditions. This may explain the genetic structure observed between relatively 

close locations belonging to different clusters, such as England (MER) and Netherlands (NET). 

Caution should be taken when addressing this observation if the genotypes of putatively 

divergent loci are comparable in some degree to the geographic patterns observed at 

putatively neutral loci. This may indicate that some of these outliers are the product of 

genetic drift as a result of historical isolation (Larson et al., 2014), or are otherwise linked to 

neutral SNPs. Distinguishing adaptive signals from other evolutionary processes in this regard 

could admittedly have been at least partially addressed by the order in which data filtering 

steps took place: where we performed FST outlier analyses prior to HW and LD tests. This 

approach was taken to screen the largest amount of SNPs for candidates of selection, but 
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likely flagged some loci as FST outliers which would otherwise have been found to be deviants 

from HW, or under LD. 

Future research to help address the challenge of disentangling adaptive divergence 

from other evolutionary signals in O. edulis may involve characterizing additional 

geographical locations at the loci used in this study (Gutierrez et al., 2017). That is to say, we 

have yet to observe locations containing a mixture of NWEuNA/WEu individuals; the 

existence of which could suggest that adaptation to local conditions is not a factor driving 

the genetic differentiation observed among O. edulis samples. Furthermore, transplant (i.e. 

“common garden”) experiments could be carried out in order to determine whether there is 

a genomic basis of adaptation to local conditions. This process would involve transplanting a 

sufficiently high number of individuals with one putatively divergent genotype profile, to a 

bed in an area occupied by O. edulis with another genotype profile, and measuring growth 

and survival. Such movements have been carried out previously to study the differential 

survival of: naīve strains unexposed to Bonamia ostreae; strains exposed naturally to B. 

ostreae; and strains which have undergone selection for increased tolerance to Bonamia 

infection (Culloty, Cronin and Mulcahy, 2001; 2004).  

To circumvent the potential risks of transplant experiments on wild stocks (which 

could compromise genetic structure through interbreeding, or spread disease), another 

option is to carry out investigations under experimental conditions in the lab: testing 

survivability of different strains (again, informed by SNP genotyping) under exposure to 

varying environmental conditions, reflecting the range under which strains are subject to in 

the wild. Such research usually involves crossing genetically distinct strains, which may 

explain the heritable and additive nature of observed adaptive differences between parental 

lineages (Naciri-Graven, Martin and Baud, 1998; You et al., 2018). Finally, future studies to 

elucidate the nature of putative outlier loci, could be bolstered by an updated linkage map 

for O. edulis (Lallias et al., 2007), incorporating new genetic markers developed for this 

species (Lapègue et al., 2014; Vera et al., 2015; Gutierrez et al., 2017). Such a genetic linkage 

map would help to better understand linkage disequilibrium among markers, the genomic 

distribution of putatively adaptive regions, and/or quantitative trait loci (QTL) of interest in 

breeding programs. 

What are the limitations of FST outlier analyses, and reduced representation genomic 

approaches such as RADseq, in detecting adaptive genetic variation? Outlier tests can have a 

high rate of false positives in long linear environments such as rivers and coastlines (Fourcade 
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et al., 2013), and can underperform in the presence of pervasive selection (Bierne, Roze and 

Welch, 2013). We used two outlier tests to mitigate the limitations of one particular method 

in detecting outliers. This approach minimizes type 2 error while likely increasing type 1 

errors – through the inclusion of outliers which do not overlap between each method – but 

this was addressed by using stringent parameters in the program settings.  The genotype 

panel used in this study included 11,151 SNPs produced from RADseq. How representative 

of the O. edulis genome is this? In the absence of an available reference genome, and limited 

knowledge of linkage disequilibrium sizes in O. edulis, this is difficult to answer. However, 

modelling scenarios estimate a median density of around one RAD-tag per 245 kb (4.08 

markers per megabase), which is orders of magnitude higher than estimated average LD 

lengths for invertebrates (Lowry et al., 2017). Scanning for adaptive variation among RAD loci 

is a potentially useful by-product of studying neutral variation, but efforts to preserve the 

putative adaptive variation detected would be narrow-sighted, ignoring the vast majority of 

adaptive variation that was not found with such reduced representation methods (Pearse, 

2016; Allendorf, 2016). This additional data could result in a conflict of interest, whereby 

measuring the effects of past selection distracts from efforts concerned with the future 

adaptive potential of populations. 

Perhaps when whole-genome sequencing technology over many individuals 

becomes more affordable, and genome representation is no longer a limiting factor, testing 

hypotheses involving adaptive variants may become a more meaningful endeavour for 

population genomic studies. Recently, machine learning algorithms have been developed to 

aid in searching data generated from the 1000 Genomes Project to detect soft selective 

sweeps in humans (Schrider and Kern, 2017; Sugden et al., 2018). Such advances introduce 

novel challenges, such as generating simulated datasets that can train machine learning 

approaches to classify empirical data accurately. Such an issue would be much more difficult 

to resolve outside humans and other model organisms, which have numerous case studies 

of adaptive evolution to treat as positive controls in classification tests. 

 

3.4.5 Implications for marker selection in future O. edulis studies 

 

The SNP dataset was more effective in resolving population structure than microsatellites, 

providing clearer patterns of differentiation with less individuals. Using STRUCTURE software, 

the clusters could be reliably discerned without hierarchical analysis over subsets of the data, 
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which was necessary when using 13 microsatellite loci. SNP data were also amenable to 

DAPC, whereas individuals failed to form meaningful clusters when this method was used on 

microsatellite data. This analysis is computationally and time efficient, however, arriving at 

SNP data from tissue samples is not. While reliable microsatellite markers are time intensive 

to design and test, they are relatively quick to use, and do not require large amounts of high 

quality genomic DNA – compared to approaches which generate genomic SNP data. 

SNPs were unable to detect robust support for further substructure within the major 

clusters, or strong connectivity between North American O. edulis beds and their putative 

founder population (the Netherlands). Future studies should address whether this lack of 

detectable substructure is a limitation in genome representation, analytical power, or simply 

the nature of existing O. edulis stocks. That is to say, it may be the case that further 

substructure does not exist – due to historical movements, shrinking distributions, or 

sperm/larval dispersal within cluster boundaries, precluding the formation of independent 

breeding units. Managers concerned with monitoring the genetic structure of stocks would 

certainly benefit from using a larger genomic representation; however, they must weigh the 

increased benefits offered from these technologies against their increased time and cost 

investment, and consider the questions they are attempting to address. As discussed 

previously, reduced representation genotyping by sequencing approaches can fail to account 

for much of the genome, and studies focused entirely on selection may benefit more from 

expressed sequence tags (ESTs), or direct RNA sequencing. Moving forward, it is important 

to assess the genetic structure of O. edulis samples that our studies did not represent, in 

order to improve the resolution of genetic cluster boundaries. This is required to address the 

potential status of inferred clusters as distinct units for management and conservation 

purposes, and understand the processes which may preserve O. edulis strains subjected to 

anthropogenic transfers. Microsatellites may be satisfactory to assign locations not sampled 

here or by Vera et al. (2016) to the recently identified genetic groups, such as suspected cases 

of stocking from hatchery to wild sites, or between different clusters. However, 

distinguishing clusters such as NWEuNA and WEu proved more robust with genomic loci, so 

applying high marker numbers is no doubt preferable when studying marine species 

subjected to stock transfer.  
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3.6 SUPPLEMENTARY MATERIAL 

 

 

Figure S3.1. Box-plot of missing call rates by samples, showing combined datasets, initial (“validation”) and second 

(“GT 2017”) genotyping microarray runs. 

 

Figure S3.2. Box-plot of missing call rates by loci, showing combined datasets, initial (“validation”) and second 

(“GT 2017”) genotype microarray runs. 
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Figure S3.3. A visual example of erroneous membership probabilities obtained with STRUCTURE across the sample 

set, without normalising the genotype runs for missing call rates. Results are shown only for K= 2 to 5. The higher 

K values demonstrate the aberrant splitting of sample sites into two distinct membership probability profiles, 

where samples have been split by genotyping runs. 
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Figure S3.4. Evanno derivative plot estimating the optimal number of K across STRUCTURE runs from the entire 

SNP (putatively neutral) dataset. (A) Mean estimated Ln probability of data (± SD), (B) First derivative (± SD), (C) 

Second derivative (± SD), (D) ΔK, generated using the “evannoMethodStructure()” function of the R package 

pophelper v2.2.0.  
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Figure S3.5. Inference of the number of clusters in the entire dataset, showing the Bayesian Information Criterion 

(BIC) from 1 to 20 clusters, for which four was selected, generated using the “find.clusters()” function 

implemented in the R package adegenet v2.1.0. 

 

 

Figure S3.6. Evanno derivative plot estimating the optimal number of K across STRUCTURE runs from the LAR 

sample SNP (putatively neutral) dataset. (A) Mean estimated Ln probability of data (± SD), (B) First derivative (± 

SD), (C) Second derivative (± SD), (D) ΔK, generated using the “evannoMethodStructure()” function of the R 

package pophelper v2.2.0.  
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Figure S3.7. Inference of the number of clusters in the LAR sample, showing the Bayesian Information Criterion 

(BIC) from 1 to 20 clusters, for which four was selected, generated using the “find.clusters()” function 

implemented in the R package adegenet v2.1.0. 

 

Figure S3.8. Cluster membership probabilities estimated by STRUCTURE on the NWEuNA sample subset. Results 

are shown for K= 2 and 3, where potential substructure can be seen within DAM and NOR. 
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Figure S3.9. Evanno derivative plot estimating the optimal number of K across STRUCTURE runs from the NWEuNA 

putatively neutral SNP dataset. (A) Mean estimated Ln probability of data (± SD), (B) First derivative (± SD), (C) 

Second derivative (± SD), (D) ΔK, generated using the “evannoMethodStructure()” function of the R package 

pophelper v2.2.0.  

 

Figure S3.10. Inference of the number of clusters within the NWEuNA sample, showing the Bayesian Information 

Criterion (BIC) from 1 to 20 clusters, for which one indicated the lowest BIC, generated using the “find.clusters()” 

function implemented in the R package adegenet v2.1.0. 
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Figure S3.11.  Cluster membership probabilities estimated by STRUCTURE on the WEu sample subset. Results are 

shown for K= 2, 3 and 4, where potential substructure can be seen within QUI. 
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Figure S3.12. Evanno derivative plot estimating the optimal number of K across STRUCTURE runs from the WEu 

SNP (putatively neutral) dataset. (A) Mean estimated Ln probability of data (± SD), (B) First derivative (± SD), (C) 

Second derivative (± SD), (D) ΔK, generated using the “evannoMethodStructure()” function of the R package 

pophelper v2.2.0. 
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Figure S3.13. Inference of the number of clusters within the WEu sample, showing the Bayesian Information 

Criterion (BIC) from 1 to 20 clusters, for which one indicated the lowest BIC, generated using the “find.clusters()” 

function implemented in the R package adegenet v2.1.0. 

 

 

Figure S3.14. Cluster membership probabilities estimated by STRUCTURE on the CRO sample subset. Results are 

shown for K= 7 (optimal ΔK), with no observable substructure. 
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Figure S3.15. Evanno derivative plot estimating the optimal number of K across STRUCTURE runs from the CRO 

SNP (putatively neutral) dataset. (A) Mean estimated Ln probability of data (± SD), (B) First derivative (± SD), (C) 

Second derivative (± SD), (D) ΔK, generated using the “evannoMethodStructure()” function of the R package 

pophelper v2.2.0. 
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Figure S3.16. Inference of the number of clusters within the CRO sample, showing the Bayesian Information 

Criterion (BIC) from 1 to 20 clusters, for which one indicated the lowest BIC, generated using the “find.clusters()” 

function implemented in the R package adegenet v2.1.0. 

 

 

 

Figure S3.17. Graphical representation of LOSITAN results for O. edulis dataset, showing locus heterozygosity 

(“He”) by FST value (“Fst”), and showing: the upper confidence level (red line), the median (black line) and lower 

confidence level (green line). 
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Figure S3.18. Graphical representation of BayeScan results for O. edulis dataset, showing the log10(q value) of 

loci by their FST value. The black vertical line represents the q-value threshold corresponding to the false discovery 

rate, black points indicate neutral loci, while red points indicate putatively selected outlier loci. 

 

 

Figure S3.19. Venn diagram of loci under putative selection, inferred by LOSITAN and BayeScan FST outlier 

analyses.   
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Figure S3.20. Graphical representation of putatively divergent SNP loci genotypes (SNP index) across O. edulis 

individuals (Individual index) ordered as follows: CRO, LAR, NWEuNA and WEu sample locations. Colours 

represent the following genotype calls: white: missing genotype call; blue: homozygote for first allele; purple: 

heterozygote; red: homozygote for second allele. This graphic was generated using the “glPlot()” function 

implemented in the R package adegenet v2.1.0. Loci with call rates ≤ 95% were omitted. 

 

 

Figure S3.21. Graphical representation of putatively balancing SNP loci genotypes (SNP index) across O. edulis 

individuals (Individual index) ordered as follows: CRO, LAR, NWEuNA and WEu sample locations. Colours 

represent the following genotype calls: white: missing genotype call; blue: homozygote for first allele; purple: 

heterozygote; red: homozygote for second allele. This graphic was generated using the “glPlot()” function 

implemented in the R package adegenet v2.1.0. Loci with call rates ≤ 95% were omitted. 
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Figure S3.22. Inference of the number of clusters within the dataset using loci under putative balancing selection, 

showing the Bayesian Information Criterion (BIC) from 1 to 20 clusters, for which four was selected, generated 

using the “find.clusters()” function implemented in the R package adegenet v2.1.0. 

 

 

Figure S3.23. Inference of the number of clusters within the dataset using loci under putative divergent selection, 

showing the Bayesian Information Criterion (BIC) from 1 to 20 clusters, for which three was selected, generated 

using the “find.clusters()” function implemented in the R package adegenet v2.1.0. 
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Table S3.1. Assignment of individuals to one of four DAPC inferred clusters (“inf” columns) by original sample 

location/LAR cluster (rows), using loci under putative balancing selection. 

 

 

 

Figure S3.24. Ordination plot of discriminant functions one and two (axes 1 and 2) of DAPC inferred O. edulis 

clusters, using loci under putative balancing selection. 
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Table S3.2. Assignment of individuals to one of four DAPC inferred clusters (“inf” columns) by original sample 

location/LAR cluster (rows), using loci under putative divergent selection. 

 

 

 

Figure S3.25. Ordination plot of discriminant functions one and two (axes 1 and 2) of DAPC inferred O. edulis 

clusters, using loci under putative divergent selection. 

 

 

 



Chapter 3: SNP population genetics 

 

146 

 

Table S3.3. Effective population size estimates for sampled flat oyster locations and LAR clusters (Ne) using sample 

sizes (N) of groupings. LCI and UCI represent the lower and upper 95% confidence intervals. Infinite values are 

represented by “∞”.Sample site codes: LL – Lockhart Lake, New Brunswick (Canada); LAR –  Larne Lough (N. 

Ireland);  CRO – Croatia; DAM – Damariscotta, Maine (USA); QB – Quahog Bay, Maine (USA); NOR – Sveio 

(Norway); DEN – Limfjord (Denmark); NET – Grevelingen (Netherlands); MER – Mersea, Colchester (England); QUI 

– Quiberon, Brittany (France); SPA – Ortigueira (Spain); ROS – Rossmore, Cork (Ireland); TRA – Tralee Bay (Ireland); 

FOY – Lough Foyle (Ireland); SWA – Swansea Bay (Wales). 

Site N Ne LCI UCI 

DAM 30 20.8 20.8 20.9 

LAR-C4 9 64.9 63.6 66.4 

NOR 27 86 85.3 86.6 

QUI 28 119.2 118.1 120.3 

ROS 24 143.8 142.1 145.6 

FOY 30 1310.7 1207.4 1433.1 

NET 30 1483.8 1352.2 1643.5 

QB 28 1910.4 1673 2225.9 

MER 29 1938.6 1714.3 2230.1 

CRO 27 1977.2 1687 2387.5 

DEN 28 3460 2756.7 4643.7 

SPA 29 4069.6 3175.1 5664.3 

LAR-C1 6 ∞ ∞ ∞ 

LAR-C2 8 ∞ ∞ ∞ 

LAR-C3 7 ∞ ∞ ∞ 

LL 5 ∞ ∞ ∞ 

TRA 10 ∞ ∞ ∞ 

SWA 9 ∞ ∞ ∞ 
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Figure S3.26. Genetic distance (computed as FST/1-FST) versus geographic distance (Euclidian) in O. edulis sample 

sites (excluding USA, Canada, Larne Lough and Croatia) for both SNP (orange triangles) and Microsatellite markers 

(purple circles). R2 values are reported for the lines of best fit. Mantel test statistics following 10,000 replicates: 

SNPs, r = 0.779, p-value < 0.01; Microsatellites, r = 0.642, p-value < 0.01. 
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Table S3.4. A comparison of O. edulis geographic coverage and sample size (N) achieved with microsatellite loci 

(Chapter 2), and SNP loci (the present study). 

Code Location Country N 

(Microsatellites) 

N 

(SNPs) 

Genetic cluster 

CRO Mali Ston; Limski Croatia 50 27 CRO 

LAR Larne Lough Northern Ireland 50 30 LAR C1-C4/WEu 

DEN Struer, Limfjord Denmark 50 28 NWEuNA 

NET Lake Grevelingen Netherlands 44 30 NWEuNA 

NOR Mølstrevåg, Sveio Norway 50 27 NWEuNA 

DAM Damariscotta river, Maine USA 50 30 NWEuNA 

QB Quahog Bay, Maine USA 50 28 NWEuNA 

LL Lockhart Lake, New Brunswick Canada NA 5 NWEuNA 

MER Mersea, Colchester England 50 29 WEu 

LEF Le Faou, Brest France 41 NA WEu 

QUI Quiberon, Brittany France 50 28 WEu 

CB Clew Bay, Co. Mayo Ireland 49 NA WEu 

GAL Clarenbridge, Galway Ireland 38 NA WEu 

TRA Tralee Bay, Co. Kerry Ireland 50 10 WEu 

ROS Rossmore, Cork Ireland 49 24 WEu 

FOY Lough Foyle Ireland/N. Ireland 50 30 WEu 

STR Strangford Lough Northern Ireland 50 NA WEu 

RYA Loch Ryan Scotland 49 NA WEu 

SPA Ortigueira Spain 47 29 WEu 

SWA Swansea Bay Wales NA 9 WEu 
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4.1. INTRODUCTION 

 

Mitochondrial DNA (mtDNA) has been extensively used in population and phylogenetic 

studies. Distinct from nuclear DNA, mtDNA is characterised by several properties, which gives 

it a different perspective into a population or species’ genealogical history. Mitochondria are 

maternally inherited in most organisms, and possess a single set of genetic material (i.e. 

haploidy), thus do not undergo recombination (Avise, Arnold and Ball, 1987, but see Galtier, 

Nabholz, et al., 2009). This feature makes mtDNA more susceptible to genetic drift than 

nuclear genes, due to a lower effective population size (Birky, Maruyama and Fuerst, 1983). 

In animals, mtDNA mutation rates are orders of magnitude higher than nuclear genomes 

(Lynch, Koskella and Schaack, 2006). Thus, regions of the mitochondrial genome are highly 

variable within and between populations and species (Nabholz, Glémin and Galtier, 2008), 

making it particularly useful for studying the recent demographic history of populations. 

Conversely, some mitochondrial regions are highly conserved (e.g. ribosomal DNA gene 

regions, Yang et al., 2014), making them ideal for studies focusing on deeper phylogenetic 

reconstruction (Springer et al., 2001).  

In the past 40 years, analyses of mitochondrial DNA have extended from restriction 

fragment length polymorphisms (RFLPs; Brown, George and Wilson, 1979) and single 

genes/regions, to the entire molecule. Aided by technological advancements, the application 

of whole mtDNA, or “mitogenomics”, can now potentially address limitations associated with 

using single regions, and improve the resolution with which phylogenies are constructed 

(Ingman et al., 2000; Carr and Marshall, 2008; Morin et al., 2008).  The mitochondrial 

“molecular clock”, i.e. the use of the mutation rate of mitochondrial genes to determine how 

long ago two lineages diverged, is highly variable among different species, being very low in 

some animals such as cetaceans (Galtier et al., 2009). Therefore, greater mitochondrial 

genome (mitogenome) coverage can help resolve the phylogeny of species with slowly-

evolving mitochondrial genomes. For instance, the phylogenetic analyses of Orcas (Orcinus 

orca) using a portion of the mitochondrial control region revealed low global diversity as a 

result of a past bottleneck (Hoelzel et al., 2002). However, when the entire mitogenome of 

the species was sequenced, phylogenetic analyses found that different orca ecotypes were 

highly supported by distinct mtDNA clades. Based on these findings, Morin et al. (2008) 

suggested that these ecotypes should be elevated to full species and subspecies status.  
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In contrast, mitochondrial genes/regions which are highly variable in some lineages 

can be subject to multiple mutation events at the same region, which can result in convergent 

mutations in independent lineages regardless of ancestry, thus obscuring phylogenetic 

inference. This phenomena was noted by Ingman et al. (2000) in the phylogenetic analysis of 

humans using the entire mitogenome. When the highly variable D-loop (control region) was 

excluded from mitogenome analyses, the authors reported greater phylogenetic resolution 

of diverse African lineages relative to non-African lineages – which resulted in deep branch 

support for the recent African origin of modern humans. More recently, research utilizing 

whole mitogenomes in species of management interest has gained traction. Hundreds of 

individuals from wide species distributions have had their mitogenomes sequenced and 

analysed. In the case of grey wolves (Canis lupus), brown bears (Ursus arctos) and Atlantic 

cod (Gadus morhua) for example, this methodology has offered high resolution 

phylogeographic inferences to be made, addressing how the current species distributions 

have been shaped by sea level fluctuations during the Pleistocene (Koblmüller et al., 2016; 

Anijalg et al., 2018; Lait, Marshall and Carr, 2018). 

The European flat oyster (Ostrea edulis) is an important component of coastal and 

estuarine ecosystems, providing many services including filtration of suspended organic 

particles and the formation of hard-substrate biogenic reefs (Ruesink et al., 2005). The 

species has been harvested by humans for many centuries, and has once supported 

important aquaculture and fishing activities throughout Europe (Goulletquer and Heral, 

1997). Over-exploitation, destruction of natural beds, pollution and severe winters have all 

contributed to stock decline since the 18th century (Laing, Walker and Areal, 2006); stocks 

have been further reduced by the spread of epizootic parasites, most notably Bonamia 

ostreae in Atlantic Europe, which can cause up to 90% mortalities amongst naïve oyster 

populations (Culloty and Mulcahy, 2007). Stock movements to aid in the restoration of 

natural beds have been extensive and poorly documented (Bromley et al., 2016), and their 

presumed contribution to gene flow and the possible dilution of locally adapted traits is still 

largely unknown. However, mixing between local and introduced stocks has been attributed 

to higher winter mortalities in Dutch waters  (Drinkwaard, 1999). 

Because O. edulis is capable of switching sex phase multiple times in a single 

spawning season (Cole 1942), it is possible to compare mitochondrial and nuclear genetic 

diversity in order to gain insights into the reproductive success of male and female spawning 

oysters. Such a comparative approach has been undertaken previously in O. edulis, using 12S-

rRNA single strand conformation polymorphisms (SSCP) in a small fragment (313 bp) of the 



Chapter 4: mtDNA 

 

152 

 

mitochondrial 12S rRNA gene (Diaz-Almela et al., 2004), amplified from DNA extracted from 

individuals previously analysed at nuclear loci by Launey et al. (2002). SSCP haplotypes 

revealed a greatly reduced female gene flow, having a 12.8 times larger FST than that 

observed with microsatellites. Assuming that the reproductive success of male and female 

spawners is equal in diploid hermaphrodites, the nuclear (diploid for O. edulis) effective 

population size is expected to be twice the mitochondrial (haploid) effective population size, 

since all individuals have the potential to spawn as females. The 10-fold difference in FST 

between mitochondrial and nuclear markers suggests that strong barriers to female 

reproductive success exists in O. edulis. Additionally, while mitochondrial population 

structure found a similar pattern of isolation by distance to that uncovered with 

microsatellites (Launey et al., 2002), three haplotype groups were found – corresponding to 

Atlantic, Mediterranean and the geographic extremes of the distribution (Norway, Black Sea), 

respectively.  

 Analyses of nuclear loci – both microsatellites and SNPs – have revealed distinct 

genetic clusters among O. edulis’ natural distribution (Vera et al., 2016; Chapter 2; Chapter 

3). However, substructure within the areas represented by each genetic cluster has been 

difficult to detect; whether as a result of natural gene flow and/or human-mediated 

movements of individuals. MtDNA markers could be valuable in detecting admixture within 

populations subjected to anthropogenic transfers, independent of the potential dilution of 

nuclear DNA lineages by recombination. Such information could better inform future 

management through identifying and preserving local cytoplasmic lineages. MtDNA analysis 

can also be potentially useful to further investigate O. edulis biogeography, in particular to 

examine whether nuclear and mtDNA data provide contrasting or complementary patterns 

for the phylogeographic and, ultimately, the evolutionary history of O. edulis.  

Diaz-Almela et al. (2004) remains the only study to date to assess the geographical 

structure of O. edulis stocks using mitochondrial markers. An available reference 

mitogenome, and knowledge of its conserved regions, could facilitate the design of new 

molecular markers to study the intraspecific diversity of O. edulis from different locations. 

Such data are necessary to address whether the resolution of O. edulis phylogeographic 

history throughout its distribution could be further improved with a greater mtDNA 

coverage. Danic-Tchaleu et al. (2011) published the complete sequence of the O. edulis 

mitochondrial genome. The authors reported on a 16,320 bp genome coding for 12 genes, 2 

rRNA molecules and 23 tRNAs. Further, they noted high sequence conservation among 
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Ostrea mitochondrial genomes, which could allow markers which target conserved binding 

sites to be designed for mitogenome resequencing.  

In this chapter, we develop mtDNA marker sets capable of routinely amplifying the 

O. edulis mitochondrial genome. We employ these markers to re-sequence the mitochondrial 

genomes of 40 O. edulis individuals from seven geographically distinct locations in Europe. 

We measured the molecular diversity of these mitogenomes in relation to the available 

reference genome for the species (Danic-Tchaleu et al., 2011), and conducted preliminary 

phylogenetic analyses of these sequences to examine the genealogical connectivity of 

mitogenomic haplotypes across the sampling locations. While in Chapter 3, the objective was 

to examine whether greater nuclear genome coverage can improve the resolution of genetic 

structure among O. edulis stocks, here we tested the hypothesis that whole mitogenomes 

can provide greater phylogeographic resolution of O. edulis stocks, than that observed with 

smaller regions (e.g. Diaz-Almela et al., 2004). We also report on the development of a 

second set of mtDNA markers capable of amplifying regions of the mitogenome 

characterised by high numbers of unlinked, parsimony informative single nucleotide 

polymorphisms (SNPs), identified through an ad hoc approach. 

 

4.2. METHODS 

 

4.2.1. Sample design and DNA extraction 

 

Forty adult Ostrea edulis specimens were selected for mtDNA genome resequencing. These 

individuals were subsampled from the total collection described in Chapter 2. Four to eight 

individuals were selected to represent each of seven geographically distinct locations (Fig. 

4.1), as a means to identify genetic variation for downstream mitochondrial marker 

development. Norway (NOR) was selected due to the representation of Norwegian O. edulis 

in the “C + I” haplotype group found at geographic extremes in Diaz-Almela et al. (2004), but 

also as a representative of the North Western Europe/North American cluster (“NWEuNA”) 

found with both microsatellite and nuclear SNP markers (Chapters 2 and 3 respectively). 

Croatian (CRO) individuals were included due to their distinct genetic structure at nuclear 

markers (Chapters 2 and 3), as well as to represent the distinct Mediterranean haplotype 

group “B”, most common in Mediterranean O. edulis, including Croatia (Diaz-Almela et al., 
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2004). Samples from Lough Foyle, Ireland (FOY); Loch Ryan, Scotland (RYA); Mersea, England 

(MER) were included for the following reasons: 1) to represent the Western European genetic 

cluster inferred with nuclear markers (“WEu”, Chapters 2 and 3); 2) to assess whether 

mitochondrial differentiation correlates with their low observed nuclear variation; 3) to 

represent  Atlantic locations where haplotype group “A” is common, as described in Diaz-

Almela et al. (2004). Finally, Larne Lough, Northern Ireland (LAR) individuals were included 

to represent mitochondrial variation at a commercial hatchery site, where uniquely high 

levels of genetic structure were observed across nuclear loci (Chapters 2 and 3). Gill tissue 

was collected from O. edulis specimens and preserved in 20% DMSO salt-saturated solution 

or by freezing at -20°C until DNA was extracted. DNA extraction followed the phenol-

chloroform procedure modified from Taggart et al. (1992), as outlined in Chapter 2. 

 

 

Figure 4.1. Geographic distribution of O. edulis samples used for mitogenome resequencing, indicating the 

number of individuals resequenced from each location. 
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4.2.2. Primer design, PCR amplification and DNA resequencing 

 

The first step of this study involved the development and evaluation of primers sets capable 

of amplifying the entire O. edulis genome. The main criteria for primer binding site selection 

was sequence conservation, i.e. primer binding sites with no sequence polymorphism among 

samples from wide geographical areas. The O. edulis mitochondrion gene order is identical 

to that of Ostrea denselamellosa, but differs from other available Ostreidae mitogenomes 

(Danic-Tchaleu et al., 2011). The complete O. edulis and O. denselamellosa mitogenome 

sequences (accession numbers: NC_016180 and NC_015231, respectively) were downloaded 

from GenBank, imported into BioEdit v7.2.6 (Hall, 1999) and aligned using the “ClustalW 

Multiple Alignment” accessory application with default settings. Conserved regions between 

O. edulis and O. denselamellosa mitogenomes were identified using the “Find Conserved 

Regions” alignment option in BioEdit, using default settings and a minimum conserved 

sequence length of 18 nucleotides. Sequence regions which were conserved between the 

two Ostrea species were prioritized for primer design. PCR primers sets were designed using 

Primer3 web version 4.1.0, using the criteria: ~20 nucleotide (nt) primer length, Tm ~ 56 °C, 

and 40 % minimum GC content.  

As biopsy tissue samples obtained early in the project yielded low quality and 

quantities of DNA following extraction, PCR primers were designed to amplify sequences of 

only 400-800bp in anticipation of degraded DNA. In total, 33 O. edulis mtDNA primer sets 

were designed. Their sequences, positions in the mitogenome, PCR product sizes, melting 

temperatures (°C) and their target genes/regions are provided in Table 4.1. A mitogenome 

map with the relative position of each PCR product is shown in Fig. 4.2. Sequence overlap 

between adjacent PCR fragments ranged from 0 to 581 bp (mean = 153 bp, median = 119 

bp). 

 PCR amplifications were carried out in 25 µL reactions, consisting of 100 ng template 

DNA, 10 pM of forward and reverse primer, 1.0 U of MyTaq Red and 1x MyTaq reaction buffer 

(MyTaq™). PCR thermocycler conditions consisted of initial denaturation at 95°C for 5 

minutes, followed by 35 cycles of denaturation/annealing/extension (95°C, 1 minute / 56°C, 

1 minute / 72°C, 1 minute). To confirm that successful amplification of sufficient quantity and 

quality DNA had taken place, 3 µL of PCR products were visualized on an Ethidium Bromide 

stained (0.5 µg/ml) 2.5% 0.5 x TBE agarose gel. Remaining PCR products were subsequently 

treated with ExoSAP (per reaction: 0.5 U Exonuclease I, New England Biolabs©; 0.25 U FastAP 
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Thermosensitive Alkaline Phosphatase, Thermo Fisher Scientific©) to remove excess primers 

and nucleotides. Purified PCR products were then visualized on Ethidium Bromide stained 

(0.5 µg/ml) 0.8% 0.5 x TBE agarose gels for quantification against a lambda HindIII DNA size 

standard, and product concentration was subsequently adjusted to ~20 ng/µL for 

sequencing. 

 PCR products were sequenced bidirectionally using the dideoxynucleotide chain-

terminating method (i.e. Sanger sequencing). Chain-terminated PCR products were 

generated in 10 µL reactions, comprising of: 100 ng purified PCR product, 10 pM of forward 

or reverse primer, 0.5 µL BigDye® Terminator v3.1 Ready Reaction Mix and 1x sequencing 

buffer. Dideoxynucleotide chain termination thermocycler conditions consisted of initial 

denaturation at 95°C for 10 minutes, followed by 35 cycles of 

denaturation/annealing/extension (95°C, 30 seconds / 58°C, 50 seconds / 72°C, 45 seconds) 

and a final extension at 72°C for 7 minutes. Sequencing data were collected by capillary 

electrophoresis on an ABI 3730XL 96 capillary DNA analyser (Applied Biosystems™). Raw 

sequence reads (chromatograms) were imported to SeqScape v3.0 software, where 

sequences resulting from different primer sets (i.e. different parts of the mtDNA genome) 

were sorted by sample, and assembled against the O. edulis reference mitogenome using 

ClustalW default settings. Sequence polymorphisms, including insertions/deletions (indels) 

were then accepted or refuted on the basis of base call intensity and consensus sequence 

among forward and reverse reads, overlapping reads, or base calls of other samples.  

Annotation of mitochondrial genes and regions was carried out using the available 

O. edulis mitogenome gene/region annotations as a reference. An additional step of quality 

inspection for gene coding regions was carried out, whereby remaining indels that resulted 

in frameshift mutations were considered erroneous. The 40 assembled sequences and the 

reference were again aligned following quality assessment. The complete mitogenome 

sequences were then exported in FASTA format, including the realigned O. edulis reference 

mitogenome assembled from Quiberon Bay O. edulis specimens (Danic-Tchaleu et al., 2011), 

for comparison in downstream analyses. Sites with missing data were replaced with the 

GenBank reference sequence prior to diversity and phylogenetic analyses (Appendix 1). 

Segregating sites with >10 % missing data were screened from downstream diversity and 

phylogenetic analyses by replacement with the GenBank reference sequence, using a custom 

R script (Appendix 2). 
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Figure 4.2. O. edulis mitochondrial genome map, based on Danic-Tchaleu et al., (2011). Standard abbreviations 

are used for protein coding genes (green), rRNAs (light blue), tRNAs (red) and the major non-coding region (grey). 

The location and size of the PCR amplification products used in this study are shown in dark blue. Labels in white 

text indicate the “mtOedu” primer set number, as detailed in Table 4.1. 
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Table 4.1. Primer sequences, mitogenome positions, expected product lengths, melting temperatures and 

amplified genome regions for the 33 successful primer sets used to resequence the mitochondrial genome of 40 

O. edulis individuals. 

Primer Set Primer ID Sequence (5' -> 3') Start 

position 

Stop 

position 

Product 

length 

Tm 

(°C) 

Gene/region 

mtOedu-1 mtOedu-1F CCTGATATGCAGTTTCCTCG 322 341 607 56.02 cox1 

 
mtOedu-1R AGTAAGCACGAGTATCCACA 928 909 

 
56.00 cox1 

mtOedu-2 mtOedu-2F TGTGGATACTCGTGCTTACT 909 928 704 56.00 cox1 

 
mtOedu-2R TTGCTTGGAAGGCAAATGTA 1612 1593 

 
55.82 tRNA-Gly 

mtOedu-3 mtOedu-3F AGTACATTTGCCTTCCAAGC 1591 1610 798 56.31 tRNA-Gly 

 
mtOedu-3R TGATCAAGCATACTCCCCAT 2388 2369 

 
55.97 cox3 

mtOedu-4 mtOedu-4F CCTCCAGTTGGAATTGACTG 2185 2204 450 56.03 cox3 

 
mtOedu-4R CTGGCACAATACCTAAGACC 2634 2615 

 
55.53 cox3 

mtOedu-5 mtOedu-5F GACAGGACTTCATGGTATGC 2436 2455 551 55.92 cox3 

 
mtOedu-5R CACAATTTGAACCCCTAGCA 2986 2967 

 
55.92 cytb 

mtOedu-6 mtOedu-6F CTGTCCGCCCAATTTGAATA 2914 2933 641 56.10 cytb 

 
mtOedu-6R GTCCAAAAGCAAACCCTACT 3554 3535 

 
55.85 cytb 

mtOedu-7 mtOedu-7F TCAGGATTCCATTTCACCCT 3495 3514 644 56.09 cytb 

 
mtOedu-7R AAGCAAGATGTTGCCATTCT 4138 4119 

 
55.90 cox2 

mtOedu-8a mtOedu-8aF AGCTCTTAGAATGGCAACAT 4112 4131 796 54.71 cox2 

 
mtOedu-8aR TCATTATACACTCCTCACGC 4907 4888 

 
54.70 Intergenic 

mtOedu-9 mtOedu-9F ATACTGGGTTGGTGTCTTGA 4779 4798 524 56.06 tRNA-Ser1 

 
mtOedu-9R TAAGGCCCCACTAAAAGGAA 5302 5283 

 
56.02 tRNA-Pro 

mtOedu-10 mtOedu-10F ATTTTGTGCTCCTTCTTGCT 5156 5175 453 55.83 tRNA-Ser2 

 
mtOedu-10R TTTTCGCTCAACCAGCTATC 5608 5589 

 
56.15 16S rRNA 5' end 

mtOedu-11 mtOedu-11F AGGAGGTTTTCGATGTGAGA 5522 5541 744 56.18 16S rRNA 5' end 

 
mtOedu-11R ACACGAGGAACTCAAAAGTG 6265 6246 

 
55.93 nad2 

mtOedu-12 mtOedu-12F TCATGGGGAGGGCTATAATC 6127 6146 755 55.82 nad2 

 
mtOedu-12R ACACCTGGCATTCAAAACTT 6881 6862 

 
56.03 nad2 

mtOedu-13 mtOedu-13F AGTAGTAGTATGCGGGGTTT 6737 6756 570 55.65 nad2 

 
mtOedu-13R AAGAACCAAATCGCTGAGAC 7306 7287 

 
56.07 atp6 

mtOedu-14 mtOedu-14F GTCTCAGCGATTTGGTTCTT 7287 7306 718 56.07 atp6 

 
mtOedu-14R TTGTAAGCGCCAAGTAATGT 8004 7985 

 
55.67 tRNA-Val 

mtOedu-15 mtOedu-15F GCTGTAATGGCAAGAAGTGA 7891 7910 656 56.04 tRNA-Arg 

 
mtOedu-15R AATACGTTCAGGTTGCTGTC 8546 8527 

 
56.08 nad4 

mtOedu-16 mtOedu-16F ACGTTTTGAGTTTGTGGGAT 8328 8347 650 55.78 nad4 

 
mtOedu-16R TGTGAAACGGATGAGTATGC 8977 8958 

 
55.86 nad4 

mtOedu-17 mtOedu-17F TGGGCTATGTGTTTTCTTGG 8685 8704 696 55.92 nad4 

 
mtOedu-17R GAACCTTATTCGCCAGTCTC 9380 9361 

 
55.95 nad4 

mtOedu-18 mtOedu-18F GTACAGAAGTGGGTGTCTCT 9010 9029 770 56.21 nad4 

 
mtOedu-18R ACACCTCTATCAGCCTGTTT 9779 9760 

 
56.15 12S rRNA 

mtOedu-19 mtOedu-19F GTTTATGCTCGAAACGAACG 9684 9703 501 55.83 12S rRNA 

 
mtOedu-19R CCTGACCTAGTCTTAGCACA 10184 10165 

 
55.99 12S rRNA 

mtOedu-20 mtOedu-20F AAGACTAGGTCAGGTCGAAG 10171 10190 800 56.01 12S rRNA 

 
mtOedu-20R CAATCCCACTAGCCAATACG 10970 10951 

 
56.00 16S rRNA 3' end 
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Table 4.1 cont. 

Primer Set Primer ID Sequence (5' -> 3') Start 

position 

Stop 

position 

Product 

length 

Tm 

(°C) 

Gene/region 

mtOedu-21 mtOedu-21F CGTAACATGGTAAGGGTAGG 10370 10389 773 54.97 16S rRNA 3' end 

 
mtOedu-21R TCTTTTAACGGTCCTTTCGT 11142 11123 

 
54.95 16S rRNA 3' end 

mtOedu-22 mtOedu-22F ACCCTACGTGATTTGAGTTC 11046 11065 770 55.10 16S rRNA 3' end 

 
mtOedu-22R CTAAAAGGGACTTGAGCACT 11815 11796 

 
54.98 nad5 

mtOedu-23 mtOedu-23F ATGCCAGTGGTAATATTGGG 11562 11581 738 55.14 nad5 

 
mtOedu-23R GATATACCCAGCTGTTCCAG 12299 12280 

 
55.01 nad5 

mtOedu-24a mtOedu-24aF GTGTGGGATCAATGATTAGG 12151 12170 742 55.25 nad5 

 
mtOedu-24aR CTAACACCTGAAGCAACTCC 12892 12873 

 
55.02 nad5 

mtOedu-25 mtOedu-25F TGCTTAGAAGATCAGGAGGA 12532 12551 452 54.95 nad5 

 
mtOedu-25R GGAACTGGATAAACAGAGCA 12983 12964 

 
55.06 nad6 

mtOedu-26a mtOedu-26aF GGAGTTGCTTCAGGTGTTAG 12873 12892 723 56.07 nad5 

 
mtOedu-26aR CGCACTCATAAGGAGAAGAC 13595 13576 

 
55.69 nad3 

mtOedu-27 mtOedu-27F AATTCAGAGGTTCCCTCAAC 13255 13274 692 54.94 nad6 

 
mtOedu-27R CACCCTTCTTTCGAAACCTA 13946 13927 

 
55.00 tRNA-Leu2 

mtOedu-28 mtOedu-28F GTCAGTAGGAGCTTTAGGTG 13720 13739 585 54.90 nad3 

 
mtOedu-28R GGCCCTAAACGAATTCCTAA 14304 14285 

 
55.12 nad1 

mtOedu-29 mtOedu-29F GCGAGATTTGCATTTTCGTA 14066 14085 683 55.10 tRNA-Ala 

 
mtOedu-29R AGCCAAGACAGAACAATAGG 14748 14729 

 
55.05 nad1 

mtOedu-30 mtOedu-30F CCTATTGTTCTGTCTTGGCT 14729 14748 654 55.05 nad1 

 
mtOedu-30R AAGGAATAAACACCGGACTC 15382 15363 

 
55.07 nad4L 

mtOedu-31 mtOedu-31F AAGTTTGAGCTGTTTCTGGA 14931 14950 680 55.10 nad1 

 
mtOedu-31R TAACTATGCGCCTTTAGCAT 15610 15591 

 
54.92 tRNA-Asp 

mtOedu-32 mtOedu-32F GTTGACCTGATACGGATTGT 15515 15534 799 55.18 tRNA-Trp 

 
mtOedu-32R TAGCGCTGCCTATTAACTAC 16313 16294 

 
54.78 MNR 

mtOedu-33 mtOedu-33F GTACGAGTTCTAGCGAGTTT 16030 16049 715 54.99 MNR 

  mtOedu-33R TCCCAACTCCATTTTCAACA 424 404   55.05 cox1 

 

4.2.3. Molecular diversity and intraspecific phylogeny 

 

Molecular diversity statistics for the entire mitogenome and its individual genes/regions 

across the 41 specimens (including reference genome) were computed in DnaSP v5.10.01 

(Librado and Rozas, 2009). Intraspecific phylogenetic analyses included Maximum Parsimony 

(MP), Maximum Likelihood (ML) based on the Tamura-Nei model (Tamura and Nei, 1993), 

Neighbour Joining (NJ) and Unweighted Pair Group Method with Arithmetic Mean (UPGMA) 

approaches, implemented in the software MEGA v7.0.20 (Kumar, Stecher and Tamura, 2016). 

In these analyses, gaps and missing sites were excluded, and all sites were weighted equally. 

Support from 1000 bootstraps was used to generate consensus trees for each approach. 

Median-joining haplotype networks for O. edulis mitogenomes and specific regions were 
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constructed using POPART v1.7 (Leigh and Bryant, 2015). Median-joining networks are useful 

for visualizing datasets containing ancestral and derived sequences where recombination is 

not present, and can approximate missing intermediate haplotypes by adding median vectors 

to the network (Posada and Crandall, 2001). 

 

4.2.4. Selection of informative markers for targeted amplification 

 

The second purpose for the resequenced mitogenome data was to identify regions with high 

densities of unlinked, parsimony informative SNPs (piSNPs: SNPs with variants that occur in 

at least two individuals) in order to design primers for targeted enrichment and amplification 

of informative mtDNA regions, for more efficient (cost and time) resequencing of larger 

sample sets. Firstly, in order to screen for potentially informative SNPs at loci with missing 

data, a quality index for each nucleotide of the mitogenome resequencing alignment across 

the samples was calculated using a custom R script (Appendix 1), using functions from base 

R and the Bioconductor© package Biostrings v2.48.0 (Pagès et al., 2018). Then, missing data 

were replaced with the GenBank reference sequence, which was size-adjusted by indels 

present in the alignment to the 40 resequenced mitogenomes. DnaSP was used to screen the 

mitogenome alignment for biallelic piSNPs. Loci containing the parsimony informative SNPs 

with a quality score ≥80% were identified and exported (Appendix 2), and filtered further by 

linkage. Because mtDNA does not normally recombine, it is a single linkage group. A subset 

of piSNPs were referred to here as “linked piSNPs” when their variants were observed 

alongside those of other piSNP loci (in at least one sample) together, due to their shared 

ancestry and an absence of recombination. These sites were recorded as linked piSNPs on a 

database. Conversely, piSNPs whose variants occurred independently of those at other loci 

were recorded as “unlinked piSNPs”, and were prioritized for marker development due to 

their genealogical novelty. 

 Unlinked, biallelic piSNP positions of interest were then marked on a reference 

mitogenome using a custom R script (Appendix 3). This template provided the input file for a 

custom Python 3 script designed to count occurrences of the unlinked piSNPs within a 400 nt 

sliding window across the marked reference mitogenome (Appendix 4).  As the genome is 

circular, the first 399 nucleotides of the sequence were initially appended to the end of the 

sequence by the script, in order to retrieve accurate counts within the last 400 nucleotides 

of the major non-coding region (MNR), i.e. putative control region. The script produced an 
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output file where each line had two values: the starting position of each 400mer sliding 

window, and the corresponding number of marked SNPs found within it. 

 Primers were designed for a multiplex meeting the following criteria: 1) amplification 

products from 400 to 500 bp, 2) to be within Illumina paired-end sequencing limits; 3) no 

primer dimerization within and between primer sets; 4) amplification products of different 

sizes to allow visual differentiation via high concentration agarose gel electrophoresis; 5) 

amplification products of non-overlapping mtDNA sites; and 6) amplification products 

representing the most dense unlinked piSNP regions, according to our data. Primer3 Web 

version 4.1.0 was again used to design primers for unlinked piSNP dense, non-overlapping 

regions – using annealing sites which were conserved across all resequenced mitogenomes. 

Dimer formation between primers was assessed using the Multiple Primer Analyzer web tool 

designed by Thermo Fisher Scientific ©.  

 

4.3. RESULTS 

 

4.3.1. Resequencing and comparison to reference mitogenome 

 

Following preliminary PCR optimization and evaluation, all primer pairs were found to 

amplify their target sequences, however three primer pairs yielded low quantities of PCR 

products and were redesigned (mtOedu-8a, mtOedu-24a and mtOedu-26a). Missing data 

across samples were observed at an average of 5.66% of 16,365 nucleotide sites, which 

ranged from 0 to 97.56 %. For individual samples, missing data across mitogenomes ranged 

from 0 to 15.36 %. Missing data were more variable across loci than samples (Fig. 4.3.). This 

was likely due to the comparatively larger number of loci in relation to samples, and also 

sequence drop-off associated with capillary Sanger sequencing, which overlap between PCR 

products did not account for (7/33 overlaps less than 50 bp). Indeed, several “hotspots” of 

high missing nucleotides across the sample set were noted (Fig. 4.4.). 

Not surprisingly, high similarities between the resequenced mitogenomes and the O. 

edulis reference sequence (accession: NC_016180) were observed in terms of most 

gene/region sizes. However, indels resulted in an overall increase in mitogenome size from 

16,320 bp (GenBank reference) to 16,365 bp. The overall increase in length was attributed to 
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insertions in: cox1, tRNA-Pro, 16S rRNA 5’ end, the major non-coding region (MNR) and other 

intergenic regions (Table 4.2).  Cox1 was the only coding region with indels; a 30 bp insertion 

was observed in all samples, except the reference genome. The insert was verified using 

BLAST, which found a 100% match to an mRNA partial cox1 isolate from O. edulis (accession: 

JN091786.1). Therefore, we modified the GenBank reference mitogenome to include indels 

present in all resequenced individuals.  

 

 

Figure 4.3. A: Histogram showing locus missing data across samples, B: Histogram showing sample missing data 

across loci, C: comparitive box plot of locus and sample specific missing data. 
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Figure 4.4. Density plot of missing data across O. edulis mitogenomes. Colours indicate the percentage ranges of 

individuals which have missing data at a particular region. 

 

Table 4.2. Comparison of mitogenome gene/region sizes between the reference data (NC_016180) and the 

resequencing dataset produced in the present study. Values in bold indicate gene/regions which changed base 

pair length as a result of indels. 

Gene/region GenBank reference data Resequencing data 

Start pos. End pos. Length (bp) Start pos. End pos. Length (bp) 

cox1 1 1566 1566 1 1596 1596 

tRNA-Gly 1573 1639 67 1603 1669 67 

cox3 1735 2622 888 1766 2653 888 

tRNA-Ile 2622 2687 66 2653 2718 66 

tRNA-Thr 2698 2761 64 2729 2792 64 

tRNA-Glu 2769 2836 68 2800 2867 68 

cytb 2837 3997 1161 2868 4028 1161 

cox2 3999 4691 693 4030 4722 693 

tRNA-Met1 4695 4759 65 4726 4790 65 

tRNA-Ser1 4767 4836 70 4798 4867 70 

tRNA-Met2 4988 5051 64 5019 5082 64 

tRNA-Ser2 5103 5172 70 5135 5204 70 

tRNA-Leu1 5173 5239 67 5205 5271 67 
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Table 4.2 cont. 

Gene/region GenBank reference data Resequencing data 

Start pos. End pos. Length (bp) Start pos. End pos. Length (bp) 

tRNA-Pro 5241 5304 64 5273 5337 65 

16S rRNA 5' end 5322 5896 575 5355 5931 577 

nad2 5922 6929 1008 5957 6964 1008 

tRNA-Cys 7003 7066 64 7038 7101 64 

tRNA-Tyr 7070 7134 65 7105 7169 65 

atp6 7141 7809 669 7176 7844 669 

tRNA-Asn 7813 7883 71 7848 7918 71 

tRNA-Arg 7898 7964 67 7933 7999 67 

tRNA-Val 7969 8035 67 8004 8070 67 

tRNA-His 8063 8126 64 8098 8161 64 

nad4 8127 9476 1350 8162 9511 1350 

12S rRNA 9484 10407 924 9519 10442 924 

16S rRNA 3' end 10493 11154 662 10528 11189 662 

nad5 11373 12920 1548 11408 12955 1548 

nad6 12928 13395 468 12963 13430 468 

tRNA-Gln 13405 13470 66 13440 13505 66 

nad3 13472 13825 354 13508 13861 354 

tRNA-Lys 13825 13891 67 13861 13927 67 

tRNA-Leu2 13895 13960 66 13931 13996 66 

tRNA-Phe 13962 14028 67 13998 14064 67 

tRNA-Ala 14042 14106 65 14078 14142 65 

nad1 14186 15118 933 14222 15154 933 

nad4L 15120 15401 282 15156 15437 282 

tRNA-Trp 15462 15524 63 15500 15562 63 

tRNA-Asp 15558 15625 68 15596 15663 68 

MNR 15626 16320 695 15664 16365 702 

 

4.3.2. Molecular diversity 

 

The major non-coding region (MNR/putative control region) exhibited the greatest 

nucleotide diversity (π = 0.0116). The large coding regions for genes cox1, nad1, nad2, nad4, 

nad5, and cytb were also highly polymorphic, cox1 had the greatest mean number of pairwise 

differences between individuals (K = 13.01; Table 4.3). Variation was generally lowest among 

tRNA coding regions, which was to be expected given their small sequence length (Danic-

Tchaleu et al., 2011). Resequencing identified a total of 629 segregating sites across the 

entire mitochondrion, of which 477 (75.8 %) were piSNPs. SNPs were generally distributed 

equally across the mitogenome, however absences can be attributed to regions which had 
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high missing call rates (Fig. 4.5). The 41 mitochondrial genomes analysed produced 39 unique 

haplotypes, with three individuals sharing the same mitogenome haplotype. These three 

individuals were sampled from Colchester, England (MER-02, MER-07) and Quiberon, France 

(QUI-02). 

 

 

Figure 4.5. Density plot of SNPs across 41 O. edulis mitogenomes. Red vertical lines indicate regions with high 

missing data (as visualized in Fig. 4.4). 

 

Table 4.3. O. edulis mitogenomic structure and molecular diversity statistics by gene/region and entire molecule. 

S – total number of segregating sites; Ns – number of singleton mutations; Pi – number of parsimony informative 

mutations; π – nucleotide diversity; K – mean pairwise differences between individuals; mean % missing calls.  

Domain Length 

(bp) 

S Ns Pi Haplotypes π K mean % 

missing 

cox1 1596 74 16 58 23 0.0082 13.01 5.14 

tRNA-Gly 67 0 0 0 1 0 0 84.6 

cox3 888 31 7 24 13 0.0051 4.52 5.11 

tRNA-Ile 66 4 3 1 5 0.0061 0.4 0 

tRNA-Thr 64 2 0 2 3 0.0056 0.36 0.34 

tRNA-Glu 68 0 0 0 1 0 0 0.25 

cytb 1161 43 6 37 19 0.0062 7.17 7.02 

cox2 693 13 2 11 8 0.0023 1.58 18.2 

tRNA-Met1 65 1 1 0 2 0.0008 0.05 9.87 

tRNA-Ser1 70 0 0 0 1 0 0 17.04 

tRNA-Met2 64 3 1 2 4 0.0058 0.37 0 

tRNA-Ser2 70 0 0 0 1 0 0 0 

tRNA-Leu1 67 1 0 1 2 0.0027 0.18 0.55 

tRNA-Pro 65 1 0 1 2 0.0028 0.18 0.53 
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Table 4.3 cont. 

Domain Length 

(bp) 

S Ns Pi Haplotypes π K mean % 

missing 

16S rRNA 5' end 577 14 0 11 10 0.0039 2.24 0.76 

nad2 1008 50 14 36 19 0.0071 7.19 1.25 

tRNA-Cys 64 1 0 1 2 0.0028 0.18 0 

tRNA-Tyr 65 1 1 0 2 0.0008 0.05 0 

atp6 669 16 7 9 11 0.0029 1.96 15 

tRNA-Asn 71 4 0 4 3 0.009 0.64 4.88 

tRNA-Arg 67 2 0 2 2 0.0042 0.28 9.5 

tRNA-Val 67 2 1 1 3 0.0055 0.37 4.19 

tRNA-His 64 1 0 1 2 0.0029 0.18 0 

nad4 1350 58 17 41 22 0.0076 10.28 2.25 

12S rRNA 924 11 5 6 13 0.0025 2.28 14.41 

16S rRNA 3' end 662 6 4 5 6 0.0013 0.82 3.75 

nad5 1548 75 21 54 23 0.0075 11.66 1.64 

nad6 468 20 4 16 15 0.0064 2.98 2.24 

tRNA-Gln 66 3 0 3 4 0.0099 0.64 0 

nad3 354 15 7 8 9 0.0065 2.29 0 

tRNA-Lys 67 2 0 2 3 0.0103 0.69 0 

tRNA-Leu2 66 2 0 2 3 0.0042 0.28 0 

tRNA-Phe 67 2 1 1 3 0.0051 0.34 0 

tRNA-Ala 65 0 0 0 1 0 0 0 

nad1 933 40 7 33 20 0.0076 7.08 4.5 

nad4L 282 10 1 9 7 0.0063 1.78 0 

tRNA-Trp 63 1 0 1 2 0.008 0.5 8.48 

tRNA-Asp 68 0 0 0 1 0 0 31.74 

MNR 702 48 11 37 16 0.0116 8.01 6.24 

Total 16365 629 152 477 39 0.0062 101.7 5.66 

 

4.3.3. Phylogenetic analyses 

 

Outgroup selection 

 

For all intraspecific phylograms involving the whole mitogenome, O. denselamellosa was 

used as an outgroup. This species is the closest relative to O. edulis for which the entire 

mitochondrion sequence is available. While cox1 alignment indicated that O. angasi and O. 

chilensis are more closely related to O. edulis, to date these species do not have an entire 

mitogenome sequence available for comparative analysis. The Ostrea cox1 phylogram’s 

topology is highly similar to the Ostrea topology of the phylogenetic tree produced in Danic-
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Tchaleu et al. (2011), with minor differences in nodal support and the inclusion of Saccostrea 

and more Crassostrea representative species (Fig. S4.1). 

 

Intraspecific phylogenetic trees 

 

ML, MP, NJ and UPGMA phylograms constructed using the sampled O. edulis mitogenomes 

shared highly similar topologies (Fig. 4.6.). Across all four approaches, mitochondrial 

haplotypes clustered into six groups with extremely high bootstrap support; with the 

exception of the UPGMA phylogram, which did not accurately assign CRO-3 to haplotype 

group 3 (Fig. 4.6. D). While the limited sample size of locations precludes more in-depth 

analyses, no evidence of geographic partitioning was observed in the data. Haplotype group 

one is the largest of the six, containing over 50% of all samples including the GenBank 

reference sequence (n = 21), and comprises individuals from each sample location; except 

CRO and LAR (Fig. 4.7; Table 4.4). RYA individuals were assigned to four haplotype groups, 

making it the most diverse location studied. While group four was exclusively RYA individuals, 

it was the smallest haplotype group (n = 2). 
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Figure 4.6. Rooted 50% cut-off consensus phylograms each based on 1000 replicates, showing phylogenetic 

relationships among 41 O. edulis mtDNA genomes. Colours correspond to the geographic origin of samples. The 

tree construction approaches are as follows: A, Maximum Likelihood (ML); B, Maximum Parsimony (MP); C, 

Neighbor Joining (NJ); D, Unweighted Pair Group Method with Arithmetic Mean (UPGMA). 
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Figure 4.7. Geographic distribution of mitochondrial haplotype groups. Pie charts indicate the proportion of 

individuals belonging to particular haplotype groups at each site sampled. 

 

Table 4.4. Proportion of individuals (by sample location) assigned to each of the six inferred haplotype groups. 

Sample site Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 

CRO 0 0.75 0.25 0 0 0 

FOY 0.75 0.125 0.125 0 0 0 

LAR 0 0 0.25 0 0.75 0 

MER 0.875 0 0 0 0 0.125 

NOR 0.25 0.5 0 0 0 0.25 

QUI 0.8 0 0.2 0 0 0 

RYA 0.375 0 0 0.25 0.125 0.25 

 

Median-joining networks 

 

The median-joining haplotype network for the 41 mitogenomes (Fig. 4.8) confirms the six 

well-defined haplotype groups identified from the phylogenetic analyses. The diverse 

haplotype group 1 shows that variable – but relatively few – mutational events separate 

constituent haplotypes. In contrast, a vast number of mutations separate haplotype groups 

from each other. This is most notable for the most distinct haplotype group, 6; yet it is found 
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alongside other haplotype groups in several locations (MER – England; NOR, Norway; RYA, 

Scotland). 

Given that different mitochondrial genes/regions are subject to different 

evolutionary rates, we examined four informative protein coding genes (cox1, cytb, nad4 and 

nad5) and the MNR independently, to determine whether these separate regions could 

represent the phylogenetic partitioning observed when considering the whole mitogenomes. 

Median-joining networks for cox1 and the MNR are displayed in Figures 4.9 and 4.10 

(networks for cytb, nad4 and nad5 can be found in supplementary Figures: S4.2, S4.3 and 

S4.4). In all regions investigated, haplotype group 6 could be differentiated by the greatest 

number of mutational steps. However, compared to the whole mitogenome median-joining 

network, haplotypes derived from single genes/regions resulted in a loss of information, 

through less mutational sites resolving network topography. Haplotype group 1 is especially 

homogeneous (in terms of mutation steps separating individuals) across these informative 

mitogenomic sub-regions, again suggesting relatively recent emergence in evolutionary time. 
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Figure 4.8. Median joining network of 41 O. edulis mitogenome sequences. Haplotypes are represented by coloured circles representing one of the seven sampling locations. Black 

vertical hash marks indicate mutation steps between haplotypes, and white circles indicate median vectors (hypothetical unsampled haplotypes).
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Figure 4.9. Median joining network of 41 O. edulis cox1 sequences. Haplotypes are represented by coloured circles 

representing one of the seven sampling locations. Black vertical hash marks indicate mutation steps between 

haplotypes, and black circles indicate median vectors. 

 

 

Figure 4.10. Median joining network of 41 O. edulis MNR (putative control region) sequences. Haplotypes are 

represented by coloured circles representing one of the seven sampling locations. Black vertical hash marks 

indicate mutation steps between haplotypes, and white circles indicate median vectors. 
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4.3.4. Selection of informative markers 

 

From the molecular diversity analyses outlined in the previous section, 477 piSNPs were 

identified across a sequence dataset masking polymorphisms with a call rate below 90%. In 

the following workflow, we used a more lenient call rate of 80% for piSNPs in order to find 

potentially informative mitogenome regions for which markers could be designed (Fig. 4.11); 

increasing the pool of piSNPs to 491. Of these piSNPs, 312 were linked to variants at other 

loci, and 179 were unlinked. Both categories of piSNP were most abundant in intergenic 

regions (excluding the MNR), followed by larger genes/regions with high π values reported 

in previous analyses: nad5, cox1, nad4, the MNR, cytb, nad2 and nad1, followed by cox3 and 

remaining genes/regions, with tRNA regions having the lowest unlinked and linked piSNP 

counts (Fig. 4.12.). Linked piSNP counts were higher than unlinked piSNPs across the entire 

mitogenome (Fig. 4.13.). 

 Because linked piSNPs were prevalent over unlinked piSNPs across the mtDNA 

genome, we were able to focus on finding the densest unlinked piSNP regions and be certain 

to also represent linked loci. Following a sliding window count of unlinked piSNP densities in 

400mers across a marked reference sequence, the densest regions were ranked and primers 

which could capture six of these dense 400mers (cox1, cytb, nad4L-MNR, nad4, cox3 and 16S 

rRNA 3' end-nad5) were designed (Table 4.5.). The six potential PCR products represent 2926 

bp (18%) of the 16,365 bp mitogenome, amplifying 101 piSNP loci, which include 53 of the 

184 unlinked piSNP loci; assuming the primers prove successful in vitro. Our data suggest that 

1.12 unlinked piSNPs occur per 100 bp of the mitogenome, whilst the putative PCR products 

represent 1.81 unlinked piSNPs/100 bp. 

 Although the primer sets have yet to be verified, preliminary analyses of the six 

concatenated sequences they target recovers the six major clades revealed by the entire 

mitogenome (Fig. 4.14.). The 41 O. edulis individuals form 32 distinct haplotypes in the 2926 

bp unlinked piSNP regions; a minor loss of information compared to our mitogenome dataset 

(i.e. 39 haplotypes, 16,365 bp). Nodal support separating haplotype groups was lower for this 

concatenated subset’s MP phylogram compared to the entire mitogenome (Fig. 4.6. B), but 

still met a 50% bootstrapping consensus (Fig. 4.14. A). 
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Figure 4.11. Histogram displaying the density of piSNPs by their call-rate across samples (displayed as percentage 

“quality”). 

 

 

Figure 4.12. Histogram of linked and unlinked piSNPs observed across genes/regions of the 41 O. edulis 

mitogenomes. 
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Figure 4.13. Density plot displaying linked and unlinked parsimony informative SNP (piSNP) counts across 41 O. 

edulis mitochondrial genomes. 

 

Table 4.5. Primer sequences, mitogenome positions, expected product lengths, melting temperatures and 

amplified genome regions for the six primer sets designed to amplify the densest unlinked piSNP regions of the 

O. edulis mitogenome. 

Primer name Gene/      

region(s) 

Sequence (without Illumina 

overhangs) 

Start Tm 

(°C) 

Product 

length 

Unlinked 

piSNPs 

Total 

piSNPs 

oed-illu-cox1-F cox1 TGCAGTTTCCTCGAATGAATGCT 329 61.12 
399 10 14 

oed-illu-cox1-R  GGATCCCCACCACCTACAG 728 58.78 

oed-illu-cytb-F cytb GGTGAGCTATTCGGAGGGTTCA 3106 61.8 
496 9 14 

oed-illu-cytb-R  TGCCACTAAAGCCACTAGTCCA 3602 61.35 

oed-illu-nad4L-F nad4L -MNR TGATAATTCAAGCAGGCAGTTCAATG 15283 60.63 
536 9 19 

oed-illu-nad4L-R  ACCCACCCCTTTCTAACCTTCT 15819 60.7 

oed-illu-nad4-F nad4 TCCGTTTCACACATAGCTTTTCCT 9002 60.75 
546 8 17 

oed-illu-nad4-R  AGGCTGACATTATACCAGAACCA 9548 59.22 

oed-illu-cox3-F cox3 GGTCTCCTGAATGATCTGTAGC 1514 58.01 
470 9 19 

oed-illu-cox3-R  AGACACTCCATTAGCCCAGCA 1984 61.18 

oed-illu-16S3-F 16S3'-nad5 CGAAAGGACCGTTAAAAGAGGA 11159 58.34 
479 8 18 

oed-illu-16S3-R   CGTAACTCCTAGCCAATCCCA 11638 59.24 

    
Σ 2926 53 101 
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Figure 4.14. Phylogenetic relationships among 41 O. edulis individuals, based on six unlinked piSNP dense regions 

targeted by the putative primer sets in Table 4.5. A: Rooted 50% cut-off consensus phylogram based on 1000 

replicates, constructed with a Maximum Likelihood (ML) approach. B: Median joining network, haplotypes are 

shown by coloured circles representing the seven sampling locations. Black vertical hash marks represent 

mutation steps between haplotypes, and white circles indicate median vectors. 
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4.4. DISCUSSION 

 

4.4.1. Resequencing and missing data 

 

Although missing data was low overall (mean locus missing data: 5.66%), a drawback of our 

resequencing approach was the combination of short-overlapping PCR fragments, with the 

resolving power of capillary electrophoresis to separate short Sanger sequence fragments 

(i.e. those close to the primer sequence) at the start of PCR products (Karger and Guttman, 

2009). This approach led to missing sequencing data in several regions, which could have 

been potentially accounted for by increasing the overlap between PCR products when primer 

sets were designed. For seven of the 33 primer pairs, the overlap between adjacent PCR 

amplicons was less than 50 bp. This resulted in localised hotspots of missing data, which were 

ultimately unrepresented in this study. Furthermore, employing 33 primer sets to 

resequence >16,000 bp was purposefully undertaken in order to allow greater amplification 

from tissue with partially degraded DNA, which – at the time of primer design –  was an issue 

with available O. edulis material. DNA quality greatly improved with samples collected 

subsequently. These issues resulted in a greater number of sequencing reads missing their 

initial nucleotides. If we had known in advance that we would be eventually obtain high 

yield/quality DNA from our samples, we could have significantly reduced the number of PCR 

products required to resequence the mitogenome – through increasing the length of PCR 

products.  

 

4.4.2. Molecular diversity and intraspecific phylogeny 

 

We identified 629 segregating sites, of which 477 were parsimony informative SNPs (piSNPs). 

The study described in this chapter is, to our best knowledge, the first investigation of 

intraspecific variability across the mitogenome of O. edulis. Despite the arguably low sample 

size (n= 40 individuals) in addition to the GenBank O. edulis reference, our dataset revealed 

high variability – 39 unique haplotypes, which have no geographic association at our level of 

sampling. Six well defined haplotype groups were identified; haplotype group 1 contained 

over half of all samples. While group 1 excluded samples from CRO and LAR, these locations 

only had four individuals each, which is too low to conclusively state whether sampling depth 
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or historical geographic structure account for this observation. However, considering the 

area covered by our sampling, biogeographic structure does not appear likely, since all 

sample sites possessed distinct haplotype groups, despite a low sample depth. Additionally, 

the size of haplotype group 1 is large due to the presence of many MER and FOY individuals, 

which along with RYA are represented more than other sampling locations (n = 8 vs n = 4). 

MER and FOY could represent locations with low mitochondrial effective sizes. Although 

more intensive sampling is required to address this in future research, it is possible that the 

prevalence of haplotype group 1 among distinct sample sites could indicate a dilution of 

phylogeographic signal, produced through hundreds of years of stock transfers (Bromley et 

al., 2016), or post-glacial expansion from a single refugia. 

Many of the piSNPs identified across the O. edulis mitogenome distinguish the six 

observed haplotype groups (especially haplotype group 6), which could suggest historical 

isolation and subsequent secondary contact (through environmental and/or human 

mediated factors), giving rise to the observed absence of biogeographic structure with 

mtDNA. This panmixia is most apparent in haplotype group 1, which is represented in the 

majority of sampled locations, despite its haplotypes having low variability – suggesting 

recent range expansion and associated low divergence (e.g. Milá et al., 2007). By contrast, 

the high number of mutations separating haplotype group 6 may indicate that very old 

divergences occurred due to isolation. Haplotype group 6 is observed alongside distantly 

related haplotype groups in several locations, which may suggest historical isolation, 

followed by mechanisms – whether human or natural – that facilitated secondary contact. 

 It is noteworthy that in this study, we were unable to recover the biogeographic 

structure observed in Diaz-Almela et al. (2004); where, based on SSCP of a 313bp 12s-rRNA 

fragment, three haplotype groups were found to be associated with Atlantic sample sites, 

Mediterranean sample sites, and geographically extreme samples (Norway and Black Sea), 

respectively. The difference in results between each study could have resulted from a 

number of factors including: the lower sample size and representation of sampling locations 

in the present investigation; the dilution of phylogenetic signal caused by including loci 

subject to parallel mutations in other mitochondrial regions; or temporal changes in genetic 

structure occurring between each investigations sample collection. These explantaions are 

discussed in greater detail below. 

Whilst our sample set was comparatively much smaller, it still represents Atlantic, 

Mediterranean (CRO) and Norwegian individuals, which correspond to the three distinct 
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haplotype groups found in Diaz-Almela et al. (2004). In the present study, however, we did 

not observe such a distinction between these sample sites. Nevertheless, we recognize that 

the power of population analyses using increased genome representation is inherently 

restricted by sample sets which are not representative of the population under study. Indeed, 

the polymorphic mtDNA loci identified in this study will be of more value when applied to a 

larger set of individuals, in order to build upon the mitochondrial persepctive of O. edulis 

arrived at in Diaz-Almela et al. (2004). 

If we focus exclusively on variation in the 12S rRNA coding region of our dataset, and 

specifically the 313bp region used by Diaz-Almela et al. (2004), we could ignore any potential 

dilution of phylogenetic signal caused by loci subject to parallel mutations in other regions of 

the mitogenome. Analysis of the 12S rRNA sequence exclusively in our 41 samples resulted 

in 15 haplotypes, which when analysed in a median joining network showed a similar lack of 

geographic association to that seen with the entre mitogenome sequence (Fig. S4.5.). When 

investigating the 313bp 12S rRNA sub-region exclusively, five haplotypes were observed, 

separated by only four piSNP loci, with a dominant haplotype composed of individuals from 

every location sampled (Fig. S4.6.). While this was an indirect comparison of SSCP migration 

to nucleotide sequences, we can conclude that the 12S rRNA region is a poor representative 

of the mitogenome when using a small sample size. However, it should be noted that our 

dataset had a relatively high missing data rate of 14.4 % within the 12S rRNA region, and 

given its large size (924 bp), it is therefore possible that this region has unrepresented piSNPs 

which did not meet our quality screening. 

 Temporal genetic variation occurring between sampling windows for both studies is 

another potential factor which could account for the different findings. The samples used in 

this study were obtained between 2010-2015, whilst Diaz-Almela et al. (2004) samples were 

obtained between 1996-1999 (Launey et al., 2002): a gap of 11 to 19 years for O. edulis 

haplotype frequencies to potentially change across successive generations. Temporal 

variation is low in O. edulis from North Atlantic locations (Vera et al., 2016), however this 

study employed nuclear markers, and had only a two year gap between temporal cohorts. It 

is concievable that genetic change can occur at a faster rate on the non-recombining, haploid 

mitochondrial genome, which could be exacerbated by: 1) highly variable reproductive 

success (Hedgecock et al., 2007); 2) a male-biased “sex” ratio (Le Dantec and Marteil, 1976; 

Diaz-Almela et al., 2004).  
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Mitochondrial analysis of O. edulis has previously reported genetic differentiation 

patterns in the Atlantic/Mediterranean comparable to analyses at nuclear loci; yet a unique 

mitochondrial haplotype group at the geographic extremes of Norway and the Black Sea, 

which is not represented by nuclear markers (Launey et al., 2002; Diaz-Almela et al., 2004). 

Mitochondrial-nuclear (cytonuclear) discordance has been observed in the common cockle 

Cerastoderma edule, where biogeographic structure was differently inferred by 

microsatellites and the cytb gene for cockles from locations in the mid latitudes of the 

species’ distribution (Martínez et al., 2015). Biogeographic inferences even differed between 

mitochondrial genes, cox1 and cytb. Whilst C. edule and O. edulis vary in life history traits and 

overall distributions, they are both marine bivalves found in the Atlantic coasts of Europe, 

whose genetic structure could be shaped by the same environmental forces – such as 

historical glacial refugia and oceanic currents – which could drive cytonuclear discordance 

(e.g. Lu, Basley and Bernatchez, 2001; Zarza, Reynoso and Emerson, 2011). In the present 

study, our analyses of 41 O. edulis mitogenomes do not yield any geographic patterns 

comparitive to the well-defined clusters found recently with nuclear markers such as 

microsatellites (Vera et al., 2016; Chapter 2, but see Chapter 2/3 for the differences observed 

between these studies),  and SNPs (Chapter 3). This negative result, however, should not be 

taken as conclusive. Indeed, we argue that this issue must be re-addressed with greater 

mtDNA representation (as shown above by the low informativeness of the 12S rRNA region), 

and with a larger sample size than is used in this investigation.  

 

4.4.3. Informative markers 

 

The preliminary analyses of mitogenomic variability across individuals from multiple 

locations allowed us to address an additional objective of this study: the recovery of novel 

markers for future intraspecific phylogeographic studies. Given the costliness of 

resequencing entire mitochondrial genomes, knowledge of polymorphic loci could be applied 

to hundreds of individuals in the form of multiplex primers, which could efficiently target a 

subset of unlinked, parsimony informative SNPs for high throughput sequencing. Such tools 

can allow inferences to be made about the demographic history of one of the most 

extensively moved marine species, and possibly quantify the impact of transfers on maternal 

lineages in recipient populations. In this part of the study, we developed an ad-hoc 

bioinformatics pipeline to identify piSNP dense regions based on multiple alignments 
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containing missing data, which entails: assessing the reliability of SNP calls with a numeric 

quality score, similar in manner to the FASTQ format (Cock et al., 2009); filtering SNPs based 

on a quality threshold; differentiating linked and unlinked piSNPs; marking and counting the 

densities of unlinked piSNPs using a sliding window across a reference mitogenome; and 

ranking each window by the number of desirable loci they contain, with the intention of 

designing markers which could target and amplify the most piSNP dense regions. We only 

considered parsimony informative SNPs in our approach, since these variants occur in at least 

two individuals. This lowered the probability of the variant being a result of a mutation 

brought about by error during PCR, or low intensity base calls during capillary 

electrophoresis. We argue that our approach can be further improved with the used of high 

throughput massively parallel sequencing, which relies on a greater depth of sequencing 

reads, hence a greater standard for assessing the quality of a nucleotide call i.e. FASTQ. While 

the markers we designed have yet to be validated, they are amenable to Illumina sequencing, 

which will be carried out in future work within our research group. 

The top six unlinked piSNP dense 400mers we identified fall within: cox1, cytb, nad4L-

MNR, nad4, cox3 and 16S rRNA 3' end-nad5. Analyses of variants from these regions were 

able to recover all six major haplotype groups observed with the entire mitochondrial 

molecule. This suggested that these markers could be readily applied to population based 

studies at a reduced time and cost compared to entire mitogenome resequencing, while still 

resolving the major phylogenetic patterns characterised by whole mitogenome analyses. 

While this is certainly promising, it remains to be seen whether the seemingly panmictic 

distribution of haplotypes can be refuted in favour of meaningful biogeographic partitioning, 

through application of a larger sampling depth and coverage. 
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4.5. SUPPLEMENTARY MATERIAL 

 

 

Figure S4.1. UPGMA tree based on cox1 alignment for several species of the Ostrea genus. Crassostrea gigas was 

used as an outgroup. Numbers indicate percentage cluster support based on 1000 replicates. 

 

 

Figure S4.2. Median joining network of 41 O. edulis cytb sequences. Haplotypes are represented by coloured 

circles representing one of the seven sampling locations. Black vertical hash marks represent mutation steps 

between haplotypes, and white circles indicate median vectors. 
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Figure S4.3. Median joining network of 41 O. edulis nad4 sequences. Haplotypes are represented by coloured 

circles representing one of the seven sampling locations. Black vertical hash marks represent mutation steps 

between haplotypes, and white circles indicate median vectors. 
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Figure S4.4. Median joining network of 41 O. edulis nad5 sequences. Haplotypes are represented by coloured 

circles representing one of the seven sampling locations. Black vertical hash marks represent mutation steps 

between haplotypes, and white circles indicate median vectors. 

 

 

Figure S4.5. Median joining network of 41 O. edulis 12S rRNA coding sequences. Haplotypes are represented by 

coloured circles representing one of the seven sampling locations. Black vertical hash marks represent mutation 

steps between haplotypes. 
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Figure S4.6. Median joining network based on the 313 bp 12S rRNA region used by Diaz-Almela et al. (2004), for 

our 41 O. edulis samples. Haplotypes are represented by coloured circles, representing one of the seven sampling 

locations. Black vertical hash marks represent mutation steps between haplotypes. 
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5.1 THESIS SUMMARY 

 

The core purpose of this thesis was to assess and further develop molecular-based tools that 

can be applied to wild populations of the European flat oyster (Ostrea edulis), in order to help 

inform the management and conservation of this important organism. The research was 

funded by the IBIS project: a partnership between the Loughs Agency, Queen’s University 

Belfast and the University of Glasgow, supported by the EU’s INTERREG IVA Programme and 

managed by the SEUPB. The goal of the IBIS project was to deliver applied research for the 

evidence-based management of aquatic resources within Northern Ireland, Ireland and 

Scotland. Oysters provide valuable ecosystem services (such as water filtration and hard 

substrate surfaces), thereby increasing the capacity of habitats where they occur to support 

biodiversity. In Europe, O. edulis has been part of the human diet for millennia, and a 

component of aquaculture for hundreds of years. Overexploitation, destruction of natural 

beds, pollution and disease have all contributed to the decline of wild O. edulis populations. 

Despite this fall, and the current market dominance by other species (namely the Pacific 

cupped oyster, Crassostrea gigas), O. edulis remains an important commodity wherever it is 

grown and sold. These qualities have incentivised efforts to manage and conserve surviving 

O. edulis beds and aid the restoration of depleted areas, with the overall goal of ensuring the 

long-term sustainable exploitation of the species.  

To aid in managing and conserving biological resources, molecular markers can serve 

as important tools to measure the genetic diversity and connectivity of different populations 

(Schwartz, Luikart and Waples, 2007; Palsbøll, Bérubé and Allendorf, 2007). However, a 

relatively small suite of molecular markers are available for O. edulis. Consequently, the 

approaches herein involved the assessment and development of molecular markers to 

measure the genetic diversity and structure of remaining O. edulis populations, in an effort 

to understand historical processes which have shaped the evolution of O. edulis, and the 

long-term viability of different strains. Such markers were applied to the IBIS areas of focus 

(Northern Ireland, Ireland and Scotland), in addition to the broader species distribution, to 

help delineate genetic units in a marine species both capable of larval dispersal and subjected 

to decades of human-mediated transfers (Bromley et al., 2016).  

 This thesis consists of three research chapters, elaborating on the assessment and 

further development of molecular based methods for the study of O. edulis population 

genetics; and are ultimately intended for publication. Chapter 2 focused on the population 
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genetic analyses of a comprehensive sample collection using, in our assessment, the most 

reliable microsatellite markers currently available in the literature, in combination with 

contemporary statistical genetic analyses (in particular those based on clustering algorithms). 

This work was primarily undertaken to increase the body of knowledge and to allow 

comparability between our sample collection and others. To this end, it permitted the 

characterization of patterns of genetic structure among our collection of O. edulis samples 

using tried and tested markers, providing a point of reference for higher coverage genomic 

markers developed and utilized later in the thesis. The results of such analyses form the basis 

of a draft manuscript for publication.  

The research described in Chapter 3 involved the analysis of SNP microarray 

genotyping technology in O. edulis to address whether genomic approaches utilizing many 

thousands of markers can improve our ability to detect population structure in O. edulis, a 

highly fecund marine bivalve with large dispersal capability. In particular, the main objective 

of this chapter was to test whether a greater genome representation (marker numbers and 

coverage) could help infer previously undetected population substructure. Additionally, 

characterization of loci under putative selection processes was carried out to examine 

whether potentially adaptive divergences can explain the patterns of genetic structure 

observed among O. edulis samples. It is anticipated that this study will provide the basis of 

two publications, and also a foundation for future studies utilizing the extensive data 

generated. Indeed, the study describing the development and validation of the SNP array, 

which provided the data used in Chapter 3, is already published (Gutierrez et al., 2017, 

Appendix 5).  

Finally, Chapter 4 described the development of SNP mitochondrial markers for O. 

edulis, which to date are the most limited marker type available for the species (Diaz-Almela 

et al., 2004); despite the fact that a reference mitogenome has been available since 2011 

(Danic-Tchaleu et al., 2011), and their potential usefulness in deducing biogeographic history 

of populations and species is widely acknowledged in the literature (e.g. Ingman et al., 2000, 

Morin et al., 2008). Mitochondrial markers can be valuable for resolving phylogeography in 

scenarios where the biogeographic signal of nuclear markers has been diluted through 

extensive recombination, and thus may be an informative means to infer historical processes 

– like undocumented stock transfers – and their impact on the genetic profile of destination 

populations (Gum, Gross and Kuehn, 2006; Audzijonyte et al., 2017). This mostly technical 

research chapter will likely form a short note for publication; work is currently ongoing to 
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validate and apply the developed markers to a larger sample set using high-throughput 

sequencing platforms.  

 

5.2 MANAGEMENT IMPLICATIONS 

 

The “OSPAR” (Oslo and Paris) Convention regulates European standards on marine 

biodiversity, eutrophication and pollution in the North-East Atlantic (i.e. the main source of 

O. edulis sampled in this study; OSPAR Convention, 1992). OSPAR recognizes O. edulis as 

“threatened and/or declining” – primarily due to overexploitation, habitat destruction and 

disease - thus has made recommendations to protect, maintain and expand remaining O. 

edulis populations, and to restore areas where O. edulis was once present (Haelters and 

Kerckhof, 2009). Similarly, O. edulis is included in the UK Biodiversity Action Plan (UKBAP, 

1999), with the maintenance of genetic variability as a management objective. The Native 

Oyster Species Action Plan (NOSAP) is a component of UKBAP in Great Britain (Hawkins, 

Hutchinson and Askew, 2005), with objectives to expand the geographical distribution of O. 

edulis and increase its abundance within UK inshore waters (Laing, Walker and Areal, 2005). 

Below, we outline where the data generated throughout this thesis can inform or assist with 

management and restoration efforts: broadly categorized as the known connectivity/ 

differentiation among O. edulis samples into distinct genetic units, and the genetic diversity 

within these observed genetic units. 

 

5.2.1 Connectivity and differentiation among O. edulis sample sites 

 

The mixing of genetically different strains is recognized by OSPAR as a “medium” threat to 

the sustainable exploitation of O. edulis (Haelters and Kerckhof, 2009), as it can: 1) result in 

problems with adaptation; 2) reduce overall genetic diversity of populations; 3) introduce 

disease to non-resistant populations. Based on research published prior to 2005, a UK CEFAS 

report on restoration feasibility cited a “basic genetic similarity” of wild O. edulis populations, 

concluding that “the geographical source of stock is not critical” in relation to stock 

enhancement (Laing, Walker and Areal, 2005). Genetic differences detected among 

European O. edulis populations were considered “minor”, due to larval interchange and 

human interventions (Laing, Walker and Areal, 2005). Therefore, O. edulis management can 
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benefit from updated knowledge of which distinct genetic units exist, to preserve and use for 

restoration, or sustainable exploitation. 

Our studies utilizing nuclear DNA markers found that Ostrea edulis is not a single 

panmitic population, but displays genetic isolation by distance (IBD) among the natural sites 

sampled – in line with previous research conducted over large sampling scales (Launey et al., 

2002), and within the North Atlantic (Vera et al., 2016; Beaumont et al., 2006). The OSPAR 

area is subdivided into five regions of management within the North-East Atlantic:  

- Region I: Arctic Waters  

- Region II: Greater North Sea  

- Region III: Celtic Seas  

- Region IV: Bay of Biscay and Iberian Coast  

- Region V: Wider Atlantic  

We identified two distinct genetic lineages within Atlantic Europe, which were separated by 

the North Sea: 1) Western Europe “WEu”, representing OSPAR Regions II, III and IV; and 

North-West Europe/North America “NWEuNA”, representing Region II (in addition to 

transplanted North-American sample sites). The Mediterranean Sea sample Croatia also 

constitutes a distinct genetic lineage, and is protected under the Barcelona Convention  

(Barcelona Convention for the protection of the Mediterranean, 2011). However, inferences 

of shared ancestry between O. edulis sampled from Croatia, France and Spain may suggest 

that gene flow between Atlantic and Mediterranean populations has taken place. This means 

management practices in these areas could have far-reaching implications – despite their 

separation by laws and regulations – thus their potential connectivity should be further 

elucidated through sampling additional Mediterranean sites.  

Distinct genetic units should be considered holistically, as actions undertaken in one 

area can have consequences for other areas through shared genetic material. This appears 

to be relevant across OSPAR regions II, III and IV – inhabited by the Western Europe “WEu” 

inferred O. edulis cluster. Contrasting this shared ancestry, managers of O. edulis within 

OSPAR region II should also be conscious that Great Britain and mainland European coastlines 

of the North Sea likely represent distinct O. edulis genetic clusters, whose differentiation 

should be maintained through the prevention of transfers across the North Sea. Cross-

communication between regional managers is therefore important for the management of 

inferred genetic units, and ultimately the species as a whole. That is to say, local managers 
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should be aware that O. edulis growing areas may impact, and be affected by, actions carried 

out at larger geographical ranges, due to the extensive coverage of observed genetic units. 

O. edulis sampled from the hatchery site Larne Lough (Northern Ireland) are 

differentiated from neighbouring Western European sample sites, with evidence of 

substructure and unequal ancestry to Western Europe among them. The hatchery processes 

undertaken in Larne Lough likely explain its structure, yet outstanding questions remain, such 

as its further substructure into four clusters (possibly due to family effects, as observed in 

hatchery propagated populations by Launey et al., 2001), and the relationship of some Larne 

clusters with Western Europe – indicating gene flow may take place between wild sites and 

Larne’s hatchery. Samples from Larne or other known hatchery sites (e.g. Lallias et al., 2010) 

are not recommended for use in supplemental stocking or restoration projects, due to their 

reduced genetic variability in comparison to wild populations. However, it could be argued 

that hatchery production alleviates harvesting pressure on wild beds by meeting an extent 

of the market demand for O. edulis.  

With strong support for genetic isolation by distance, no strong indication of 

stocking-mediated genetic connectivity was observed in our studies; with the exception of 

the relationship between North American samples and those from Norway/Denmark/The 

Netherlands (i.e. the “NWEuNA” cluster). However, the absence of substructure within the 

geographically extensive inferred clusters of Western Europe and North West Europe/NA 

could have been facilitated by historical restocking, in addition to natural gene flow. 

Documented stock transfers support such genetic homogeneity observed within the inferred 

clusters geographic boundaries, yet transfers between sites belonging to differently inferred 

O. edulis genetic clusters has also taken place (Bromley et al., 2016). Many cases of 

documented transfers lack information such as number of oysters transferred and specific 

locations, thus disentangling the historical methods of gene flow remains an enduring 

challenge which is overall unaided by known stock transfers – even with higher genomic 

representation. 

Genetic structure observed between the Damariscotta and Quahog Bay samples 

(Maine, USA) may represent a useful case study of short term evolution in the absence of 

natural gene flow, however such inferences must consider historical hatcheries operating in 

Maine, prior to establishing naturalized populations (Vercaemer et al., 2006), which are likely 

to have suffered from inbreeding (Launey et al., 2001) – thus accelerating genetic 

differentiation. 
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The high genomic coverage offered through the use of SNP array technology 

provided greater power to resolve population structure than traditional markers. Such 

markers could be used to directly inform restocking (where deemed appropriate): i.e. SNP 

genotyping of samples alongside molecular probes for Bonamia detection (e.g. Cochennec et 

al., 2000; Corbeil et al., 2006; Narcisi et al., 2010) could screen samples prior to supplemental 

transfer to other areas. This can rule out disease presence and determine that source 

individuals are genetically similar to those in the recipient area (i.e. they belong to the same 

genetic cluster) – this will prevent losses in genetic diversity in both neutral loci and those 

conferring putative adaptation to particular environmental conditions. 

Efforts to assign wild O. edulis sites, not sampled in this research, to the inferred 

genetic lineages should be a future research goal. This will help with the overall management 

and delineation of separate genetic units, but also address whether genetic isolation has 

occurred – as is shown to be possible at the microgeographic scale (e.g. Larne Lough vs 

Ireland; Skye vs Scotland in Beaumont et al., 2006).  

We found evidence for potentially adaptive divergence between inferred clusters, 

providing a foundation for future research to assess whether selective processes play a role 

in defining distinct genetic clusters (Conover et al., 2006; Leinonen et al., 2006; Nielsen et al., 

2009). Recently, SNPs developed by Gutierrez et al. (2017) and used in this thesis have been 

applied – alongside differentially expressed genes – to populations of differing Bonamia 

ostreae tolerance, to identify signatures of adaptive variation (Vera et al., 2019). 

 

5.2.2 Genetic diversity 

 

Genetic variability at neutral loci is used to estimate changes in population size, and thus 

reflects the genetic health and reproductive success in units of management interest 

(Palsbøll, Bérubé and Allendorf, 2007; Schwartz, Luikart and Waples, 2007). Datasets 

generated throughout this thesis provide contemporary information relating to the genetic 

diversity and variation among a broad representation of O. edulis populations, which could 

be used to inform management decisions relating to the conservation and recovery of O. 

edulis, and its sustainable exploitation.  

Our results indicated that the inferred clusters representing wild populations (i.e. 

Croatia, Western Europe and North West Europe/North America) are genetically diverse, 
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with little evidence of inbreeding or genetic drift. Effective population size (Ne) estimates for 

these clusters were generally high with SNP loci; and Ne for Western Europe was found to be 

around twice that for North West Europe/North America. Protecting water quality of shellfish 

production areas, seasonal fishing, setting minimum landing sizes based on pre-season stock 

surveys, cultch laying, spat collection and bed rotation have been recognized as effective 

management measures in Ireland (Haelters and Kerckhof, 2009). Similar management 

strategies are also enforced in England and Wales (Laing, Walker and Areal, 2005), as all seek 

to maximise the reproductive effort of wild O. edulis fisheries, and thereby preserve their 

genetic variability. Therefore, the results of this thesis indicated that wild O. edulis 

populations in the OSPAR region have maintained genetic diversity; in spite of historical 

declines through overexploitation and habitat destruction, and accelerated by B. ostreae in 

recent decades (Haelters and Kerckhof, 2009). Managed production areas such as Lough 

Foyle (Ireland), Colchester (Mersea, England), Lake Grevelingen (The Netherlands) and 

Limfjord (Denmark) support high Ne and genetic diversity estimates, despite the presence of 

Bonamia ostreae. This may suggest that current OSPAR management practices in place – and 

their implementation by companies and cooperatives – are effective, however data from 

experimental control sites or historical genetic material would be necessary to validate this 

claim.  

The datasets presented here provide a point of reference from which future genetic 

monitoring can take place, whereby genetic diversity can be indirectly measured in response 

to changes in policy or adherence to existing management measures. Markers such as SNPs 

can be genotyped with low ambiguity, providing a useful genetic baseline to monitor the 

genetic status of managed beds, against which the extent of management efforts (e.g. length 

of closed season, broodstock areas off limits to fishing etc.) could be ‘tweaked’ in response 

to changes in genetic variation. 

O. edulis sampled from Croatia represented the highest Ne estimate of all samples 

and inferred clusters, whether due to the absence of Bonamia or refuge from past 

glaciations, remains to be elucidated. Although beyond the scope of this study, a comparison 

of husbandry and management practices within OSPAR regions to those of Croatian and 

other Mediterranean sites, could allow a more pragmatic assessment of management 

measures for O. edulis – where they differ in relation to genetic diversity measures. 
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APPENDIX 1  

R script for imputing missing sequencing data using a reference sequence 

Relevant chapter: Chapter 4 

This R script details the workflow used to: 1) calculate a “quality score” for each 

position/sample in a multiple sequence alignment; 2) replace missing data in a sequence 

alignment of O. edulis mitochondrial genomes, using a reference. 

# Install and load the required package 

source("https://bioconductor.org/biocLite.R") 

biocLite("Biostrings") 

library(Biostrings) 

 

# Import mitogenome alignment 

fasta <- readBStringSet("./Data/Oedu_mtgenome_alignment.FAS")  

# "readBStringSet()" instead of "readDNAStringSet()" to account for "?" 

characters 

 

# convert to dataframe 

seq.names <- names(fasta) 

sequence <- paste(fasta) 

seq.df <- data.frame(seq.names, sequence) 

 

# change class to character 

seq.df <- data.frame(lapply(seq.df, as.character), stringsAsFactors=FALSE) 

 

# split up sequence to individual nucleotides 

seq.df.split <- data.frame((do.call('rbind', 

strsplit(as.character(seq.df$sequence), "", fixed=T))), 

                           row.names = seq.df$seq.names) 

seq.df.split <- data.frame(lapply(seq.df.split, as.character), 

stringsAsFactors=FALSE) 

 

# Name rows and columns 

row.names(seq.df.split)<-seq.df$seq.names 

colnames(seq.df.split)<- paste(1:length(seq.df.split)) 

 

# Define reference (first sequence of alignment, in this case) 

Reference <- seq.df.split[1,] 

 

# create column of present data % i.e. "quality score" 

seq.rown <- nrow(seq.df.split) 
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qual.score <- apply(X = seq.df.split,2,FUN = function(x) { seq.rown-

length(which(x=='?'))}) 

qual.score <- (qual.score/seq.rown)*100 

qual.score <- round(qual.score, digits = 2) 

 

# Add quality score to data frame 

seq.df.split <- rbind(seq.df.split, qual=qual.score) 

 

# Loop through character vectors, to replace missing data (“?”) with 

reference sequence for that position 

for (i in 1:nrow(seq.df.split)) { 

  for (j in 1:length(seq.df.split[i,])) { 

    if (seq.df.split[i,j] == "?") { 

      seq.df.split[i,j] <- Reference[1,j] } 

  } 

} 

 

# Export output 

write.csv(x = seq.df.split, file = "./Results/nb_Oedu_reffiller_out.txt ", 

   quote = F) 
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APPENDIX 2 

R scripts to mask low quality SNPs in a multiple sequence alignment 

Relevant chapter: Chapter 4  

The following R script demonstrates how <90% quality SNPs were identified, and masked 

with the reference sequence prior to diversity/phylogenetic analyses. 

# Load reference filled alignment with quality score (i.e. Appendix 1 

output) 

x <- read.csv("./Results/nb_Oedu_reffiller_out.txt", sep = ",", header = T, 

row.names = 1) 

 

# Make dataframe of position and quality score: 

quality = data.frame(t(x[42,])) # row of quality score 

quality$qual <- as.numeric(levels(quality$qual))[quality$qual] # convert 

from factor to numeric 

qual.tab <- data.frame(position = c(1:length(x)), quality = quality$qual) 

 

# Import biallelic piSNP location data (DNaSP output): 

pisnps.raw <- read.delim(file = 

"./Data/Oedu_reffilled_pisnps_2variants_list.txt", header = F, sep = "\n") 

pisnps.raw <- cbind(pisnps.raw, type = rep("piSNP 2var", 

length(pisnps.raw))) 

head(pisnps.raw) 

# V1       type 

# 1  54 piSNP 2var 

# 2  57 piSNP 2var 

# 3 177 piSNP 2var 

# 4 228 piSNP 2var 

# 5 267 piSNP 2var 

# 6 291 piSNP 2var 

 

# Import singletons and 3variant piSNPs (DNaSP outputs): 

singletons.raw <- read.delim(file = "./Data/2017-

02_reffiller_singletons.txt", header = F, sep = "\n") 

singletons.raw <- cbind(singletons.raw, type = rep("singleton", 

length(singletons.raw))) 

head(singletons.raw) 

# V1      type 

# 1  72 singleton 

# 2 477 singleton 

# 3 579 singleton 

# 4 708 singleton 
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# 5 833 singleton 

# 6 878 singleton 

 

pisnp.3var.raw <- read.delim(file = "./Data/2017-

02_reffiller_piSNP_3var.txt", header = F, sep = "\n") 

pisnp.3var.raw <- cbind(pisnp.3var.raw, type = rep("piSNP 3var", 

length(pisnp.3var.raw))) 

head(pisnp.3var.raw) 

# V1       type 

# 1  1445 piSNP 3var 

# 2  3847 piSNP 3var 

# 3  4957 piSNP 3var 

# 4 13686 piSNP 3var 

# 5 13767 piSNP 3var 

 

# Combine all SNPs 

allsnp <- rbind(pisnps.raw,singletons.raw,pisnp.3var.raw) 

allsnp <- allsnp[with(allsnp, order(V1)),] 

row.names(allsnp) <- c(1:nrow(allsnp)) 

 

# Extract quality score of SNP loci to new column on “allsnp”: 

allsnp[,3] <- NA 

for (i in 1:nrow(allsnp)) { 

  j<- allsnp$position[i] 

  allsnp[i,3] <- qual.tab$quality[j] 

} 

colnames(allsnp) <- c("position", "type", "quality") 

 

# Create data frame of SNPs below 90% quality  

 

 

ref.fill.90.algn <- subset(allsnp, quality < 90) 

 

# Convert to character 

ref.fill.90.algn <- data.frame(lapply(ref.fill.90.algn, as.character), 

stringsAsFactors=FALSE) 

 

# Find SNPs with <90% quality score, replace with reference sequence 

for (h in 2:nrow(ref.fill.90.algn)) {  

  for (i in 1:length(ninty.rejects$position)) {  

    j <- ninty.rejects$position[i] 

    ref.fill.90.algn[h,j] <- "?"  

  } 

} 

 

# Prepare ref.fill.90.algn for export 
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seq.names<- paste(">",row.names(x),"\n", sep = "") # fasta headers 

seq.names <- seq.names[1:41] 

ref.fill.90.algn <- ref.fill.90.algn[1:41,] # drop quality row 

row.names(ref.fill.90.algn)<- seq.names  

colnames(ref.fill.90.algn)<- paste(1:length(ref.fill.90.algn))  

 

# Export ref.fill.90.algn 

write.table(x = ref.fill.90.algn, file = "./Results/mt_all_reffill_90.FAS", 

append = F, quote = F, sep = "", row.names = T, col.names = F) 

 

 

The following R script demonstrates how <80% quality biallelic parsimony informative SNPs 

(piSNPs) were identified, and masked prior to examining linkage. 

# Make data frame of quality sites  

 

# Load reference filled alignment with quality score (i.e. Appendix 1 

output) 

x <- read.csv("./Results/nb_Oedu_reffiller_out.txt", sep = ",", header = T, 

row.names = 1) 

 

# make new table of position and quality score: 

# position 

Position <- matrix(data = 1:length(x), nrow = 1, ncol = length(x)) 

 

# quality score 

qual.score <- as.matrix(x[42,]) 

 

#table 

qual.tab <- rbind(Position, qual.score) 

rownames(qual.tab) <- c("position","quality") 

 

# Import piSNP biallelic table (DNaSP output) 

 

pisnps.raw <- read.delim(file = 

"./Results/Oedu_reffilled_pisnps_2variants_list.txt", header = F, sep = 

"\n") 

pisnps.raw <- t(pisnps.raw) 

 

mat<-matrix(0, nrow = 2, ncol = length(pisnps.raw)) 

 

for (i in 1:length(pisnps.raw)) { 

  j<-(pisnps.raw[i]) 

  k <- matrix(qual.tab[,j]) 
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  mat[,i] <- k 

} 

 

row.names(mat)<- c("piSNP","Quality") 

 

# create new object of 80% quality piSNPs 

mat <- t(mat) 

piSNP.df <- as.data.frame(mat) 

 

# convert factor to number 

piSNP.df$Quality <- as.numeric(levels(piSNP.df$Quality))[piSNP.df$Quality] 

 

# Filtering  

 

# 80% 

pisnp.df.80 <- subset(piSNP.df, Quality >= 80) 

 

# export 80pq SNPs for linkage analysis 

 

write.csv(x = pisnp.df.80,  

          file = "./Results/Oedu_pisnp_loc_80pq.txt", quote = F) 
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APPENDIX 3 

 

R script to mark positions of interest on a DNA sequence 

Relevant chapter: Chapter 4 

The following R script demonstrates how, following examination for linkage, the positions of 

unlinked biallelic piSNPs  (with a quality score ≥80%) were marked on the reference 

sequence, for later use as a template for density counts (see Appendix 4). 

# Install/load required package 

source("https://bioconductor.org/biocLite.R") 

biocLite("Biostrings") 

library(Biostrings) 

 

# Import unlinked biallelic piSNPs 

unlinked.snps <- read.delim(file = "./Results/unlinked_SNPs_manual.txt", 

                            header = T, sep = "\t", quote = "") 

 

# Import reference sequence 

oed.mt.genbank <- readBStringSet("./Data/Oedu_GenBank.FAS") 

 

# Convert to dataframe 

seq.names <- names(oed.mt.genbank) 

sequence <- paste(oed.mt.genbank) 

oed.mt.genbank.df <- data.frame(seq.names, sequence) 

 

# convert to character 

oed.mt.genbank.df <- data.frame(lapply(oed.mt.genbank.df, as.character), 

stringsAsFactors=FALSE) 

 

# split up  

oed.mt.genbank.df.split <- data.frame((do.call('rbind', 

strsplit(as.character(oed.mt.genbank.df$sequence), "", fixed=T))), 

  row.names = oed.mt.genbank.df$seq.names) 

oed.mt.genbank.df.split <- data.frame(lapply(oed.mt.genbank.df.split, 

                               as.character), stringsAsFactors=FALSE) 

 

# Name rows and columns 

row.names(oed.mt.genbank.df.split)<-oed.mt.genbank.df$seq.names 

colnames(oed.mt.genbank.df.split)<- paste(1:length(oed.mt.genbank.df.split)) 

 

# loop, replace base at SNP site with "?"  
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for (i in 1:length(unlinked.snps$Site)) { 

  j <- unlinked.snps$Site[i] 

  oed.mt.genbank.df.split[,j] <- "?" 

} 

 

# export modified dataframe 

write.csv(x = oed.mt.genbank.df.split, file = 

"./Results/oed_ref_unlinked_SNPs.txt", quote = F, sep = ) 
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APPENDIX 4 

 

Python script to perform a sliding window SNP count across a marked DNA sequence 

Relevant chapter: Chapter 4 

The following Python 3.5 script demonstrates how a 400 bp sliding window counted the 

density of marked positions of a .FASTA sequence (in this case, unlinked biallelic piSNPs), and 

exports the starting position and mark count for each window. 

# O. edulis mtDNA SNP sliding window counter for unlinked SNPs 

 

try: 

    f = open("/media/HDD1/MEGAsync/R/O. edulis projects/mtDNA 

Analyses/ConsenseR/Results/oed_ref_unlinked_SNPs.FAS") 

except IOError: 

    print("the file does not exist!") 

 

seqs={} #creates dictionary 'seqs' 

for line in f: 

    #Discard newline \n at end (if any) 

    line=line.rstrip() 

    #Distinguish header from sequence 

    if line[0]=='>' : # or line.startswith('>') 

        words=line.split() 

        name=words[0][1:] 

        seqs[name]='' 

    else : # sequence, not header 

        seqs[name] = seqs[name] + line 

 

k = 400 # k is the size of window 

 

# append 399bp of start to the end of genome (for circular genomes) 

for v in seqs.values() : 

    xtra = v 

 

xtra = xtra[:k-1] # takes 1st 399 bp of sequence  

 

for v in seqs.values() : 

    mtnomeplusxtra = v 

    mtnomeplusxtra += xtra # add extra to end of mtnome 
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for key in seqs.keys(): 

        seqs[key] = mtnomeplusxtra # replace with extended mtnome  

 

 

# create dictionary of sliding windows (400mers in our case) 

dict400mer={} 

 

for sequence in seqs.values() : 

    for i in range(0, len(sequence) - k + 1) : 

        window = sequence[i:i+k] 

        dict400mer[i+1] = window  

 

# SNP count dictionary 

SNPcountdict={} 

for key, values in dict400mer.items() : 

    SNPcountdict[key] = values.count("?") 

 

from collections import Counter 

Counter(SNPcountdict.values()) 

# Counter({5: 3025, 4: 2737, 3: 2671, 2: 1970, 6: 1790, 7: 1682, 1: 1015, 8: 

724, 9: 412, 10: 158, 0: 109, 11: 67, 12: 19}) 

 

# Export start position of 400mers and their SNP count 

import csv 

writer = csv.writer(open('/media/HDD1/MEGAsync/R/O. edulis projects/mtDNA 

Analyses/ConsenseR/Results/oedref_unlinkedSNPs_dict.csv', 'wb')) 

for key, value in SNPcountdict.items(): 

   writer.writerow([key, value]) 

 

# export 400mer start position and its entire sequence (optional, big!) 

writer = csv.writer(open('/media/HDD1/MEGAsync/R/O. edulis projects/mtDNA 

Analyses/ConsenseR/Results/oedref_unlinkedSNPs_400mer.csv', 'wb')) 

for key, value in dict400mer.items(): 

   writer.writerow([key, value]) 
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Abstract 48 

SNP arrays are enabling tools for high-resolution studies of the genetic basis of 49 

complex traits in farmed and wild animals. Oysters are of critical importance in many 50 

regions from both an ecological and economic perspective, and oyster aquaculture 51 

forms a key component of global food security. The aim of our study was to design a 52 

combined-species medium density SNP array for Pacific oyster (C. gigas) and 53 

European flat oyster (O. edulis), and to test the performance of this array on farmed 54 

and wild populations from multiple locations, with a focus on European populations. 55 

SNP discovery was carried out by whole genome sequencing of pooled genomic DNA 56 

samples from eight C. gigas populations, and RAD Sequencing of 11 geographically 57 

diverse O. edulis populations. Nearly 12 million candidate SNPs were discovered and 58 

filtered based on several criteria including preference for SNPs segregating in multiple 59 

populations and SNPs with monomorphic flanking regions.  An Affymetrix Axiom® 60 

Custom Array was created and tested on a diverse set of samples (n = 219) showing 61 

~ 27 K high quality SNPs for C. gigas and ~ 11 K high quality SNPs for O. edulis 62 

segregating in these populations. A high proportion of SNPs were segregating in each 63 

of the populations, and the array was used to detect population structure and levels of 64 

linkage disequilibrium. Further testing of the array on three C. gigas nuclear families 65 

(n = 165) revealed that the array can be used to clearly distinguish between families 66 

both based on identity-by-state clustering parental assignment software. This medium-67 

density, combined-species array will be publicly available through Affymetrix, and will 68 

be applied for genome-wide association and evolutionary genetic studies, and for 69 

genomic selection in oyster breeding programs. 70 

 71 



Background 72 

Oyster farming is one of the most important aquaculture activities worldwide, providing 73 

a socioeconomic contribution to many coastal communities. Among the numerous 74 

farmed oyster species, the Pacific oyster (Crassostrea gigas) is one of the most widely 75 

cultivated with a global annual production estimated at 626 K tonnes in 2014 (FAO 76 

2015). Starting in the 1960s, C. gigas was successfully introduced from Japan to all 77 

continents for cultivation (Troost 2010) due to its high acclimation ability, rapid growth 78 

and high production, and as an alternative to replace the flat oyster farms affected by 79 

persistent disease outbreaks (Pernet et al. 2016).  Accordingly, the European flat 80 

oyster (Ostrea edulis), an endemic species to Europe has suffered a decrease in 81 

global production from 30 K tonnes in 1960 to 3 K tonnes produced in 2014. O. edulis 82 

is now a target for conservation efforts to help restore native populations (Lallias et al. 83 

2010), and is also a niche aquaculture product, particularly in Europe and the USA. 84 

In the past decade there has been increasing interest from researchers and industry 85 

in the development of genomic resources for oysters, mainly because of the economic 86 

and ecological importance of both C. gigas and O. edulis. The genomic toolbox for C. 87 

gigas includes a moderate number of genetic markers, such as microsatellites (Li et 88 

al. 2003; Sekino et al. 2003) and SNPs (Fleury et al. 2009; Sauvage et al. 2007; Wang 89 

et al. 2015). Low density linkage maps have been developed, containing both 90 

microsatellites and SNPs (Hedgecock et al. 2015; Hubert and Hedgecock 2004). In 91 

addition, quantitative trait loci (QTL) analyses have been carried out to identify 92 

genomic regions associated with desirable traits for aquaculture (Sauvage et al. 2010; 93 

Guo et al. 2012; Zhong et al. 2014). In addition, a reference genome sequence 94 

assembly is available for C. gigas (Zhang et al. 2012), albeit a number of putative 95 

assembly errors have been identified (Hedgecock et al. 2015). In contrast, genomic 96 



tools and resources are scarce for O. edulis, and only a limited number markers,  97 

mostly microsatellites and amplified fragment length polymorphism (AFLP) have been 98 

utilised for the development of a linkage map (Lallias et al. 2009; Lallias et al. 2007). 99 

Recently, the generation of genomic resources led to the development of a database 100 

containing genomic and transcriptome resources for O. edulis (Pardo et al. 2016; Vera 101 

et al. 2016).  102 

SNPs have become the marker of choice in genetics research due to their high 103 

abundance, co-dominant mode of inheritance, ease of high-throughput discovery and 104 

low cost of genotyping per locus. Next-generation sequencing technologies enable 105 

efficient identification of many thousands of SNPs in a single experiment using either 106 

Whole-Genome Sequencing (WGS) or reduced representation approaches such as 107 

Restriction Site-associated DNA (RAD) sequencing (Baird et al. 2008; Davey et al. 108 

2011). While the medium density SNP arrays typically generated by direct genotyping 109 

by sequencing approaches has been widely applied in aquaculture species (Robledo 110 

et al. 2017), SNP arrays can offer a higher density genotyping platform that is simpler 111 

to use. SNP arrays have been developed for most terrestrial livestock species such as 112 

cattle, pig and chicken (Matukumalli et al. 2009; Ramos et al. 2009; Kranis et al. 2013), 113 

and also for farmed finfish species such as Atlantic salmon, rainbow trout, catfish, carp 114 

among others (Houston et al. 2014; Yáñez et al. 2016; Palti et al. 2015; Liu et al. 2014; 115 

Xu et al. 2014). These arrays have formed the basis of genome-wide association 116 

studies for traits of economic importance such as resistance to pathogens (Geng et al. 117 

2015; Correa et al. 2015; Tsai et al. 2016) and the application of genomic selection in 118 

aquaculture breeding (Ødegård and Meuwissen 2014; Tsai et al. 2015; Tsai et al. 119 

2016; Vallejo et al. 2016). 120 



For oyster species, low density SNP arrays for C. gigas and O. edulis have been 121 

developed, with 384 markers per species (Lapègue et al. 2014), and these have been 122 

applied for parentage assignment. In addition, a C. gigas specific high density array 123 

was recently developed, which contains approximately 134 K SNP markers shown to 124 

be polymorphic across populations sampled from China, Japan, Korea and Canada 125 

(Qi et al. 2017). However, a medium density combined-species platform is a worthy 126 

addition to the genomic toolbox for oysters because (i) the performance of the higher 127 

density (133K) array in farmed C. gigas populations from other global regions (e.g. 128 

Europe) is not known, (ii) medium density arrays are adequate for many genetics and 129 

breeding studies at substantially lower cost than high density arrays, and (iii) there is 130 

not yet a medium or high density genotyping platform for O. edulis. The major aim of 131 

the current study was to design and test a medium density combined-species SNP 132 

array for two key oyster species; C. gigas and O. edulis, and to test the performance 133 

of the array on hatchery and wild populations from multiple locations, as well as 134 

nuclear families from pair-crosses. 135 

Methods 136 

Sample collection and sequencing 137 

The DNA sequencing protocols for SNP discovery were tailored to the status of 138 

genomic tools available for the two species. Since C. gigas has a reference genome 139 

sequence (Zhang et al. 2012), a whole genome resequencing approach was taken 140 

with reads subsequently aligned to the reference assembly as described below. There 141 

was no reference sequence available for O. edulis, so a RAD Sequencing approach 142 

was taken since this is suitable for de novo assembly and discovery of SNPs within 143 

RAD loci (Baird et al. 2008). 144 



Samples from eight C. gigas populations from different geographical locations 145 

(primarily from hatcheries in the UK and France) were obtained, each comprising 13 146 

to 47 individuals (Table 1). These included a population of 16 samples from lines of 147 

oysters which had been selected for resistance to Oyster Herpes Virus by Ifremer 148 

(France). Genomic DNA from all individuals was extracted the CTAB (cetyl 149 

trimethylammonium bromide) protocol described by Richards et al. (2013). Briefly, 150 

oyster tissue was incubated at 56 °C in lysis solution (3% CTAB, 100 mM Tris-HCl, pH 151 

7.5, 25 mM EDTA, 2 mM NaCl) with 0.2 mg/mL proteinase K and 5ul of RNase 152 

(10mg/mL). After lysis, a chloroform extraction was performed twice and three 153 

volumes of CTAB dilution solution were added (1% CTAB, 50 mM Tris-HCl, pH 7.5, 154 

10 mM EDTA, pH 8). The pellet was then washed in 0.4 M NaCl in TE, re-suspended 155 

in 1.42 M NaCl in TE and finally precipitated overnight in 1mL ethanol (99%) at -4 C. 156 

Within each population, DNA samples were then pooled in equimolar concentrations, 157 

and these pools were prepared for whole-genome sequencing (WGS) using the 158 

TruSeq Nano DNA Library Prep kit (Illumina, San Diego). Libraries were sequenced 159 

across five lanes of Illumina Hiseq 2500 to produce 125 bp paired end reads.  160 

Samples from eleven O.edulis wild populations from diverse geographical locations 161 

were obtained (Table 1). Each population sample comprised 13 to 15 individuals, and 162 

genomic DNA had previously been extracted from these samples using a phenol-163 

chloroform method. Equimolar pools of genomic DNA were generated for each 164 

population and the pooled genomic DNA was digested using the endonuclease PstI. 165 

Standard RAD libraries were constructed in three replicates following the standard 166 

protocol described by Baird et al. (2008).  Equimolar amounts of all libraries were 167 

combined and sequenced on a single Illumina Hiseq 2500 lane to produce 125 bp 168 

paired end reads. 169 



Table 1. Detail of populations sampled for sequencing and SNP discovery. 170 

 171 

SNP identification and filtering 172 

C. gigas WGS reads were aligned to the C. gigas genome (GCA_000297895.1) using 173 

BWA-mem (v0.7.10) (Li and Durbin 2009) with the -M flag. Potential duplicated reads 174 

originating from PCR were then removed using Picard Tools (v1.69) MarkDuplicates 175 

and Samtools (v1.2) (Li et al. 2009). Local realignment around indels was performed 176 

using the GATK (v3.4.0) (McKenna et al. 2010) and alignments with a quality phred 177 

score >20 were retained. SNP calling was performed using Popoolation2 (Kofler et al. 178 

2011), filtering to discard bases with a call quality phred score of <30. 179 

O.edulis RAD-Seq reads were trimmed with Cutadapt (v1.7.1) (Martin 2011). Data 180 

from each of the three replicates described above were combined. Read 1 reads  were 181 

clustered using ustacks (v1.30) with the parameters (-m 2 -M 5  -H”, followed by 182 

cstacks (Catchen et al. 2013) with the parameter “-n 2”, to create consensus 183 

sequences for each locus. RAD loci absent from ≥8 of the 11 pooled samples were 184 

discarded. Read 1 trimmed reads from each of the samples were then aligned to the 185 

set of RAD consensus sequences using BWA (v.0.7.9a) (Li and Durbin 2009) (Step 186 

1). Reads mapping to each separate consensus sequence were then identified, and 187 

C. gigas      O. edulis     

Population 
Location  
(Lat, Long) N  Population 

Location  
(Lat, Long)  N 

Guernsey, England 49.497, -2.502 47  Croatia 42.855, 17.688 14 
Maldon, England 51.724, 0.710 15  Lough Foyle, Ireland 55.130, -7.087 15 
Sea Salter, England 51.378, 1.212 13  Lake Grevelingen, Neth. 51.709, 4.017 15 
Ifremer, France n/a 16  Larne, N. Ireland 54.817, -5.751 14 
Hatchery 1 (Marinove), Fr 46.987, -2.238 29  Mersea, England 51.776, 0.9646 15 
Hatchery 2 (SATMAR), Fr 46.948, -2.052 26  Baie de Quiberon, France 47.548, -2.996 15 
Hatchery 3 (France Naissain), Fr 47.514, -2.666 29  Rossmore (Cork), Ireland 51.883, -8. 247 15 
Hatchery 4 (Novostrea), Fr 46.954, -2.044 28  Sveio, Norway 59.519, 5.227 15 

    Swansea Bay, England 51.604,-3.981 15 

    Tralee, Ireland 52.316, -10. 028 13 
      Damariscotta, Maine. USA 44.028, -69.534 14 

        



the corresponding read 2 sequences extracted from the trimmed data. These read 2 188 

sequences for each locus were then assembled using IBDA-UD (Peng et al. 2012) 189 

(Step 2). The read 1 consensus sequences and the associated assembled read 2 190 

sequences  for each locus were merged using flash (v1.2.2) (Magoč and Salzberg 191 

2011). For SNP discovery, the trimmed sequences corresponding to each locus were 192 

then mapped to the merged consensus sequence using smalt (v0.7.6). Duplicate 193 

reads were marked using Picard tools (v1.115) and realignments around indels 194 

performed using GATK indel realigner (v 3.4.0) (McKenna et al. 2010). 195 

SNPs were identified and genotyped using PoPoolation2 and samtools (v1.3) pileup. 196 

Reads with a mapping quality phred score of <20 and bases with a call quality phred 197 

score < 20 were discarded. 198 

SNP selection for Axiom array design 199 

A list of candidate SNPs from both species (containing 1,691,005 and 117,235 priority 200 

SNPs from C.gigas and O. edulis respectively), was provided to Affymetrix as 71-mer 201 

nucleotide sequences from the forward strand with the alleles at the target SNP 202 

highlighted at position 36. A ‘p-convert’ value (representing the probability of a given 203 

SNP converting to a reliable SNP assay on the Axiom array system) was computed 204 

by Affymetrix for each submitted SNP sequence. Probes are assessed for each SNP 205 

in both the forward and reverse direction, in return each strand is designated as 206 

‘recommended’, ‘neutral’, or ‘not recommended’ based on p-convert values.  207 

The list of recommended markers (1,316,870 SNPs for C.gigas and O. edulis 208 

combined) was much greater than the total capacity of the Axiom MyDesign custom 209 

array.  Therefore, additional filtering steps were carried out. For C. gigas, starting from 210 

the 1,216,467 Affymetrix-recommended SNPs, those with evidence for a 20 bp 211 



flanking monomorphic region covered by at least 36 reads from each pooled sample 212 

were retained (n = 186,948). For O. edulis, the Affymetrix-recommended SNPs (n = 213 

100,403) were filtered so that each RAD locus contained a maximum of one SNP. 214 

When a RAD locus had multiple recommended SNPs, only the best SNP (based on 215 

the p-convert scores) was included (resulting in 59,976 candidate SNPs). 216 

Subsequently, to filter the SNPs to the required number for the array, SNPs for both 217 

species were selected according to the following additional filtering criteria: (i) highest 218 

p-convert values, (ii) even distribution across the reference genome (with at least 219 

1000bp distance between pairs of SNPs for C. gigas), (iii) preference for those with a 220 

positive hit (minimum e-value 10E-4) against the BLASTx NCBI NR database or 221 

against the C. gigas genome (for O. edulis). In addition, most A/T and C/G SNPs 222 

transversions were discarded since these require double the space on the Affymetrix 223 

Axiom array platform. Additionally, 463 SNPs identified and validated by Hedgecock 224 

et al. (2015) passed the SNP filtering and scoring process and were included in the 225 

final array design. 226 

SNP array validation 227 

A plate of 384 individual genomic DNA samples (274 C. gigas and 110 O. edulis) was 228 

sent to Edinburgh Genomics (Edinburgh, UK) for genotyping using the array. Of these 229 

384 samples, 219 were used for testing and validating the array’s performance and 230 

quantifying the number of segregating SNPs in the various sampled populations.  231 

These ‘included 109 C. gigas samples of individuals of unknown relatedness from 232 

eight populations (the same eight populations used for SNP discovery, plus an 233 

additional set of 28 broodstock oysters from Guernsey Sea Farms (Guernsey, UK)). 234 

The validation samples also included 110 O. edulis samples corresponding to the 11 235 

population samples used for SNP discovery (Table 1), with n = 10 from each 236 



population. The remaining 165 samples were offspring of three nuclear families 237 

derived from parents from Guernsey Sea Farms, reared at the Centre for Environment, 238 

Fisheries and Aquaculture Science (Cefas, UK). These were analysed separately to 239 

test parentage assignment, genetic structure and within-family linkage disequilibrium 240 

levels (see below).  241 

Raw data containing the results of the intensity calculations (CEL files) was imported 242 

into the Axiom Analysis Suite (v2.0.035. Affymetrix) for quality control analysis and 243 

genotype calling. Samples with a dish quality control (DQC) value > 0.82 and QC call 244 

rate > 0.97 threshold (following the “Best Practices Workflow” recommended by 245 

Affymetrix), were considered to have passed the quality control assessment. The 246 

quality control analysis classifies the SNPs into categories according to their clustering 247 

performance with respect to various Axiom-generated quality-control criteria; (i) 248 

‘polymorphic high resolution’ where the SNP passes all QC, (ii) ‘monomorphic high 249 

resolution’ where the SNP passes all QC except the presence of a minor allele in two 250 

or more samples, (iii) ‘call rate below threshold’ where genotype call rate is under 97%, 251 

(iv) ‘no minor homozygote’ where the SNP passes all QC but only two clusters are 252 

observed, (v) ‘off-target variant’ (OTV) where atypical cluster properties arise from 253 

variants in the SNP flanking region, and (vi) ‘other’ where the SNP does not fall into 254 

any of the previous categories. For further analyses, only SNPs from categories (i) 255 

and (iv) were included and classified as “good quality”, as they are most likely to be 256 

reliable and informative SNPs. 257 

Descriptive statistics and family assignment 258 

Calculations of minor allele frequencies (MAF), levels of heterozygosity, discriminant 259 

analysis of principal components (DAPC), linkage disequilibrium and identity-by-state 260 



(IBS) followed by multi-dimensional scaling (MDS) were carried out using Plink 261 

(Purcell et al. 2007), adegenet 1.3-1 package in R (Jombart and Ahmed 2011) and 262 

Genepop  (Rousset 2008). Family assignment for the C. gigas families was performed 263 

using Cervus 3.07 (Kalinowski et al. 2007). Cervus assigns offspring to their parent 264 

pairs based on the pair-wise likelihood comparison approach generating locus-by-265 

locus likelihood scores for each candidate parent for each offspring and assigns 266 

parentage to a candidate parent with the highest LOD score.  267 

Data Availability 268 

The Illumina sequencing data for the pooled C. gigas and O. edulis samples have 269 

been deposited into the European nucleotide archive (ENA) under accession number 270 

PRJEB20253 (http://www.ebi.ac.uk/ena/data/view/PRJEB20253). The details of the 271 

SNP markers on the array are given in File S1. O. edulis markers with significant 272 

alignment to the C. gigas genome (e-value 1E-4) are given in File S2. 273 

Results and discussion 274 

Sequencing and SNP selection 275 

To discover and prioritise SNPs for inclusion on the combined-species oyster SNP 276 

array, species-specific DNA sequencing, SNP discovery and filtering strategies were 277 

followed. 278 

For C. gigas, WGS data aligned to the oyster genome identified 12.4 million putative 279 

SNPs across all populations. The 1,216,467 putative SNPs that passed the Affymetrix 280 

evaluation were subsequently filtered using the criteria described above to 40,625 281 

putative SNPs that were submitted for the final Axiom MyDesign array. For O. edulis, 282 

588,266 putative SNPs were identified, of which 100,403 putative SNPs were 283 

recommended at least for one strand by Affymetrix. Further filtering based on the 284 



criteria described above reduced the set to 19,215 putative SNPs that were submitted 285 

for array design and production. 286 

The final array contained 40,625 putative SNPs from C. gigas and 14,950 putative 287 

SNPs from O. edulis to give a total of 55,575 putative SNPs assayed by a total of 288 

111,360 probes. There were a greater number of C. gigas SNPs placed on the array 289 

than O. edulis due to the anticipated greater future use of the array for genome-wide 290 

association studies and genomic prediction for economically important traits in 291 

breeding programmes in this species. This includes an ongoing project to study host 292 

resistance to Oyster Herpes Virus based on genotyping samples collected from a large 293 

challenge experiment on oysters derived from Guernsey Sea Farm stocks. 294 

Nonetheless, it is anticipated that the ~15 K putative O. edulis SNPs will be widely 295 

applied for population and conservation genetics in future studies of this species. 296 

Evaluation of the SNP array in C. gigas and O. edulis 297 

The oyster array was evaluated in C. gigas by analysing the “validation populations” 298 

of 109 samples corresponding to eight distinct populations from France and UK (Table 299 

2). All but one sample passed DQC and genotype call rate ≥ 97% threshold. The 300 

classification of SNPs according to their quality showed that 68.2 % of (n = 27,697) 301 

had probes classified as good quality (either ‘Poly High Resolution’ or ‘No Minor Hom’), 302 

which is similar to the percentage of informative markers obtained by the recently 303 

published C. gigas 134 K array (Qi et al. 2017). The MAF of these good quality SNPs 304 

(MAF > 0) in the combined 108 samples varied between 0.005 and 0.5 with a median 305 

of 0.18 (Table 2). From the 110 O. edulis samples genotyped (Table 3), two samples 306 

failed the DQC and genotype call rate ≥ 97% threshold, resulting in genotypes for 108 307 

samples. A total of 74.6% of SNPs (n = 11,151) were classified as good quality as 308 



described above. The MAF of these good quality SNPs (combining all the 108 samples 309 

and SNPs with a MAF > 0) also varied between 0.005 and 0.5 with a median of 0.21 310 

(Table 3). 311 

 Within-Population segregation of SNPs 312 

The segregation of the SNPs was evaluated within each of the eight genotyped C. 313 

gigas population samples. From the 27,697 high quality SNPs defined across all 314 

population samples, the majority of SNPs (MAF > 0) were segregating within each of 315 

the populations (Figure S1), with an average of 22,486 SNPs segregating within each 316 

population, ranging from 20,141 (Hatchery 2) to 26,549(Guernsey) (Table 2). Among 317 

the UK populations (sampled from Guernsey, Maldon and Sea Salter), 19,613 SNPs 318 

were shared, while Guernsey had the highest number of exclusive SNPs (n = 2,373) 319 

(Figure S2). This is likely to be due to the fact that the Guernsey population was the 320 

most highly represented within the sequenced populations used for SNP discovery 321 

(Table 1) and the validation samples (Table 2), giving a greater chance of detecting 322 

rare minor alleles. Among all the five French populations, 13,855 SNPs were shared, 323 

with few SNPs segregating exclusively in particular populations (Figure S3). Finally, 324 

11,997 common SNPs were segregating in all the eight populations from both France 325 

and the UK (Figure S4). The average MAF (for markers showing a MAF > 0) was 0.207 326 

across all UK populations, while 0.214 across all French populations. Analysis of the 327 

distribution of MAF values for polymorphic SNPs (MAF > 0) showed that the highest 328 

number of SNPs are located within a MAF value range between 0.01 and 0.2 in all 329 

populations and decreasing in frequency when the MAF approaches 0.5 (Figure S5). 330 

A similar situation was observed by Lapègue et al. (2014), who found a high proportion 331 

of low MAF SNPs within C. gigas populations. Based on an additional test of the array 332 

on a small number of Australian C. gigas samples (data not shown), the number of 333 



segregating SNPs was similar, indicating that the array is likely to perform comparably 334 

for geographically diverse populations. 335 

Table 2. Descriptive population genetic estimates for the sampled C. gigas populations included in the 336 

validation of the array. 337 

   MAF > 0  
  sample N # SNPs Average MAF   Ho  He 

UK (Combined) 56 27,313 0.186 0.294  0.298 

GSF+Parents 38 26,549 0.19 0.308  0.304 
Maldon 9 22,079 0.216 0.308  0.303 
Sea Salter 9 22,821 0.214 0.317  0.302 
Average within UK populations  23,816 0.207 0.311  0.303 
 
France (Combined) 52 26,891 0.182 0.240  0.254 

Ifremer 13 23,010 0.203 0.312  0.328 
Hatchery 1 10 21,479 0.217 0.321  0.303 
Hatchery 2 10 20,141 0.221 0.322  0.307 
Hatchery 3 10 21,730 0.215 0.302  0.302 
Hatchery 4 9 22,052 0.214 0.317 0.301 
Average within French populations   21,682 0.214 0.315  0.308 
 
All populations (Combined) 108 27,697 0.182 0.268  0.283 

*Values in bold were obtained by the analysis of the combined dataset, not the average of the individual 338 

populations. Values in italics represent the within-population average, 339 

 340 

From the 11,151 high quality SNPs segregating in the O. edulis populations, the 341 

average number of SNPs segregating (MAF > 0) in each population was 9,597. The 342 

samples from Croatia showed the lowest number of segregating SNPs (n = 8,474), 343 

while those from Foyle (IRL) showed the highest (n = 10,013) (see Table 3 & Figure 344 

S6). A total of 4,912 SNPs were shared between all (11) populations, with no particular 345 

population showing a high number of unique segregating SNPs. The average MAF 346 

value across the populations was 0.225, with Croatia showing the highest value of 347 

0.234. Analysis of the distribution of MAF values for polymorphic SNPs (MAF > 0) 348 

showed that most populations have a large number of SNPs within a MAF value range 349 

between 0.05 and 0.2 with the exception of Croatia and Swansea that show a greater 350 

number of SNPs with a MAF higher than 0.1 (Figure S7). 351 



The levels of genetic variability in terms of observed (Ho) and expected (He) 352 

heterozygosity (according to HWE) showed that most populations (C. gigas and O. 353 

edulis) had higher observed levels of heterozygosity than expected. Overall, no strong 354 

evidence of heterozygous deficiency was detected, in contrast to some previous 355 

studies that have described heterozygous deficiency in oysters and bivalves in 356 

general, albeit typically using a much lower number of microsatellites, SNPs, and 357 

allozymes (Appleyard and Ward 2006; English et al. 2000; Li et al. 2003; Sekino et al. 358 

2003; Lapègue et al. 2014; Yu and Li 2007; Sobolewska and Beaumont 2005; 359 

Vercaemer et al. 2006). This discrepancy may be due to the fact that genome-wide 360 

SNP markers were used in the current study at a density not previously tested. In a 361 

larger-scale SNP-assay-based evaluation of the bivalve mollusc Chlamys farreri, no 362 

evidence for heterozygote deficiency was detected (Jiao et al. 2014). It is also possible 363 

that the strict filtering process led to SNPs on the array being enriched for stable 364 

genomic regions with lower levels of variation, while genomic regions with higher 365 

variability (and potentially more prone to null alleles) might have been discarded. 366 

Table 3. Descriptive population genetic estimates for the sampled O.edulis populations included in the 367 

validation of the array. 368 

    MAF > 0    

  sample N #SNPs Average MAF  Ho  He 

Croatia 9 8,474 0.234  0.323  0.320 

Foyle_IRL 10 10,013 0.224  0.319  0.311 

Grevelingen_NLD 10 9,946 0.224  0.319  0.310 

Larne_NIRL 10 8,927 0.231  0.354  0.316 

Mersea_UK 10 9,980 0.224  0.318  0.310 

Quiberon_FR 10 9,973 0.226  0.315  0.312 

Rossmore_IRL 10 9,846 0.228  0.327  0.314 

Sveio_NOR 10 9,118 0.226  0.322  0.313 

Swansea_UK 9 9,696 0.224  0.319  0.311 

Tralee_IRL 10 9,980 0.219  0.317  0.306 

Maine_USA 10 9,614 0.221  0.317  0.305 

Average within population  9,597 0.225  0.323  0.312 
 
All populations (Combined) 108 11,151 0.210  0.292  0.311 



 Values in bold were obtained by the analysis of the combined dataset, not the average of the individual 369 

populations. Values in italics represent the within-population average. 370 

Assessing population structure using Identify-by-state 371 

The overall genetic similarity of any two samples can be evaluated by calculating 372 

average measures of identity-by-state (IBS) of the marker loci, which was then  373 

summarised using multidimensional scaling (MDS) to give indications of population 374 

(sub)structure (IBS clustering was also confirmed by DAPC analysis (data not 375 

shown)). There was some evidence of C. gigas samples according to their hatchery 376 

origin, and French hatchery populations tended to cluster separately to UK hatchery 377 

populations (Figure S8). The O. edulis samples were typically from ‘wild’ stocks from 378 

more diverse geographical locations than for the C. gigas samples. Accordingly, 379 

certain populations did show evidence of genetic differentiation, notably Croatia, Larne 380 

(Northern Ireland) and Sveio_(Norway) which are geographical outgroups (Figure 1 & 381 

Figure S10).Our results show evidence of a strong genetic similarity between Maine 382 

(USA), Sveio (Norway) and Grevelingen_(Netherlands) populations. Similarly, the 383 

origin of the Maine population has been linked to Netherlands (Loosanoff 1955; 384 

Vercaemer et al. 2006), Netherlands populations have been linked to Denmark’s (Vera 385 

et al. 2016) and the genetic similarity between the Maine, Norway, Denmark and 386 

Netherland samples has also been observed using microsatellite markers (Mark 387 

McCullough, pers comm). A lack of population structure according to geographical 388 

original was observed in the other O. edulis population samples tested, for example 389 

the majority of samples from the coast of the UK and Ireland.  This is consistent with 390 

existing evidence that suggests that marine organisms with larval stages (such as 391 

bivalves) often show low genetic differentiation (Li et al. 2015; Shabtay et al. 2014; 392 

Rohfritsch et al. 2013; Giantsis et al. 2014), with temporal factors rather than 393 

geographical factors often playing the major role in population structure. It is also 394 



possible that historical stock translocations might have also played an important role 395 

in the lack of genetic structure and admixture of the O. edulis populations (Bromley et 396 

al. 2016). 397 

 398 

 399 

Figure 1. IBS clustering of selected O. edulis populations 400 

Evaluation of the SNP array in pair crosses of C. gigas  401 

Three pair crosses between Guernsey Sea Farms parents were created, reared 402 

separately and genotyped using the SNP array. Two of these nuclear families were 403 

half-siblings sharing a dam (F29 & F30). A total of 165 samples (161 offspring and 404 

their five parents) were genotyped. These families were analysed separately from the 405 

population samples used to validate the array described above. In part, this was due 406 

to the difficulty in obtaining high quality genomic DNA from the juvenile oysters. From 407 



the 165 samples, 139 passed the DQC and genotype call rate ≥ 97% threshold, 408 

resulting in a total of 25,629 SNPs which were classified as good quality in these 409 

families. The vast majority of SNPs showed stable Mendelian inheritance in all 410 

samples, although there was an average of 395 SNPs (~2% of total informative SNPs) 411 

with evidence for a Mendelian error per individual. 412 

 413 

Since the offspring from each nuclear family were physically tracked throughout the 414 

experiment, such that their family structure was known a priori, the utility of the SNP 415 

array to differentiate between families was assessed using IBS clustering with MDS 416 

scaling. The MDS scaling plot based on IBS clustering clearly shows a clear separate 417 

cluster for each of the families, as shown in Figure 2. Interestingly, the clustering and 418 

separation of the three nuclear families was more obvious than for the population 419 

samples, even for populations from very distant geographical locations.  Four 420 

individuals were distant to any of the family clusters, which may suggest incorrect 421 

pedigree assignment according to the physical animal tracking. Family assignment 422 

successfully assigned all the individuals to their correspondent parents using 3,000 423 

randomly chosen SNPs, and confirmed that the four aforementioned individuals were 424 

not members of any of these three families. Microsatellites and SNP panels for 425 

parentage assignment have been described previously for oysters (Wang et al. 2010; 426 

Li et al. 2010; Lapègue et al. 2014; Jin et al. 2014). However, the successful parentage 427 

assignment in these physically tracked nuclear families, and the clear IBS-based 428 

differentiation of these families bodes well for the utility of this SNP array for high 429 

resolution genetic mapping studies and selective breeding programmes for oysters. 430 



 431 

Figure 2. IBS-based clustering of the three nuclear C. gigas families. Samples in purple (wrong pedigree 432 

“wp”) were not assigned to any of the three families. 433 

Distribution of SNPs in the Pacific oyster genome 434 

To assess the distribution of SNPs in the C. gigas genome (Zhang et al. 2012), SNPs 435 

were annotated according to the publicly available Ensembl oyster genome assembly 436 

(NCBI accession number: GCA_000297895.1). The oyster genome contains 7,658 437 

scaffolds (N50 = 401,585) and 30,459 contigs (N50 = 31,239) and a total of ~ 558 Mb 438 

of assembled sequence. All 27,697 SNPs are mapped to the oyster genome according 439 

to BLAST alignment using their flanking region(s), with at least one SNP on 2,007 of 440 

the scaffolds, which in total covered 501 Mb (89.6 % of the total assembled genome 441 

sequence). The number of SNPs per scaffold was positively associated with scaffold 442 



length (Figure 3), with approximately one fifth of the scaffolds containing only one 443 

SNP. Additionally,  harnessing the publicly-available oyster genome annotation 444 

(GCA_000297895.133), the SNPs on the array were grouped into putative positional 445 

and functional categories using SNPeff (Cingolani et al. 2012). A total of 14.6%, 446 

13.1%, 18.7%, 17.6%, and 2.8% of the SNPs were located in intergenic, intron, 447 

downstream, upstream, and exon regions, respectively. The remaining SNPs (33%) 448 

were identified as transcript, splice site donor, splice site acceptor and splice site 449 

region. 450 

 451 

Figure 3. Distribution of SNPs on the C. gigas genome. Number of scaffolds containing SNPs (primary 452 

axis) and the average length of the scaffolds holding an increasing number of SNPs (secondary axis). 453 

 454 

The extent of linkage disequilibrium (LD) between SNP pairs was assessed relative to 455 

their physical distance for the C. gigas populations. Pairwise r2 was calculated using 456 

polymorphic SNPS with MAF ≥ 0.05 as shown in Table 2. The mean r2 was calculated 457 

for every kilobase (Kb) and covering up to 500 Kb, according to the physical distance 458 

on the oyster genome assembly, as shown in Figure 4. In general, low levels of LD 459 

with slow decay with increasing physical distance were observed. The Guernsey and 460 



Ifremer populations had lower levels of LD than the other populations. Although these 461 

LD levels are low compared to other aquaculture species such as carp or tilapia (Hong 462 

Xia et al. 2015; Xu et al. 2014), they are in accordance to recent reports describing 463 

low levels and short extent of LD in wild C. gigas populations (Zhong et al. 2017).  464 

Moreover, differences in LD levels between populations can be related to the 465 

divergence of these populations and the number of generations they have been bred 466 

in isolation, as observed in cattle (de Roos et al. 2008).  467 

  468 

 469 

Figure 4. Decay of linkage disequilibrium (LD) with physical distance between markers among all the 470 

sampled C. gigas populations.  471 

 472 



There was a higher extent and slower decay of LD in the three nuclear families, and 473 

LD levels were substantially higher than those observed in the (presumably unrelated) 474 

validation populations, as would be expected (Figure 4 & Figure 5). A lower effective 475 

population size (Ne) brings higher levels of kinship between individuals and therefore 476 

higher extent of LD (Sved 1971; Falconer and Mackay 1996). 477 

 478 

 479 

Figure 5. Decay of linkage disequilibrium (LD) among the three C. gigas families 480 

 481 

Conclusions 482 

This manuscript describes the development and analysis of a high density SNP array 483 

for two oyster species. A very large database of SNP markers was developed for both 484 

C. gigas using WGS, and O. edulis using RAD-Seq. Following extensive filtering, SNP 485 



assays for these two oyster species were combined on the array with 40,625 high 486 

quality SNPs for C. gigas and 14,950 for O. edulis. Testing of the array on genomic 487 

DNA samples from diverse locations revealed that the array contains a high number 488 

of SNPs that are shared between populations, and that the array can be applied to 489 

detect population and family structure. This oyster SNP array will be publicly available 490 

and will facilitate the study of important economic and ecological traits for these two 491 

oyster species, with possible applications for genomic selection, QTL mapping, 492 

evolutionary genetics and conservation programs. 493 

 494 
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