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S U M M AR Y  

 

 Pearl oysters are not only farmed for their gemstone quality pearls worldwide, 

but are also becoming important model organisms for investigating genetic 

mechanisms of biomineralisation and bivalve evolution. However, despite their 

economic and scientific significance, limited genomic resources are available for this 

important group of bivalves, hampering investigations aiming to identify genes that 

regulate important pearl quality traits and unique biological characteristics (i.e. 

biomineralisation). The silver-lipped pearl oyster, Pinctada maxima, is one species 

where there is interest in understanding genes that regulate commercially important 

pearl traits, but presently there is a dearth of genomic information.  

Recently, the market for the highly valuable South Sea pearl produced by P. 

maxima has expanded, creating strong interest in stock improvement to increase the 

production of high quality South Sea pearls. Molecular stock improvement techniques 

such as marker assisted selection (MAS) have great potential in accelerating selective 

breeding programs for animal production industries as they bypass limitations that have 

so far restricted the success of phenotypic breeding programs. Genetic breeding 

programs not only require accurate phenotypes, but they also need established high 

density genomic resources including genome-wide molecular markers and dense 

genomic maps, of which none are available for any pearl oyster species. These 

resources allow the dissection of complex phenotypic traits of commercial importance 

and the identification of genetic variation and marker associations that 

disproportionately influence variation in these traits, both of which are integral before 

genetic breeding programs can be established. Once marker associations to traits are 

identified, stock populations can be screened for negative or beneficial genetic 

variants, which can either be avoided or selected.  

The overarching objective of this thesis is to utilise recent advances in genome 

sequencing and genotyping technologies to develop genome-wide genomic resources 

necessary for incorporating genetic selection breeding programs into the Pinctada 

maxima pearling industry. Specifically, I describe the large scale sequencing and 

annotation of the P. maxima transcriptome, the development of thousands of genome-

wide microsatellite and single nucleotide polymorphism (SNP) loci, the construction of 

the first moderate-density genetic linkage map for a pearl oyster species, and the 

identification of preliminary quantitative trait loci (QTL) and marker associations to two 
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commercially important groups of pearl oyster traits; oyster shell growth and pearl 

quality.  

Firstly, the large-scale sequencing (~1.3 million sequences) of the P. maxima 

mantle transcriptome allowed the subsequent development and validation of two large 

suites of type I genome-wide molecular markers; SNPs, and microsatellites. This thesis 

describes molecular marker development, along with the assembly (96,794 contigs) 

and sequence annotation of the mantle transcriptome database. The SNP discovery 

effort resulted in the de novo identification of 172,625 SNPs, of which 9,108 were 

identified as high-value (MAF ≥ 0.15, read depth ≥ 8). Validation of 2,782 of these 

SNPs using Illumina iSelect Infinium genotyping technology returned some of the 

highest assay conversion (86.6%) and validation (59.9%; mean MAF 0.28) rates 

observed in aquaculture species to date. In addition, results show that subsets of the 

SNP loci will have widespread use as parentage and genetic diversity markers across 

species within Pinctada, which may potentially compliment the use of current suites of 

microsatellite genetic tools. Likewise, a total of 2,322 unique microsatellite loci were 

identified throughout the transcriptome database, with 360 shown to be polymorphic in 

silico using allelic motif variation. The mantle transcriptome database and molecular 

marker suites presented here form a strong foundation for genome mapping studies 

and have been pivotal to research investigating the biological mechanisms behind 

biomineralisation, quantitative trait loci mapping and association analysis as 

demonstrated within this thesis.  

Secondly, this thesis describes the construction of a dense genetic linkage map 

for P. maxima, including investigations into segregation distortions, family-specific 

heterogeneity and sex-specific recombination rates. The construction of a moderate- to 

high-density genetic linkage map for P. maxima is not only essential for mapping QTL 

and unraveling the genomic architecture of complex pearl quality traits, but also 

provides indispensable information on the genome structure of pearl oysters. A total of 

335 oysters from eight full-sib families (six phase known and two phase unknown) were 

genotyped over 2,782 genome-wide SNPs. Of the 2,782 SNPs, 1,189 were informative 

and incorporated into linkage map construction. The final linkage map consisted of 887 

SNPs in 14 linkage groups and spans a total genetic distance of 831.7 centimorgans 

(cM). The average marker interval (excluding intervals of 0 cM) was 2 cM and the map 

covers an estimated 96% of the P. maxima genome. Assessments of sex-specific 

recombination revealed mild heterochiasmy, but pronounced localised differences 

between male and female recombination throughout the linkage groups, whereby male 
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recombination was suppressed near the centromeres compared to female 

recombination, but inflated towards telomeric regions. Numerous candidate genes for 

nacre biomineralisation were also localised providing some of the first positional 

information for these genes.  

Finally, the genetic architecture of complex oyster growth (i.e. shell height, 

length, width and weight) and pearl quality traits (pearl size, weight, surface complexion 

and colour) were explored using genome-wide association tests and QTL approaches. 

This thesis documents, for the first time, QTL and genetic associations to these 

commercially important pearl oyster growth and pearl quality traits and provides 

important insights into the genetic control of these traits. A total of 16 QTL and 32 

genetic associations were detected for all oyster shell growth and pearl quality traits 

that explained from 27.4% to 46.1% of the phenotypic variation of a trait per family. The 

majority of QTL and marker associations were detected for the traits oyster shell width 

and pearl colour. This study confirms previous quantitative genetic studies providing 

conclusive evidence that oyster growth and pearl quality traits have a low to moderate 

additive genetic component and are complex and polygenic in nature.  

As a body of work, this thesis presents the most comprehensive genomic 

resources produced for any pearl oyster to date and presents the first quantitative 

genetic dissection of performance traits within P. maxima. Such work is pivotal to 

enabling the incorporation of genetic breeding programs within the P. maxima pearling 

industry and for investigating broader biological questions including the dynamic 

process of biological-mediated biomineralisation and bivalve evolution.  
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indicates a significant QTL peak at the 5% cut off, while ** indicates a significant QTL 

peak at the 1% cut off. Grey diamonds indicate GWAS –log10 P-values for each 

mapped SNP. Significant GWAS data points are indicated as solid red diamonds. The 

distribution of the estimated QTL peak from 10,000 bootstrap replicates used to 
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on LG6 for DVM (F = 2.55*, chromosome-wide significance threshold at 5% F = 2.43 

and at 1% F = 2.99, 95% bootstrap estimate for QTL peak within 45 cM). (c) Peak at 
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at 1 cM on LG 13 for DVM (F = 2.62*, chromosome-wide significance threshold at 5% 

F = 2.32 and at 1% F = 2.93, 95% bootstrap estimate for QTL peak within 44 cM). (e) 
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1.87 and at 1% F = 2.35, 95% bootstrap estimate for QTL peak within 46 cM). 130 
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homozygous animals or overdominance (H), no obvious pattern (NP), and missing 

genotype class (NC). An * indicates significant differences (P < 0.05, Welch’s t-test) 
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associations showed patterns of overdominance. Of these, two had heterozygous 
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bootstrap estimates for QTL peak within 47 cM). (i) Peak at 17 cM on LG12 for pearl 

colour WO (F = 2.45*, chromosome-wide significance threshold at 5% F = 2.32 and at 

1% F = 2.84, 95% bootstrap estimates for QTL peak within 49 cM). (j) Peak at 36 cM 

on LG13 for surface complexion (F = 2.72*, chromosome-wide significance threshold at 

5% F = 2.55 and at 1% F = 3.06, 95% bootstrap estimates for QTL peak within 27 cM. 
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1 All additional files are too large for print and can be found on the DVD provided with this Ph.D. thesis.  
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C H A P T E R  1  

G E N E R A L  I N T R O D U C T I O N  
 

 

1 . 1 . 1  S E L E C T I O N  I N  P R I M A R Y  I N D U S T R I E S  

Profitability in primary animal industries (i.e. livestock and aquaculture) is 

strongly dependant on product quality and value. Since their inception, primary 

industries have endeavoured to optimise their production of higher quality products 

through better management, husbandry, nutrition and selective breeding (Harris 1998). 

In particular, selective breeding techniques have rapidly evolved over the last two 

decades and have become a major product improvement tool for many agriculture and 

livestock industries (Dekkers 2004; Guimaraes 2007). Traditionally, selective breeding 

practices in most animal species have been based solely on “broad-brush” statistical 

estimates of the additive genetic components of trait phenotypic variance, where 

individuals with favoured variants of economically important traits are selectively bred, 

leading to the improvement of these traits over succeeding generations. However, 

these improvements from phenotypic breeding programs take place with no specific 

information on the genes responsible for the traits of interest, which limits progress for 

complex or difficult to measure traits. Recent advances in genome sequencing 

technologies, including fine-scale genetic, and quantitative trait loci (QTL) mapping 

techniques (Meuwissen and Goddard 2004; Margulies et al. 2005; Metzker 2005; 

Davey et al. 2011; Seeb et al. 2011), are providing the means to dramatically improve 

the genetic gains achievable from animal breeding programs. Such techniques enable 

the identification and selection of individual genes that influence trait variability, thereby 

increasing the accuracy of selection (Meuwissen et al. 2001; Goddard 2003; Hayes 

and Goddard 2010). Therefore, these novel techniques permit the systematic 
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exploration of the genetic architecture of quantitative traits, including the number, 

location and interaction of loci that affect traits of interest. As a result, the scope of 

animal production science, along with other biological disciplines, has expanded thanks 

to the genomics revolution and there is now a rapid worldwide shift towards the 

development and use of genomic technologies to understand the structure of animal 

genomes and to incorporate genetic markers linked to genes that influence the expression 

of commercially important traits into selective breeding programs (Goddard 2003). 

Applications of genomic techniques in advanced breeding programs have returned 

encouraging results in many livestock species, for example milk yield in dairy cattle 

(Dekkers 2004; Hayes et al. 2009; Hayes and Goddard 2010) and marbling in beef 

cattle (Barendse et al. 2001). However, very few studies have applied these novel 

genomic techniques to breeding programs for aquaculture species (Gjedrem and 

Baranski 2009; Presti et al. 2009; Yue 2013). Aquaculture is the fastest growing 

primary industry worldwide and the integration of these techniques within breeding 

programs will unlock as yet untapped genetic potential to vastly improve product quality 

and thus industry profitability.  

 

1.1.2 SELECTIVE BREEDING IN AQUACULTURE 

Selective breeding in aquaculture is not a new concept. For example, genetic 

improvement techniques have been applied to improve cultured Atlantic salmon stocks 

(Salmo salar) since 1974 (Gjedrem and Aulstad), and edible oysters since the early 1980’s 

(for review see Sheridan 1997; Gjedrem and Baranski 2009). However, the majority of 

aquacultured species still remain in their wild state and most breeding programs underway 

are largely limited to phenotypic selection, with molecular genetic information restricted to 

pedigree reconstruction (Yue 2013). Where molecular data linked to important traits is 

available though, dramatic genetic gains have been realised. For example, in the 

Japanese flounder (Paralichthys olivaceus), a single locus was discovered that explained 
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over 50% of the total phenotypic variation seen for lymphocystis disease (Fuji et al., 2006). 

Such a success is rare, but nevertheless, genetic selection using this locus has led to the 

production of stocks that are highly resistant to lymphocystis. Similarly, in the Atlantic 

salmon, the incorporation of genetic selection using a QTL for infectious pancreatic 

necrosis (IPN) has significantly reduced the risks and impacts of IPN without affecting 

performance or production traits (Gheyas et al. 2010). At present, the major impediment 

limiting the implementation of advanced genetic selective breeding programs to other 

aquaculture species is the lack of fundamental genomic resources (i.e. genome-wide 

molecular markers and genetic linkage maps). This is because for most aquaculture 

industries, their stage of maturity and size of production have not been large enough to 

accommodate the high costs associated with acquiring large amounts of genomic data. 

Unfortunately, the development of such resources is a necessary step towards 

breeding programs involving marker assisted selection (MAS), or genomic selection, 

and it is only relatively recently where the advent of next-generation sequencing (NGS) 

technologies has enabled researchers to generate mass genomic data cheaply.  

To perform MAS in most industry settings, molecular markers in tight linkage 

disequilibrium (LD) with QTL or genes that have a large effect on the phenotypic 

expression of a quantitative trait, need to be identified. Most commonly, QTL can be 

identified and localised by tracing their segregation with molecular markers on a 

genomic map. Additionally, candidate genes known to be involved in functions related 

to quantitative traits may also be examined to determine statistical association between 

the molecular markers and phenotypic variance observed within the trait (Yue 2013). 

Indeed, the identification of QTL and marker associations for quantitative traits is 

therefore dependent on the subsequent development of a robust suite of genomic 

resources. Modern techniques to establish these resources for poorly studied species 

usually involve a number of successive steps. Firstly, whole genome sequencing is 

utilised to generate genomic sequence data necessary for the subsequent mining and 
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development of suites of genome-wide molecular markers (i.e. microsatellites or SSRs, 

and single nucleotide polymorphisms or SNPs). Such molecular markers make it 

possible to test genetic associations between quantitative traits and markers and to 

construct the genomic maps required for QTL analysis. Secondly, genome structure 

can be elucidated through the construction of genetic linkage maps, whereby the 

relative positions of markers are established. Finally, with genetic resources dictating 

genome structure and phenotypic records of quantitative traits, QTL analysis can be 

conducted to identify genes and genome regions influencing commercial traits of 

interest for application in selective breeding programs.  

In response to the lowered costs of genomic sequencing and in recognition of the 

success of MAS in livestock species, many new initiatives in molecular marker 

development, genome mapping and QTL identification are now beginning to be reported 

for important aquaculture species (Presti et al. 2009; Yue 2013). For example, ongoing 

research in Atlantic salmon is extending already noteworthy genomic resources by 

increasing the number of available genome-wide SNPs (Hayes et al. 2007b; Bourret et 

al. 2013) and increasing the density of genomic maps (Moen et al. 2004; Moen et al. 

2008; Lien et al. 2011).  Furthermore, numerous QTL for disease resistance (i.e. 

infectious pancreatic necrosis) and body lipid percentage in Atlantic salmon have 

already been identified (Houston et al. 2010). Likewise, research on the Pacific white 

shrimp (Gorbach et al. 2009; Du et al. 2010; Liu et al. 2012), the blue and the channel 

catfish (He et al. 2003; Wang et al. 2010; Liu et al. 2011), and many finfish species, are 

following their lead (Presti et al. 2009).  
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1.1.3 THE PINCTADA MAXIMA  PEARLING INDUSTRY AND ITS DESIRE 
TO CONDUCT SELECTIVE BREEDING PROGRAMS  

The pearling industry is Australia’s second most valuable aquaculture industry 

by export, valued at an estimated AUD$207 million and contributing 94% of the total 

non-edible exports by value in 2011-12 (ABARE 2012). It is based almost exclusively 

on the culture of one species, the silver-lipped pearl oyster, Pinctada maxima, which is 

renowned for the production of highly valued silver, gold and white South Sea pearls. 

Although the global market for these South Sea pearls has recently expanded (Torrey 

and Sheung 2008), the gross value of pearl oyster production in Australia between 

2000-01 and 2010-11 has declined by AUD$113.8 million (35.4%). As a result, there is 

considerable interest in the development of improved (i.e. more productive) family lines 

of pearl oyster to lift the profitability of the industry. This will provide pearling companies 

with a competitive advantage in a global market by allowing them to directly select the 

gene regions responsible for pearl quality traits and therefore maximise possible 

genetic gains from breeding programs (Torrey and Sheung 2008).  

Two major elements drive profitability in the P. maxima pearling industry; oyster 

growth, and pearl quality. Firstly, pearl oyster growth determines the age at which 

oysters can be seeded with a pearl nucleus, while shell convexity (or width) limits the 

size of the implanted nucleus. On average, it takes 18 to 24 months for a pearl oyster 

to grow to a size where it can be seeded, and a further 18 to 24 months for a pearl to 

grow to harvestable size (Taylor and Strack 2008). As maintenance costs of oysters 

accumulate at around AUD$0.50 per oyster, per month (Taylor and Strack 2008), 

selection for faster growing oysters would dramatically increase the profitability of pearl 

culture by reducing the time taken for an oyster to grow to a suitable seeding size. 

Secondly, the market value of a pearl is determined by five pearl grading virtues; size, 

shape, colour, lustre and surface complexion. Due to the underlying biological 



6 

complexity of pearl quality traits, pearl quality observed at harvest in commercial 

settings is extremely variable and only a very small percentage of pearls have 

attributes that allow them to be considered “Grade A” pearls. Indeed, it has been 

estimated that the top 10% of the pearls produced from a harvest account for 

approximately 90% of a company’s revenue (Taylor and Strack 2008). Since pearls are 

generally sold in allotments defined by these five pearl grading virtues, selection 

focusing on reducing the variation within these traits and increasing the percentage of 

“Grade A” pearls will have profound economic benefits to the pearling industry (Wada 

and Jerry 2008).  

With the advent of hatchery propagation techniques that provide a constant 

reliable stock of pearl oysters (Rose and Baker 1994), there is potential for selection on 

a commercial scale (Velayudhan et al. 1996; Wada and Komaru 1996; Wada and Jerry 

2008). As a result, numerous pearling companies have initiated phenotypic breeding 

programs based on either mass or family selection utilising moderate numbers of 

broodstock (from 30 to 50 oysters) over the last two decades (Wada and Jerry 2008). 

However, these phenotypic breeding programs have had limited success, as pearl 

production is a complex process and oyster growth and pearl quality traits are 

influenced by a multitude of factors, including genetic and environmentally induced 

variation (Kvingedal et al. 2010; Jerry et al. 2012). For instance, all pearls produced in 

commercial settings are a product of oyster seeding (Figure 1.1), a process where a 3 

mm x 3 mm piece of mantle tissue (saibo tissue) is cut from a donor oyster and grafted 

onto a pearl nucleus seed before being surgically implanted into the gonad of a host 

oyster (Taylor and Strack 2008). The saibo tissue then grows and forms a pearl sac in 

which a pearl forms by depositing layers of nacre around the nucleus. As a result, the 

production of a single pearl involves two oysters and thus potentially two genomes (the 

donor and host). The complex nature of pearl quality traits, along with environmental 

factors and interactions between host and donor tissues during pearl formation, 
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compound phenotypic measurements of traits and reduce the accuracy of selection 

within breeding programs. Genetic selection, or MAS, is therefore a promising option to 

overcome these limitations for the industry and provide the capacity for advanced 

genetic breeding programs.   
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Figure 1.1 Schematic diagram of the commercial pearl seeding process including a 

generalised development scheme for pearl oysters from fertilised egg through larval 

development to adult (modified from Southgate 2008). In brief, a 3 mm x 3 mm piece of 

mantle tissue (termed saibo tissue) is cut from a donor oyster and surgically implanted 

into the gonads of a host oyster with a nucleus. Once implanted, the saibo tissue grows 

around the nucleus and forms a pearl sac in which the pearl grows through the 

deposition of nacre. During this process, it takes 18 to 24 months for an oyster to grow 

to a size where it can be seeded, and a further 18 to 24 months for a quality pearl to be 

produced. 
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Despite the high value and large variation in pearl quality, research 

documenting the genetic mechanisms behind pearl oyster growth and pearl quality 

traits have until recently been limited to one species, the Japanese pearl oyster, P. 

fucata (Wada 1986b; Wada 1990; Wada and Komaru 1994; Wada 2000). These P. 

fucata studies have only investigated limited aspects of the genetic basis of traits and 

also focus solely on shell morphological traits such as shell width, convexity and nacre 

colour, leaving the genetic determinates of pearl quality virtues unexplored. 

Fortunately, more recent quantitative genetic research has documented genotype by 

environment interactions and heritability estimates of oyster growth (Kvingedal et al. 

2010) and pearl quality (Jerry et al. 2012), as well as host and donor contributions to 

pearl formation (McGinty et al. 2011; McGinty et al. 2012) in P. maxima. These studies 

provide strong evidence that oyster growth and some pearl quality phenotypes (i.e. 

colour, size and lustre) are influenced by additive genetic factors derived from the 

donor oyster, while other traits such as pearl shape and surface complexion are largely 

environmentally determined.  In addition, the cells of the pearl sac, derived from the 

donor oyster’s saibo tissue, have been shown to be transcriptionally active and 

primarily responsible for the expression of biomineralisation genes during pearl 

formation (McGinty et al. 2011; McGinty et al. 2012). Together, these quantitative 

genetic studies reveal important insights into the process of pearl production and 

suggest these commercially important traits have potential for improvement through 

molecular selection programs.  

Although still in the early stages of genetic selection, P. maxima pearling 

companies are perfectly situated to uptake advances in quantitative genetics and to 

integrate genomic technology into breeding program designs. The application of 

advanced genomic techniques, such as MAS, would enable pearlers to effectively select 

for traits of commercial interest more efficiently through the direct targeting of specific 

genes and/or genome regions with major effects on trait phenotypic expression. 
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Integration of such an approach would go a long way to improving the speed of 

selection, as selection accuracy in the estimation of an oyster’s genetic merit to 

produce a valuable pearl would be improved. Profound improvements in the accuracy 

and response to selection would concurrently speed up the return on investments within 

the pearling industry (Wada and Jerry 2008). Significant advancements have already 

been demonstrated from similar techniques. For example, in the dairy cattle industry, 

MAS schemes incorporating a QTL for protein yield in milk production (explaining 5% 

of the phenotypic variation) produced additional genetic gains of up to 9%, compared to 

traditional phenotypic breeding programs (Spelman and Garrick 1998). In addition, 

research using simulations to explore optimal MAS strategies in the southern 

Australian abalone industry also report additional genetic gains of up to 15% can be 

achieved (Hayes et al. 2007a). However, like most aquaculture species, a current lack 

of genomic resources for pearl oysters hinders quantification of underlying genetic 

mechanisms behind variation in traits of commercial interest and, therefore, the 

application of MAS in the pearling industry.  

 

1.1.4 GENETIC RESEARCH AND RESOURCES IN PEARL OYSTERS  

To unravel the genetic architecture and harness the underlying additive genetic 

potential for oyster growth and pearl quality within MAS breeding programs, a number 

of key genomic resources for P. maxima are necessary. These include the 

development of i) genome-wide molecular markers, ii) dense genetic maps, and iii) 

genetic associations and QTL for phenotypic traits. These genomic resources are 

pivotal for documenting the genomic structure of P. maxima, determining the genetic 

architecture of complex traits, and for identifying and localizing genetic markers 

associated to traits of commercial interest.  
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The first fundamental genomic resource necessary for determining genome 

structure and identifying and localising genes that control traits of commercial interest 

is a large suite of genome-wide molecular markers. To date, very few molecular 

markers are available for pearl oysters. No SNPs, and only 30 published and 11 

unpublished microsatellite markers (Genbank Accession numbers: GQ452233, 

HM357117 - HM357126) have been identified for P. maxima (Smith et al. 2003; Evans 

et al. 2006; Wang et al. 2009) Therefore, for applications in genome mapping and 

comprehensive MAS programs, a dense array of genome-wide genetic markers are 

required. Secondly, the low number of co-dominant transferable molecular markers in 

pearl oysters has limited research aiming to elucidate the genomic structure and the 

extent of linkage disequilibrium (LD) throughout pearl oyster genomes. Estimating the 

extent of LD is an important consideration for association mapping, as it indicates the 

relative size of chromosomal segments shared amongst individuals within a population 

and thus determines the number of theoretical markers necessary to detect genetic 

associations to quantitative traits (Khatkar et al. 2008). No genetic maps exist for P. 

maxima and only a few preliminary low-density genetic linkage maps have been 

constructed for other oyster species; including edible oysters (Yu and Guo 2003; 

Hubert and Hedgecock 2004; Li and Guo 2004; Lallias et al. 2007), and the closely 

related pearl oyster, P. fucata martensii (Shi et al. 2009). These maps, however, are of 

limited use for genomic research in P. maxima, as either the markers are non-

transferable to P. maxima due to the relatively large phylogenetic distance between 

these species, or their marker density is low (100-200 co-dominant markers). In 

addition to genetic linkage maps, a draft genome of P. fucata has become available to 

document genome structure (Takeuchi et al. 2012). However, the number of scaffolds 

is still relatively high (> 800,000) limiting its application to document the genomic 

structure of pearl oysters. Without a robust high-density genetic linkage map, genomic 

structure and the extent of linkage disequilibrium (LD) within the P. maxima genome 
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cannot be established. As a result, limited research has been undertaken in 

determining associations to commercial pearl industry traits.  

Preliminary QTL for oyster growth (Perry et al. 2008; Guo et al. 2012) and 

summer mortality (Sauvage et al. 2010) have been identified in the Pacific oyster, 

Crassostrea gigas. However, QTL research is very much in its infancy in oysters. No 

QTL or genetic associations to pearl quality traits have been reported and the genetic 

architecture of such traits remains unknown. By developing a dense array of molecular 

markers, a genetic linkage map, and by identifying marker associations and QTL for 

commercially important traits, the current project will not only significantly advance the 

P. maxima pearling industry by allowing the initiation of MAS breeding programs, but 

will establish P. maxima as a model organism for investigating many biological (i.e. 

biomineralisation processes and sex determination), ecological (i.e. dispersal and 

distributions) and evolutionary (i.e. genome evolution and synteny) questions, not just 

for pearl oysters, but bivalves in general.  

In addition to having a large suite of mapped genome-wide molecular markers, 

selection programs would further benefit from an increased understanding of the 

complex process of biomineralisation (on which oyster shell growth and pearl formation 

relies). Biomineral structures within pearl oysters consist of two major calcium 

carbonate polymorphs, calcite and aragonite (Sudo et al. 1997). Calcite forms the outer 

prismatic layers of the shell and is secreted by epithelial cells residing in the centre of 

the mantle. Aragonite forms the nacreous layer of the shell (also known as mother of 

pearl) and is produced by epithelial cells at the mantle edge. Of specific interest to the 

pearling industry is an understanding of nacre formation, the biomaterial that forms the 

nacreous layer of the shell and pearls. Knowledge of the genes that contribute to nacre 

deposition is vital before the molecular mechanisms that contribute to this process can 

be elucidated and genetic information underlying this process can be incorporated into 

MAS breeding programs. Fortunately, due to the high industrial value of pearls and the 
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intriguing microstructure of nacre, extensive genetic research on the genes involved in 

nacre biomineralisation in pearl oysters has been conducted (reviewed in Marin et al. 

2008). As a result, over 80 candidate genes involved in the molecular processes of 

pearl and shell formation have been identified and characterised (Joubert et al. 2010). 

More recently, as a result of NGS becoming more affordable, there has been a 

proliferation of systematic studies exploring the genome-wide expression of nacre 

biomineralisation candidate genes in numerous pearl oyster species, including P. 

fucata martensii (Kinoshita et al. 2011; Wang et al. 2012), P. martensii (Zhao et al. 

2012; Shi et al. 2013), P. margaritifera (Joubert et al. 2010), and P. maxima (McGinty 

et al. 2012). Such research is beginning to bring together the fragmented knowledge of 

the expression and functions of these nacre biomineralisation genes and is establishing 

sets of genes that are co-expressed within tissues responsible for producing nacre 

biomineralisation compounds (i.e. mantle edge and pearl sac tissues). However, it is 

not understood which nacre biomineralisation genes are primarily responsible for 

influencing the variation observed in commercially important oyster growth and pearl 

quality traits.  

Through NGS it is now possible to easily isolate these biomineralisation genes 

de novo and to identify polymorphisms (i.e. SNPs) that may reside in these genes 

within oyster populations. These polymorphisms (and by inference, the influence of any 

particular biomineralisation gene) can then be tested using association studies to 

examine if they explain significant proportions of phenotypic variation in commercially 

important oyster shell growth and pearl quality traits. Furthermore, a genetic linkage 

map constructed using these nacre biomineralisation markers will not only provide vital 

information on the genomic structure of pearl oysters, but will provide positional 

information for nacre biomineralisation genes and allow researchers to investigate the 

co-localisation of nacre biomineralisation markers and QTL for commercially important 

quantitative traits. By bringing together information on the gene function and position of 
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biomineralisation genes, further research will improve our understanding of the 

molecular mechanisms driving pearl and shell formation and will provide a more 

comprehensive understanding of which genes influence the phenotypic variation 

observed in oyster shell growth and pearl quality traits.  

 

1.1.5 THESIS OVERVIEW  

The overarching aim of this Ph.D. research is to adopt recent technological 

advances in genome sequencing and molecular marker genotyping to develop 

fundamental genomic resources that will enable the P. maxima pearling industry to 

initiate MAS breeding programs. Specifically, three main objectives were addressed; i) 

to identify and design genome-wide molecular markers for P. maxima, ii) to construct a 

moderate- to high-density genetic linkage map for P. maxima, and iii) to explore the 

genetic architecture and identify markers or regions that influence commercially 

important oyster growth and pearl quality traits. Each of these three objectives are 

presented as independent chapters, each with their own introduction, methods, results, 

discussions and conclusions.  

Chapter 2 describes transcript sequencing and annotation, and the identification 

and validation of thousands of genome-wide microsatellite and single nucleotide 

polymorphism (SNP) markers for the silver-lipped pearl oyster. A novel method of 

identifying polymorphic microsatellites in silico using redundant sequence reads is 

demonstrated, providing a short-cut in the process of validating microsatellite loci. In 

addition, validation of a suite of genome-wide SNP markers via high-throughput custom 

assay genotyping provides the means to generate large amounts of genotypic data 

suitable for linkage mapping, identification of quantitative trait loci, and association 

analyses.  
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Chapter 3 encompasses the construction of the first comprehensive genome-

wide genetic linkage map for any bivalve species. This linkage map will be an important 

resource for gene localisation, quantitative trait loci analysis, and resolving and 

understanding patterns of genome evolution and organization in pearl oysters. Sex-

specific recombination, segregation distortion and comparative mapping is also 

explored and discussed.  

Chapter 4 applies the genomic resources developed in Chapters 2 and 3 to 

investigate the genetic architecture of oyster growth and pearl quality traits and to 

identify QTL and genome-wide marker associations (GWAS) to these traits. The 

dissection of quantitative genetic traits is currently one of the biggest challenges in 

animal production. Information presented in this chapter addresses these challenges 

and brings the P. maxima pearling industry much closer to initiating genomic-informed 

selection programs.  
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silver-lipped pearl oyster, Pinctada maxima. PLOS Genetics.   
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C H A P T E R  2  

D E V E L O P I N G  G E N O M E - W I D E  
M O L E C U L A R  M A R K E R S  F O R  

P I N C T A D A  M A X I M AAA :  P I V O T A L  
R E S O U R C E S  F O R  G E N O M E  

M A P P I N G  
 

 

2 . 1  I N T R O D U C T I O N  

Pearl oysters are commercially farmed worldwide and are becoming important 

animal models for investigating biomineralisation (for scientific, medical and 

commercial applications) and evolutionary biology. The silver-lipped pearl oyster, 

Pinctada maxima, is commercially cultured for the highly valued South Sea pearl; a 

global market that has recently expanded. However, within this pearling industry, there 

is enormous variation in pearl quality at harvest, whereby approximately 10% of the 

pearls return greater than 90% of the industry’s revenue (Taylor and Strack 2008). As a 

consequence, efforts are presently being focused on improving oyster stocks through 

genetic selection, as this will reduce variability observed in pearl quality traits at harvest 

(i.e. pearl size, shape, colour, lustre and surface complexion) and increase return on 

investment. Recent research on P. maxima population genetic diversity (Lind et al. 

2007; Lind et al. 2009), genotype by environment interactions (Kvingedal et al. 2010; 

Jerry et al. 2012), host versus donor genetic contribution to pearl growth (McGinty et al. 

2011; McGinty et al. 2012) and the quantitative genetic basis of pearl quality traits 

(Kvingedal et al. 2010; Jerry et al. 2012), indicate that significant genetic gains may be 

obtained via implementation of selective breeding programs. However, as most pearl 

quality traits appear to be complex, difficult to measure and are governed by multiple 
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genes (Jerry et al. 2012), the accuracy of selecting superior animals based solely on 

phenotype data is limited. Therefore, research focus has turned to molecular marker 

informed selection approaches to fast-track phenotypic breeding programs. These 

approaches promise to unravel genetic mechanisms behind phenotypic traits and allow 

selection to be targeted directly on genes influencing traits of commercial interest (i.e. 

oyster growth and pearl quality traits). However, for these approaches to be 

incorporated into traditional breeding programs, associations between quantitative trait 

loci (QTL) and genome-wide molecular markers need to be established. An essential 

precursor for this work is the development and validation of a large number of genome-

wide molecular markers. 

The key to improving commercially important pearl quality traits lies in our 

comprehensive understanding of biomineralisation, including the genes governing this 

process. Bivalve biomineralisation involves the deposition of an extracellular matrix 

containing many organic proteins which facilitate the precipitation and orientation of 

calcium carbonate (CaCO3) crystals (Mann 2002). Fortunately, this complex biological 

function has attracted substantial research and a number of key genes involved in 

bivalve shell biogenesis have been identified and characterised (Joubert et al. 2010). 

Such research has identified a suite of genes with a functional association to 

biomineralisation in P. maxima, including MSI31 and MSI60 (Sudo et al. 1997), MSI7 

(Zhang et al. 2003), N16 (Samata et al. 1999), Nacrein (Miyamoto et al. 1996; Norizuki 

and Samata 2008), Pearlin (Miyashita et al. 2000), Calmodulin (Li et al. 2005b), 

Prismalin-14 (Suzuki et al. 2004), Aspein (Tsukamoto et al. 2004), N66 (Smith-Keune 

and Jerry 2009), N14 (Kono et al. 2000), N36 and N45 (Wang et al. 2011), and PFMG1 

(Yu and Wang 2010). By cataloging, examining and identifying molecular markers 

within these biomineralisation genes, novel research into the molecular pathways 

involved in this important biological process is possible. Furthermore, it may help 

identify genes and gene regions that have strong associations to phenotypic variation 
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observed in farmed stocks and that can be directly selected upon in genetic breeding 

programs.  

Two types of molecular markers are commonly used in linkage mapping 

studies, single nucleotide polymorphisms (SNPs), and microsatellites or simple 

sequence repeats (SSRs). SNPs are polymorphisms in the form of point mutations, 

which give rise to different alleles containing alternative nucleotide bases, and SSRs 

are short tandem repeats of nucleotide base-pairs with alternative repeat motifs leading 

to different alleles. Due to their comparative ease in isolation from the genome, until 

recently, SSRs were the preferred markers for linkage mapping analysis. However, 

since the development of next-generation sequencing (NGS) and high-throughput SNP 

genotyping technologies, SNPs have become the focal point of linkage mapping 

studies, since thousands of SNPs can be cost-effectively genotyped in parallel (Liu 

2011). Even though genotyping thousands of SSRs is still relatively expensive, smaller 

suites of SSRs are important for genetic diversity analysis in natural, as well as in 

farmed populations.  

Expressed sequence tag (EST) derived molecular markers offer several 

advantages. Firstly, ESTs are transcribed sequences, and markers derived from 

transcribed sequences maintain an association with genes expressed within the 

sampled tissue. Gene-associated (type I) markers have additional importance in 

genomic mapping and successive comparative genome mapping studies (Zheng et al. 

2011), particularly in species without genome sequence data, such as is the case for 

many aquaculture species. Furthermore, type I molecular markers are a source of 

candidate polymorphisms that underlie phenotypic traits. Such polymorphisms may aid 

in identifying contributory genes, or QTL for traits of commercial interest (Wang et al. 

2008).  
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Developing large sets of type I genome-wide molecular markers for P. maxima 

is a fundamental step towards understanding genome structure and the genetic 

contribution to traits of commercial interest in this species. The main objectives of 

Chapter 2 were to: 

(a) Produce a large mantle tissue transcriptome database suitable for molecular 

marker design; and 

 

(b) Develop and validate two extensive sets of genome-wide molecular markers 

(SNPs and microsatellite loci) for the silver-lipped pearl oyster, P. maxima. 

These genomic resources can be applied in future research to identify 

additional genes involved in biomineralisation, help understand the biological 

mechanisms behind biomineralisation and provide the capacity to generate genetic 

maps and test genetic associations to commercial traits. This information will be vital to 

future P. maxima genetic selection breeding programs.  
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2 . 2  M AT E R I AL S  &  M E T H O D S  

2 . 2 . 1  S E Q U E N C I N G  A N D  A S S E M B L Y  O F  M A N T L E  T I S S U E  
T R A N S C R I P T S  

To enable genome-wide type I molecular marker discovery (both SNPs and 

SSRs), high-quality total RNA was extracted from mantle tissue of 62 P. maxima 

individuals using TRIZOL® Reagent (Life Technologies). The 62 individuals were wild 

caught from a wide range of natural populations throughout Indonesia to maximise 

marker discovery and utility. These locations included the Raja Ampat Islands (0°23’S, 

130°52’E), Seram Island (3°13’S, 129°50’E), Aru (6°43’S, 134°63’E), Pulau Togean 

(0°25’S, 121°52’E), Pulau Bacan (0°62’S, 127°52’E), West Papua (1°13’N, 130°54’E) 

and Bali (8°23’S, 115°14’E). Individual RNA samples were pooled together in 

equimolar amounts. Full-length double stranded cDNA was produced using the Mint 

cDNA synthesis kit (Evrogen) and normalised using Trimmer cDNA normalisation kit 

(Evrogen) using manufacturer’s recommendations. cDNA was normalised to promote 

the sequencing of rare and unique gene transcripts. Normalised cDNA was 

pyrosequenced using 454 FLX Titanium technologies (Roche) according to 

manufacturer’s protocols. Approximately four gigabases of EST sequence data 

(1,300,993 reads, average size 360 bps, ~5x genome coverage) was generated. All 

sequencing adaptors, primers and polyA tails were screened and removed using the 

software Seqclean (http://compbio.dfci.harvard.edu/tgi/software). Sequences with an 

average quality score less than 20 (window size = 40bp) and / or shorter than 100 bp 

were also removed using the program MOTHUR (Schloss et al. 2009). The assembly 

of the cleaned sequence data was performed using the MIRA 3 sequence assembly 

package (Chevreux et al. 2004). Following initial parameter optimisation to maximise 

transcript coverage, the final assembly parameters incorporated no extra gap penalty 

with all other options at default or recommended settings. To remove transcript 

redundancy in the sequence assembly, the program CD-HIT (Li and Godzik 2006) was 
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used with sequence identity threshold set at 90%, and all other options set to default. 

Only the longest sequence was retained where multiple transcripts were identified.  

 

2 . 2 . 2  S E Q U E N C E  A N N O T A T I O N  A N D  G E N E  O N T O L O G Y  
T E R M S  

Contig annotations and Gene Ontology (GO) terms reveal important information 

on the expression of genes within the sequenced tissue type. Furthermore, annotations 

of the sequences from which markers were designed link variations within markers to 

functional genes. Annotation of our assembled mantle tissue transcripts was conducted 

utilising a Blastx search algorithm (Altschul et al. 1990; E-value ≤ 1E-3) and the NCBI 

non-redundant protein database conducted through the software package Blast2GO 

(Conesa et al. 2005). In the event of multiple annotations, the comparison with the best 

score was retained. GO terms were then retrieved for each successfully annotated 

contig using Blast2GO. 

To further assist in the identification of putative biomineralisation genes in P. 

maxima, additional candidate gene sequence screening was conducted. Numerous 

genes involved in bivalve shell biomineralisation and pearl formation have been 

reported within the literature (Joubert et al. 2010). A list of putative candidate genes for 

biomineralisation in bivalves was compiled from the literature and online public 

databases (Additional file 2.1). This list consisted of 137 sequences consisting of 

multiple homologs of 46 unique putative biomineralisation candidate genes. These 137 

sequences were compared using Blastn (Altschul et al. 1990; E-value ≤ 1E-3) against 

our assembled sequence data to identify homologous gene sequences in P. maxima.  
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2 . 2 . 3  I N  S I L I C O  S N P  D I S C O V E R Y  A N D  F I L T E R I N G  

Thorough data integrity during SNP discovery is essential to ensure high-quality 

SNPs are produced (Wang et al. 2008). The most important parameters to ensure high 

conversion rates are the number of sequences within a contig (sequence depth), minor 

sequence allele frequency, and sequence quality and polymorphisms flanking the 

primary SNP sites (Wang et al. 2008). Two sets of SNPs were developed from the 

sequence assembly. Firstly, SNPs were designed using the entire assembled 454-EST 

database to ensure genome-wide coverage. A second group of SNPs were designed 

within contigs that were shown to be homologous to published candidate genes for 

biomineralisation. These candidate gene SNPs were given priority for inclusion on the 

Illumina array over the genome-wide SNPs and any redundant SNPs that appeared in 

both SNP discovery methods were removed.  

Genome-wide and targeted biomineralisation candidate gene SNPs were 

identified using a stringent filtering SNP discovery pipeline incorporating the software 

SAMtools (Li et al. 2009) and custom scripts.  Firstly, the program NOVACRAFT 

(Novocraft Technologies, Selangor, Malaysia) was used to align the cleaned 

sequenced reads to the full sequence assembly (which also incorporates candidate 

biomineralisation genes) taking into consideration the quality of the sequence. The ‘All’ 

alignment location read option was selected with all other options set to default 

settings. Following this, the pileup command in SAMtools was utilised to generate a 

SNP / indel file with mapping qualities. Utilising custom scripts and the SAMtools 

varFilter option, SNPs were filtered so that only the most informative remained. Criteria 

for identifying high-value SNPs included a minimum MAF of 0.15, a minimum read 

depth of eight reads, a minimum of two minor allele reads and a minimum SNP 

mapping quality of 25. Furthermore, if any SNP or indel was identified within 50 bp of a 

candidate SNP, the candidate SNP was excluded. This was to ensure that each 

selected SNP has conserved flanking sequence essential for probe assay design. The 
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resultant SNPs were then prioritised based on read depth and MAF with the most 

promising SNPs submitted for assay development analysis using Illumina’s Assay 

Design Tool (ADT). Of these, only those that exceeded the ADT score of 0.8 were 

selected for further evaluation. Genome-wide SNPs requiring a single-bead type 

(Infinium II) were prioritized to allow for as many SNPs being placed on the array as 

possible, while SNP bead type classification in candidate biomineralisation genes were 

not constrained. As a final measure to identify duplication of SNPs within the assembly 

dataset, probes for each SNP were mapped to the original assembly using 

NOVACRAFT (Novocraft Technologies, Selangor, Malaysia). Only those SNPs that 

had probes that were uniquely mapped were selected for inclusion in the array. Based 

on these criteria, the highest scoring 2,782 (2,653 genome-wide, and 129 candidate 

gene SNPs) were provided to Illumina for synthesis and incorporation into the Illumina 

3k iSelect SNP genotyping array for SNP validation (Additional file 2.2).  

 

2 . 2 . 4  P .  M A X I M A  A N D  C R O S S - S P E C I E S  D N A  S A M P L E S  F O R  
S N P  V A L I D A T I O N  

For performance validation of the custom P. maxima Illumina 3k iSelect 

BeadChip, 559 P. maxima individuals collected from three wild sourced populations: 

Aru (6°43’S, 134°63’E), N = 72; Bali (8°23’S, 115°14’E), N = 178; and West Papua 

(1°13’N, 130°54’E), N = 291) were genotyped and procedures outlined in Zenger et al. 

(2007) were followed to identify aberrant SNPs. Family groups were reconstructed so 

that Mendelian transmission of alleles could be assessed. A total of 203 parent-child 

(P-C) and 252 parent-parent-child (P-P-C) relationships resulted. To ensure genotype 

reproducibility between batches and across arrays, 16 samples and 17 SNPs were 

included as replicates. To identify any effects from SNP discovery using cDNA and 

genotyping using genomic DNA, seven pools (four pools of 15-20 individuals and three 

replicate pools of all 62 individuals) of the cDNA used in SNP discovery sequencing 
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were also included on the genotyping array. Conversion and validation rates based on 

these source cDNA pools were estimated using Xraw and Yraw intensity data and 

Theta values exported directly from Genome Studio V2011.1 (Illumina Inc.). A SNP 

assay was deemed successful (i.e. converted) on a cDNA pool if the sum of the Xraw 

and Yraw signal intensities exceeded 5000 in more than 80% of the cDNA samples 

(McCue et al. 2012). Estimates of SNP validation across cDNA samples were 

determined by testing if the Theta values of cDNA samples fall within 2.6 standard 

deviations (SDs) of the mean Theta of all individually genotyped DNA samples (99% 

probability). For monomorphic SNPs with the genotype call of AA, if a cDNA theta 

value deviated more than 2.6 SD higher than the mean DNA Theta, it was considered 

polymorphic. For monomorphic SNPs with the genotype call of BB, if a cDNA theta 

value deviated more than 2.6 SDs lower than the mean DNA Theta, it was considered 

polymorphic. The source cDNA conversion rate was calculated as the number of SNPs 

that produced a signal divided by the total number of SNPs on the array. The cDNA 

validation rate was calculated as the number of SNPs with a heterozygous call divided 

by the total number of SNPs that produced a signal. Conversion and validation rates 

derived from source cDNA samples and individually genotypes DNA samples were 

compared.  

The genus Pinctada currently comprises 14 species, four of which (P. fucata, P. 

margaritifera, P. mazatlantica and P. maxima) are cultured for pearl production (Wada 

and Tëmkin 2008). To determine the cross-species utility of the P. maxima SNPs for 

other commercially important pearl oyster species, an additional 30 individuals across 5 

species within the genus Pinctada (P. margaritifera, P. mazatlantica, P. fucata, P. 

albina and P. imbricata) were genotyped using the Illumina 3k iSelect SNP array. 

Details on sample locations from where these samples were collected and the number 

of individuals are provided in Table 2.1. As a surrogate for probe binding success, a 

SNP assay was deemed successful for these other species if the Xraw and Yraw signal 
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intensities exceeded 5000 (McCue et al. 2012). Due to limited sample numbers within 

each species, polymorphic clustering profiles of SNPs were taken from P. maxima. 

SNPs that produced a genotype in at least 90% of individuals of a species were 

considered true markers and are reported as successfully amplified loci. SNPs that had 

at least one heterozygote genotype in one individual within a species were considered 

polymorphic.  
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Table 2.1 Summary of SNP success throughout species in the genus Pinctada. The five divergent Pinctada species are listed in order of 

phylogenetic distance from P. maxima (as described in Cunha et al. 2011). The sample origin (collection location), number of SNPs producing 

genotypes across all individuals, SNP conversion rate (calculated as the number of SNPs that produced a genotype divided by the total number 

of SNPs), mean individual genotyping rate (proportion of SNPs that produced a genotype for that individual over all converted SNPs), the mean 

GC10 score (mean Illumina GenCall 10 score across all converted SNPs), number of validated SNPs (SNPs with at least one heterozygous 

call), and SNP validation rate (number SNPs with one heterozygous call divided by the total number of SNPs) are reported. Coordinates of 

sample origins are as follows: Raja Ampat Islands (0°23’S, 130°52’E); Seram Island (3°13’S, 129°50’E); Aru (6°43’S, 134°63’E); Pulau Togean 

(0°25’S, 121°52’E); Pulau Bacan (0°62’S, 127°52’E); West Papua (1°13’N, 130°54’E); Bali (8°23’S, 115°14’E); Orpheus Is., Aus (-18°36'S, 

146°29'E); Mexico (22°19'S, -95°00'E); Anamizu, Japan (37°10'S, 136°57'E); and Venezuela (10° 20'S, -65° 40'E).  

Species N Sample origin 
SNPs 

producing 
genotypes 

SNP 
conversion 

rate (%) 

Mean individual 
genotyping rate 

(%) 

Mean 
GC10 
score 

Number of 
validated 

SNPs 

SNP 
validation 
rate (%) 

P. maxima (source 
cDNA) 

62 (7 pools) 
Raja Ampat Islands, Seram Island, 
Aru, Pulau Togean, Pulau Bacan, 
West Papua and Bali 

2,727 98.0 - - 2,427 89.0 

P. maxima (DNA) 525 Aru, Bali and West Papua 2,409 86.6 99.0 0.64 1,442 59.9 

P. margaritifera 9 Orpheus Is., Aus 1,704 61.3 59.1 0.25 126 7.4 

P. mazatlanica 5 Mexico 1,628 58.5 60.6 0.26 66 4.1 

P. fucata 6 Anamizu, Japan  327 11.8 21.4 0.19 72 22.0 

P. imbricata 6 Venezuela 299 10.7 23.6 0.19 71 23.7 

P. albina 4 Orpheus Is., Aus 199 7.2 29.6 0.2 39 19.6 
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2 . 2 . 5  S N P  G E N O T Y P I N G ,  D A T A  I N T E G R I T Y  A N D  
I N F O R M A T I O N  C O N T E N T  

High-quality genomic DNA was extracted from all 589 samples intended for 

genotyping using a modified CTAB protocol (Sambrook and Russell 2001). DNA quality 

was determined by agarose gel electrophoresis and DNA concentration was 

standardised to 50 ng / μL using PicoGreen dsDNA quantification (Invitrogen). All DNA 

samples were genotyped on the Illumina 3k iSelect SNP arrays at PathWest Medical 

Laboratories, Perth, Western Australia, following manufacturer instructions (Steemers 

and Gunderson 2007). Raw bead intensities were extracted using the GenCall software 

(Illumina Inc.) and genotypes were calculated using the GenTrain genotype clustering 

algorithm implemented in Genome Studio V2011.1 (Illumina Inc.). Re-clustering of SNP 

genotypes was performed using a GenCall Score Cutoff (quality metric used as the no-

call threshold) of 0.15. The re-clustered datasets were then used for further quality 

control analysis.  

All SNP array statistics were calculated in Genome Studio V2011.1. Sample 

genotyping rate is defined as the proportion of loci that produced a genotype for that 

sample. The SNP conversion rate is defined as the number of SNPs that produced a 

genotype divided by the number of total SNPs included. SNP validation rates were 

calculated as the number of SNPs with a heterozygous call divided by the number of 

SNPs that produced a genotype. SNPs with a minor allele frequency (MAF) of greater 

than 0.01 were considered polymorphic. Mendelian errors in the 203 parent-child (P-C) 

and 252 parent-parent-child (P-P-C) trios were calculated and reported as Mendelian 

agreement (1-[number of Mendelian errors in P-C or P-P-C relationships divided by the 

total number of loci genotyped]). The GenCall method in Illumina’s Genome Studio 

V2011.1 was used to determine genotyping quality for each call. All GenCall Scores 

are reported as the 10th percentile of the GC scores (GC10 scores).  
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To determine the utility of validated SNPs in identifying parentage, the ability of 

each SNP to distinguish first-degree relatives was measured. First-parent information 

content statistics were derived using allele frequency data of all 525 individuals and the 

probability of exclusion, or exclusion power (PE), for each validated SNP was 

calculated using CERVUS v3.0 (Kalinowski et al. 2007). Firstly, PE was calculated 100 

times for 100 random selections of SNPs where the number of SNPs ranged from 1 to 

100 using an equation described in Souza et al. (2012). Secondly, SNPs were ranked 

by MAF (as a proxy for information content) and PE was calculated for 100 groups of 

SNPs where the number of SNPs ranged from 1 to 100. SNPs were added in order of 

decreasing MAF.   

Duplicated SNPs are known to give clustering profiles that consist of five 

clusters (AAAA, AAAB, AABB, ABBB, BBBB) instead of the classic clustering profile of 

three clusters (AA, AB and BB) (Gidskehaug et al. 2011).  In consultation with an 

Illumina technician, inspection of all SNPs with a five cluster pattern was undertaken to 

determine the presence of duplicated SNPs. SNPs exhibiting five clusters were flagged 

as duplicated SNPs, re-clustered following Illumina recommendations, and considered 

polymorphic if one heterozygous genotype was present (i.e. AAAB, AABB or ABBB).  

 

2 . 2 . 6  D E T E C T I O N  O F  S S R S  A N D  P R I M E R  D E S I G N   

For microsatellite identification, all high quality raw sequence reads after clean-

up were used instead of assembled data to provide in silico estimates of polymorphism. 

Initial discovery of sequences containing SSRs from the cleaned ESTs was carried out 

using a PERL script (pipe1.pl) from the program QDD (Meglecz et al. 2009). 

Sequences which contained either a perfect or compound microsatellite with a 

minimum of 6 repeat motifs (di- to hexa- nucleotide) were selected. Following this, 

primers were designed for all SSR sequence reads having sufficient flanking sequence 
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using MSATcommander version 1.0.2 alpha (Faircloth 2008), which incorporates 

Primer 3 software (http://primer3.sourceforge.net). Raw sequences can be added 

directly into MSATcommander, however, the use of QDD’s pipe1.pl script significantly 

reduces computational demand and running time while returning analogous results. 

The following parameters were used for primer design: optimal primer length 21 bp 

(range 16-28), optimal Tm: 60 0C (range 50-70 0C), optimal GC content: 50% (range 

30-70%), amplification length: 100-600 bp, and no GC clamp. Reverse-compliment, 

translated and shifted motifs were automatically grouped together in QDD. If two 

microsatellite repeats were found within 50 bp they were considered a combined 

microsatellite and one locus, with their motif count being the sum of all motifs within its 

repeat region (i.e. for (AT)6…(ATCT)6 motif count = 12). 

Even though SSRs are important molecular markers, and advances in genome 

sequencing has revolutionised the way in which SSRs are being developed, very few 

studies have expanded this concept to simultaneously identify large numbers of 

genome-wide polymorphic SSRs in silico from motif variation in additional homologous 

sequence depth present in large sequence databases (Zhang et al. 2007; Tang et al. 

2008). This approach generates a measure of in-silico polymorphism, a valuable 

parameter from which SSRs can be prioritised for selection, allowing the researcher to 

maximise the number of useful SSRs from a selection of EST data and reduces (or 

eliminates) the time and costs associated with laboratory validation of SSRs. 

To cluster sequences together and identify those loci with allelic variation, all 

EST-SSRs with identified primer flanking sequences were first assembled into aligned 

sequence contigs (i.e. clusters) with a minimum similarity threshold of 90% and 

maximum sequence overhang of 10% using CAP3 software (Huang and Madan 1999). 

To further ensure that all clusters were unique, representative sequences from each 

cluster were repeat masked using Repeat Masker (http://www.repeatmasker.org/cgi-

bin/WEBRepeatMasker), and directly evaluated against each other using a genetic 
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distance algorithm (95% similarity threshold) implemented in WCD (Hazelhurst et al. 

2008). Finally, clusters were visually inspected to confirm sequence alignments and 

repeat motif variation using the program Tablet (Milne et al. 2010).   
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2 . 2 . 7  V A L I D A T I O N  O F  I S O L A T E D  S S R  L O C I  

To broadly evaluate the occurrence of sequence and assembly data error rates, 

five microsatellite loci (Pmx456, Pmx639, Pmx2141, Pmx1212, and Pmx1955) that had 

a large number of motif repeats and differing number of reads were selected and tested 

in the laboratory. Observed allelic variation of each locus (i.e. size and number) was 

then compared to the in silico data to evaluate sequence data integrity. DNA was 

extracted from farmed oysters (N = 120, Penyabangan, Bali) using a modified CTAB 

protocol (Sambrook and Russell 2001). Microsatellites were amplified in 15 μL reaction 

volumes containing 10-20 ng DNA, 50 μM each dNTP, 0.4 U of BIOTAQ Red DNA 

polymerase (BIOLINE), 0.04 μM of forward primer, 0.16 μM of fluorescent labelled M13 

tag (Schuelke 2000), 0.2 μM of reverse primer and 1.5 mM MgCl2. Reactions for all loci 

were cycled using a BioRad C1000 Thermal Cycler (cycling parameters: 3 min at 95 

°C, 35 cycles of 95 °C for 45 s, 58 °C for 30 s, 72 °C for 45 s, and 72 °C for 5 min). 

Success of amplification and degree of allelic variation was determined by resolving the 

PCR products using the Amersham Biosciences Megabase Capillary Sequencer and 

Fragment Profiler 1.2 (Amersham Biosciences). 

To determine the representation of already developed P. maxima SSRs within 

our database the 30 published (Smith et al. 2003; Evans et al. 2006; Wang et al. 2009) 

and 11 unpublished (Genbank Accession numbers: GQ452233, HM357117 - 

HM357126) SSRs were searched against our 2,663 unique clusters using the Blastn 

algorithm (word size: 18, E score: 0.01) and compared to our in silico data. In addition, 

the 2,322 EST-SSR clusters were also assigned GO terms (E-value < 0.001) using 

Blast2GO (Conesa et al. 2005), to determine if these loci represented divergent 

randomly selected genes.  
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2 . 3  R E S U L T S  

2 . 3 . 1  S E Q U E N C I N G  A N D  A S S E M B L Y  O F  M A N T L E  T I S S U E  
T R A N S C R I P T S  

In total, over 1.3 million raw EST sequences (average read length ~360 bp) 

were generated from a single plate of Roche 454 FLX Titanium sequencing. After 

rigorous cleaning and trimming this was reduced to 1,144,459 high-quality reads. 

Assembly of this sequence data using the MIRA package returned 91,884 contigs and 

4,910 singletons. The N50 size of the assembly was 615 bp with the largest contig 

being 5,764 bp. The average coverage over all contigs was 5.4, and average read 

depth across all contigs is 12.4. Following transcript redundancy removal (required for 

SNP discovery), the filtered assembly returned 78,595 of the longest unique contigs. All 

sequence data has been submitted to GenBank as a SRA database (Accession 

number: SRR653430). 

 

2 . 3 . 2  S E Q U E N C E  A N N O T A T I O N  A N D  G E N E  O N T O L O G Y  
T E R M S  

Blast searches against GenBank’s non-redundant protein database revealed 

22,973 (21.73%) of the 96,794 contig and singleton sequences had sequence 

homologies. Of these sequences, 18,761 (81.66%) also had GO categories assigned, 

which were subsequently categorized into three level 1 category observations; 

biological process (10,135), cellular component (9,781) and molecular function 

(11,404) (Figure 2.1). Based on the biological process GO annotations, most genes are 

involved in cellular (86.13%) and metabolic processes (69.84%). Other abundant 

annotations consist of biological regulation, response to stimulus, multicellular 

organismal and developmental processes, cellular component organization and 

localization, each of which made up at least 26.08% of biological categories assigned. 

The most common cellular component GO categories were cell (88.73%) and organelle 
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(63.82%), followed by membrane (35.24%), macromolecule complex (32.83%) and 

membrane-enclosed lumen (17.88%). Extracellular region, cell junction, synapse and 

virion had a combined abundance of 14.5%. For the molecular function GO 

annotations, binding (73.90%) and catalytic activity (51.87) were most abundant. 

Twelve terms still remained accounting for 32.50% of the annotations (Figure 2.1). 

Previous studies have presented similar results where metabolism and cellular 

processes dominated the GO annotations in various tissues from other pearl oyster 

species (Joubert et al. 2010; Kinoshita et al. 2011), and in the more distantly related 

Crassostrea gigas (Fleury et al. 2009).  
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Figure 2.1 Proportions of Gene Ontology annotations of the assembled 454 mantle 

tissue transcripts from Pinctada maxima. 
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2 . 3 . 3  I N  S I L I C O  S N P  D I S C O V E R Y  A N D  F I L T E R I N G  

A total of 172,625 putative SNPs and 198,364 indels were identified in silico 

from our sequence dataset before strict filtering parameters were applied. Following 

read depth (minimum 8 reads) and MAF (≥ 0.15) filtering, 9,108 high-quality SNPs 

were identified of which 73.3% were transitions and 26.7% transversions. Of these, a 

further 4,513 SNPs were removed as they were located within the flanking region (50 

bp) of another SNP leaving 4,594 high-value SNPs identified. The average in silico 

MAF and average read depth of these SNPs was 0.33 and 12.9, respectively.  

A total of 2,782 SNPs that gave suitable design scores for an Illumina Infinium II 

assay were selected for inclusion in the array and genotyping. Quality control of SNPs 

was investigated using two sets of genotyped samples. The first was based on seven 

cDNA pools from the 62 individuals that were included in the original 454-EST 

sequencing run to establish baseline conversion and validation rates for the 2,782 

SNPs. The second investigated the success of 575 individual P. maxima samples.  

Baseline SNP conversion and validation rates were calculated based on Xraw 

and Yraw intensities of the seven cDNA samples as described in the methods. Of the 

2,782 SNPs, only a small proportion (1.97%) did not generate Xraw + Yraw intensities 

greater than 5,000, indicating that the probe had failed to bind to the cDNA in these 

SNPs (McCue et al. 2012). Consequently, a high conversion rate of 98.0% of 

assayable SNPs included on the array was observed overall (Table 2.2). An additional 

300 SNPs were monomorphic leaving a total of 2,427 validated SNPs based on the 

source cDNA pools and an overall validation rate of 89.0% (Table 2.2). From a total of 

575 individually genotyped P. maxima genomic DNA samples, 34 individuals returned 

call rates of < 90% and were subsequently excluded. Of the remaining 541 individuals, 

525 were unique samples (i.e. non-replicates) and were subsequently used to 

investigate SNP array performance.  
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Table 2.2 Summary of the number of SNPs converted, validated and polymorphic for 

P. maxima source cDNA pools and individual DNA samples. SNPs were excluded 

successively based on the listed SNP exclusion category. The total number of SNPs 

minus the categories "Probe Did Not Bind" and "Ambiguous Clusters" resulted in the 

number of SNPs converted. The number of SNPs converted minus the category 

"Monomorphic" resulted in the number of SNPs validated.  The number of SNPs 

validated minus the category "MAF < 0.01" resulted in the number of polymorphic 

SNPs. Finally the number of informative SNPs minus the categories "Heterozygous 

Excess", "Heterozygous Deficit", "Mendelian Inheritance Errors" and "Duplicated 

SNPs" resulted in the final number of SNPs producing reliable genotypes. All 

percentages for exclusion categories are shown in parentheses and are calculated 

using the total number of SNPs. The SNP conversion rate is defined as the number of 

SNPs that produced a genotype divided by the number of total SNPs included. SNP 

validation rates were calculated as the number of SNPs with a heterozygous call / the 

number of SNPs that produced a genotype. SNP polymorphism rate was calculated as 

the number of SNPs with a minor allele frequency greater than 0.01 divided by the 

number of SNPs that produced a genotype. 

SNP exclusion category 
# SNPs 

excluded 
(source 

cDNA Pools) 

# SNPs 
excluded 

(individual 
DNA) 

Total number of SNPs 2,782 2,782 

Probe Did Not Bind 55 (2.0) 184 (6.6) 

Ambiguous Clusters - 189 (6.8) 

Number SNPs producing genotypes (SNP conversion rate): 2,727 (98.0) 2,409 (86.6) 

Monomorphic 300 (11.0) 967 (34.8) 

Number validated SNPs (SNP validation rate): 2,427 (89.0) 1,442 (59.8) 

MAF < 0.01 in 80% of samples - 99 (3.6) 

Number polymorphic SNPs (SNP polymorphism rate): - 1,343 (55.7) 

HWE deviations (Heterozygous Excess) - 22 (0.8) 

HWE deviations (Heterozygous Deficit) - 18 (0.6) 

Mendelian Inheritance Errors - 81 (2.9) 

Duplicated SNPs - 24 (0.8) 

Call rate < 90% - 9 (0.3) 

Number SNPs with no errors: - 1,189 (49.4) 
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Stringent post-processing of the genotypes from the 525 genomic DNA samples 

revealed that 6.61% of SNPs did not amplify successfully (probe did not bind to the 

DNA) and 6.79% SNPs returned ambiguous clusters. This left 2,409 SNPs resulting in 

a SNP conversion rate of 86.6% based on individually genotyped DNA samples. Within 

these 2,409 SNPs, 967 SNPs did not return heterozygous genotype calls and were 

considered monomorphic. The removal of this large number of monomorphic SNPs left 

1,442 SNPs, resulting in a SNP validation rate of 59.8% for these specific samples. To 

estimate the number of SNPs that had a MAF of < 0.01 and can be considered more 

informative in this population, a further 99 SNPs were excluded, resulting in a SNP 

polymorphism rate of 55.7% (Table 2.2). Further data integrity led to an additional 145 

SNPs being excluded as they exhibited the following errors; deviations from Hardy-

Weinberg equilibrium (Heterozygous deficit or excess, N = 40), MI errors (N = 81), SNP 

duplication (N = 24), or low call rates (<90%, N = 9). Of the remaining 1,189 SNPs 

(49.4%, Table 2.2), the SNP call rate was extremely high (99.4%) and the concordance 

in P-C pairs and P-P-C trios exceeded 99.9%. All remaining SNP clusters were visually 

inspected within Genome Studio V2001.1 and conservatively edited ensuring 

deleterious genotype calls were removed. Visual inspection of SNP clustering revealed 

14 of the 24 duplicated SNPs, were multisite variants (MSVs) and 10 paralogous 

sequence variants (PSVs). Details of all SNP statistics including average MAF and 

SNP exclusion categories are provided in Additional file 2.3 and annotated GO terms 

are reported in Additional file 2.4. High-throughput genotyping of all successful 1,189 

SNPs across the 525 P. maxima individuals produced a highly reliable dataset of 

613,311 genotypes.  

To evaluate general array performance, 16 replicate samples and 17 replicate 

SNPs were included. Of the 1,189 successful SNPs, none exhibited a high degree of 

discordance between replicate samples with only 3 out of 613,311 genotype calls 

returned reproducibility errors (concordance > 99.9%). Of the 17 replicate SNPs, 9 
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pairs remained after SNP filtering. Within these, the replicate SNP concordance rate 

was 99.3%. These two measures indicate an extremely high reliability for genotype 

reproducibility across all validated SNPs.  
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2 . 3 . 4  P R O B A B I L I T Y  O F  E X C L U S I O N  I N  P A R E N T A G E  
A N A L Y S I S  

Estimates of probability of exclusion (PE) indicate a high applicability of the 

SNPs for parentage analysis (Figure 2.2). As the number of SNPs increases, PE 

estimates increases rapidly before levelling out. Estimates of PE for assigning the 1st 

parent with no known parents reached 99% when 77 random SNPs were included. 

This dropped significantly when the most informative SNPs (high MAF) were selected. 

Here, only 35 SNPs are needed to reach 99% PE when trying to assign the 1st parent 

with no known parents and only 52 SNPs are required to reach 99.9%. The standard 

deviations of PE estimates for randomly selected SNPs decreased as more SNPs are 

included in the PE calculations. Standard deviations were as high as 0.079 when the 

number of SNPs was less than 20, and 0.002 when the number of SNPs was greater 

than 80 (Figure 2.2).  

 

2 . 3 . 5  U T I L I T Y  O F  T H E  2 , 7 8 2  A R R A Y  O N  F I V E  D I V E R G E N T  
P I N C T A D A  S P E C I E S  

Genotyping at all 2,782 SNPs on the array was attempted in 30 individuals from 

five other species within the genus Pinctada. Individual genotyping rates, GC10 scores 

and numbers of polymorphic SNPs of cross-species samples were much lower than 

what was observed in P. maxima and gradually decreased in accordance with 

increasing phylogenetic distance from P. maxima (Cunha et al. 2011) as reported in 

(Table 2.1). Within cross-species samples of Pinctada, the conversion rates ranged 

from 61.3% (P. margaritifera) to 7.2% (P. albina), whilst validation rates ranged from 

23.7% (P. imbricata) to 4.1% (P. mazatlanica) (Table 2.1). P. margaritifera and P. 

mazatlanica had unexpectedly low validation rates in comparison to P. fucata, P. 

imbricata and P. albina.   
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Figure 2.2 Relationship between the number of SNPs and the probability of exclusion (PE) estimates for correctly assigning a 1st parent (no 

parents known) to an individual. Two groups of SNPs were investigated. For the first group (Random SNPs), PE was calculated from random 

samples of SNPs where the number of SNPs ranged from 1 to 100. The second group (MAF Ranked SNPs) were ranked by MAF (as a proxy 

for information content) and PE was calculated for 100 groups of SNPs where the number of SNPs ranged from 1 to 100. SNPs were added in 

order of decreasing MAF.  
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2 . 3 . 6  S S R  D E T E C T I O N ,  D E S I G N ,  V A L I D A T I O N  A N D  
A N N O T A T I O N  

In total, 12,604 sequences containing microsatellite repeats (N ≥ 6) were 

identified within the P. maxima EST sequence database, of which 6,435 had sufficient 

flanking region for primer design (Table 2.3). From these, 2,322 unique microsatellite 

loci (i.e. clusters) were identified, with 821 containing multiple reads and 360 shown to 

be polymorphic in silico using allelic motif variation within each cluster (Table 2.3). GO 

terms were annotated to 126 EST-SSR clusters (E-value < 0.001), which represented 

5.43% of the 2,322 unique microsatellite loci. Summary information on each unique 

cluster, including GO Blastn hits, is provided in Additional file 2.5 and a representative 

sequence for each unique cluster has been made available (GenBank: JG706111-

JG708500, JG743072-JG743080).  

All laboratory tested microsatellites amplified consistent product within their 

expected size ranges (based on in silico data), and those shown to be polymorphic in 

silico were confirmed to be polymorphic once amplified and genotyped. Within the five 

tested markers, estimated in silico allelic variation ranged from 1 to 6 (No. of reads = 1 

- 10), however, observed genotyped allelic variation ranged from 9 to 15 (N = 120) 

indicating an underestimation of in silico allelic variation. Motifs, primer sequences, 

melting temperatures and in silico characterisation data are provided in Additional file 

2.5.  

From the 41 previously developed P. maxima SSRs, ten were identified within 

our SSR database using Blastn: Pmx16_23 from Smith et al. (2003), HUPMax03, 

HUPMax07, HUPMax09, HUPMax18, HUPMax21 and HUPMax29 from Wang et al. 

(2009), and JCUPm_26h5, M140, M412 unpublished (GQ452233, HM357117, 

HM357119). Of these, five had more than two sequence reads and four of these were 

shown to be polymorphic.  All allele sizes were within the range previously reported for 

these specific loci.   
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Table 2.3 Summary of P. maxima SSRs characteristics from in silico analysis. Numbers in parenthesis are percentages of totals. 

Motif Type 
Number 

of repeats 
per loci 

Number of 
sequences 
with SSRs 

Number of 
sequences with 

SSRs and 
flanking primers 

Number of unique 
sequences with 

SSRs and primers 

Number of unique 
sequences with SSRs, 
primers and multiple 

reads 

Number of SSRs 
with in silico 

allelic variation 

Di- > 6 8,620 (68.4) 4,412 (68.6) 1,484 (63.9) 540 (65.8) 229 (63.6) 
  > 10 1,901 (15.1) 315 (4.9) 203 (8.7) 67 (8.2) 54 (15.0) 
  > 20 147 (1.2) 1 (0.0) 1 (0.0) 0 (0.0) 0 (0.0) 

Tri- > 6 1,853 (14.7) 1,089 (16.9) 322 (13.9) 118 (14.4) 52 (14.4) 
  > 10 161 (1.3) 40 (0.6) 33 (1.4) 10 (1.2) 8 (2.2) 
  > 20 15 (0.1) 2 (0.0) 2 (0.1) 0 (0.0) 0 (0.0) 

Tetra- > 6 1,195 (9.5) 681 (10.6) 340 (14.6) 101 (12.3) 38 (10.6) 
  > 10 121 (1.0) 58 (0.9) 35 (1.5) 14 (1.7) 7 (1.9) 
  > 20 21 (0.2) 5 (0.1) 1 (0.0) 1 (0.1) 1 (0.3) 

Penta- > 6 209 (1.7) 68 (1.1) 47 (2.0) 12 (1.5) 5 (1.4) 
  > 10 7 (0.1) 3 (0.0) 4 (0.2) 1 (0.1) 1 (0.3) 
  > 20 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 

Hexa- > 6 19 (0.2) 7 (0.1) 3 (0.1) 1 (0.1) 0 (0.0) 
  > 10 0 (0.0) 0 (0.0) 0 (0) 0 (0.0) 0 (0.0) 
  > 20 0 (0.0) 0 (0.0) 0 (0) 0 (0.0) 0 (0.0) 

Compound- > 6 708 (5.6) 178 (2.8) 126 (5.4) 49 (6.0) 36 (10.0) 
  > 10 708 (5.6) 178 (2.8) 126 (5.4) 49 (6.0) 36 (10.0) 
  > 20 237 (1.9) 20 (0.3) 26 (1.1) 8 (1.0) 8 (2.2) 

Total   12,604 6,435 2,322 821 360 
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2 . 4  D I S C U S S I O N  

2 . 4 . 1  G E N E R A L  D I S C U S S I O N   

The limited number of genetic markers available for aquaculture species has 

been a major impediment for genetic studies (Liu 2011). In recent years, the use of 

NGS data to identify genome-wide sequence variations has become mainstream and 

molecular markers produced using these methods are considered highly reliable 

(DePristo et al. 2011). By using a NGS (Roche 454) approach, this study identified 

172,625 in silico SNPs of which 9,108 were filtered high-quality SNPs (MAF ≥ 0.15, 

read depth ≥ 8), as well as 2,322 unique SSR loci with primers, based on ~1.3 million 

ESTs from 62 individuals from populations throughout Indonesia. The discovery of 

these SNPs and SSRs addresses the lack of genome-wide molecular markers for P. 

maxima and will permit further research into understanding genomic structure and 

identifying genetic variation underlying complex pearl production traits.  

 

2 . 4 . 2  I N  S I L I C O  S N P  D I S C O V E R Y  

The overall conversion of in silico SNPs identified within this study was 

relatively high (i.e. 86.6% for genomic DNA and 98% for cDNA). Some of the main 

factors which have been proposed to account for success rates in SNP development 

include: the quality of the EST data used for in silico SNP mining, sequence depth, in 

silico MAF cutoff and SNP flanking sequence composition (Wang et al. 2008; 

Andreassen et al. 2010). Although 454 sequence data has been shown to contain a 

slightly higher degree of sequence errors compared to other sequencing platforms 

(Margulies et al. 2005), the sequence quality filtering measures employed in 

NOVACRAFT and SAMtools ensured that only highly accurate sequence data was 

considered in the SNP discovery process. In addition, all flanking sequence around a 

target SNP (i.e. 50 bp) had to be variant free and be of high sequence quality. 
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Ultimately, the amount of sequencing was sufficient to provide adequate coverage and 

read depth of the P. maxima transcriptome, which translated to a good conversion of in 

silico SNPs (0.33 MAF) to assayable polymorphic SNPs (0.28 MAF) and a reduction in 

the identification of false positive, or monomorphic SNPs (10.8% based on source 

cDNA). However, increasing the average sequence depth would enable the detection 

of SNPs from rarely expressed genes.  

 

2 . 4 . 3  S N P  C O N V E R S I O N  A N D  V A L I D A T I O N  R A T E S  

Validation rates observed in this study were lower than expected in the 

genotyped individuals (59.8%) considering the high assay conversion rates (86.6%) 

and general validation rate observed in the pooled source cDNA (89%). It is well 

documented that differences between the source population used for generating 

sequence data and the genotyped population can lead to a large number of 

monomorphic SNPs and reduced validation rates during SNP validation (Andreassen 

et al. 2010; Dominik et al. 2010). This appears to be the case in this study, as the 

genotyped population consisted of individuals that represented only a small subset (i.e. 

farmed families) of the populations (Aru, Bali and West Papua) (and therefore reduced 

genetic diversity) compared to those that were included in the initial sequencing and 

SNP discovery (six locations between the Raja Ampat Islands and Bali). The inclusion 

of more individuals from other locations throughout Indonesia (as was reflected in the 

cDNA pool sample) would be expected to increase the number of polymorphic SNPs 

observed. Nevertheless, the observed conversion (86.6%) and validation rates for P. 

maxima were moderately high (86.6% and 59.8% respectively) considering conversion 

and validation rates of the intensively studied bovine and porcine Illumina SNP50 

arrays range from 91.4 - 97.5% and 91.2 – 99.1% respectively (Matukumalli et al. 

2009; Ramos et al. 2009). This indicates the relative success of the P. maxima SNP 



46 

array despite the discordance between the genetic diversity in the source sequencing 

population and the genotype population.  

When further comparing validation success rates of the 2,782 SNPs between 

the individual genomic DNA and source pooled cDNA assays there were some 

noteworthy findings. Firstly, it appears that only 1.97% of the Illumina iSelect assays 

completely failed due to a poor assay design. Secondly, there was a loss of only 4.64% 

of assays as a result of SNP probe design based on cDNA rather than genomic DNA. 

One drawback of EST-derived SNPs, is that exon-intron boundaries and/or transcript 

variants can affect SNP assay probe binding affinity when genotyping with genomic 

DNA. Typically, strict quality control parameters are used to ensure these regions are 

avoided during probe design (Wang et al. 2008). However, even without implementing 

these measures (due to a lack of genomic resources for this species), only a small 

number of assays were lost illustrating that uncharacterised ESTs can still be an 

efficient resource for putative SNP identification. Finally, 6.79% of SNPs were excluded 

when genotyped on the genomic DNA individuals due to incompatible or ambiguous 

clusters of the SNP allele classes, indicating non-optimum Illumina iSelect SNP 

assays.  

The small number of multi-site variants (MSVs) detected throughout the array 

indicates that small regions of the genome, or specific genes, have been duplicated. 

Large-scale genome duplication is known to have occurred at least once during the 

evolution of bivalves (Wang and Guo 2004; Yoshida et al. 2011), however, no further 

genome duplication has been suggested within oysters (Wang and Guo 2004). This is 

supported by the presence of only a small number of duplicated SNPs on our array. If 

genome duplication had occurred in recent evolutionary history, a larger number of 

duplicated SNPs would be prevalent. Without further genomic resources such as 

genetic maps, it is not possible to validate these duplicated SNPs. However, further 

comparative genomic research investigating genome duplication and rearrangements 
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will soon be possible when more genomic resources become available, enabling a 

thorough investigation of the mechanisms responsible for speciation in bivalves.  

 

2 . 4 . 4  G E N O M E  C O V E R A G E ,  G E N E  O N T O L O G Y  A N D  
B I O M I N E R A L I S A T I O N  G E N E  A N N O T A T I O N S  O F  S N P  L O C I  

A total of 1,189 informative SNPs remained once all monomorphic and aberrant 

SNPs were removed. Homologs of a large proportion of these SNPs were identified in 

unique genes (37%) indicating that the SNPs represent a wide diversity of expressed 

genes and that they are possibly widely distributed throughout the genome. While there 

is no direct estimate of P. maxima genome size, given the close phylogenetic distance 

to P. fucata, their genomes are expected to be of similar size (1,150 Mb) (Takeuchi et 

al. 2012). Utilising the 1,189 validated SNPs within a 1,150 Mb genome would provide 

an average genome coverage of one SNP every 967 kb, sufficient density for 

unraveling the genomic architecture of P. maxima and investigating genetic 

determinates of phenotypic variation. However, further work involving genome mapping 

would be needed to confirm the distribution and proportion of genome coverage of 

these SNPs (see Chapter 3). 

GO annotations throughout the entire assembled 454 database reveal near 

identical proportions of biological process, molecular function and cellular component 

annotations described in studies within three other species of pearl oysters, Pinctada 

margaritifera (Joubert et al. 2010), P. martensii (Shi et al. 2013) and P. fucata 

(Kinoshita et al. 2011). Each one of these studies describes the annotation of a large (> 

220,000 reads) NGS transcript database sequenced from mantle and pearl sac tissues. 

Each study reports metabolism and cellular processes as the dominant GO processes 

and minimal differences were observed between tissue types. Furthermore, these 

proportions of GO annotations remain conserved throughout many tissues (digestive 
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gland, mantle-edge, hemocytes, gonad, muscle, and gills) in more distant bivalves 

such as Crassostrea gigas (Fleury et al. 2009). Such conservation of gene ontologies 

is indicative that the genes, especially genes involved in metabolism and cellular 

processes, have very strong selection pressures maintaining their expression 

(Peregrin-Alvarez et al. 2009).  

In addition to GO annotations, 23 of the 129 SNPs (88 were monomorphic) 

designed within biomineralisation gene homologs were successfully validated. These 

SNPs are most important as they will be physically linked to genes known to influence 

biomineralisation. Furthermore, these are promising candidates for association studies 

aiming to identify genetic variations associated with phenotypic traits, such as nacre 

deposition, which aids shell growth and pearl formation. These SNPs will also have 

applications in understanding biomineralisation mechanisms themselves. For example, 

once these SNPs are mapped, we can establish whether they are found in one region, 

or scattered throughout the genome.  

 

2 . 4 . 5  C R O S S - S P E C I E S  U T I L I T Y  O F  S N P S  W I T H I N  T H E  
G E N U S  P I N C T A D A  

To assess the degree of cross-species conversion of the SNPs, a number of 

individuals from five other Pinctada species were genotyped using the 3k Illumina 

iSelect custom array. The species represented increasing evolutionary distance from P. 

maxima within the genus Pinctada. Varying proportions of the SNPs on the array (7.2 - 

61.3%) amplified across the five divergent species. As anticipated, SNP genotyping 

success (conversion rate) decreased as the evolutionary distance from P. maxima 

increased (Cunha et al. 2011). Although a larger number of SNPs were converted for 

P. margaritifera and P. mazatlanica (61.3% and 58.5% respectively), their validation 

rates (7.4% and 4.1% respectively) were unexpectedly lower than those observed in 
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more divergent species - P. fucata, P. imbricata and P. albina (22.0%, 23.7% and 

19.6%). This inconsistency is most likely an artefact from the limited number of 

available individuals genotyped across each species (N = 4 - 9). As such genotypes 

from a larger number of individuals are needed to ascertain true validation rates. 

Nonetheless, the high conversion rate in the related species is very encouraging and, 

as a minimum, we have identified 39 - 125 SNPs that are polymorphic in other 

Pinctada species which could be used in parentage testing programs, or population 

genetic structure analyses, within industry and/or wildlife studies.  

 

2 . 4 . 6  S S R  D E T E C T I O N ,  D E S I G N ,  V A L I D A T I O N  A N D  
A N N O T A T I O N  

The detection of 2,322 unique microsatellite loci, of which 360 were shown to 

be polymorphic in silico using allelic motif variation, indicates that this approach is 

easily achievable with already established software. By investigating the degree of 

polymorphism exhibited by each locus in silico further important information can be 

generated, which can be utilised to prioritise SSRs discovered within EST sequence 

data. This will allow a researcher to maximise the number of polymorphic SSRs 

selected which can greatly reduce or even illuminate the costs associated with testing 

SSRs for polymorphisms under laboratory conditions.  

The difference between the in silico estimates and actual observed levels of 

polymorphisms in SSR loci is most likely due to the greater number of individuals used 

in the actual genotyping and the reduced sequence depth coverage per locus resulting 

from the cDNA normalisation process and limiting sequencing. Considering this, the 

variability levels observed within the in silico data should be viewed as an 

underestimate and represent a lower variability bound for each locus.  
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Ten of the previously published microsatellites were identified in the SSR 

database presented in this study. The remaining 31 SSRs not found within this data 

may have been derived from other tissue-specific transcripts, or from the vast non-

coding regions of the genome not present in the current sequencing data. Also, since 

the Blastn analysis was done using only the flanking regions around the microsatellites, 

the number of hits may have been reduced. The fact that 10 SSRs were identified, and 

that four were polymorphic in silico indicates that the current method is relatively 

sensitive to detect a diverse range of SSRs, even though the average motif sequence 

read depth was quite low (2.8). A greater genome / transcript coverage and sequence 

depth may be required to identify further polymorphic SSRs and provide a greater 

resolution for in silico polymorphism estimates. 

Gene Ontology annotations successfully matched 126 EST-SSR clusters (E-

value < 0.001), representing 5.43% of the 2,322 unique microsatellite loci. This 

relatively low hit rate can be attributed to the short length of available flanking 

sequence surrounding the SSR motif and possibly the limited amount of homologous 

gene sequence data available for molluscs in the public domain (e.g. Joubert et al. 

2010). Even though only a small proportion of sequences were able to be annotated, 

these sequences were highly divergent and represent 118 unique genes (93.6%). 

Among these genes, they also exhibit a diverse range of GO categories (N = 453), 

indicating that they are important in many functional pathways. These results suggest 

our SSR loci are situated within a diverse set of genes and pathways which may be 

useful for type I loci genome mapping and association studies, as well as comparative 

mapping investigations (Feingold et al. 2005). Furthermore, selective pressure may 

enhance transferability of these EST-SSR loci over closely related species (e.g. black-

lipped pearl oyster, P. margaritifera) due to reduced variability in primer binding 

regions.  
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2 . 4 . 7  C O N C L U S I O N S  

In summary; 

 Two large molecular marker datasets have been produced. Firstly, a total of 

2,782 SNPs were tested over 525 oysters and results confirm their high utility in 

terms of working SNPs (2,409), and polymorphic SNPs (1,343). Furthermore, 

over 6,326 additional high-quality filtered SNPs were identified and are 

available on request. Secondly, 2,322 unique SSR loci were identified of which, 

a minimum of 360 were deemed polymorphic through in silico using allelic motif 

variation.  

 

 These EST-derived molecular markers are an important resource that will allow 

the evaluation of genome structure and the dissection of the genomic 

architecture of complex commercially valuable traits. Additionally, this 

information will form the foundations of breeding programs aiming to improve 

shell growth and pearl production traits and advance the P. maxima pearling 

industry through genome-wide selection.  

 

 In addition to their application in industry improvement, these resources will 

help solidify P. maxima’s position as a model organism for investigations into 

fundamental biological processes such as biomineralisation and will aid further 

research into shell biogenesis in pearl oysters.  

 

 Finally, results show that subsets of these SNPs will have widespread use as 

parentage and genetic diversity markers across species within Pinctada, which 

may potentially compliment the use of current suites of microsatellite genetic 

tools. 
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C H A P T E R  3  

A  H I G H - D E N S I T Y  G E N E T I C  
L I N K A G E  M A P  F O R  T H E  
S I L V E R - L I P P E D  P E A R L  

O Y S T E R ,   P I N C T A D A  M A X I M AAA :  A  
V A L U A B L E  R E S O U R C E  F O R  

G E N E  L O C A L I S A T I O N  
 

 

3 . 1  I N T R O D U C T I O N  

The silver-lipped pearl oyster, Pinctada maxima, is an important tropical 

aquaculture species farmed extensively in Australia and Indonesia that, along with P. 

margaritifera, provides almost 50% of marketed pearls worldwide by value (Tisdell and 

Poirine 2008). However, like most aquaculture industries, it is still in its infancy 

compared to terrestrial animal production systems and has yet to establish advanced 

selective breeding programs required for industry advancement. Profitability of the P. 

maxima industry is driven primarily by the grading of the five pearl quality traits; shape, 

size, colour, lustre and surface complexion. Large variation is observed during harvest 

for each of these traits, presenting the capacity to increase industry profitability through 

selective breeding. Although traditional animal improvement methods have had some 

success improving traits which are easy to measure in candidates under selection (i.e. 

animal growth) (Wada and Jerry 2008), they are not particularly effective for complex 

pearl quality traits, which are hard to measure, expressed late in life and generally have 

low heritability (Kvingedal et al. 2010; Jerry et al. 2012). Promising developments in 

livestock genomics are opening up opportunities, allowing genomic information to be 
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incorporated into breeding programs in order to increase the rate of genetic gain for 

complex commercial traits in oysters. The current impediment to the implementation of 

genomic approaches in mollusc breeding programs, however, is a significant lack of 

genomic resources such as genome-wide molecular markers, genomic maps and 

genome sequences (Curole and Hedgecock 2007; Wada and Jerry 2008).  

A robust high-density genetic linkage map for P. maxima is a fundamental 

precursor to understanding the architecture and evolution of pearl oyster genomes, 

determining the genetic basis of complex phenotypic traits under natural and industrial 

settings, and identifying genes and quantitative trait loci (QTL) associated with bivalve 

shell biomineralisation. Such resources are invaluable for the development and 

incorporation of marker assisted selection (MAS) into breeding programs aiming to fast 

track improvements in pearl quality. Presently, no genetic maps are available for P. 

maxima with information on this species’ genome largely limited to the general physical 

description of its chromosomes (i.e. N = 14, 10 submeta- or metacentric, and four 

telocentric chromosomes) (Wada and Komaru 1985).  

Preliminary genetic linkage maps have been developed for only a few bivalves, 

including the edible oysters Crassostrea virginica (Yu and Guo 2003), C. gigas (Hubert 

and Hedgecock 2004; Li and Guo 2004), Ostrea edulis (Lallias et al. 2007), and one 

pearl oyster species, Pinctada fucata martensii (Shi et al. 2009). However, information 

from these maps is of limited use in P. maxima for molecular breeding studies, as they 

either consist of non-transferable markers [i.e. amplified fragment length 

polymorphisms (AFLPs)], have low marker density (100 - 200 markers), or the original 

species is phylogenetically too distant to be useful in a comparative genetic mapping 

approach (Cunha et al. 2011).  

Alongside the lack of genomic resources, several fundamental aspects of pearl 

oyster biology still remain unclear. For example, one of the most striking features of 
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pearl oysters is that they are non-obligate protandrous hermaphrodites (i.e. mature first 

as males and later change to females). In P. margaritifera (a sister species to P. 

maxima; the only available data for pearl oysters), for instance, individuals develop as 

males and remain so for the first two years of life before progressively changing to 

females reaching a sex ratio close to 1:1 at around 8 years old (Chávez-Villalba et al. 

2011). Sex change is known to be largely driven by environmental factors such as 

temperature and stress (Chávez-Villalba et al. 2011). However, the genetic 

determinates of this unusual life history have yet to be investigated in detail. Genetic 

linkage maps may be implemented to unravel some of the genetic determinates of sex 

differentiation and sex change in oysters. Linkage maps are also highly desirable for 

evolutionary genetic research and comparative mapping which would improve our 

understanding of pearl oyster chromosome evolution and help identify homologous 

chromosomal segments involved in the genetic control of economical and adaptive 

traits for species in the genus Pinctada.  

This chapter aimed to construct a high-density genetic linkage map for P. 

maxima by utilising the SNP array resource developed in Chapter 2 and to develop an 

appropriate analysis pipeline for this task. The main objectives of this chapter are to: 

(a) Generate pedigrees with a large number of informative meiosis events suitable 

for the construction of a genetic linkage map; 

(b) Construct the first sex-average and sex-specific genetic linkage maps for the 

silver-lipped pearl oyster, P. maxima;  

(c) Investigate the prevalence of segregation distortion and patterns in sex-specific 

recombination throughout the genome; 

(d) Annotate the genetic linkage map to provide positional information to functional 

genes and compare the positions of annotated markers to two bivalve species, 

Crassostrea gigas and Pinctada fucata; and 

(e) Evaluate the extent of linkage disequilibrium throughout P. maxima’s genome.  
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3 . 2  M AT E R I AL S  &  M E T H O D S  

3 . 2 . 1  R E F E R E N C E  M A P P I N G  F A M I L I E S  A N D  D N A  
E X T R A C T I O N  

To provide sufficient resolution for mapping thousands of genetic markers, a 

large mapping resource consisting of 335 individuals belonging to six phase known (3 

generation) and two phase unknown (2 generation) families was generated. All families 

were founded by individuals collected from three genetically distinct populations (Bali, 

8.32’S, 114.92’E; Aru, 6.43’S, 134.63’E; and West Papua, 1.13’N, 130.54’E). To obtain 

this mapping resource, numerous families were reared and bred between 2008 and 

2010 at two Indonesian commercial sites (Bali and Lombok) by Atlas South Sea Pearl 

Ltd. (see Kvingedal et al. 2010). To ensure only the most informative families were 

retained for genetic mapping purposes, genetic relatedness and diversity indices of all 

available F0 and F1 parents were evaluated using a set of six microsatellite markers 

(see Kvingedal et al. 2010) and the most informative parent pairs prioritised 

(relatedness values calculated in KINGROUP; Konovalov et al. 2004). In total, these 

families consisted of 219 F2 progeny, 118 F1’s and 14 F0’s and the number of offspring 

per family ranged from 14 – 99 (Figure 3.1). Seven of the eight families shared 

common grandparents and there are two unknown grandsires as indicated by the 

sample IDs U01 and U02. Unknown grandsires were validated using half-sib clustering 

algorithms executed in Colony version 2.0 (Jones and Wang 2010), but inferred 

genotypes were not used in map construction. Schematic representations of the 

pedigrees were drawn with Pedigraph Version 2.4 (Garbe and Da 2008). High quality 

genomic DNA was extracted from all 351 oysters using a modified CTAB protocol 

(Sambrook and Russell 2001). DNA quality was determined by agarose gel 

electrophoresis and each samples’ concentration was standardised to 50 ng / μL using 

PicoGreen dsDNA quantification (Invitrogen).  
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3 . 2 . 2  S N P  S E L E C T I O N ,  G E N O T Y P I N G  A N D  D A T A  I N T E G R I T Y  

A total of 1,189 informative P. maxima type I SNP markers (developed and 

validated in Chapter 2) were selected for linkage map construction. Strict data integrity 

measures were implemented to ensure that only the most accurate SNPs were 

included in the analysis, as even a small proportion of genetic marker errors can 

dramatically affect the accuracy of genetic linkage maps (Hackett and Broadfoot 2003). 

Briefly, SNPs were selected if they amplified successfully, returned clear genotype 

calling clusters, had a minor allele frequency (MAF) > 0.01, did not deviate from Hardy-

Weinberg equilibrium, conformed to Mendelian inheritance (MI) patterns from parent to 

offspring, did not exhibit duplicated SNP clustering patterns and had a call rate > 90%. 

Of the available 1,189 SNPs, 1,167 were informative for the subset of 351 oysters 

belonging to the mapping families and included in linkage map analysis (Additional file 

3.1). All SNPs have been annotated previously with Gene Ontology (GO) terms as 

described in Chapter 2.  
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Figure 3.1 Schematic representation of reference mapping families. Ovals represent females, squares represent males and diamonds represent families 

consisting of N offspring of unknown sex. Pink lines show the maternal contribution to the subsequent generation and blue lines show the paternal 

contribution. The population of origin for F0 oysters is indicated by the letter in the sample ID: B for Bali, A for Aru and W for West Papua. The two unknown 

sires with no genotypes, U01 and U02, are indicated in red text.  
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3 . 2 . 3  M A P  C O N S T R U C T I O N  A N D  G E N O M E  C O V E R A G E  

To generate the most accurate genetic linkage maps two versions of CRI-MAP 

(Green et al. 1990) were employed. Firstly, a modified version of CRI-MAP developed 

by Liu and Grosz (2006) was utilised to calculate sex-average and sex-specific two-

point recombination rates and logarithm of odds (LOD) scores for all pairs of markers. 

Linkage groups (LGs) were then identified using AUTOGROUP (Liu and Grosz 2006) 

by identifying markers that co-segregate with pairwise LOD scores > 5. AUTOGROUP 

utilises an iterative process with a succession of parameters decreasing in stringency 

through five layers to ensure accurate groups are produced. Each layer consists of the 

following four parameters; the minimum threshold of LOD scores for linkage to be 

included, the minimum number of informative meiosis for a marker to be included, the 

maximum number of linkage groups a marker is allowed for having linkages, and the 

minimum threshold for the linkage ratio to which a marker shows qualified links to the 

best linkage group. By layer, the parameters were a) layer one: 100, 2.0, 2, 0.9, b) 

layer two: 50, 1.5, 5, 0.8, c) layer three: 20, 1.0, 8, 0.7, d) layer four 10, 0.5, 10, 0.6, 

and e) layer five: 5, 0.1, 15, 0.5. Layer five defines the cut off for a marker to be 

included in a linkage group. Linkage groups were numbered in order of decreasing 

number of markers placed within each linkage group during the AUTOGROUP phase. 

Once linkage groups of markers were established, haplogroups of tightly linked marker 

pairs (i.e. LOD ≥ 3.0 and theta ≤ 0.03) were identified using HAPLOGROUP. This 

produced a subset of primary (most informative) markers from each haplogroup that 

were selected for initial construction of a framework map.  

The BUILD and FLIPS commands of the second version of CRI-MAP (2.503) 

modified by Jill Maddox and Ian Evans (unpublished data) were utilised to determine 

the marker order within each linkage group as it has been designed to deal with large 

datasets more efficiently. The linkage mapping strategy consisted of a hierarchal 

approach whereby markers were included if they could be assigned a position over the 
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next most likely position, firstly with a LOD score threshold cut off of LOD3 (the 

standard threshold for framework markers), which represents a 1:1000 chance of a 

marker being placed incorrectly. After placement of the LOD3 markers, the omitted 

non-framework markers and remaining secondary haplogroup markers were 

incorporated into the framework map using successive BUILD commands at the 

following decreasing LOD threshold cut offs; LOD2 (1:100 chance of incorrect marker 

placement), LOD1 (1:10 chance of incorrect marker placement) and finally the most 

likely position of remaining loci. For each BUILD at each LOD threshold cut off, the 

marker order was verified using the FLIPS function with a moving window of five 

markers (FLIPS5). When a better marker order was established after FLIPS5, marker 

order was resolved and FLIPS5 was re-run until no further changes were apparent. 

CHROMPIC was then employed to ensure no incorrect double recombinants were 

present which may indicate incorrect marker positioning. Erroneous genotype calls 

were corrected and any markers identified with double recombinants were reanalysed 

with BUILD and FLIPS to determine if the double recombinants were real or the marker 

position was incorrect. Any markers with unresolved double recombinants were 

excluded and FLIPS5 was re-run to ensure the remaining marker order remained 

correct. The final map is referred to as the comprehensive map (Keats et al. 1991). 

Sex-specific maps were also constructed using the sex-average marker order and 

recalculating marker intervals based on separate male and female informative meiosis 

events. Final map distances were calculated using the option FIXED. The Kosambi 

mapping function (Kosambi 1944) was used for all cM calculations and all maps were 

drawn using MapDraw version 2.2 (Liu and Meng 2003).  

To validate the map ordering of CRI-MAP, markers belonging to a large linkage 

group  with a range of informative loci (LG8 - established by AUTOGROUP in CRI-

MAP) were chosen to build an independent sex-average comprehensive linkage map 

with CarthaGène version 1.0 which incorporates an EM (expectation-maximization) 
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algorithm and a local search technique to build a maximum likelihood map (de Givry et 

al. 2005). The phasing function in TMAP version 1.1 (Cartwright et al. 2007) was 

utilised to generate input files for CarthaGène which incorporated the eight reference 

mapping families (Figure 3.1). The map was built using the same hierarchical mapping 

LOD thresholds as outlined above (LOD3, LOD2, LOD1 and most likely position) using 

recurrent executions of “build”, “polish” and “flips”.  

To calculate genome coverage of the linkage maps, the observed and expected 

genome lengths need to be established. The observed genome length (Goa) was 

simply the addition of all observed linkage group lengths and the expected genome 

length (Ge) was calculated by multiplying the length (cM) of each linkage group by 

, where  is the number of loci in each linkage group (see Chakravarti 

et al. 1991). The total expected genome length was the sum of Ge from all linkage 

groups. Genome coverage (Coa), was calculated by dividing Goa by Ge (see Liao et 

al. 2007).  

 

3 . 2 . 4  S E G R E G A T I O N  D I S T O R T I O N  

Segregation distortion, defined as the deviation from Mendelian inheritance of 

co-dominant alleles, may be present as a result of gametic selection or post-zygotic 

selection. To determine if such biological processes are present, segregation distortion 

was investigated using log-likelihood ratio tests for goodness of fit to Mendelian 

expectations in the software suit LINKMFEX version 2.4 (Danzmann 2006). Here, G-

values were calculated for all markers across all mothers and fathers of each family 

and subsequently tested using the heterogeneity G-test as described in Sokal and 

Rohlf (2012). For each marker, G Total (sum of G values across all parents) and G-

Pooled [calculated from the sum of allele specific (A and B) and total numbers (N) of 

co-informative events] were calculated and compared to determine the direction of the 
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distortion if present. Heterogeneity was then calculated by subtracting the Total G 

value from the Pooled G value (Sokal and Rohlf 2012).  

 

3 . 2 . 5  S E X - S P E C I F I C  A N D  F A M I L Y - S P E C I F I C  
R E C O M B I N A T I O N  H E T E R O G E N E I T Y  

Recombination heterogeneity is the difference in recombination rates at various 

levels throughout the data including between sexes and families. Significant 

recombination heterogeneity at any level can affect the estimates of mapping distances 

and its extent should be investigated (Haldane 1922). To investigate sex-specific 

heterogeneity throughout independent linkage groups, the following goodness of fit 

heterogeneity test was utilised with one degree of freedom as described in Ott (1999); 

 

where,  is the joint sex-specific recombination rate and  represents the 

recombination rate when equal male and female recombination fractions are assumed. 

For each test, a false discovery rate (FDR) correction was applied to correct for 

multiple comparisons and minimise false positives (Benjamini and Hochberg 1995).  

To detect any differences in sex-specific recombination rates, ratios of female-

to-male map distances were calculated  for each interval and linkage 

group as well as over the entire map. In addition, standardised marker interval 

distances were calculated for each sex [standardised interval distance = 100 * (interval 

distance / total LG length)] and plotted against one another. For all linkage groups, 

distinct slopes were observed along the length of the linkage group. Breakpoints 

between the distinct slopes for each linkage group were assigned by visual inspection. 

Each slope was analysed using a simple linear regression of two continuous variables 

(female and male) as they represent biologically real differences. For regression 
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analysis, data that produced each slope were grouped into three groups (left, middle 

and right) for all linkage groups except LG7 & LG9 where only two groups were 

produced (Appendix 1).  

To ensure any observed sex-specific recombination was truly due to differences 

between the sexes, and not affected by variation in individuals F1 parents, family-

specific heterogeneity was investigated of each F1 parent independently. LINKMFEX 

version 2.4 (Danzmann 2006) was used to calculate the recombination fraction, 

number of co-informative meiotic events (N) and the number of recombinations (r) for 

all mapped locus intervals for the maternal and paternal lines of each family separately. 

The Zmax score (LOD) was calculated for the mother and father in each family 

separately, and combined across all mothers and fathers respectively using methods 

outlined in Ott (1999). The following M-test was employed to investigate individual F1 

recombination heterogeneity within each mapping family (Ott 1999). 

 

Here,  represents the LOD scores maximum likelihood estimation (MLE) for the 

th F1 reference family for a pair of markers, with  being the total LOD score MLE 

of all th reference families.  

 

3 . 2 . 6  C O M P A R A T I V E  M A P P I N G  

Comparative maps allow the evaluation of gene content and order between 

taxa and are useful for studies in genome evolution and synteny. Two of the largest 

draft genomes of closely related taxa with annotated sequence data; Pinctada fucata 

(800,982 scaffolds; Takeuchi et al. 2012), and Crassostrea gigas (11,969 scaffolds; 

Zhang et al. 2012a; Zhang et al. 2012b) were used for comparative annotation to the P. 

maxima linkage map. To establish if gene content and order is preserved the source 
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sequences of all mapped SNPs were annotated to the reference genomes of C. gigas 

and P. fucata using Blastn algorithms (Altschul et al. 1990) and marker orders were 

compared.  

 

3 . 2 . 7  E X T E N T  O F  L I N K A G E  D I S E Q U I L I B R I U M  

The extent of LD is an important consideration for association mapping as it 

indicates the relative size of chromosomal segments shared amongst individuals within 

a population, and thus determines the number of theoretical markers necessary to 

detect genetic associations to quantitative traits (Khatkar et al. 2008). Two commonly 

used estimates of LD, r2 (Hill and Robertson 1968) and D′ (Lewontin 1964), were 

computed using GOLD software (Abecasis and Cookson 2000). The LD estimates 

were computed among all 1,167 SNPs using genotypic data on 995 oysters (the 

additional 660 oysters either have no pedigree information, or belong to smaller 

families not suitable for linkage mapping). The extent of LD among SNPs and within 

and across the linkage groups was estimated using positions of SNPs on the current 

linkage map.   



64 

3 . 3  R E S U L T S  

3 . 3 . 1  G E N O T Y P I N G ,  P E D I G R E E S  A N D  D A T A  I N T E G R I T Y  

The validation success of SNPs included on the custom genotyping array is 

detailed in Chapter 2. Strict data integrity on the SNPs based on a genotyped 

population consisting of 525 individuals produced a total of 1,189 SNPs suitable for 

linkage mapping (Chapter 2). Of these, 1,167 produced polymorphic genotypes (MAF > 

0.01) across the subset of 351 oysters belonging to the reference mapping families 

with an average genotyping call rate of > 99.4% (Additional file 3.1).  

 

3 . 3 . 2  S E X - A V E R A G E  M A P  

Genetic data used to construct our P. maxima linkage map consisted of 80,377 

phase known and 259,844 phase unknown informative meiosis events between all 

1,167 SNPs. The number of informative meiosis per marker ranged from 0 to 219 

(average 68.17) for phase known, and 0 to 593 (average 220.39) for phase unknown. 

Of the 1,167 SNPs that passed quality criteria, 125 had less than ten informative 

meiosis events (either phase known or phase unknown) and were excluded from 

further analysis. A further 49 SNPs were not placed in linkage groups during 

AUTOGROUP. The remaining 993 SNPs were subsequently grouped into one of the 

14 linkage groups. A total of 887 SNPs were successfully mapped to their most likely 

position within one of the 14 linkage groups with no ambiguity (Figure 3.2, Table 3.1 

and Additional file 3.1). The 106 grouped but unmapped SNPs could not be assigned a 

unique position as they exhibited low numbers of pairwise informative meiosis events 

(average phase known informative meiosis events 29.8) resulting in low power to 

resolve positions for these markers. The sex-averaged map spans 96.1% (831.7 cM) of 

the total estimated genome length (865.6 cM) (Table 3.1), with the average marker 

interval being 2.0 cM (when pairwise intervals of 0 cM were excluded). The two largest 
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linkage groups (LGs), LG1 and LG2, both had 129 mapped markers, and spanned 

70.3cM and 66.3cM respectively. LG13 and LG14 contained the fewest markers at 27 

and 26 respectively and spanned 55.4 cM and 52.1 cM. Over 49% of the inter-marker 

distances were less than 1 cM and the median inter-marker genetic distance 

throughout the map (including inter-marker intervals of 0 cM) is 1.0 cM (range from 0.1 

cM to 16.0 cM) (Figure 3.3). The map length of the P. maxima linkage groups ranged 

from 48.3 cM to 75.6 cM and exhibited a negative correlation with the number of 

markers mapped per linkage group (Table 3.1).  

Independent map ordering of LG8 using CarthaGène software confirmed the 

positions of all LOD3 (framework), LOD2 and LOD1 placed markers, indicating that 

generated maps are highly reproducible regardless of mapping algorithms and 

methods. Only four re-arrangements of markers placed in their most likely position 

were detected (c7736, c4016, c17142, c2359). For each of these rearrangements, the 

placement of the CarthaGène map was less than three positions away from the 

placement on the CRI-MAP map and the average distance between the alternative 

positions was 0.9 cM.  
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Figure 3.2 The sex-average and sex-specific maps for all linkage groups. SNP IDs in bold 
indicate framework SNPs placed at a LOD > 3 and remaining SNPs have been placed in their 
most likely position at a LOD < 3. SNPs located within known biomineralisation genes are 
indicated in bold italics. Dotted lines indicate the respective placements of few framework SNPs 
on the sex-specific maps3. For LG1, the sex-average log likelihood is -834.2, the sex-specific 
(f,m) is -759.0, and the  P-value of the sex-specific heterogeneity test is significant at 2.8E-77 
(FDR alpha of 0.004).   

                                                           
3 An electronic version of Figure 3.2 can be found on the DVD provided with this Ph.D. thesis.  
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Figure 3.2 (Cont.) For LG2, the sex-average log likelihood is -781.2, the sex-specific (f,m) is -

717.7, and the  P-value of the sex-specific heterogeneity test is highly significant at 1.5E-65 

(FDR alpha value of 0.004).   
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Figure 3.2 (Cont.) For LG3, the sex-average log likelihood is -747.6, the sex-specific (f,m) is -

669.2, and the P-value of the sex-specific heterogeneity test is highly significant at 1.9E-80 

(FDR alpha value of 0.004).  
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Figure 3.2 (Cont.) For LG4, the sex-average log likelihood is -762.1, the sex-specific (f,m) is -

685.6, and the P-value of the sex-specific heterogeneity test is significant at 1.3E-78 (FDR 

alpha 0.004).   
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Figure 3.2 (Cont.) For LG5, the sex-average log likelihood is -680.5, the sex-specific (f,m) is -

601.9, and the P-value of the sex-specific heterogeneity test is highly significant at 9.2E-81 

(FDR alpha value of 0.004).  
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Figure 3.2 (Cont.)  For LG6, the sex-average log likelihood is -552.9, the sex-specific (f,m) is -

495.0, and the P-value of the sex-specific heterogeneity test is highly significant at 5.8E-60 

(FDR alpha value of 0.004). 
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Figure 3.2 (Cont.) For LG7, the sex-average log likelihood is -495.7, the sex-specific (f,m) is -

418.0, and the P-value of the sex-specific heterogeneity test is highly significant at 8.3E-80 

(FDR alpha value of 0.004).   
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Figure 3.2 (Cont.) For LG8, the sex-average log likelihood is -600.5, the sex-specific (f,m) is -

539.2, and the P-value of the sex-specific heterogeneity test is highly significant at 2.3E-63 

(FDR alpha value of 0.004).   
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Figure 3.2 (Cont.) For LG9, the sex-average log likelihood is -489.4, the sex-specific (f,m) is -

442.9, and the P-value of the sex-specific heterogeneity test is highly significant at 1.6E-48 

(FDR alpha value of 0.004).   
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Figure 3.2 (Cont.) For LG10, the sex-average log likelihood is -627.4, the sex-specific (f,m) is -

584.6, and the sex-specific heterogeneity test P-value is significant at 9.8E-45 (FDR alpha of 

0.004).   
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Figure 3.2 (Cont.) For LG11, the sex-average log likelihood is -430.2, the sex-specific (f,m) is -

400.2, and the P-value of the sex-specific heterogeneity test is highly significant at 7.8E-32 

(FDR alpha value of 0.004).   
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Figure 3.2 (Cont.) For LG12, the sex-average log likelihood is -518.4, the sex-specific (f,m) is -

481.0, and the P-value of the sex-specific heterogeneity test is highly significant at 2.4E-39 

(FDR alpha value of 0.004).   
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Figure 3.2 (Cont.) For LG13, the sex-average log likelihood is -411.8, the sex-specific (f,m) is -

376.0, and the P-value of the sex-specific heterogeneity test is highly significant at 9.6E-38 

(FDR alpha value of 0.004).   
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Figure 3.2 (Cont.) For LG14, the sex-average log likelihood is -388.8, the sex-specific (f,m) is -

346.1, and the P-value of the sex-specific heterogeneity test is highly significant at 1.1E-44 

(FDR alpha value of 0.004).  
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Table 3.1 Observed map length (cM), expected genome length (Ge) and average intervals are reported for the sex-average (Sex Av.), female 

and male maps of Pinctada maxima. In addition, the female-to-male recombination ratios and number of intervals for the sex-average map are 

included. 

  Map Length (cM) Expected Genome Length 
(Ge)  Average interval (cM) No of intervals (Sex-Av.) 

LG No. of 
SNPs 

Sex-
Av. Female Male Sex-

Av. Female Male Female : 
Male Ratio 

Sex-Av. 
(SD) Female (SD) Male (SD) All 0-1 

cM 
1-2 
cM 

2-3 
cM 

>3 
cM 

1 129 70.30 65.53 75.29 71.40 66.55 76.46 0.87 0.99 (± 1.09) 1.34 (± 1.90) 1.30 (± 1.25) 71 49 14 4 4 

2 129 66.27 65.12 66.02 67.31 66.14 67.05 0.99 1.20 (± 1.29) 1.63 (± 2.82) 1.18 (± 1.21) 55 33 11 6 5 

3 97 59.36 63.96 55.25 60.60 65.29 56.41 1.16 1.14 (± 1.21) 2.00 (± 2.72) 1.67 (± 1.49) 52 31 12 4 5 

4 89 71.86 76.94 83.76 73.49 78.69 85.66 0.92 1.41 (± 1.64) 2.56 (± 3.04) 2.54 (± 3.16) 51 27 14 4 6 

5 82 60.02 66.78 61.63 61.50 68.43 63.15 1.08 1.28 (± 1.27) 1.96 (± 3.54) 1.81 (± 1.72) 47 24 15 4 4 

6 46 50.35 57.52 47.35 52.59 60.07 49.46 1.21 1.68 (± 1.64) 3.20 (± 3.99) 1.58 (± 1.51) 30 12 11 2 5 

7 46 52.33 68.90 45.13 54.65 71.96 47.13 1.53 1.94 (± 2.62) 6.26 (± 9.67) 1.88 (± 2.16) 27 13 5 5 4 

8 55 59.98 68.53 49.12 62.20 71.07 50.94 1.40 2.14 (± 2.37) 4.03 (± 6.76) 1.64 (± 1.70) 28 8 12 4 4 

9 53 54.18 43.18 58.91 56.26 44.84 61.17 0.73 2.36 (± 2.80) 5.40 (± 7.15) 2.81 (± 1.70) 23 9 7 1 6 

10 40 75.56 83.88 74.40 79.43 88.18 78.21 1.13 2.61 (± 3.23) 4.41 (± 5.68) 2.57 (± 3.00) 29 10 8 2 9 

11 34 48.29 59.08 33.20 51.21 62.66 35.21 1.78 2.30 (± 2.42) 3.94 (± 4.32) 2.08 (± 1.71) 21 8 5 3 5 

12 34 55.68 58.78 52.49 59.05 62.34 55.67 1.12 2.42 (± 2.75) 3.46 (± 3.39) 3.28 (± 3.75) 23 8 6 4 5 

13 27 55.36 77.13 36.34 59.62 83.06 39.14 2.12 3.46 (± 3.18) 6.43 (± 7.07) 2.60 (± 2.36) 16 3 4 2 7 

14 26 52.13 60.52 55.96 56.30 65.36 60.44 1.08 3.07 (± 3.48) 5.04 (± 8.09) 3.50 (± 1.96) 17 6 3 2 6 

Total 887 831.66 915.83 794.84 865.62 954.64 826.10 1.15 2.00 3.69 2.17 490 241 127 47 75 

Genome 
Coverage (%) 96.08 95.93 96.22             
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Figure 3.3 Frequency of the sex-average inter-marker distances (cM) across the fourteen P. maxima linkage groups. Only intervals > 0 cM were included. 

Over 49% of all intervals are below 1 cM, demonstrating an even spread of markers throughout the genome.  
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3 . 3 . 3  S E X - S P E C I F I C  A N D  F A M I L Y - S P E C I F I C  
R E C O M B I N A T I O N  R A T E S  

Sex-specific maps were produced using the sex-average marker order to 

recalculate marker intervals based on 37,306 phase known and 130,179 phase 

unknown meiotic events for the male map, and 43,071 phase known and 129,665 

phase unknown meiotic events for the female map. Significant differences in sex-

specific recombination were observed for all linkage groups and the entire map 

(Heterogeneity Test P-values < 0.001, Figures 3.2, 3.4 and 3.5). Out of the 14 linkage 

groups, 10 (LG3, LG5 - LG8 and LG10 - LG14) displayed slightly larger female maps 

relative to male maps. Overall the observed female sex-specific map was 121.0 cM 

larger than the observed male map, with an average female-to-male ratio of 1.15:1 

(Table 3.1). The sex-specific log likelihood for each linkage group, averaged between 

the sexes, ranged from -346.1 to -759.0 (average -536.886) and the total sex-specific 

log likelihood was -7,516.4.  

Female-to-male ratios (F:M ratios) of inter-marker distances deviated 

substantially from the expected 1:1 ratio and were either close to zero or very large 

indicating pronounced localised differences in recombination rates between the sexes 

(Figure 3.6). Distinct patterns of sex-specific recombination throughout the linkage 

groups were observed, whereby recombination rates were usually greater towards the 

end of the linkage groups and suppressed in centromeric positions for the male map, 

with the opposite pattern being observed for the female map (Figures 3.2, 3.4 and 3.5). 

As a result, clustering of markers was observed towards the centre of the linkage 

groups in the male map and at the end of the linkage groups in the female map (Figure 

3.2). Mild to strong localised sex-specific recombination patterns were prevalent over 

11 linkage groups (LG1 - LG8, LG10 - LG11 and LG13) as illustrated by plots of the 

sex-average, female and male cumulative cM throughout each linkage group (Figure 

3.4) and the regression analysis of standardised sex-specific interval sizes (Appendix 
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1). In addition, comparisons of standardised interval sizes for female and male maps 

along LG1 and LG2 also confirm this pattern (Figure 3.5 and Appendix 2). After dividing 

the standardised interval distances for LG1 and LG2 into groups (based on 

breakpoints) for regression analysis, the mean slope of the two lines in the middle 

group of the graph (centromeric) is 0.1 (± 0.02), and is significantly less than 1 (P < 

0.05), the slope expected if there was no difference in the sex-specific recombination 

rates. This indicates that most of the reduction in male recombination rates is taking 

place in the centre of the linkage groups. In contrast, the average slope near the 

telomeres of the linkage groups for the left and right groups were 4.3 (± 0.6) and 5.2 (± 

3.1) respectively and significantly greater than 1 (P < 0.05). Based on this, male 

recombination rates are larger relative to female rates in telomeric regions.  

Investigations into family-specific heterogeneity confirm that observed sex-

specific recombination is truly caused by the sexes and not individual parental F1 

individuals biasing the data. Only one interval in LG1 on the sex-average map 

(contig_10004 - contig_13798) returned significant recombination heterogeneity after 

FDR (χ2 = 21.6, P = 0.0002, df = 4). This deviation was explained by deviations in only 

two of the eight families (130x148 and 131x145) providing evidence that the mapping 

parents are relatively homogeneous within the sexes for recombination differences.  
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Figure 3.4 The cumulative Kosambi cM for the sex-average, female and male maps. The extent and patterns of localised regional sex-specific recombination 

rates are illustrated for each linkage group. The overall female-to-male ratio (R) for each linkage group is also reported. 
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Figure 3.5 Comparison of standardised female and male interval distances of LG1 and LG2 revealing highly variable sex-specific recombination along both 

linkage groups. Regression analysis was performed by visually determining breakpoints (dashed lines) and grouping data into three slopes, left, middle and 

right. The male map is compressed near the centromeres and expanded near the telomeres, and the opposite was observed for the female map. The average 

slope of the lines in the two middle sections (centromeric) is 0.07 (± 0.02) and is significantly different from 1 (P < 0.05). The average male-to-female 

recombination ratio for the slopes near the centromere is 1:5.98, indicating a male “cold-spot” for recombination. The average slope of the lines near the 

telomeres are 4.29 (± 0.56) for the left group and 5.20 (± 3.06) for the right, and again are significantly different from 1 (P < 0.05). 
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Figure 3.6 A plot of the female vs. male inter-marker distances (cM) for all pairs of adjacent markers. The dashed line represents a 1:1 sex ratio whereby 

recombination is the same in both sexes. The majority of the points fall close to either 0 on the x-axis, or 0 on the y-axis indicating both strong female biased 

and strong male biased recombination throughout all intervals.  
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3 . 3 . 4  S E G R E G A T I O N  D I S T O R T I O N  

Significant segregation distortions among individual mapping families were 

detected in 121 of the 887 mapped SNPs and seven of the sixteen mapping parents 

following FDR correction (mean corrected alpha of 0.003) (Additional file 3.2). The 

majority (64.9%) of these distortions were localized to the mapping family 103x102 and 

to linkage groups 2, 4 and 10. As no significant family-specific heterogeneity was 

detected for these distortions, they are not thought to be influencing calculations of 

mapping distances. However, to be conservative, only markers that did not cause 

conflicts in map position were mapped.  

 

3 . 3 . 5  G E N E  O N T O L O G Y  A N N O T A T I O N  A N D  
B I O M I N E R A L I S A T I O N  G E N E  M A P P I N G  

Functional annotations of the contig sequences from which the SNPs were 

designed are described in Chapter 2. All mapped SNPs make up a subset of these 

annotations which were carried across to describe gene annotations and GO terms and 

their relative position on the genetic linkage map. Blast analysis of the 885 mapped 

SNP contigs returned significant sequence homology in 369 contigs (41.7%) 

(Additional file 3.1). The majority of sequence homology hits belong to the Pacific 

oyster, Crassostrea gigas (64.7%) and a polychaete worm, Capitella teleta (8.4%) and 

a small proportion of hits were represented by other oyster species, including P. fucata 

(1.1%), C. ariakensis (0.8%), P. maxima (0.5%) and P. margaritifera (0.5%). Of the 369 

homologous sequences, 194 sequences were successfully annotated with GO terms. 

Most contig sequences mapped to cDNA belonging to the level 1 GO terms, biological 

processes (80.0%), cellular components (80.0%) and molecular functions (73.2%) 

(Additional file 3.1), and proportions of level 2 GO categories observed for mapped 

SNPs reflect those observed for all SNPs included on the array as reported in Chapter 

2.  
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Positional information of biomineralisation candidate genes can assist in 

determining which genes influence pearl quality traits by comparing their positions to 

QTL. As described in Chapter 2, numerous SNPs were designed within known 

biomineralisation genes. A total of nine SNPs designed within six biomineralisation 

gene homologs were successfully mapped. These genes were Calreticulin, chitin 

synthase 1 (CS1), Lustrin A, N19, Pinctada fucata mantle gene (PFMG) complex and 

Pif177. Two SNPs from Lustin A were mapped, clustering together in a telomeric 

region of LG9 and three SNPs designed within the PFMG complex were mapped to the 

centre of LG4 along with the SNPs designed in Pif177 and CS1. A SNP from 

Calreticulin was mapped to the centre of LG1 and N19 was mapped to the end of LG1 

(Figure 3.2).  

 

3 . 3 . 6  C O M P A R A T I V E  M A P P I N G  

Source sequences of mapped SNPs were annotated to the draft genomes of P. 

fucata and C. gigas. Due to limited homology to the C. gigas scaffolds (16 Blastn hits, 

average bit score of 123.7 and E-value cut off of 1e-10) and the short length of P. 

fucata scaffolds (N50 of 14,455 bp), comparisons of marker orders were limited. For 

annotations to C. gigas, none of the 16 hits co-occurred on common scaffolds and 

therefore comparisons of marker order could not be investigated. The number of 

homologous sequences returned from Blastn analysis was much greater in P. fucata 

than C. gigas. A total of 142 source sequences of mapped SNPs returned 

unambiguous homologous sequence annotations in the P. fucata draft genome 

(Appendix 3). However, as the P. fucata genome assembly is still heavily fragmented 

(800,982 scaffolds), only 12 SNP sequences were placed on common scaffolds (SNPs 

c6598, c15934 and c2632 on scaffold 2120; SNPs c959 and c13197 on scaffold 7120; 

SNPs c12225 and c9736 on scaffold18269; SNPs PFMG_c1107_1, PFMG_c1107_2 

and PFMG_c3391_1 on scaffold 31992; SNPs c318 and c5230 on scaffold 95340). All 
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SNPs annotated to common P. fucata scaffolds were mapped to the same P. maxima 

linkage group and marker order was identical (Appendix 3).  

 

3 . 3 . 7  E X T E N T  O F  L I N K A G E  D I S E Q U I L I B R I U M  

Overall distributions of LD estimates for syntenic (on the same linkage group) 

and non-syntenic (on different linkage groups) SNP pairs (Table 3.2) indicate a larger 

proportion of non-syntenic pairs have small values of LD estimates (< 0.1). The mean 

(first and third quartile) of r2 for 357,025 non-syntenic pairs is 0.014 (0.001, 0.019) and 

D′ is 0.263 (0.079 and 0.362).  As expected these non-syntenic LD estimates are 

slightly lower as compared to among syntenic SNPs located more than 50 cM apart, 

where mean r2 and D′ estimated were 0.02 and 0.31 respectively. LD estimates 

declined gradually over increasing map distances throughout the genome (Table 3.3 

and Figure 3.7). Variation in the trends of decline in LD estimates for individual linkage 

groups are presented in Appendix 4. For example, LG10 - 12 show a steeper trend of 

decline of LD estimates over increasing map distances.  

  



90 

Table 3.2 Overall distribution of linkage disequilibrium (LD) estimates (r2 and D’) for all, non-syntenic and syntenic SNPs. Estimates of LD for all SNPs are 

based on all 1,167 available SNPs; estimates of LD for non-syntenic SNPs are based on mapped SNP pairs located on different linkage groups; and 

estimates of LD for syntenic SNPs are based on mapped SNP pairs located on the same linkage group.  

 

 

 

Range of 
estimate 

Number of SNP pairs 
All Non-syntenic Syntenic 

r2 D′ r2 D′ r2 D′ 
0 100,527 1,287 52,982 845 3,459 47 
0 - 0.1 546,940 172,025 300,505 110,217 29,079 6,844 
0.1 - 0.2 8,115 130,826 3,345 81,149 2,330 5,846 

0.2 - 0.3 1,091 90,856 178 53,175 622 4,698 
0.3 - 0.4 332 62,526 14 33,430 244 3,976 
0.4 - 0.5 117 44,618 0 22,083 98 3,231 
0.5 - 0.6 50 33,147 1 14,986 36 2,566 
0.6 - 0.7 27 26,074 0 10,869 23 2,302 
0.7 - 0.8 10 21,640 0 8,427 7 1,864 

0.8 - 0.9 4 18,568 0 6,898 4 1,639 
0.9 - 1 18 55,664 0 14,946 14 2,903 
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Table 3.3 Mean (± SD) and median of r2 and D' linkage disequilibrium estimates over distance for all linkage groups.  

Distance N r2 Mean (± SD) r2 Median D' Mean (± SD) D' Median 

0 cM 740 0.082 (± 0.138) 0.032 0.519 (± 0.321) 0.489 

0-1 cM 991 0.075 (± 0.125) 0.031 0.494 (± 0.323) 0.477 

1-2 cM 1,254 0.061 (± 0.094) 0.025 0.490 (± 0.311) 0.465 

2-5 cM 3,440 0.058 (± 0.088) 0.024 0.472 (± 0.315) 0.438 

5-10 cM 4,997 0.051 (± 0.078) 0.022 0.440 (± 0.299) 0.396 

10,20 cM 7,079 0.042 (± 0.064) 0.018 0.410 (± 0.293) 0.360 

20-50 cM 14,087 0.022 (± 0.034) 0.011 0.319 (± 0.265) 0.245 

> 50 cM 3,328 0.020 (± 0.029) 0.009 0.307 (± 0.266) 0.230 
 

 

 



92 

 

 

Figure 3.7 Mean linkage disequilibrium (LD) estimates at different linkage map distances throughout the P. maxima genome for r2 and D’.   
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3 . 4  D I S C U S S I O N  

The robust high-density genetic linkage map for P. maxima presented here is 

the most comprehensive map to date for any bivalve species. With the combination of 

physical mapping data, this map will contribute to a better understanding of the 

genome structure, function and evolution for P. maxima, and other species within the 

genus Pinctada. In addition, this map can be utilised in research aiming to identify 

QTLs and genetic associations to commercial traits, information vital for the 

establishment of advanced genetic breeding programs aiming to improve complex 

traits in farmed stock.  

 

3 . 4 . 1  G E N O T Y P I N G ,  M A R K E R  S E L E C T I O N  A N D  P E D I G R E E  
V A L I D A T I O N  

Missing genotypes and/or typing errors are known to interfere with the ordering 

of SNPs leading to incorrect estimation of map lengths (Hackett and Broadfoot 2003). 

Therefore, thorough genotypic data integrity is vital for the generation of accurate 

maps. The majority of data integrity applied to this dataset has been described in 

Chapter 2. This previous work has provided a highly refined list of SNPs useful for 

linkage mapping analysis by excluding all SNPs with low polymorphism and removing 

erroneous genotype errors including deviations from HWE, Mendelian incompatibility, 

SNP duplication, low MAF and low call rates. The average number of informative 

meiosis events (83,377 phase known and 259,844 phase unknown for sex-average) for 

this subset of 1,167 SNPs over the eight families was high ensuring fine resolution 

throughout the map. However, in some cases, the order of closely linked markers 

(recombination = 0) could not be determined even though the overall number of 

informative meiosis was high. For these loci, a small proportion cannot be separated 

due to limitation in SNP discovery (see Chapter 2), while others will require more 

informative meiosis events to eventually separate.  
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Parental relationships of mapping families utilised in this study were rigorously 

tested and confirmed using parentage analysis during previous projects, minimising the 

possibility of pedigree errors. This was further confirmed through testing for MI errors 

during map construction. No families were found with MI errors across many 

informative loci. Overall, the level of Mendelian inconsistencies was extremely low for a 

custom array consisting of novel SNPs. A few sporadic MI errors could be attributed to 

poor DNA quality in a few samples which were subsequently removed.  

 

3 . 4 . 2  S E G R E G A T I O N  D I S T O R T I O N  

One of the problems in linkage mapping of oysters is that moderate distortions 

from expected Mendelian segregation have been commonly observed (Saavedra and 

Bachere 2006). Markers that exhibit segregation distortion can potentially influence 

marker positions and linkage relationships, however, the presence of moderate 

segregation distortion has been reported to have little effect on the overall construction 

of linkage maps (Hackett and Broadfoot 2003; Guo et al. 2012) and maps have been 

successfully constructed in species exhibiting moderate segregation distortions 

(Schwarz-Sommer et al. 2003). Additionally, the inclusion of distorted markers in 

genetic map construction can be beneficial, as they may have an association to genes 

that affect fitness and survival, particularly larval mortality, and they may also help with 

understanding the distribution of deleterious recessive genes throughout the genome.  

The extent of segregation distortion throughout the P. maxima linkage map was 

investigated to determine their influence on marker order and mapping distances and 

to determine if markers exhibiting distortion clustered together. A total of 121 loci of the 

mapped SNPs showed at least one significant distortion in a family after stringent FDR 

correction (average alpha value of 0.0032). A high proportion of these distortions 

(79.8%) were localised to specific linkage groups (25.4% to LG1, 20.9% to LG2, 15.7% 
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to LG4, 9.7% to LG3 and 8.2% to LG10) indicating a true biological phenomenon is in 

effect instead of artefacts (Hackett and Broadfoot 2003). Localised segregation 

distortion has been reported as a common feature in numerous bivalve species, 

including the Pacific oyster (Crassostrea gigas) (McGoldrick and Hedgecock 1997; Li 

and Guo 2004; Guo et al. 2012), the European flat oyster (Ostrea edulis) (Lallias et al. 

2007) and Pinctada martensii (Shi et al. 2009). Since at least C. gigas is known to have 

a high genetic load (Launey and Hedgecock 2001), such distortions in these bivalves 

have been explained by zygotic viability selection due to the presence of deleterious 

recessive genes (Li and Guo 2004; Lallias et al. 2007; Shi et al. 2009). Segregation 

distortions reported here may also be attributed to the presence of deleterious 

recessive genes as has been observed in C. gigas, O. edulis and P. martensii, 

however, further research is warranted to confirm this.  

 

3 . 4 . 3  M A P  C O N S T R U C T I O N  A N D  E S T I M A T E D  G E N O M E  S I Z E  

Linkage map construction resulted in the generation of 14 linkage groups that 

correspond to the 14 haploid chromosomes of P. maxima (Wada and Komaru 1985). 

Approximately 76% of the SNPs (887 out of 1,167) were placed on the linkage map 

(see Additional file 3.1 for summary). This comprehensive first-generation linkage map 

is a substantial resource and is a large improvement on any bivalve map to date with 

reference to the number of markers mapped (previous average number of markers 

mapped of 191) and genome coverage (previous average genome coverage of 80.4%) 

(Yu and Guo 2003; Hubert and Hedgecock 2004; Li and Guo 2004; Li et al. 2005a; 

Lallias et al. 2007; Shi et al. 2009). The number of markers on this map (N = 887) more 

than doubles any previous attempt in bivalves and the predicted genome coverage 

(96%) is much higher than an average of 80% reported in previous bivalve maps.  
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The estimated genome size for P. maxima based on the sex-average linkage 

map is 865.6 cM (954.6 cM for the female map and 826.1 cM for the male map). This is 

significantly less than expected given the genome length reported for a previous 

linkage map for Pinctada martensii (1862.9 cM for the female map and 1,838.4 for the 

male map) (Shi et al. 2009). Assuming similar recombination rates between the 

species, one possible explanation for this is that the inclusion of more markers refines 

positions and reduces the total cM of each linkage group, as acknowledged by Shi et 

al. (2009). Maps of low density are commonly longer than maps of high density and as 

more markers are added map length decreases (Wada et al. 1995; Yu and Guo 2003; 

Li and Guo 2004). A low marker density in the previous P. martensii map is most likely 

the cause of the overestimation of genome size. The length of the P. maxima linkage 

groups varied from 48.3 cM to 75.6 cM and exhibited a negative relationship with the 

number of markers mapped per linkage group (Table 3.1). As a result, linkage groups 

of smaller sizes showed similar, if not higher, recombination rates than those of larger 

sizes. This pattern may also be a result of inflated map distances for linkage groups 

with fewer markers mapped.  

 

3 . 4 . 4  S E X - S P E C I F I C  M A P S  A N D  R E C O M B I N A T I O N  R A T E S  

Sex-specific differences in recombination rates are not uncommon and have 

been reported in numerous vertebrate (Zenger et al. 2002; Hansson et al. 2005; Miles 

et al. 2009; Lien et al. 2011) and invertebrate (Hubert and Hedgecock 2004; Zhang and 

Parsch 2005; Staelens et al. 2008; Shi et al. 2009) species. In accordance to the 

Haldane rule, for organisms with a chromosomal mechanism of sex determination, 

recombination should be more frequent in the homogametic sex than in the 

heterogametic sex (Haldane 1922; Huxley 1928; Ott 1999). This observation has been 

termed heterochiasmy. However, many exceptions to this rule have been 

demonstrated including the tammar wallaby (Zenger et al. 2002), the great reed 
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warbler (Hansson et al. 2005) and the saltwater crocodile (Miles et al. 2009). In 

addition, reports of sex-specific recombination in species without heteromorphic sex 

chromosomes have become apparent (Singer et al. 2002; Isberg et al. 2006; Miles et 

al. 2009; Lien et al. 2011). Oysters are one taxa that lack specialised heteromorphic 

sex chromosomes (Ahmed and Sparks 1967; Wada and Komaru 1985), but exhibit 

sex-specific recombination (this study, Yu and Guo 2003; Li and Guo 2004). Results 

observed here for P. maxima show that the male map (826.1 cM) is shorter than the 

female map (954.64 cM), suggesting a slight female bias in recombination with an 

overall ratio of female-to-male recombination of 1.15:1 and ratios reaching 2.12:1 in 

LG13. This is comparable to previous ratios of sex-specific recombination in oysters 

that range from 1.07:1 - 1.51:1 (Yu and Guo 2003; Li and Guo 2004; Shi et al. 2009) 

and other aquaculture species (female-to-male ratios range from 1.2:1 – 3.25:1; 

Sakamoto et al. 2000; Singer et al. 2002; Franch et al. 2006; Lien et al. 2011). Such 

proliferation of studies that report female biased sex-specific recombination in species 

with no specialised sex chromosomes suggest that there must be another underlying 

phenomenon of the timing, duration or biological features associated with meiosis that 

is responsible for the observed differences between the sexes.  

Sex-specific recombination rates are also known to differ throughout regions 

within the genome (Donis-Keller et al. 1987). Dramatic localised sex-specific 

differences were detected throughout the P. maxima maps where male recombination 

rates were supressed relative to the female rates in areas proximal to centromeres, but 

elevated in regions distal to centromeres, with females showing the opposite pattern 

(see Figures 3.2 and 3.4) (Berset-Brändli et al. 2008; Mank 2009). The expansion of 

the male genetic map in telomeric regions indicates that chiasmata would be found 

more frequently near the telomeres in meiosis in males compared to females. Similarly, 

chiasmata would be more common in centromeric regions during oogenesis. Such 

pronounced localised differences in recombination rates have not been previously 
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reported in oysters (Hubert and Hedgecock 2004), but are quite widespread throughout 

other aquatic species, including the rainbow trout (Oncorhynchus mykiss) (Sakamoto et 

al. 2000), Atlantic salmon (Salmo salar) (Lien et al. 2011) and the zebrafish (Danio 

rerio) (Singer et al. 2002). This unusual pattern of sex-specific recombination is not well 

understood, however, several theories have been suggested (reviewed by Miles et al. 

2009). Briefly, sex-specific recombination could have been caused by a) differing 

environments in which the germ cells develop (Lynn et al. 2005), b) temporal 

differences in initiation of meiosis between the sexes (Hassold and Hunt 2001) and c) 

differences in the pairing and synapses of homologs at meiosis that cause different 

exchange patterns in oocytes and spermatocytes (Tease and Hultén 2004). However, 

further research is required to confirm these theories in P. maxima.  

Nevertheless, it is remarkable that such strong sex-specific recombination is 

present in a species without differentiated sex chromosomes, that exhibits no sexual 

dimorphism and that is a protandrous hermaphrodite (maturing first as a male and able 

to switch sex after 2 years of age). Definitely, the strong evidence of sex-specific 

recombination presented herein may aid in identifying the mechanism behind sex-

specific recombination, especially for species without differentiated sex chromosomes. 

To truly elucidate the basis of sex-specific recombination, cytogenetic analysis of 

female and male meiosis would be required. The unusual life history of P. maxima (a 

protandrous hermaphrodite) may allow the estimation of female and male 

recombination rates in the same individual removing any effect of genetic background 

on such estimations. As suggested by Franch et al. (2006), hermaphroditic species 

might play a crucial role in dissecting the contribution of sex-determining and sex-

differentiating genes on meiotic recombination.  
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3 . 4 . 5  G E N E  O N T O L O G Y  A N D  B I O M I N E R A L I S A T I O N  G E N E  
A N N O T A T I O N S  

Since all SNPs utilised in this study were designed from EST sequence data 

(type I markers), a high proportion are expected to have annotations to functional 

genes and GO terms. Of the contigs containing mapped SNPs, 41.7% returned 

significant sequence homologies and 21.9% returned GO terms. Species returning the 

most blast hits were C. gigas and Capitella teleta. However, the representation of 

oyster species was very low, reflecting the limited amount of sequence data available 

in the public domain for oysters (Saavedra and Bachere 2006; Takeuchi et al. 2012; 

Zhang et al. 2012a). This lack of genetic sequence data for oysters may explain the low 

percentage of annotated sequences. Proportions of GO annotations for the mapped 

SNPs were near identical to proportions reported for the assembled 454-EST contigs 

from which these SNPs were identified (Chapter 2). There seems to be no preferential 

mapping success of SNPs related to GO annotations. The large number of unique 

functional annotations provides evidence that mapped SNPs span a large proportion of 

the genome. In addition, the distribution of inter-SNP spacing throughout the map 

further demonstrates an even spread of markers throughout the genome, with over 

49% of the inter-marker distances being less than 1 cM (median inter-marker distance 

of 1.03 cM).  

In addition to GO terms, nine mapped SNPs were designed within six homolog 

sequences of known candidate genes for biomineralisation (Calreticulin, CS1, Lustrin 

A, N19, PFMG complex and Pif177). Clustering of these SNPs in four locations within 

the genome (telomeric region of LG9, centre of LG4, centre of LG1 and telomeric 

region of LG1) provides evidence that these regions may have a strong influence on 

biomineralisation for P. maxima and signposts these regions for further investigation to 

determine true associations to biomineralisation processes. Five of the nine 

biomineralisation gene SNPs clustered within 27.2 cM near the centre of LG4 (total 
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length of 71.9 cM). These SNPs represented three genes, PFMG1, Pif177 and CS1, 

which are highly expressed in mantle tissue of pearl oysters and are known to be 

involved in nacre formation (Weiss et al. 2006; Liu et al. 2007; Suzuki et al. 2009). 

More specifically, PFMG1 and Pif177 (both initially described in P. fucata) are key 

calcium-binding proteins that specifically bind aragonite crystals and regulate 

nucleation and precipitation during nacre formation (Liu et al. 2007; Suzuki et al. 2009). 

PFMG1 and Pif177 have also previously been co-localised during EST clustering 

analysis for P. fucata sequences (Kinoshita et al. 2011). The second gene, Pif177 

consists of two proteins, Pif80 and Pif97 which are encoded by a single mRNA (Suzuki 

et al. 2009). Pif80, Pif97 and N16 (another nacre biomineralisation protein) work in 

collaboration (along with chitin) to initiate aragonite crystallization and orientate the 

stacking of aragonite tablets in nacreous layers (Suzuki et al. 2009; Metzler et al. 

2010). Interestingly, the third protein clustering at this region, CS1, is also involved in 

the gene complex described above. CS1 is a key enzyme responsible for the 

deposition of chitin, a polysaccharide integral for calcium carbonate biomineral 

formation in mollusc shells (Weiss et al. 2006). The co-localisation of these three major 

nacre biomineralisation genes to central parts of LG4 provides strong evidence that this 

region is a hot spot for nacre biomineralisation genes and would become a prime target 

for studies aiming to identify QTL for commercially valuable pearl quality traits.  

Four additional SNPs designed within three genes (Lustrin A, Calreticulin and 

N19) were localised to three other regions throughout the linkage map. Two SNPs 

(Lustrin_A_c15856_1 and Lustrin_A_c15856_2) designed within a contig homologous 

to Lustrin A (c15856) were mapped to the same position (0 cM intermarker distance) 

close to a telomere of LG9. The SNP Calreticulin_c2420_1 (designed within a contig 

homologous to Calreticulin) was mapped to the centre of LG1 and N19_c591_1 

(designed within a contig homologous to N19) was mapped to a telomeric region of 

LG1. Specific functions have been ascribed to each of these three genes, including; 
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Lustrin A - conferring elastic resilience to the molluscan shell and maintaining the 

structure and protein compounds of nacre (Shen et al. 1997); Calreticulin - calcium 

binding, transport and storage during biomineralisation (Fan et al. 2008); and finally, 

N19 - having a negative regulatory role in calcification (Yano et al. 2007). The 

localisation of these six biomineralisation genes will increase the accuracy of identifying 

regions of interest for researchers interested in identifying genetic association to 

important nacre biomineralisation genes and will also be important for comparative 

mapping studies investigating genome evolution and synteny.  

 

3 . 4 . 6  C O M P A R A T I V E  M A P P I N G  

Comparative mapping of the source sequences of mapped P. maxima markers 

to the draft genomes of P. fucata and C. gigas returned limited homologies, especially 

to C. gigas. These limited annotations to the C. gigas draft genome reflect the deep 

evolutionary distances between oyster species (Wada and Tëmkin 2008; Kocot et al. 

2011). Since the origination of Pteriidae (the family pearl oysters belong to) is dated at 

over 230 million years (Wada and Tëmkin 2008), which provides a long period for 

species to diverge, limited annotation to C. gigas is not surprising. The number of 

homologous sequences returned from Blastn analysis was much greater in P. fucata 

than C. gigas and P. maxima’s divergence from P. fucata is more recent, estimated at 

13.7 million years (Cunha et al. 2011). Even though P. fucata would be a great 

candidate for comparative mapping the limited sequence data and large number of 

small unordered scaffolds limits the ability to compare marker ordering between the 

genomes. Until more markers and genomes become available for bivalves, further 

comparative mapping will be quite limited.  
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3 . 4 . 7  E X T E N T  O F  L I N K A G E  D I S E Q U I L I B R I U M  

Association studies aiming to identify genetic variants, or quantitative trait 

nucleotides (QTNs) that explain a large proportion of the phenotypic variance in a 

quantitative trait, rely on the co-segregation of QTNs with the surrounding genetic 

markers or loci. If the marker and QTN are sufficiently close this association will remain 

intact within the population over many generations (Sonesson 2011). Such non-random 

association between loci is termed linkage disequilibrium (LD). The extent of LD is 

therefore important, as it defines the density of genome-wide makers necessary for 

association analysis to detect markers associated with traits of commercial interest and 

are also in LD with QTNs. Generally, higher marker density is beneficial, although, if 

the extent of LD throughout the genome is high fewer markers may be necessary for 

association studies (Khatkar et al. 2008). Two estimates of the extent of LD were 

utilised in this study, D’ and r2. The D’ estimate of LD is suggested to be a good 

measure for the extent of LD in a population and variation in LD throughout the 

genome as it focuses on historical recombination. However, D’ is known to be more 

influenced by allelic frequency variation than the r2 estimate (Khatkar et al. 2008). As 

such, r2 is more useful in predicting the power of association mapping.  

The LD estimates presented in this study are based on 995 oysters which 

include an additional 660 oysters to those utilised for linkage mapping. Additional 

animals from smaller families and unknown pedigree are particularly suitable for 

computing LD estimates. Estimates of LD among non-syntenic (on different 

chromosomes) SNP pairs represent background variation observed within the data. 

The mean estimate of LD among non-syntenic SNPs for P. maxima (mean r2 of 0.020) 

is generally higher when compared to well characterised species (i.e. bovine with mean 

r2 of 0.003; Khatkar et al. 2008). This may be due to the high relationship among 

animals in this population as compared to bovine. Therefore, the comparatively higher 

background LD estimates of non-syntenic SNPs in this study are not unexpected. For 
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syntenic (on the same chromosome) SNP pairs greater than 50 cM apart, estimates of 

LD were similar to that of non-syntenic SNPs (r2 and D’ of 0.014 and 0.307 

respectively). This indicates that recombination between these long range SNP pairs is 

relatively high and that SNPs on distal ends of the chromosomes are behaving in a 

similar manner to non-syntenic SNPs.  

Estimates of LD usually decline as map distance increases in most species.  

Here, the decline in LD over map distance is gradual for both D’ and r2 estimates in P. 

maxima (Table 3.3 and Figure 3.7).  However, the mean LD estimates among closely 

spaced markers are lower as compared to other well characterised species (e.g. 

bovine, human; Khatkar et al. 2008) which suggests a low extent of LD within the 

current population. Limited studies of LD have been reported in invertebrates. The LD 

estimates reported here are contrary to what has been observed in another 

aquaculture species, the Pacific white shrimp (Litopenaeus vannamei). For L. 

vannamei, a steeper decline in LD with map distance suggests smaller LD blocks (Du 

et al. 2010). In addition, estimates of r2 for syntenic SNP pairs greater than 50 cM apart 

were higher than that observed in this study (0.15 compared to 0.014). This is likely 

due to a difference in the effective population size (Ne) between the two studies. The 

current study was based on multiple families derived from outbred populations (higher 

Ne), whereas, estimates of LD for L. vannamei were based on only 144 individuals from 

six family lines (lower Ne). However, the LD estimates of L. vannamei are probably 

more typical of aquaculture species in general, as these are usually derived from 

limited numbers of stocks.  

The low LD estimates for short range (0 - 1 cM) syntenic SNPs (r2 and D’ of 

0.083 and 0.519 respectively), and gradual decline in LD, suggests limited short range 

LD at the current marker density. To fully evaluate short range LD in this population, 

marker density needs to be increased. As a result, these LD estimates must be treated 

with caution. With a higher marker density, the decline of LD throughout the genome 
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may be more pronounced once better estimates can be made between SNPs pairs at 

smaller map intervals. Furthermore, in this study, the extent of LD was compared 

against the linkage map, however, both linkage and LD maps are calculated using 

recombination rates. The extent of LD across a genome is better understood when 

presented against the physical map positions. Nevertheless, in the absence of a 

physical map, these results provide a preliminary estimate of broad patterns of LD 

observed within the oyster genome for this population. Even though the present SNP 

density will be useful for first-pass QTL and genome-wide association studies (GWAS), 

the low values of r2 for most adjacent SNPs pairs suggest that density should be 

increased before fine-scale trait and LD mapping across the P. maxima genome is 

attempted.  

 

3 . 4 . 8  A P P L I C A T I O N S  A N D  C O N C L U S I O N S  

The primary objective of this chapter was to develop a high-density genetic 

linkage map suitable for application in studies aiming to identify gene associations and 

QTL for commercially important traits such as shell growth, pearl size, nacre colour and 

surface complexion in the silver-lipped pearl oyster. The robust high-density genetic 

linkage map for P. maxima presented herein is the most comprehensive map to date 

for any bivalve species and has many applications including the following:  

 This genetic linkage map will be particularly useful for the mapping of QTL, 

especially since it is of high density, the mapped SNPs are genic, and 

numerous regions have been flagged with genes known to be involved in nacre 

biomineralisation. The density of these linkage maps would also be sufficient for 

preliminary GWAS analysis, however, higher density would be more 

appropriate considering the low extent of LD throughout the genome.  
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 Genomic information provided by this map also opens new opportunities to 

investigate the extent of genome-wide differentiation and inbreeding 

depression, and determine the genetic basis of fitness and adaptive potential, 

not only in farmed, but also natural P. maxima populations by identifying 

signatures of genome-wide selection. This would directly benefit the pearling 

industry, as it will provide a means by which it can maintain the genetic diversity 

of stock and hatcheries, identify wild genetic sources of adults or larvae, and 

allow accurate selection within current broodstock.  

 

 The transferability of mapped SNPs to species within the genus Pinctada has 

previously been shown to be high (Chapter 2), indicating the high utility for this 

map in comparative mapping studies. When further genomic resources become 

available for bivalve species, comparative mapping studies will provide insights 

into many fundamental questions in the localization of genes, conservation of 

gene content and order, genome evolution and synteny in bivalves.  

 

 Finally, high-density genetic maps are pivotal for reconstructing and resolving 

discrepancies in an organisms genome sequence, as they provide a robust 

bridging framework scaffold which guides sequence assembly.  
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C H A P T E R  4  

D E T E R M I N I N G  G E N E T I C  

C O N T R I B U T I O N S  T O  O Y S T E R  

G R O W T H  A N D  P E A R L  Q U A L I T Y :  

G E N O M E - W I D E  A S S O C I A T I O N  

T E S T I N G  A N D  Q T L  A N A L Y S I S  

F O R   P I N C T A D A  M A X I M AA  
 

 

4 . 1  I N T R O D U C T I O N  

The highly sought-after white, silver, and gold South Sea pearls produced by 

the silver-lipped pearl oyster, Pinctada maxima, are the leading cultured pearl products 

worldwide (Torrey and Sheung 2008). The production of white South Sea pearls 

reached a record high in 2005, and for the first time, surpassed the annual harvest of 

black South Sea pearls produced by P. margaritifera. In view of their commercial 

importance, traditional genetic evaluations of commercially important pearl oyster traits 

(i.e. oyster shell growth and pearl quality) have been undertaken aiming to improve 

pearl production (Wada and Jerry 2008). However, previous genetic improvement 

programs have been limited by their reliance upon phenotypic records, pedigree 

information, and the genetic complexity of pearl production traits. The genetic 

complexity behind pearl production traits stems from the complex nature of the pearl 

production process. For example, commercial pearl production involves pearl seeding, 

a procedure where tissue is cut from a donor oyster (termed the ‘saibo’) and surgically 
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implanted along with a nucleus seed into a host oyster (see Chapter 1). This procedure 

obscures selection, as the production of one pearl involves the genomes of two 

animals (host and donor oysters) and is also time-consuming, labour intensive and 

expensive. In addition, quantitative genetic studies have revealed that oyster growth 

and pearl quality traits, which drive the value of a pearl, are influenced by a multitude of 

genetic and environmental factors (e.g. genetic stock and environment dependent 

growth patterns), and have low to moderate heritabilities (Kvingedal et al. 2010; Jerry 

et al. 2012). Nevertheless, the observed heritabilities, albeit low to moderate, suggest 

these commercially important traits (e.g. pearl quality traits and oyster shell growth) 

have potential for improvement through selection programs and it has been suggested 

that the incorporation of molecular tools to directly select genes [i.e. marker assisted 

selection (MAS)] would improve selection accuracy (Wada and Jerry 2008). MAS 

breeding programs allow the screening of populations for alleles, either detrimental or 

favourable to commercially important traits, allowing for their avoidance or 

concentration in a population.  

The genetic dissection and improvement of complex traits with low heritabilities 

is currently one of the most challenging tasks in animal production (Schafer and 

Hawkins 1998; Phillips 1999). If high genetic gains are to be realised from selective 

breeding for complex commercial traits, it is imperative that their genetic basis be fully 

elucidated. The genetic basis of economically important traits can be explored through 

the use of genomic tools. However, like most aquaculture species, a current lack of 

genomic resources for pearl oysters currently hinders quantification of underlying 

genetic mechanisms behind phenotypic variation in traits of commercial interest. 

Recent advances in molecular genetics and genome technologies (i.e. rapid, cost-

effective genomic sequencing and high-throughput genotyping) have opened up new 

possibilities in this field by facilitating the development of genomic resources 
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fundamental to determining the genetic architecture of complex traits (Liu 2011; Siu et 

al. 2011).  

There are two main approaches to understanding the genetic basis of complex 

traits: the identification of DNA regions that contain a gene or genes with high effect on 

phenotypic traits (quantitative trait loci or QTL; Geldermann 1975; Weller 2009), and 

the identification of markers associated to traits throughout the genome via a genome-

wide association study (GWAS; Presti et al. 2009). By utilising information on allelic 

segregation across many molecular markers distributed throughout the genome, the 

number and position of trait-related QTL, as well as their magnitude of effects, can be 

established (Lynch and Walsh 1998). By contrast, GWAS aims to identify markers 

associated to, and in linkage disequilibrium with, genes that influence a given trait. Both 

approaches provide an understanding of the genetic basis and inheritance of complex 

traits and allow the identification of genes and/or causal polymorphisms associated 

with phenotypic variability. Such information increases the accuracy and effectiveness 

of selecting genetically superior animals by accounting for environmental variation in 

trait measurements and also allows the exploitation of untapped additive genetic 

variation. As a result, these approaches are becoming a major focus of pearl oyster 

genomics (Presti et al. 2009).  

The primary focus of the pearling industry is on improving two major aspects of 

production, oyster shell growth and pearl quality traits. Firstly, oyster shell growth, in 

particular shell width, defines the time of seeding, the size of the nucleus that can be 

implanted during pearl seeding, and therefore, the upper limit of pearl size (Taylor and 

Strack 2008). Selective breeding trials for host shell growth in the Japanese pearl 

oyster, P. fucata, have reported a strong response to selection for shell height, length 

and width (Wada 1984; Wada 1986b). In addition, quantitative genetic studies on shell 

growth traits in P. maxima also report low to moderate heritabilities and strong 

correlations (Kvingedal et al. 2010). However, no further studies on the genetic 
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response to selecting for oyster shell growth are reported for other pearl oyster 

species. Secondly, pearl quality traits such as pearl size, weight, colour, lustre, and 

surface complexion define the commercial value of a pearl. Numerous studies 

investigating the variability of shell nacre colouration and pearl weight have been 

undertaken for P. fucata (Wada 1984; Wada 1985, 1986a; Wada 1986c; Wada 1990; 

Wada and Komaru 1994; Wada and Komaru 1996), as these two qualities have a 

comparatively strong influence on overall pearl value. These studies have shown that 

both traits are heritable, and potentially correlated (i.e. pearls with yellow nacre were 

significantly heavier than those with non-yellow nacre; Wada 1986a). In addition, recent 

quantitative genetic studies on pearl quality traits in P. maxima have also reported low 

to moderate heritabilities and high correlations between pearl surface complexion, 

shape and colour (Jerry et al. 2012). However, once again, very limited work has been 

conducted for other pearl oyster species within the genus Pinctada.  

To harness the underlying additive genetic potential for these oyster growth and 

pearl quality traits within MAS breeding programs, their genetic architecture must first 

be established and genetic associations to phenotypic variants of commercial interest 

also need to be identified. The characterisation of oyster growth and pearl quality QTL 

and marker associations may lead to more efficient breeding programs using MAS 

programs and may contribute to a better understanding of shell and pearl 

biomineralisation. Identification of QTL for growth and disease resistance has been 

achieved for a number of bivalve aquaculture species (Curole and Hedgecock 2007), 

including the European flat oyster, Ostrea edulis (Lallias et al. 2009); the bay scallop, 

Argopecten irradiuns (Qin et al. 2007; Li et al. 2012); the eastern oyster, Crassostrea 

virginica (Yu and Guo 2006); and the Pacific oyster, Crassostrea gigas (Hedgecock et 

al. 2007; Sauvage et al. 2010; Guo et al. 2012). However, QTL mapping is at its early 

stages in oysters and due to the lack of genomic resources no genetic associations or 

QTL for pearl quality/oyster shell traits have yet been identified or localised. 
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Consequently, the genomic architecture of these traits remains unknown (Guo et al. 

2008). By identifying oyster growth and pearl quality traits in pearl oysters, MAS could 

be used to pre-select candidate oysters prior to pearl quality testing thus shortening the 

generation interval and increasing genetic gains.  

The development and validation of the first genome-wide SNPs (Chapter 2) and 

high-density genetic linkage map (Chapter 3) for P. maxima, along with the acquisition 

of phenotypic data for traits of commercial interest (Kvingedal et al. 2010; Jerry et al. 

2012), now makes it possible to identify QTL and genetic associations to commercially 

important traits. Work in this chapter aimed to conduct a first-pass quantitative analysis 

of oyster shell growth and pearl quality traits by utilising complimentary QTL analysis 

and GWAS approaches to identify genes and markers that disproportionately 

contribute to phenotypic variation. Once identified, and following validation, these 

genes and markers may be directly incorporated into selective breeding programs 

within the P. maxima pearling industry. The main aim of this chapter can be broken into 

the following objectives: 

(a) Quantify the observed heritable components of oyster shell growth and 

pearl quality traits in P. maxima;  

 

(b) Calculate genetic parameters and estimated breeding values (EBVs) for 

commercially important pearl oyster traits; 

 

(c) Detect and locate putative QTL, and identify any genetic marker 

associations (GWAS) affecting host oyster shell growth; and 

 

(d) Detect and locate putative QTL, and identify any genetic marker 

associations (GWAS) affecting donor oyster pearl quality.  
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4 . 2  M AT E R I AL S  &  M E T H O D S  

4 . 2 . 1  E X P E R I M E N T A L  A N I M A L S  A N D  B R E E D I N G  

The pedigree structure within this study consisted of half-sib families, whereby 

founder individuals for all F1 progeny were collected from three wild P. maxima 

populations throughout Indonesia; Aru (6°43'S, 134°63'E), Bali (8°23'S, 115°14'E) and 

West Papua (1°13'N, 130°54'E). Pearl oyster families were produced in a commercial 

hatchery (Atlas South Sea Pearl, Bali, Indonesia) as described in Jerry et al. (2012). 

Progeny were collected and communally stocked in groups of six cohorts where they 

were reared under standard commercial conditions until settlement and subsequent 

distribution to one of two grow-out locations [Bali (8°11'S, 114°50'E) and Lombok 

(8°30'S, 116°40'E)].  

 

4 . 2 . 2  I N I T I A L  O Y S T E R  G R O W - O U T  A N D  P E A R L  S E E D I N G  

Oyster grow-out and pearl nuclei seeding was undertaken as part of a previous 

research project described in Jerry et al. (2012). Briefly, oysters were wild caught and 

grown-out under commercial conditions. Once oysters were large enough for pearl 

seeding (18 - 22 months, dorsal ventral shell measurement ≥ 120 mm, Gervis and 

Sims 1992), a total of 585 oysters chosen at random were designated as donors to 

provide saibo mantle tissue for seeding. A thin layer of saibo tissue from the mantle of 

these donor oysters was cut into a maximum of nineteen 3 x 3 mm2 pieces before 

being implanted into the gonads of the 9,810 remaining host oysters along with a pearl 

nucleus. Host and donor oyster pairs were only made between oysters originating from 

the same parental broodstock population to limit levels of environmental variation 

between individuals. Since rejection rates after nuclei implantation can be quite high, 

oysters were conditioned so that they were in an active stage of gametogenesis prior to 

seeding. Numerous environmental and technical factors can influence variation 
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observed in pearl quality traits, such as the surgical seeding operation, grafting 

techniques, and seeding technician. As a result, variation across these factors were 

kept to a minimum (i.e. the same five seeding technicians at the Bali culture site were 

used throughout the experiment) and were recorded so that they can be incorporated 

as fixed effects in downstream quantitative analysis. After seeding, oysters were 

transferred to a single long-line for a ten week recovery period before being split again 

between two grow-out locations, Bali and Lombok, for the pearl grow-out period.  

 

4 . 2 . 3  S N P  G E N O T Y P I N G  A N D  H A L F - S I B  F A M I L I E S  

Tissue samples were taken from the foot of all broodstock and F1 host and 

donor oysters, preserved in 90% ethanol, and stored at -200C before DNA extraction 

using a modified CTAB protocol (Sambrook and Russell 2001). DNA quality was 

determined by agarose gel electrophoresis and sample concentrations were 

standardised to 50 ng / μL using PicoGreen double-stranded DNA (dsDNA) 

quantification (Invitrogen). Genomic DNA was genotyped on an Illumina 3k iSelect 

custom array (developed and tested in Chapter 2) at PathWest Medical Laboratories, 

Perth, Western Australia, following manufacturer instructions (Steemers and 

Gunderson 2007). Thorough data integrity (described in Chapter 2) was undertaken in 

the genotyping module of Genome Studio V2011.1 (Illumina Inc.) resulting in robust 

genotypic data across 1,147 informative single nucleotide polymorphisms (SNPs). The 

average SNP call rate per individual was 99.5%. 

All family and pedigree relationships were reconstructed using a suite of 

microsatellites as described in Jerry et al. (2012) and verified using SNP genotypic 

data produced from the custom arrays in Cervus version 3.0 (Kalinowski et al. 2007). 

Progeny that could not be assigned with high confidence (99.9%) were removed prior 

to further analysis. During parentage analysis in Cervus genotyped sires could not be 
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assigned to 45.6% of the progeny. For these animals, putative sire identities were 

assigned using clustering algorithms based on genotype fingerprints in Colony version 

2.0.4.1 (Jones and Wang 2010). Here, progeny with common dams were assigned to 

clusters in accordance to shared sires. A total of 11 maternal half-sib families 

consisting of 342 individuals (average of 31 individuals per family) with known 

phenotypic records and successful SNP genotypes were utilised for QTL analysis 

(Table 4.1). Of these individuals, 103 (29%) were also included within reference 

mapping pedigrees used to construct the linkage map presented in Chapter 3.  

 

4 . 2 . 4  P H E N O T Y P I C  E V A L U A T I O N  O F  H O S T  O Y S T E R  

G R O W T H  A N D  P E A R L  Q U A L I T Y  T R A I T S  

To investigate genetic associations to phenotypic traits, a robust phenotypic 

dataset of important traits from many individuals of known pedigree is necessary. In 

total, phenotypic data was collected from 342 oysters with pedigree and genotypic 

information. Phenotypic data was gathered for two major categories of traits, oyster 

shell growth prior to pearl seeding as described in Kvingedal et al. (2010) and pearl 

quality at harvest (from multiple records) as described in Jerry et al. (2012). Raw 

phenotypic data collected during these studies was obtained from these previous 

research programs, reinterpreted and reanalysed for the current analysis. Oyster shell 

traits were recorded at 18 months during the initial grow-out period and included: 

anterior posterior measurements or shell length (APM, the greatest horizontal distance 

between the anterior and posterior margins of the shell parallel to the hinge), dorsal 

ventral measurements or shell height (DVM, the greatest distance from the umbo to the 

furthest margin), shell width (SW, the maximum distance between external surfaces of 

the two valves when closed), and wet weight (WW). For oysters that produced pearls at 

harvest (18 - 22 months after seeding), the pearls were individually collected, cleaned 



114 

and graded for pearl size (mm), weight (g), shape, lustre, surface complexion and 

colour. All pearls were graded by professional pearl graders following commercial pearl 

grading systems to maintain precision and consistency in pearl quality data. Since 

saibo tissue from donor oysters were seeded multiple times into many hosts, multiple 

pearl grading records were collected for each donor oyster. A total of 2,114 pearl 

grading records were generated from the 342 donor oysters with pedigree and 

genotypic information. As the genetic contribution to pearl mineralisation is 

predominantly driven by the donor oyster (McGinty et al. 2011; McGinty et al. 2012), 

the pearls produced from the seeding of saibo tissue from the same donor oyster were 

considered replicates for their respective donor oyster. The number of replicates per 

donor oyster ranged from 1 to 19, with an average of 6.4 (Figure 4.1).  
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Table 4.1 Structure of half-sib families and number of progeny per dam family used to 

map QTL for oyster shell growth and pearl quality traits in P. maxima.  

Dam No. sires No. progeny Percentage 
B80 2 15 4.4 

BD16 4 12 3.5 
BD19 10 15 4.4 
A232 5 24 7.0 
B89 2 20 5.8 

BD30 4 22 6.4 
BD33 5 17 5.0 
W106 7 45 13.2 
W133 10 46 13.5 
W171 2 13 3.8 
W49 7 113 33.0 
Total 58 342 100.0 
Mean 5.3 31.1 9.1 
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Figure 4.1 Frequency of pearl grading records across donor oysters.  
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4 . 2 . 5  S T A T I S T I C A L  D A T A  A N A L Y S I S :  G E N E T I C  

P A R A M E T E R S  A N D  E B V S  

Genetic parameters are pivotal to the design of long-term commercial selective 

breeding programs as they quantify the additive genetic component of important traits, 

providing a measure of trait response to selection and the potential success of 

selection programs. Heritabilities for oyster shell growth (Kvingedal et al. 2010) and 

pearl quality traits (Jerry et al. 2012) in P. maxima indicate low to moderate heritability. 

Three of the four pearl oyster growth traits (APM, DVM and WW) returned moderate 

heritabilities ranging from h2 = 0.15 ± 0.003 (DVM) to h2 = 0.14 ± 0.004 (APM), with the 

exception of shell width (SW; h2 = 0.02 ± 0.000). In addition, moderate heritabilities 

were observed for most pearl quality traits, ranging from h2 = 0.14 ± 0.06 (pearl lustre) 

to h2 = 0.25 ± 0.07 (pearl surface complexion), with pearl shape returning low 

heritability (h2 = 0.06 ± 0.03). However, heritabilities are population specific, therefore, 

for the accurate calculation of heritabilities and EBVs, heritabilities and EBVs were re-

calculated specifically for the experimental populations of this current study. 

Furthermore, to enable more detailed genetic association and QTL analysis of pearl 

colour, phenotypic data was re-categorised into sub-categories (as described below).  

Since all oyster shell measurements (APM, DVM, SW and WW) and two pearl 

quality traits (pearl size and weight) exhibited moderate variability they were analysed 

as continuous normally distributed traits. For pearl surface complexion and colour, data 

was classified into ordered categories reflecting biological patterns as follows: pearl 

surface complexion as a scale from 1 to 5 (no imperfections to highly blemished) and 

pearl colour as base colours (excluding overtones) with a scale from 1 to 6 (white, 

silver, pink, cream, yellow, and gold). Pearl colour was further categorised into five sub-

categories to thoroughly investigate any underlying genetic variation associated with 

phenotypic extremes. Firstly, pearl colour was analysed using three categories 

(SW.O.G – silver and white vs. all other colours vs. gold). Following this, each of the 
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colours were subsequently isolated and tested against all other colours (G.O: gold vs. 

all other colours, W.O: white vs. all other colours, S.O: silver vs. all other colours, and 

SW.O: silver and white vs. all other colours). The remaining two pearl quality traits, 

pearl shape and lustre, were excluded from further analysis. Firstly, pearl shape is a 

complex phenotype that was recorded as a categorical grade (i.e. round, circle, oval, 

button, drop, and baroque). As such, a scaled order is difficult to determine, may not 

reflect true biological variations and may also reflect different genetic mechanisms. 

Furthermore, the low heritability (h2 = 0.06) reported for shape indicates that very little 

phenotypic variation is explained by underlying genetic components and therefore its 

response to selection would be low (Jerry et al. 2012). Secondly, pearl lustre was 

measured using a categorical scale from 1 to 4 (high lustre to poor lustre) and even 

though its heritability was low to moderate (h2 = 0.14), very limited phenotypic 

variability was observed throughout the data (a single category contained 88.9% of the 

data). Without phenotypic variability, the power of dissecting this trait is low. 

Heritabilities and EBVs were re-calculated for oyster growth (APM, DVM, SW and WW) 

and pearl quality traits (pearl size, weight, surface complexion, and colour), using a 

linear mixed animal model in ASReml (Gilmour et al. 1995) as described below. 

However, different fixed effects and categories were considered across traits. The fixed 

effects for host oyster growth traits included the origin of broodstock parents (3 levels; 

Bali, Aru and West Papua), stocking cohort (5 levels), and grow-out location (2 levels; 

Bali and Lombok). Two additional fixed effects were included for pearl quality traits: 

seeding technician (5 levels) and implanted nuclei size (7 levels; 2.0, 2.1, 2.2, 2.3, 2.4, 

2.5 and > 2.6). The grow-out location for initial oyster growth and pearl growth were the 

same.  

  



119 

To investigate the importance of fixed effects for all traits significances were 

tested with the following model: 

 

where y is the vector of observations, b is the vector of fixed effects, a is the vector of 

random animal additive genetic effects, pe is the vector of permanent environmental 

effects, and e is the vector of random residual effects. Parameters X and Z are 

incidence matrices relating records to fixed, additive and permanent environmental 

effects, respectively. Each animal has direct additive genetic, as well as a permanent 

environmental effect, hence both effects have the same design matrix Z. Models were 

fitted using restricted maximum likelihood (REML) calculations and significance tests 

were performed using conditional and incremental F-tests available in ASReml 

(Gilmour et al. 1995).  

Using the model described above, nuclei size had a highly significant effect on 

both pearl weight and size (P < 0.001). Marginal effects of location, origin, technician 

and cohort were not significant (P > 0.05) for all oyster growth and pearl quality traits. 

The interaction seeding technician vs. grow-out location was associated with both 

weight and size (P < 0.017 and P < 0.030 respectively). However, accounting for the 

interaction in the model did not increase the estimated reliability and did not decrease 

the residual variation. Therefore, only nuceli size was included as a fixed effect in 

subsequent models and analyses.  

Heritabilities of traits were estimated as: 

 

where ,  and  are the variances attributed to additive genetic, permanent 

common environmental and non-genetic effects and residual variance, respectively. 
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Variance components were estimated with a standard animal model as described 

above and the assumed variance-covariance structure was: 

 

where ,  and  reflect the variances described above. 

For variance calculations using the above model, donor oysters are assumed to 

be sampled from a single genetic group with an average breeding value of zero and 

common variance . However, since the parents were sampled from three different 

origins (Bali, Aru and West Papua), group information was included in the animal 

model by assigning parents to groups of origin. Estimates of heritability from the animal 

model with groups were only slightly higher than for the standard animal model (data 

not shown). This is not unexpected considering the pedigrees are two generations and 

no selection has been applied in groups of origin.  

EBVs, expressed as the deviation from the mean of the defined group of 

animals, were produced using the mixed animal model for further evaluations for pearl 

size, weight, surface complexion and the five colour categories as they offer several 

advantages. These estimates are free of systematic environmental effects on 

measured phenotypes, as these effects are considered in the model used to estimate 

EBVs. Additionally, they reflect the genetic makeup with more accuracy because they 

incorporate measurements from multiple pearl records per saibo and they also 

incorporate the phenotypes of all individuals (including parents), as opposed to just the 

progeny if raw phenotypes were used.  
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4 . 2 . 6  S T A T I S T I C A L  A N A L Y S I S  F O R  Q T L  M A P P I N G  

To dissect complex oyster shell growth and pearl quality traits and to identify 

QTL that may be segregating with these traits, interval mapping was performed in 

GridQTL (Seaton et al. 2002; Seaton et al. 2006) using regression analysis of maternal 

half-sib data as outlined in Knott et al. (1996) and the P. maxima linkage map 

described in Chapter 3. This map covers the 14 haploid chromosomes of P. maxima 

and spans a total genetic map distance of 831.7 cM. The average linkage group length 

is 59.4 cM and the map currently stands at approximately 2 cM resolution, sufficient 

density for QTL analysis. Since no fixed effects had a significant influence on oyster 

growth traits, raw measurements were used as phenotypes. QTL analysis was 

implemented across all families and significant families were identified when the 

absolute t values [ABS(t)] were higher than the critical 5% threshold (degrees of 

freedom equal to the number of informative progeny in the family).  

GridQTL uses a two-step approach. Firstly, using a multi-point approach, 

identity by decent (IBD) probabilities at specific chromosomal locations from the marker 

data are determined. Secondly, linear models are fitted to phenotypic observations and 

IBD coefficients. To determine significance thresholds for the presence of QTL, 10,000 

permutations per linkage group were undertaken for each trait. Based on this the 

distribution of the F-statistic and significance thresholds were determined under the null 

hypothesis that no QTL was segregating on the linkage group (Churchill and Doerge 

1994). Ten thousand bootstrap permutations were also conducted for any significant 

QTL to determine 95% bootstrapping confidence intervals for QTL location (Visscher et 

al. 1996).  Initial analyses were undertaken using one-QTL models, however, if two 

QTL are close to one another, or influence one another, their detection may be difficult, 

particularly if one is positive and the other negative (Weller 2009). Based on this two-

QTL models were also run to determine if such effects were present across the linkage 

groups. The QTL effect within families is estimated in GridQTL as the allele substitution 
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effect. The QTL effect across all families, in terms of phenotypic variance explained by 

a QTL, was calculated from the differences between the residuals of the full and 

reduced models as described by Knott et al. (1996);  

, 

where RES full and RES reduced are residuals of full and reduced models respectively.  

 

4 . 2 . 7  S T A T I S T I C A L  A N A L Y S I S  F O R  G W AS  

Allelic genome-wide association studies (GWAS) were performed on all four 

raw oyster growth phenotypes and eight pearl quality EBVs. GWAS analysis was 

conducted in ASReml (Gilmour et al. 1995) utilising genotypic information for all 1,147 

informative SNPs over a population of 357 individuals (individuals from the 11 QTL 

mapping families plus an additional 15 individuals not assigned to families). The 

pedigree information of the animals was included in the model for testing SNP 

associations to account for the family structure of the data. In addition, genome-wide 

pairwise identity-by-decent (IBD) distances were estimated to determine if any 

additional broad population stratification was evident. Two types of SNP associations 

were tested; 1) the additive effect of a particular allele by considering the number of 

alleles and 2) the effect of three possible genotypes by considering the genotypes as 

factors in the model. Since GWAS analysis involves multiple comparisons, Q-values 

were calculated for all associations in the R package QVALUE (Storey and Tibshirani 

2003) as a measurement of the false discovery rate (FDR). Significant associations to 

traits were identified by the thresholds of P-values < 0.01 and Q-values < 0.1. The P-

values were scaled to –log10 (P-value) and Manhattan plots were created. For SNPs 

with a significant GWAS association to oyster growth and pearl quality traits animals 

were grouped according to genotype and their phenotype distributions were plotted to 

determine if the association was due to additive or recessive effects of variant alleles.  
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4 . 3  R E S U L T S  

4 . 3 . 1  S U M M A R Y  S T A T I S T I C S  A N D  G E N E T I C  P A R A M E T E R S  

Oyster shell length (DVM) and shell height (APM) exhibited similar phenotypic 

variation ranging from 62 to 132 mm (mean of 102.9 ± 10.6), and 64 to 125 mm (mean 

of 103.6 ± 9.3), respectively (Table 4.2 and Appendix 5). Heritabilities for oyster shell 

growth were moderate to high (Table 4.3), ranging from 0.13 (SW) to 0.33 (APM). The 

current estimates were higher on average than those reported in Kvingedal et al. 

(2010), especially for shell width (SW; h2 = 0.13 as opposed to h2 = 0.02). Highly 

significant phenotypic correlations were observed between all oyster shell growth 

measurements ranging from R2 = 0.24 (SW vs. APM) to R2 = 0.90 (APM vs. DVM), with 

SW displaying the lowest correlations to the other oyster shell growth traits (Table 4.3). 

These high correlations for shell growth measurement heritabilities, excluding SW, 

support those previously reported in Kvingedal et al. (2010).  

For pearl size, 45.9% of records were greater than 100 mm. For pearl colour 

66.0% pearls were graded within the highly prized colours: gold (28.1%), silver (9.1%), 

and white (28.9%). The range within pearl quality EBVs was moderate (-1.033 to 

1.067), except for pearl size, which displayed a range from -5.4 to 8.6 (mean of 0.04 ± 

2.3). Heritability, genetic and environmental correlations between pearl quality traits, 

estimated with a two-trait (bivariate) animal model, are virtually identical to those 

reported by Jerry et al. (2012) who included location, cohort and technician as fixed 

effects (data not shown). However, variability was observed within heritabilities of pearl 

colour categories which ranged from h2 = 0.12 (S.O) to h2 = 0.36 (SW.O.G). Previous 

heritabilities for pearl colour (h2 = 0.15) reflected the lower bounds of colour 

heritabilities reported in this study. Pearl size and weight were strongly correlated for 

both phenotypic (R2 = 0.96) and genetic (R2 = 0.97) comparisons (Table 4.3). In 

addition, high phenotypic and genetic correlations were observed between all pearl 

colour categories except S.O vs. W.O (Table 4.3). 
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Table 4.2 Mean, standard deviation, minimum and maximum values for oyster shell growth raw phenotypes, and pearl quality EBVs.  

EBV Units Type of Data N Mean ± SD Min Max 
Oyster Shell Growth 
Shell Length (APM) mm Raw phenotypes 341 102.909 ± 10.602 62 132 
Shell Height (DVM) mm Raw phenotypes 341 103.724 ± 9.353 64 125 
Shell Width (SW) mm Raw phenotypes 341 18.734 ± 1.859 9 23 
Wet Weight (WW) g Raw phenotypes 341 123.602 ± 29.015 29.2 209.2 
Pearl Quality 
Size mm EBVs 342  -0.043 ± 2.298 -5.443 8.580 
Weight mm EBVs 342  -0.002 ± 0.031 -0.077 0.140 
Surface complexion scale 1-5 EBVs 320  -0.013 ± 0.390 -1.033 1.067 
Colour (SW.O.G) scale 1-3 EBVs 320  -0.005 ± 0.443 -0.798 0.885 
Colour (G.O) scale 1-2 EBVs 320 0.002 ± 0.233 -0.571 0.280 
Colour (S.O) scale 1-2 EBVs 320 0.001 ± 0.065 -0.383 0.086 
Colour (W.O) scale 1-2 EBVs 320  -0.004 ± 0.161 -0.521 0.217 
Colour (SW.O) scale 1-2 EBVs 320  -0.003 ± 0.207 -0.533 0.352 
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Table 4.3 Heritability ± standard deviation (bold diagonal), genetic (below diagonal) and phenotypic correlations (below diagonal) for oyster 

shell growth and pearl quality traits. ** indicates the correlation is significant at the 0.01 level (2-tailed), and * indicates the correlation is 

significant at the 0.05 level (2-tailed). No genetic correlations were calculated for oyster growth traits.  

Heritabilities ±SD 

Oyster Shell Growth Pearl Quality 

Length 
(APM) 

Height 
(DVM) 

Width 
(SW) 

Wet weight 
(WW) Size Weight Surface Colour 

(SW.O.G) 
Colour 
(G.O) 

Colour 
(S.O) 

Colour 
(W.O) 

Colour 
(SW.O) 

Oyster 
Shell 

Growth 

Length (APM) 0.328 ± 
0.128 0.904** 0.237** 0.852** -0.103 -0.085 0.004 -0.104 0.065  -0.107* -0.084  -0.125* 

Height (DVM) - 0.286 ± 
0.126 0.258** 0.882** -0.102 -0.076 0.012  -0.111* 0.074 -0.098 -0.094  -0.129* 

Width (SW) - - 0.128 ± 
0.081 0.249** 0.025 0.048 -0.043  -0.148** 0.121* -0.105  -0.113*  -0.149** 

Wet weight 
(WW) - - - 0.183 ± 

0.103 -0.067 -0.043 -0.026  -0.130* 0.077  -0.131*  -0.112*  -0.160** 

Pearl 
Quality 

Size - - - - 0.144 ± 
0.026 0.957**  -0.110* 0.044 -0.031 0.014 0.049 0.049 

Weight - - - - 0.967** 0.161 ± 
0.026  -0.114* 0.017 -0.001 0.002 0.032 0.029 

Surface - - - - -0.194** -0.195** 0.265 ± 
0.031 0.087 -0.055 0.065 0.083 0.104* 

Colour 
(SW.O.G) - - - - -0.010 -0.027 0.117* 0.363 ± 

0.031  -0.911** 0.457** 0.789** 0.910** 

Colour (G.O) - - - - 0.012 0.022 -0.090 -0.920** 0.338 ± 
0.030  -0.347**  -0.562** -.658** 

Colour (S.O) - - - - 0.045 0.017 0.122* 0.454** -0.366** 0.138 ± 
0.026 0.005 0.486** 

Colour (W.O) - - - - -0.014 -0.031 0.091 0.799** -0.593** 0.025 0.235 ± 
0.030 0.876** 

Colour (SW.O) - - - - -0.005 -0.028 0.131* 0.907** -0.687** 0.480** 0.879** 0.27 ± 
0.029 
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4 . 3 . 2  D E T E C T I O N  O F  Q T L  A N D  G E N E T I C  A S S O C I A T I O N S  

The mean information content across all maternal half-sib families was high 

(0.83 ± 0.12) and did not drop below 0.5 for any family at any position throughout the 

14 linkage groups. For QTL analysis, moderately significant QTL were identified as 

exceeding the 5% significance threshold and highly significant QTL were determined 

as exceeding the 1% significance threshold. A total of three significant QTL at the 1% 

significance threshold and 13 at the 5% significance threshold were detected over all 

oyster growth trait measurements and pearl quality EBVs (Table 4.4, Figure 4.2, Figure 

4.4 and Appendix 6) using a one-locus half-sib model. No additional QTL were 

detected using two-QTL.  

For GWAS analysis, SNP associations with P-values less than 0.01 and a Q-

value less than 0.1 were considered significant. A total of 32 significant GWAS 

associations (P < 0.01 and Q < 0.1) to oyster growth and pearl quality traits were 

detected (Table 4.5). For each of these 32 associations, animals were grouped 

according to genotype and their phenotypic distributions were plotted (Figure 4.3). 

Fourteen associations indicated evidence of additive allelic variants, nine suggested 

recessive or dominant allelic variants, and three exhibited overdominance effects 

where the trait distributions of heterozygous animals were outside the bounds of 

homozygous animals (Figure 4.3). No additive or dominance effects were evident in the 

remaining eight associations due to low numbers of animals in one or multiple 

genotype classes. Additional GWAS associations that were significant (P < 0.01) 

before the calculation of Q-values are presented in Appendix 7. Significant QTL and 

GWAS associations are discussed in detail below by trait.  
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4 . 3 . 3  D E T E C T I O N  O F  Q T L  A N D  G E N E T I C  A S S O C I A T I O N S  

F O R  O Y S T E R  S H E L L  G R O W T H  

Throughout all four oyster shell growth measurements [anterior posterior (APM) 

and dorsal ventral (DVM) shell growth, shell width (SW) and wet weight (WW)], two 

QTL were detected at the 1% significant level (Figure 4.2, Appendix 6a), both of which 

were for shell width (SW) measurements. The first of these is localised at 16 cM on 

LG5 and 95% bootstrap estimates place the QTL peak within a region of 54 cM (Figure 

4.2a, Table 4.4). The second is localised at 2 cM on LG14, with 95% bootstrap 

estimates placing the QTL peak within a region of 46 cM (Table 4.4). A further four QTL 

for oyster shell growth were detected at the 5% significance level (Figure 4.2). Two of 

these were for shell height (DVM) and were detected at 8 cM on LG6 and 1 cM on LG 

13. The 95% bootstrap estimates predict the QTL peaks to fall within a region of 45 cM 

and 44 cM, respectively (Table 4.4). The third significant QTL at the 5% threshold was 

detected at 30 cM on LG6, with 95% bootstrap estimates for QTL peaks falling within a 

region of 43 cM. The fourth for WW was detected at 15 cM on LG13, with 95% 

bootstrap estimates for QTL peaks falling within a region of 44 cM. Of these six 

significant QTL, only the shell height (DVM) QTL on LG13 had support from more than 

one maternal half-sib family (Table 4.4).  

No significant GWAS associations were detected within any of the QTL for 

oyster growth measurements (Table 4.5). However, four significant GWAS associations 

(SNPs c4104, c16680 and c6758 on LG4, and c15948 on LG13) were identified 

elsewhere throughout the genome (Table 4.5 and Appendix 6a). Phenotype 

distributions (grouped by genotype) of these four significant associations to oyster shell 

length (APM) indicate that two SNPs (c4104 and c6758) displayed a recessive effect of 

the variant allele, while the remaining two SNPs (c15948 and c16680) showed a largely 

additive effect (Figure 4.3a).  
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Table 4.4 Significant QTL detected for oyster shell growth and pearl quality traits. The QTL location, nearest marker, F-value (significance of the 

effect of maternal marker allele computed on all heterozygous dams), linkage group-wide threshold at 5% and 1%, 95% confidence intervals 

(CI), the QTL effect across all families, significant families, allele substitution effect (for each significant family), standard error (SE), and t-value 

(absolute significance of within-family effect of maternal marker allele) are reported.  

LG Trait QTL 
location Closest markers F-value Likelihood 

ratio 
5% 

threshold 
1% 

threshold 
95% CI 

(cM) 
QTL 

effect Dam Allele sub. 
effect SE ABS(t) 

Oyster shell growth                         

5 Shell width (SW) 16cM c4190 2.61 27.89 1.80 2.24 6 - 60 33.1% W106 11.40 2.17 5.26 

6 Shell height (DVM) 8cM c13596, c16755, c23531 2.55 27.29 2.43 2.99 0 - 45 32.5% BD30 15.66 4.03 3.89 

6 Shell width (SW) 30cM c14505 1.58 17.12 1.41 1.69 0 - 43 20.7% W106 -7.69 1.96 3.93 

13 Shell height (DVM) 1cM c2207 2.62 27.95 2.32 2.93 0 - 44 33.2% W106 9.14 3.46 2.64 
                    W133 -12.05 3.75 3.21 

13 Wet weight (WW) 15cM c15948 2.35 25.23 2.17 2.62 0 - 44 30.1% W133 -34.75 9.80 3.55 

14 Shell width (SW) 2cM c24535 2.5 26.78 1.87 2.35 0 - 46 31.9% W106 -12.41 2.41 5.16 

Pearl quality                         

7 Colour (SW.O.G) 52cM c1982, c12636, c35320 2.52 29.34 2.44 2.95 0 - 52 36.5% BD30 -0.62 0.15 4.03 
                    BD33 -0.97 0.30 3.26 

7 Colour (W.O) 52cM c1982, c12636, c35320 2.52 29.27 2.28 2.81 4 - 52 36.4% BD30 -0.23 0.06 3.59 
                    BD33 -0.37 0.13 2.92 

8 Colour (G.O) 54cM c15504, c14633 2.86 33.05 2.69 3.27 0 - 59 40.8% BD33 -0.30 0.10 3.08 

10 Colour (SW.O.G) 1cM c61203 3.28 37.63 2.77 3.47 0 - 75 46.1% BD19 -0.76 0.22 3.44 
                    BD30 -0.58 0.15 3.87 

10 Colour (G.O) 2cM c278, c12920, c12849 3.01 34.72 2.69 3.28 0 - 75 42.8% BD19 0.43 0.12 3.73 
                    BD30 0.25 0.08 3.15 

10 Colour (W.O) 0cM c16794 2.98 34.40 2.29 2.87 0 - 38 42.4% BD30 -0.23 0.06 3.54 

10 Colour (SW.O) 0cM c16794 2.19 25.60 2.37 2.95 0 - 73 32.0% BD19 -0.27 0.11 2.39 
                    BD30 -0.27 0.08 3.39 

11 Colour (S.O) 5cM c7027, c2176 1.85 21.83 1.75 2.23 0 - 47 27.4% W49 0.04 0.01 3.72 

12 Colour (W.O) 17cM c15599 2.45 28.49 2.32 2.84 6 - 55 35.5% B80 -0.35 0.09 3.99 

13 Surface complexion 36cM c3211 2.74 31.68 2.55 3.06 27 - 54 39.2% BD33 -1.52 0.50 3.05 
                    W106 0.36 0.11 3.22 
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Figure 4.2 Linkage group-wide QTL F-statistics and GWAS –log10 P-value overlay for all significant QTL 

peaks detected for raw oyster growth measurements (APM, DVM, SW and WW). Blue lines indicate QTL 

F-statistics for each linkage group. A blue * indicates a significant QTL peak at the 5% cut off, while ** 

indicates a significant QTL peak at the 1% cut off. Grey diamonds indicate GWAS –log10 P-values for ea-

ch mapped SNP. Significant GWAS data points are indicated as solid red diamonds. The distribution of the 

estimated QTL peak from 10,000 bootstrap replicates used to estimate the location of the QTL is 

represented by a histogram. (a) Peak at 16cM on LG5 for SW (F = 2.61**, chromosome-wide significance 

threshold at 5% F = 1.80 and at 1% F = 2.24, 95% bootstrap estimate for QTL peak within 54 cM). (b) 

Peak at 8 cM on LG6 for DVM (F = 2.55*, chromosome-wide significance threshold at 5% F = 2.43 and at 

1% F = 2.99, 95% bootstrap estimate for QTL peak within 45 cM).   
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Figure 4.2 (Cont.) (c) Peak at 30 cM on LG6 for SW (F = 1.58*, chromosome-wide significance threshold 

at 5% F = 1.41 and at 1% F = 1.69, 95% bootstrap estimate for QTL peak within 43 cM). (d) Peak at 1 cM 

on LG 13 for DVM (F = 2.62*, chromosome-wide significance threshold at 5% F = 2.32 and at 1% F = 2.93, 

95% bootstrap estimate for QTL peak within 44 cM).  
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Figure 4.2 (Cont.) (e) Peak at 15 cM on LG13 (F = 2.35*, chromosome-wide significance threshold at 5% 

F = 2.17 and at 1% F = 2.62, 95% bootstrap estimates for QTL peak within 44 cM). (f) Peak at 2 cM on 

LG14 (F = 2.50**, chromosome-wide significance threshold at 5% F = 1.87 and at 1% F = 2.35, 95% 

bootstrap estimate for QTL peak within 46 cM).   
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Table 4.5 SNPs with significant GWAS P-values for all oyster shell growth 

measurements and pearl quality EBVs. The positions of all markers with significant 

results are listed along with their alleles, MAF, raw P-value, effect size, raw Q-value 

and the effect of variance allele, where A indicates an additive effect, R indicates a 

recessive effect, H indicates a scenario where the heterozygous genotype differs from 

both homozygous genotypes, NP indicates no obvious pattern and NC indicates no 

comparison as only two genotypes were observed. * indicates a significant effect (P < 

0.05, Welch’s t-test) of the variance allele, and NS a non-significant result.  

Trait Marker LG 
Position 

(Kosambi 
cM) 

Alleles MAF P raw df Effect 
size Q raw 

Effect of 
variance 

allele 

Oyster growth: 

Shell length (mm) c4104 4 3.9 T/C 0.36 3.69E-04 362 -3.278 0.081 R* 

c16680 4 34.2 T/C 0.18 3.41E-04 361 -4.333 0.081 A* 

c6758 4 53.0 A/G 0.45 2.13E-04 362 3.585 0.081 R* 

  c15948 13 15.1 T/A 0.34 1.72E-04 362 -4.764 0.081 A* 

Pearl quality: 

Pearl size (mm) c10291 5 27.4 T/A 0.21 1.81E-04 340 2.461 0.082 R* 

 c15121 5 34.8 A/G 0.18 1.05E-04 340 -2.402 0.082 RNS 

Pearl weight (g) c15121 5 34.8 A/G 0.18 1.43E-04 340 -0.030 0.082 RNS 
Pearl colour 
(SWOG) c14356 5 14.7 T/A 0.24 2.10E-04 340 0.179 0.048 A* 

c12686 7 20.8 T/C 0.10 2.95E-04 340 -0.203 0.056 NC 

c1841 7 29.3 T/C 0.26 2.11E-04 336 0.147 0.048 H* 

c3475 12 13.8 A/T 0.30 5.36E-07 340 0.178 0.000 NP 

c17526 12 29.6 A/G 0.46 4.66E-04 340 -0.112 0.076 A* 

c17564 12 37.9 T/C 0.49 4.09E-06 340 0.179 0.002 A* 

  c24833 12 46.1 A/G 0.12 5.59E-07 340 0.256 0.000 A* 

Pearl colour (GO) c14356 5 14.7 T/A 0.24 4.33E-04 340 -0.092 0.088 A* 

 c6208 12 10.8 A/C 0.10 1.73E-04 340 0.112 0.044 HNS 

c3475 12 13.8 A/T 0.29 1.26E-06 340 -0.094 0.001 NP 

c17526 12 29.6 A/G 0.46 1.17E-04 340 0.066 0.044 A* 

  c17564 12 37.9 T/C 0.49 1.35E-04 340 -0.081 0.044 A* 

Pearl colour (SO) c15553 NA NA T/C 0.42 8.12E-05 339 0.022 0.093 NP 

Pearl colour (WO) c12686 7 20.8 T/C 0.10 1.15E-04 340 -0.090 0.044 NC 

c24833 12 46.1 A/G 0.12 1.14E-07 340 0.114 0.000 A* 

  c3583 NA NA T/C 0.25 8.10E-07 339 -0.088 0.000 ANS 

Pearl colour (SWO) c12686 7 20.8 T/C 0.10 7.19E-05 340 -0.112 0.017 NC 

 c1841 7 29.3 T/C 0.26 1.15E-04 336 0.077 0.022 ANS 

c12901 7 51.6 T/G 0.48 5.37E-04 340 -0.055 0.088 R* 

c12920 10 2.7 A/T 0.18 6.97E-04 340 -0.074 0.089 R* 

 c3475 12 13.8 A/T 0.29 7.49E-05 340 0.072 0.017 RNS 

c17564 12 37.9 T/C 0.49 4.99E-05 340 0.080 0.017 R* 

c15661 12 37.9 T/G 0.21 6.57E-04 340 -0.080 0.089 H* 

c24833 12 46.1 A/G 0.12 2.63E-08 340 0.143 0.000 A* 

  c3583 NA NA T/C 0.25 2.63E-09 339 -0.127 0.000 A* 
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Figure 4.3 Genotype-phenotype correlations. Animals were grouped by genotype for all 32 significant 

GWAS associations. Animal numbers are indicated under the genotypes. Call rates for these SNPs were > 

97.4%. Allelic effects are indicated as follows; recessive (R), additive (A), heterozygous animals outside 

the bounds of homozygous animals or overdominance (H), no obvious pattern (NP), and missing genotype 

class (NC). An * indicates significant differences (P < 0.05, Welch’s t-test) between respective phenotypic 

distributions of genotype classes and NS indicates a non-significant comparison. A total of 23 associations 

showed patterns of recessive or additive allele variants. Of these, 18 had significantly different phenotypic 

distributions for the homozygous alternative genotype classes (P < 0.05, Welch’s t-test). Three 

associations showed patterns of overdominance. Of these, two had heterozygous phenotypic distributions 

that differed from both homozygous genotype classes (P < 0.05, Welch’s t-test). The remaining eight 

associations were not significantly different (P > 0.05, Welch’s t-test), or were missing animals with one 

genotype and could not be compared. (a) Raw oyster APM distributions with respect to genotype for SNPs 

c4104, c6758, c15948 and c16680. (b) EBV pearl size and weight distributions with respect to genotype 

for SNPs c10291 and c15121.  
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Figure 4.3 (Cont.) (c) EBV pearl colour categories (SW.O.G, G.O, S.O, W.O and SW.O) distributions with 

respect to genotype for SNPs c1841, c3475, c3583, c6208, c12686, c12901, c12920, c14356, c15553, 

c15661, c17526, c17564 and c24833.  
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4 . 3 . 4  D E T E C T I O N  O F  Q T L  A N D  G E N E T I C  A S S O C I A T I O N S  

F O R  P E A R L  Q U A L I T Y  

EBVs for pearl size and weight showed little evidence of segregation, as no 

significant QTL peaks were detected at the 5% significance threshold (Appendix 6b). 

However, one SNP (c15121) returned significant GWAS associations for pearl size and 

weight and an additional SNP (c10291) had a significant association to pearl size 

(Table 4.5). SNPs c10291 and c15121 were both localised on LG5 at 27.4 cM and 34.8 

cM respectively. Inspection of size and weight EBV distributions across the genotypes 

of c10291 and c15121 reveal that over 64% of the parents and progeny that possessed 

the desired trait were homozygous for BB, suggesting allele variants have recessive 

effects (Figure 4.3a).  

For pearl surface complexion, one significant QTL with support from two half-sib 

families was detected at 36 cM on LG13 (Figure 4.4j). The 95% bootstrap estimates for 

this QTL peak fell within a region of 27 cM (Table 4.4), however, no SNPs with 

significant GWAS associations were evident within this region (Appendix 6b).  

Of the five pearl colour EBVs examined [silver and white vs. all other colours vs. 

gold (SW.O.G), gold vs. all other colours (G.O), white vs. all other colours (W.O), silver 

vs. all other colours (S.O), silver and white vs. all other colours (SW.O)], one major 

effect QTL with an association to W.O was detected at the 1% significance threshold 

(Figure 4.4 and Appendix 6c). This QTL was located at 0 cM on LG10 (Figure 4.4f) and 

95% bootstrap estimates estimated this QTL peak to fall within a region of 38 cM 

(Table 4.4). An additional three QTL were detected at the 5% significance threshold 

within 2 cM on LG10 for SW.O.G (at 1 cM and a 95% bootstrap estimates within 75 cM, 

Figure 4.4d), G.O (at 2 cM and 95% bootstrap estimates within 75 cM, Figure 4.4e) and 

SW.O (at 0 cM and 95% bootstrap estimates within 73 cM, Figure 4.4g). One 

significant GWAS association to SW.O was also detected at this location (2.7 cM on 
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LG10) for the SNP c12920 (Table 4.5). Over 73% of the progeny that possessed EBVs 

≥ 0.2 possessed the AA genotype suggesting that variant alleles have a recessive 

effect. This is also reflected in the distribution of the SW.O EBVs by genotype in Figure 

4.3c. This pattern of segregation of four pearl colour classifications to the same location 

provides strong evidence that genes involved in pearl colour are localised to this 

region.  

Significant segregation of pearl colour EBVs at the 5% significance threshold 

were also detected at 52 cM on LG7 for SW.O.G (95% bootstrap estimates within 52 

cM, Figure 4.4a), and W.O (95% bootstrap estimates within 48 cM, Figure 4.4b). 

Segregation of colour on LG7 is also supported by six significant GWAS associations 

for three SNPs (c12686, c1841 and c12901, localised to 20.8, 29.3 and 51.6 

respectively on LG7) to the EBVs SW.O.G, W.O and SW.O (Table 4.5 and Appendix 

6c). A mixture of dominance and additive effects were evident for these six 

associations, as indicated in Figure 4.3c.  

A further three QTL at the 5% threshold were identified at 54 cM on LG8 for 

G.O (95% bootstrap estimates within 59 cM, Figure 4.4c), 5 cM on LG11 for S.O (95% 

bootstrap estimates within 47 cM, Figure 4.4h), and 17 cM on LG12 for W.O (95% 

bootstrap estimates within 49 cM, Figure 4.4i). The localisation of these QTL on LG8 

and LG11 were not supported by significant GWAS association. However, 13 

significant GWAS associations were detected for six SNPs (c6208, c3475, c17526, 

c15661, c17564 and c24833, localised to 10.8, 13.8, 29.6, 37.9, 37.9 and 46.1 cM 

respectively on LG12) to the EBVs SW.O.G, G.O, W.O and SW.O (Table 4.5 and 

Appendix 6c). Seven of these associations (corresponding to SNPs c17526, c17564 

and c24833) exhibited pronounced additive effects in their variant alleles, while c6208 

and c15661 suggest overdominance effects (trait distribution of heterozygous 

individuals outside the bounds of homozygous individuals) and c3475 indicated the 

presence of slight recessive allele variants (Figure 4.3c). The location of all significant 
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QTL for pearl colour classifications, excluding the QTL for G.O on LG8, S.O on LG11 

and W.O on LG10 and LG12, were supported by multiple dams from separate mapping 

half-sib families (Table 4.4).  
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Figure 4.4 Linkage group-wide QTL F-statistics and GWAS –log10 P-value overlay for all significant QTL 

peaks detected for pearl quality traits (size, weight, surface complexion and colour). Blue lines indicate 

QTL F-statistics for each linkage group. A blue * indicates a significant QTL peak at the 5% cut off, while ** 

indicates a significant QTL peak at the 1% cut off. Grey diamonds indicate GWAS –log10 P-values for 

each mapped SNP. Significant GWAS data points are indicated as solid red diamonds. The distribution of 

the estimated QTL peak from 10,000 bootstrap replicates used to estimate the location of the QTL is 

represented by a histogram. (a) Peak at 52 cM on LG7 for pearl colour SWOG (F = 2.52*, chromosome-

wide significance threshold at 5% F = 2.44 and at 1% F = 2.95, 95% bootstrap estimates for QTL peak 

within 52 cM). (b) Peak at 52 cM on LG7 for pearl colour WO (F = 2.52*, chromosome-wide significance 

threshold at 5% F = 2.28 and at 1% F = 2.81, 95% bootstrap estimates for QTL peak within 48 cM).  
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Figure 4.4 (Cont.) (c) Peak at 54 cM on LG8 for pearl colour GO (F = 2.86*, chromosome-wide 

significance threshold at 5% F = 2.69 and at 1% F = 3.27, 95% bootstrap estimates for QTL peak within 59 

cM). (d) Peak 1 cM on LG10 for pearl colour SWOG (F = 3.28*, chromosome-wide significance threshold 

at 5% F = 2.77 and at 1% F = 3.47, 95% bootstrap estimates for QTL peak within 75 cM).  
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Figure 4.4 (Cont.) (e) Peak at 2 cM on LG10 for pearl colour GO (F = 3.01*, chromosome-wide 

significance threshold at 5% F = 2.69 and at 1% F = 3.28, 95% bootstrap estimates for QTL peak within 75 

cM). (f) Peak 0 cM on LG10 for pearl colour WO (F = 2.98**, chromosome-wide significance threshold at 

5% F = 2.29 and at 1% F = 2.87, 95% bootstrap estimates for QTL peak within 38 cM).  
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Figure 4.4 (Cont.) (g) Peak at 0 cM on LG10 for pearl colour SWO (F = 2.59*, chromosome-wide 

significance threshold at 5% F = 2.37 and at 1% F = 2.95, 95% bootstrap estimates for QTL peak within 73 

cM). (h) Peak at 5 cM on LG11 for pearl colour SO (F = 1.85*, chromosome-wide significance threshold at 

5% F = 1.75 and at 1% F = 2.23, 95% bootstrap estimates for QTL peak within 47 cM).  
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Figure 4.4 (Cont.) (i) Peak at 17 cM on LG12 for pearl colour WO (F = 2.45*, chromosome-wide 

significance threshold at 5% F = 2.32 and at 1% F = 2.84, 95% bootstrap estimates for QTL peak within 49 

cM). (j) Peak at 36 cM on LG13 for surface complexion (F = 2.72*, chromosome-wide significance 

threshold at 5% F = 2.55 and at 1% F = 3.06, 95% bootstrap estimates for QTL peak within 27 cM.  
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4 . 4  D I S C U S S I O N  

4 . 4 . 1  S I G N I F I C A N C E   

Previous experimental designs for QTL and association analysis in bivalves 

have been limited to relatively sparse genetic maps (< 200 co-dominant markers) and 

represent only a few commercially important traits, such as growth and disease 

resistance (Yu and Guo 2006; Hedgecock et al. 2007; Qin et al. 2007; Lallias et al. 

2009; Sauvage et al. 2010; Guo et al. 2012; Li et al. 2012). In this study, by employing 

a moderately dense genetic linkage map (887 SNP markers) and moderate sample 

size, the experimental design provides high information content across the genome to 

explore the genetic architecture and identify preliminary QTL and genetic associations 

for many previously unexplored pearl oyster shell growth and pearl quality traits.  

To identify QTL and SNPs associated with pearl quality traits, a population of 

342 progeny belonging to 11 maternal half-sib families was screened across eight 

oyster shell growth and pearl quality traits. The analysis detected 16 putative QTL and 

32 SNPs with significant GWAS associations throughout the 14 linkage groups 

(Figures 4.2, 4.4 and Appendix 6). These QTL and genetic associations to 

commercially important traits are the first described for any pearl oyster species. These 

results indicate that the power of experimental design is sufficient to detect genes that 

influence these traits. Even though some putative QTL were not supported by multiple 

families and need to be further validated, this preliminary identification of QTL and 

genetic associations along with the power of the current analysis demonstrates that 

oyster growth and pearl quality traits have a complex genetic architecture and are 

influenced by many genes of small effect. These results support previous evidence that 

shell growth and pearl quality traits are polygenic, inherited in either dominant or 

recessive Mendelian fashion, and exhibit complex genotype by environment 

interactions (Kvingedal et al. 2010; Jerry et al. 2012). The identification of QTL 
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presented here is the first step to understanding the genetic architecture of complex 

oyster growth and pearl quality traits, critical to identifying the molecular pathways 

associated with shell and pearl biogenesis. By initiating the dissection of these complex 

traits this research sets a baseline for future studies to refine the positions of these 

preliminary QTL, identify new QTL, and possibly identify causative quantitative trait 

nucleotides (QTN) for incorporation into MAS breeding programs for P. maxima.  

 

4 . 4 . 2  D E T E C T I O N  O F  O Y S T E R  S H E L L  G R O W T H  Q T L   

Shell growth defines the timing of oyster seeding operations and the size of the 

nucleus that can be implanted during pearl seeding making it an important trait to 

consider when identifying QTL for improved pearl production. The moderately high 

heritabilities reported for shell growth traits (0.13 – 0.33) are promising, as higher 

heritabilities increase the chance of detecting QTL (Kolbehdari et al. 2005). Separate 

family-based QTL analysis of the four shell growth traits identified significant QTL on 

LG13 controlling DVM (at 1cM) and WW (at 15cM), which indicate either the linkage of 

two closely positioned QTL, or a single QTL with pleiotropic effects. However, given the 

current number of family lines and the high 95% confidence limits (0 – 44 cM for both 

QTL), it is difficult to distinguish if this is caused by a single gene or gene cluster. The 

proportion of variation explained by these DVM and WW QTL (33.2% and 30.1% 

respectively) is similar, if not slightly larger than the proportion of variance explained by 

significant growth QTL in the bay scallop (Argopecten irradians) and Zhikong scallop 

(Chlamys farreri), which varied from 15.8% to 27.7%, and 6.4% to 19.2%, respectively 

(Zhan et al. 2009; Li et al. 2012). In the current study, a high correlation between the 

oyster growth traits, DVM, APM and WW (R2 > 0.85), suggests QTL profiles of these 

traits largely reflected each other, with significant peaks for one trait often being 

supported by an (non-significant) elevation in the QTL F-value of other traits. SW was 
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not highly correlated to the other shell growth traits (R2 range from 0.24 to 0.26), 

providing evidence that loci influencing SW are inherited independently. Three QTL 

peaks were identified on LG5, LG6 and LG14 for SW. These peaks were not supported 

by QTL at the same locations in the other traits and each only segregated in a single 

half-sib family. Based on this, these QTL are considered putative as they may be false 

positives resulting from the small sample size of the current analysis (Table 4.4). 

Nevertheless, the six detected oyster shell growth QTL provide further support for the 

segregation of shell growth traits as previously demonstrated by phenotypic selection 

studies for P. fucata martensii (Wada 1984; Wada 1986b) and QTL analysis for growth-

related traits in Crassostrea gigas (Guo et al. 2012).  

 

4 . 4 . 3  A S S O C I A T I O N  A N A L Y S I S  F O R  O Y S T E R  S H E L L  

G R O W T H  T R A I T S  

Genome-wide association analysis was undertaken including all informative 

SNPs (N = 1,147) for all shell growth phenotypes and pearl quality EBVs. The 

percentage of phenotypic variance explained by a marker was calculated for all 

significant associations and the distribution of trait phenotypes by genotype for each 

marker were investigated to determine phenotype vs. genotype correlations. It can be 

expected that associated markers would be positioned close to segregating QTL 

identified in the half-sib family analysis for the respective traits. However, little 

correlation was found between marker associations and QTL positions. This may be 

explained by low mapping information content of the closest marker, a large area in 

linkage disequilibrium with the detected QTL that covers several makers resulting in 

positive associations between trait and genotypes at several markers, or the existence 

of secondary segregating QTL (Sanchez-Molano et al. 2011). Although no secondary 

QTL were detected, this should still be considered for future studies. In addition, map 
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positions in this study are not definitive and some rearrangements may take place with 

the inclusion of new markers. With regards to shell growth, the association with the 

highest effect (-4.8) was the marker c15948 on LG13 for APM. Three additional SNP 

associations were detected on LG4 for APM (c4104 and c6758 with a recessive effect, 

and c16680 with an additive effect on the variant alleles of this trait), however, these 

associations did not correspond to any QTL detected through half-sib analysis. 

Together, these four markers showing significant associations to APM explained 15.9% 

of the phenotypic variation observed throughout the population of 342 oysters. Even 

though their effect is relatively low, the co-localisation of three markers flags the central 

part of LG4 as an additional independent QTL for APM. Interestingly, this region 

contains three nacre biomineralisation genes; PFMG1, Pif177, and CS1 (as described 

in Chapter 3), with known functions in binding aragonite crystals, regulating nucleation 

and precipitation during nacre formation and chitin deposition (Weiss et al. 2006; Liu et 

al. 2007; Suzuki et al. 2009; Metzler et al. 2010; Kinoshita et al. 2011). Although the 

effect reported on LG4 cannot be directly linked to these genes, they are key 

candidates for further investigations into identifying tight marker associations and 

causal polymorphisms for the incorporation into MAS breeding programs for oyster 

shell growth.  

 

4 . 4 . 4  D E T E C T I O N  O F  P E A R L  Q U A L I T Y  Q T L  

Pearl quality traits such as pearl size, weight, colour, lustre and surface 

complexion define the commercial value of a pearl and drive industry profitability. 

Despite their commercial importance, no QTL for pearl quality traits have yet been 

identified in pearl oysters. Similar to shell growth traits, moderate heritabilities ranging 

from 0.14 to 0.34 were reported for pearl quality traits (Table 4.3) indicating a high 

chance of detecting QTL. A total of 10 QTL for pearl surface complexion and pearl 
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colour were identified in this study. The most pronounced of these were for pearl colour 

EBVs, where these QTL explained from 27.4% to 46.1% of the phenotypic variation 

observed within the 11 half-sib families. However, considering there was only moderate 

support for these QTL (Table 4.4), a replication study with independent animals would 

be required to confirm the results. Nonetheless, the segregation of pearl quality QTL 

reported here offers a chance to unravel the genetic contributions to pearl quality.  

No significant QTL peaks were detected for the highly correlated (R2 > 0.96) 

pearl size and weight EBVs, which suggests that either the variation in pearl size and 

weight may be influenced by many loci of small effects below the detection power of 

the current analysis, these traits were not segregating in the tested families, or more 

than one QTL is present in one location with opposite effects. More extensive studies 

are warranted to delineate QTL for pearl size and weight.  

For pearl surface complexion, one significant QTL was found segregating at 36 

cM on LG13 in two dam families (BD33 and W106). This QTL explains an estimated 

39.2% of the phenotypic variation of surface complexion observed within the 11 

families, and has the lowest 95% confidence interval (27 – 54 cM) reported for any QTL 

identified in this study. The low phenotypic and genetic correlations for surface 

complexion to all other traits (R2 < 0.19) and the lack of corresponding significant QTL 

in other traits at this location, indicates that loci influencing this trait are inherited 

independently.  

The majority of QTL detected for pearl quality traits were within the five sub-

categories of pearl colour; silver and white vs. all other colours vs. gold (SW.O.G), gold 

vs. all other colours (G.O), white vs. all other colours (W.O), silver vs. all other colours 

(S.O), silver and white vs. all other colours (SW.O). The most prominent QTL location 

for pearl colour is at 0 – 2 cM on LG10 where QTL were detected for the categories 

SW.O.G, G.O, W.O and SW.O (Table 4.4). Each of these QTL had support from two 
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families, excluding W.O, and explained an estimated 32% to 46.1% of the phenotypic 

variation observed in pearl colour within the 11 families. Even though W.O was not 

supported by multiple families, it returned the narrowest 95% bootstrap confidence 

interval of 0 – 38 cM. The co-localisation of these QTL and their segregation in multiple 

families provides strong support that genes localised to this region have significant 

effects on determining pearl colour. A further four putative QTL were identified on LG7 

(for SW.O.G and W.O), LG8 (for G.O), LG 11 (for S.O) and LG12 (for W.O) (Table 4.4), 

providing evidence that pearl colour is also a polygenic trait under the control of at least 

five QTL detected here. More QTL are expected to be identified in future studies 

incorporating more extensive sampling and greater marker densities. Even though all 

five pearl colour EBVs are sub-categories of the same trait, genetic correlations 

between them varied from 0.03 (W.O vs. S.O) to 0.92 (SW.O.G vs. G.O). Moderate 

genetic correlations (0.59 to 0.92) and similar QTL profiles were observed between 

SW.O.G, G.O, W.O and SW.O. However, S.O proved to be independent due to the low 

number of silver pearls in the phenotypic sample (196 out of 2,114; 9.1%). This low 

variability in trait phenotypes for S.O significantly reduces the power of detecting QTL 

for this trait data.  

 

4 . 4 . 5  A S S O C I A T I O N  A N A L Y S I S  F O R  P E A R L  Q U A L I T Y  

T R A I T S  

While QTL were not detected for pearl size and weight through half-sib family 

analysis, two marker associations (c15121 and c10291) were identified, both of which 

were localised within 7.4 cM in the centre of LG5. These associations may mark a 

putative QTL region for pearl size and weight and are estimated to explain from 0.03% 

to 8.4% of the phenotypic variation for pearl size and weight (Table 4.5). Considering 

moderate heritabilities for pearl size and weight (0.14 and 0.16 respectively), 
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identification of further QTL segregations and genetic associations were expected. The 

fact that only a few were detected indicates these traits are being controlled by many 

genes of small effect and that power of the current analysis may be too low to detect 

these genes. Regarding surface complexion, despite a significant QTL being detected 

on LG13 through half-sib family analysis, no corresponding marker associations were 

identified which may indicate low informativeness of the markers surrounding this QTL.  

A total of 25 significant SNP associations were reported throughout the pearl 

colour sub-categories. The majority of these (13) are localised on LG12 and originate 

from markers; c3475, c17526, c17564, c24833, c6208 and c15661, supporting the QTL 

detected for W.O. The QTL detected at LG7 and LG10 for various colour EBVs are 

also supported by at least one significant SNP association within the same linkage 

group. Two SNP associations for SW.O.G and G.O (both to SNP c14356) are present 

on LG5, suggesting an additional region of significant effect to pearl colour not detected 

by family QTL analysis. Each linkage group cluster of SNP associations had a mixture 

of additive, recessive and overdominance effects (Table 4.5 and Figure 4.3).  

The complexity of biomineralisation and the relative simplicity of the phenotypic 

measurements analysed in the present study make it challenging to speculate about 

the influence of the identified QTL on pearl colour. However, some ideas can be 

obtained regarding the genetic regulation of pearl colour from the differential detection 

of QTL and marker associations between the colour category EBVs. The presence of 

significant marker associations on LG5 for SW.OG and G.O, but not S.O, W.O or 

SW.O, may suggest that these associations could have a specific role in gold pearl 

colour. Similarly, the presence of marker associations and QTL on LG7 for SW.O.G, 

W.O and SW.O, but not for G.O suggest that this region may have an influence over 

white pearl colour. Finally for LG10 and LG12, the presence of QTL and genetic 

associations for all pearl colour categorical EBVs, excluding S.O, may indicate a more 

general role in determining pearl colour. However, this is speculative and patterns of 
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QTL segregation and marker associations need to be validated on independent 

families and populations. Even though the estimated effect of marker associations is 

very low (range from 0.02% to 0.26%, cumulative effect of 2.8%), the corresponding 

support for these four linkage groups (LG5, LG7 LG10 and LG12) through multiple QTL 

(segregating in multiple families) and marker associations for pearl colour flag them as 

true preliminary QTL for pearl colour in P. maxima. To refine pearl colour QTL, 

quantitative measurements of phenotypes (i.e. through the use of a 

spectrophotometer), as opposed to the categorical pearl grading, would significantly 

increase the accuracy of pearl colour measurements (Toyota and Nakauchi 2013).  

Pearl weight, size and colour are important traits within the industry as they 

heavily influence the market value of a pearl. Numerous studies investigating the 

variability of shell nacre colouration and pearl weight have been undertaken for P. 

fucata (Wada 1984; Wada 1985, 1986a; Wada 1986c; Wada 1990; Wada and Komaru 

1994; Wada and Komaru 1996). These studies have shown that both traits are 

heritable, and potentially correlated (i.e. pearls with yellow nacre significantly heavier 

than those with non-yellow nacre) (Wada 1986a). A correlation between shell size and 

pearl colour was not well supported in the current study, as the highest phenotypic 

correlation between these traits was -0.16 (between WW and SW.O; Table 4.3). This 

may be a result of the grading of pearl colour as a categorical trait leading to a lower 

variability in pearl colour phenotypes. Wada and Komaru (1996) also report a 

correlation between pearl weight and shell weight of host oysters, which may be 

correlated due to the rate of nacre deposition observed for the host. Again, this 

correlation was not supported by data presented here, with phenotypic correlations 

between any shell growth trait and pearl size or weight not exceeding -0.1 (Table 4.3). 

The observation of colour is recorded in non-continuous classes and is made difficult 

by the reflection or interference of light and colour overtones. As there is no recognised 

world standard for grading pearls, variation in pearl colours between pearl graders also 
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compounds the difficulty in accurately recording pearl colour phenotypes. Further 

investigation with a larger data set may reveal these correlations, which would have 

important implications for selective breeding aiming to improve pearl quality.  

 

4 . 4 . 6  Q T L  A N D  G W AS  A N A L Y S I S  L I M I T A T I O N S   

While genome-wide association studies (GWAS) and family based quantitative 

trait loci (QTL) analysis are proven powerful techniques for elucidating the genetic 

architecture of complex phenotypic traits, a number of limitations were identified in the 

current analysis which are discussed below.  

Firstly, the variable number of progeny per family limits the accuracy of 

heritability and EBV estimations using the animal model, as additive genetic variance is 

estimated from between family variation. The power of such analysis increases when 

larger phenotyped and pedigreed populations involving many families are available. 

Here, one single family contributed 25% of the data, which may lead to confounding 

genetic and environmental family effects. Heritabilities, EBV estimates, and associated 

reliability must therefore be treated with caution as they are specific to this 

experimental population.  

Secondly, the empirical power in half-sib family QTL analysis depends on the 

number of half-sib families, the number of progeny within each family and the number 

of molecular markers mapped (Kolbehdari et al. 2005). Furthermore, the efficiency to 

detect QTL depends on a trait’s heritability, the proportion of phenotypic variation 

explained by a QTL, QTL allele frequencies and recombination distance between the 

QTL and the associated markers (Mackay 1996; Kolbehdari et al. 2005; Massault et al. 

2008; Mackay et al. 2009). In this study, the number of markers incorporated into the 

linkage map is considered sufficient for QTL mapping (mean information content of loci 
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was 0.83). Estimated heritabilities of the examined traits were also moderate to high 

(0.13 to 0.36). Therefore, the power of identifying QTL and estimating their accurate 

locations is thought to be limited to the relatively small number of progeny within each 

family (Darvasi et al. 1993). As a result, many low effect QTL remain undetected and 

the proportion of phenotypic variation explained, or effect of the detected QTL, is 

overestimated (Georges et al. 1995; Olsen et al. 2002; Mitchell-Olds 2010). The wide 

95% confidence limits (from 27 cM to 75 cM) that often span entire linkage groups and 

higher than expected QTL effects indicate that an increase in the number of progeny 

within families and number of families would be beneficial to identify further QTL and 

reduce associated confidence intervals.  

Since P. maxima is a broadcast spawner with high fecundity, sampling of a 

large number of individuals per family is achievable. Increasing the number of progeny 

per family is recommended to increase the accuracy of QTL mapping in future studies. 

In addition, fine mapping of more markers would also reduce confidence intervals. 

Nevertheless, the fact that QTL were detected from the available families indicates that 

genes with substantial effects on shell growth and pearl quality traits are still 

segregating even if the magnitude of their effects cannot be confidently estimated due 

to the power of the current experimental design.  

Thirdly, for GWAS analysis, power is largely determined by marker density and 

the extent of linkage disequilibrium between the tested markers and putative QTL or 

causative mutation, where power increases with marker density and extent of LD 

throughout the genome (Mitchell-Olds 2010). Marker density in the current analysis is 

moderate and sufficient for preliminary GWAS applications. However, since the extent 

of LD within the P. maxima genome has been demonstrated to be low (Chapter 3), 

increasing marker density is highly recommended as this will provide greater coverage 

at finer map distances and may allow the detection of many low frequency or low effect 

associations. Furthermore, an underlying assumption of GWAS is that individuals are 
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unrelated, which is not the case for this data. The majority of individuals within the 

experimental population are members of 11 half-sib families utilised in QTL analysis. 

Underlying population or family structure reduces the power of GWAS to detect 

associations and, without consideration, this underlying structure may lead to false 

positive associations (Mitchell-Olds 2010). In this study, both population and family 

sub-structuring was investigated and no significant effects were detected. However, 

GWAS analysis would benefit from a larger experimental population that was more 

outbred.  

 

4 . 4 . 7  A P P L I C A T I O N  O F  M O L E C U L A R  S E L E C T I O N  B R E E D I N G  

P R O G R A M S  T O  T H E  P E A R L I N G  I N D U S T R Y  

Since the production of a single pearl involves two oysters, the donor and the 

host, particular pearl quality traits have been shown to be influenced to different 

degrees by contributions from the host or the donor oyster. It has been proposed that 

the donor oyster is responsible for the quality of nacre deposition, colour and lustre of 

pearls (Taylor and Strack 2008; Jerry et al. 2012). However, the nucleus size at 

seeding and time to seeding is strongly influenced by the size of the host oyster (Wada 

and Komaru 1996). Conversely, the rate of nacre deposition in the pearl has been 

shown to be influenced by both the transcriptionally active donor tissue in the pearl sac 

and the host oyster (McGinty et al. 2010; McGinty et al. 2012). As a result, the pearling 

industry is interested in breeding two major lines, one for host oysters and another for 

donor oysters. Host oysters would be selected for their ideal rate of nacre deposition to 

ensure consistent crystal formation, as fast pearl growth leads to imperfections in the 

surface complexion and slow growing pearls are often dull and don’t reach large size 

(Taylor and Strack 2008). The identification of shell growth rate and pearl size QTL are 

important for breeding host oysters, whereas QTL for nacre colour and lustre would 
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have direct application to the selection of donor oyster lines. However, trait correlations 

and interactions make breeding these lines challenging. For example, nucleus size is 

also known to have a significant effect on pearl size and weight at harvest (Jerry et al. 

2012), whereby oysters seeded with large nuceli produce larger and heavier pearls, 

though not without a trade-off between nucleus size and success of the seeding 

operation, determined by the retention of the nucleus (retention rate). This correlation is 

compounded by the width of the host oyster, where larger nuclei are retained more 

frequently in wider oysters. Rates of nucleus rejection were not monitored in this study, 

but would provide an estimate of retention rates and would allow investigation into the 

optimal size of seeds with respect to a host’s shell size and width. Considering these 

relationships may have significant effects on rates of gain it would be beneficial to 

monitor rejection rates in future studies.  

While phenotypic selection has been practised now for some time in pearl 

oysters, much of the underlying genetic variation of quantitative traits still remains 

untapped. For example, there is high demand in the pearling industry for oysters that 

produce nacre of a certain colour. As demonstrated by Knauer and Taylor (2002) this 

can be achieved to some extent in phenotypic breeding programs for P. maxima, which 

have successfully produced a steady stream of oysters that produce silver nacre. Such 

programs are important as oysters with silver nacre are rare in natural Indonesian 

populations and therefore highly sought after as donors during pearl seeding. 

Unfortunately, these phenotypic selection programs have not been as successful for 

producing oysters with nacre of other desired colours (i.e. highly valuable gold), or for 

improving other pearl quality traits.  

Considered together, the QTL and marker associations identified in the current 

study provides evidence that MAS breeding programs could be utilised to breed 

numerous lines of oysters that produce pearls with desired pearl quality traits; a feat 

that has proven unachievable through traditional phenotypic breeding. However, 
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independent analysis utilising different populations of P. maxima is necessary to 

confirm the authenticity of the detected shell growth and pearl quality QTL and marker 

associations, to refine QTL regions, identify closely linked markers and facilitate the 

identification of novel candidate genes involved in nacre biomineralisation. If the 

responsible gene and causal mutations were detected then MAS could be initiated. 

Furthermore, information regarding novel nacre biomineralisation genes will help 

determine the molecular pathways involved in shell and pearl formation. More closely 

linked markers useful for MAS could be identified by increasing the marker density of 

the linkage map and increasing the size of mapping populations, or families. However, 

to be effective, MAS approaches require a very detailed understanding of the identified 

QTL in terms of number of segregating alleles and their respective effects which may 

be very difficult to achieve for shell growth and pearl quality traits. Since the QTL 

effects may be overestimated and any one identified marker association only explains 

less than 4.8% of the variation within a trait, information on many QTL and associations 

must be used simultaneously in MAS breeding programs. However, the number of QTL 

for each trait may be so large that significant numbers of causal mutations may not be 

detected until a reference genome is sequenced and re-sequencing is a financially 

viable option. The pearling industry has not yet had the privilege of vast amounts of 

genomic data and limited genomics programs have therefore been possible.  

With increasing genomic data and resources, the primary focus of the pearling 

industry will most likely be on identifying additional QTL for production based traits 

such as shell growth and pearl quality traits that drive industry profitability. Additionally, 

efforts in QTL identification may include oyster disease or pathogen resistance traits. 

QTL for disease resistance could also be incorporated into MAS programs for 

production traits to ensure the health of the populations throughout succeeding 

generations. Alternatively, even more advanced forms of MAS such as genomic 

selection (as discussed in Chapter 5) are being adopted by leaders in livestock 
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industries that promise to track down and utilise all genetic variance of a trait, further 

increasing the accuracy of estimating breeding values and selecting individuals with 

desired traits.  

 

4 . 5  C O N C L U S I O N S  

In this chapter; 

 To gain insights into the genetic architecture and number of loci with large effect 

on oyster growth and pearl quality traits, half-sib family based QTL analysis and 

a GWAS scan was performed using 887 mapped SNPs.  

 

 Novel genetic insights into oyster growth and pearl quality traits support 

previous evidence that these traits are heritable, complex/polygenic and confirm 

that detected QTL and marker associations only explain a small proportion of 

the phenotypic variation observed within each trait.  

 

 A total of 16 putative QTL were identified along with 32 marker associations to 

analysed traits. These are the first to be reported for any pearl oyster species 

and demonstrate that these traits are segregating within the experimental 

population. 

 

 Recommendations are proposed to improve QTL and GWAS analysis including 

the incorporation of larger sample and family sizes and increases in the number 

of mapped markers (particularly around putative QTL regions). This will help 

increase the power of identifying QTL and marker associations and reduce 

confidence intervals of QTL for these complex polygenic traits.  
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 Three nacre biomineralisation genes were identified close to three marker 

associations on LG4, providing evidence that functional genes involved in nacre 

biomineralisation are localised under the detected QTL and marker 

associations. Once validated, such QTL regions will aid in identifying additional 

nacre biomineralisation genes that influence oyster growth and pearl formation.  

 

 Finally, this study demonstrates that QTL for oyster growth and pearl quality 

traits can be mapped and should not only encourage further research aiming to 

identify underlying genetic variation that influence pearl production traits, but 

also should encourage the development of selection schemes incorporating 

genetic information within pearling industries.  
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C H A P T E R  5  

G E N E R A L  D I S C U S S I O N  
 

 

5 . 1 . 1  S I G N I F I C A N C E  A N D  I M P L I C A T I O N S  

With the advent of the genomics revolution allowing the rapid and cost-effective 

development of many genomic resources for quantitative genetic analysis (e.g. 

Morozova and Marra 2008; Ansorge 2009; Morozova et al. 2009), the systematic 

exploration of genomic architecture regarding the number, location and interaction of 

loci affecting particular phenotypes is now possible for non-model organisms. By 

producing extensive genomic resources (i.e. genome-wide markers, genetic linkage 

maps, QTL and genetic associations) for P. maxima, work presented in this thesis 

makes a significant contribution to the field of bivalve genomics by addressing many 

obstacles in initiating MAS breeding programs in the P. maxima pearling industry. 

Furthermore, such genomic resources are highly valuable for research in many 

disciplines, including comparative studies investigating genome evolution. The 

significance and major implications of work detailed in this thesis are outlined below.  

The development of a large transcriptome EST database and the first suites of 

sequence-based genome-wide type I molecular markers (SNPs and microsatellites) for 

P. maxima are pivotal to research investigating genome structure in pearl oysters and 

the biological mechanisms behind biomineralisation. Most importantly, since SNPs are 

the most abundant genetic polymorphism in any organism and are adaptable to high-

throughput parallel genotyping, they are becoming the focal point of linkage mapping, 

adaptive variation and QTL studies (Liu, 2007). The assemblage of 9,108 SNPs 

designed in Chapter 2 are therefore highly valuable for research across many fields in 
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bivalve genomics. Unlike other molecular markers (i.e. amplified fragment length 

polymorphisms and restriction fragment length polymorphisms) SNPs (and 

microsatellites) are stable across many families and populations and therefore have a 

relatively high transferability making them ideal for comparative genomic studies such 

as gene identification in other bivalve species (e.g. Pinctada spp.). Given the extent of 

cross-species amplification of these molecular markers within the genus Pinctada, 

subsets of these markers will also be useful in population genetic structure, diversity 

and parentage analysis for other Pinctada species. For example, of the 14 Pinctada 

species, only three (P. fucata-martensii-radiata-imbricata species complex, P. 

margaritifera and P. maxima) have documented sequence-based nuclear molecular 

markers suitable for genetic analysis (Wada and Jerry 2008). The versatility of these 

markers means that they can be tested and applied in genetic management practices 

for the aquaculture of Pinctada species which lack molecular markers.  

The construction of a SNP-based genetic linkage map (detailed in Chapter 3) 

provides an invaluable high-resolution roadmap central for documenting the genomic 

structure of P. maxima, permitting, for the first time, systematic efforts in identifying and 

evaluating genes and QTL that influence phenotypes of commercial or biological 

interest. Since genetic linkage maps are limited in oysters (Guo et al. 2008; Yue 2013), 

this map based on type I markers will complement those maps already available for 

divergent molluscs such as edible oysters (Yu and Guo 2003; Hubert and Hedgecock 

2004), the Zhikong scallop (Wang et al. 2005) and P. fucata martensii (Shi et al. 2009). 

Comparative mapping using these resources will increase our understanding of 

genomic evolution and synteny between species within Mollusca. Since the genetic 

linkage map presented herein was constructed using multi-generational phase-known 

data that is stable across many families and has high power for inferring recombination 

events, it is considered a highly robust genomic resource.  
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The motivation for constructing this genetic linkage map was primarily to 

develop a system for quantitative trait mapping and comparative genomics. However, 

the application of this map is not limited to these objectives. This map also provides a 

means of investigating the function and evolution of mechanisms driving the genetic 

control of many biological processes including biomineralisation, sex-specific 

recombination and sex determination. Indeed, of particular importance, is the 

refinement of ideas regarding the localised chromosomal patterns of sex-specific 

recombination. Such unusual patterns, whereby male recombination rates were 

suppressed relative to the female rates in areas proximal to centromeres, but elevated 

in regions distal to centromeres, are becoming more prevalent in the literature 

(Sakamoto et al. 2000; Singer et al. 2002; Zenger et al. 2002; Miles et al. 2009; Lien et 

al. 2011). However, mechanisms driving this phenomenon have yet to be identified with 

certainty. This map, along with the growing genomic resources in bivalves and the 

protandrous hermaphroditic life history of pearl oysters, provides a strong foundation to 

investigate such processes.  

Finally, the dissection of complex oyster growth and pearl quality traits and the 

establishment of marker associations and QTL to these traits support previous 

evidence that these traits are heritable, complex and polygenic and confirm that 

detected QTL and marker associations only explain a small proportion of the 

phenotypic variation observed within each trait. This information is integral to the 

pearling industry’s breeding programs and sets precedence for future research aiming 

to identify additional QTL for these and other commercially important traits (i.e. disease 

resistance). Although phenotypic breeding and heritability studies have revealed a few 

insights into the genetic control of some pearl quality and oyster shell growth traits, this 

is the first report of genetic associations or QTL to these commercially valuable traits 

for any pearl oyster species. Identifying genetic loci or QTL controlling complex traits is 
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one of the biggest challenges confronting quantitative genetics. Work detailed in this 

thesis provides further evidence that it is achievable, even for polygenic traits.  

This substantial contribution to the field is one of the most comprehensive 

genomic data and resources for any one bivalve species. These advanced genomic 

resources will be invaluable for industry and research alike, facilitating MAS and 

functional genomic approaches to improve yield of farmed pearl oysters and positioning 

P. maxima as a strong model organism for research spanning many scientific 

disciplines.  

 

5 . 1 . 2  F U T U R E  D I R E C T I O N S  F O R  T H E  P .  M A X I M A  P E A R L I N G  
I N D U S T R Y  

With the development of advanced genomic resources and the identification of 

putative marker associations and QTL, the P. maxima pearling industry is edging closer 

to initiating breeding programs using genetic technologies to improve cultured stock by 

selecting favourable strains of pearl oysters. The P. maxima pearling industry currently 

has strong interest in improving many oyster growth and pearl quality traits, but more 

specifically in breeding for specific pearl colours (i.e. gold, silver and white) and optimal 

rates of shell growth or nacre deposition (Wada and Jerry 2008). The identification of 

pearl colour QTL and marker associations reported here is the first step to breeding 

strains of pearl oysters for specific pearl colours. However, this work demonstrates the 

vast complexity of oyster growth and pearl quality traits, whereby these traits appear 

not to be regulated by few genes of major effect, but rather many genes of smaller 

effect distributed throughout the genome. For MAS breeding programs aiming to 

improve these complex polygenic traits to be effective, information is required on a 

large number of genes that explain the majority of phenotypic variation observed in a 

trait. Even though many putative associations and QTL are reported here, they are of 
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relatively low effect, have low significance values, are represented in only a few 

families and cumulatively only account for a small proportion of the genetic variation 

observed within each trait. The remaining genetic variations observed within these 

traits are most likely explained by many undetected genes of minor effect. Therefore, a 

MAS program only incorporating the detected QTL and associations described in this 

thesis without further refinement would most likely have limited success due to the 

relatively low accuracy of selection considering these QTL and associations explain 

only a small proportion of the additive genetic variation observed in these traits.  

More sophisticated MAS techniques such as genomic selection are now 

becoming available which allow a researcher to identify numerous genes of minor 

effect that control a phenotypic trait and, therefore, maximise the amount of additive 

genetic variation captured in a selection application. Unlike standard MAS, which 

incorporates only a small number of markers associated to targeted phenotypes, 

genomic selection simultaneously estimates the combined genetic effects of all 

relevant genes using dense genome-wide genetic markers for traits of interest 

(Goddard and Hayes 2007; Sonesson 2011). Provided an adequate number of markers 

are available it is assumed that all QTL are in population-wide linkage disequilibrium 

with the markers. Therefore, selection of favourable alleles at each QTL could be 

performed without actually identifying the QTL or functional polymorphism.  

Genomic selection breeding programs have become a proven practise for 

improving complex and hard to measure traits within livestock and crop industries 

(Hayes et al. 2009; Jannink et al. 2010). Since it has now been established that 

commercial pearl oyster traits (i.e. oyster shell growth and pearl quality) are most likely 

influenced by many genes of small effect (Chapter 4), it is reasonable to speculate that 

the industry should also adopt these promising advanced genomic selection techniques 

(in combination with existing phenotypic and single gene MAS approaches) to 

maximise the amount of additive genetic variation within selection programs. Breeding 
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programs using these proven genomic selection technology and methods would be 

able to generate molecular breeding values (MBVs) and thus rank the performance of 

P. maxima breeding stock based on many genetic determinates of commercially 

important traits. A more comprehensive selection strategy could then be implemented, 

where higher performing animals are retained for breeding. Like MAS, selection during 

genomic selection programs is undertaken at early life stages potentially eliminating 

years of farm investment needed to determine trait phenotypes (i.e. the quality of a 

pearl). This reduces farm running costs, allows selection for hard to measure traits and 

enables rapid genetic gains. This increase in speed would be especially attractive to 

the pearl oyster industry where pearl quality usually takes four years to establish.  

The scope and accuracy of selection is much greater in genomic selection 

compared to standard MAS breeding programs. However, advanced genomic selection 

techniques require additional quantitative genetic information and resources to those 

presented within this thesis (e.g. a larger number of genome-wide molecular markers 

and fine-scale extent of LD). A greater number of markers increases the coverage 

within the genome and increases the probability of any marker co-segregating with 

genetic variations, or quantitative trait nucleotides, that explain a significant proportion 

of the phenotypic variation observed within a quantitative trait. In addition, a larger 

number of markers would also refine estimations of LD at finer scales (<1 cM), 

providing more accurate estimates of the extent of LD within the P. maxima genome. 

With the development of a larger set of molecular markers (i.e. 10,000s SNP loci), 

genomic selection may be the most practical direction for the P. maxima pearling 

industry.  

With advanced genomic techniques providing the means to build on established 

resources, future research aiming to identify QTL or to establish genomic selection 

protocols, will be limited by the nature of the phenotypic records collected. Even though 

pearl phenotypes of P. maxima are extensively characterised thanks to many years of 
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industry grading of particular phenotypes such as pearl colour, they remain descriptive. 

For example, more quantitative measurements of pearl and nacre colour (i.e. through 

the use of a spectrophotometer) are required so that accurate quantitative 

measurements can be recorded. Fortunately, recent research provides evidence that 

generating quantitative measurements of pearl colour is possible through various 

optical measurement methods (see Toyota and Nakauchi 2013). However, further 

research is required before these methods can be incorporated into the industry. 

Quantitative measurements of colour phenotypes will increase the resolution of QTL 

analysis and genomic selection algorithms and may allow researchers to fully elucidate 

the genes and mechanisms underlying such elusive phenotypes. If the P. maxima 

pearling industry (and aquaculture industries in general) are to take up these promising 

advanced genomic selection approaches to breeding, they first must consider 

establishing good phenotyping systems where accurate quantitative phenotypes are 

collected within their current breeding programs.  

 

5 . 1 . 3  W I D E R  A P P L I C A T I O N S  O F  G E N O M I C  R E S O U R C E S  

The robust comprehensive genomic resources presented in this thesis have 

additional applications other than improving breeding programs for P. maxima. For 

instance, they allow the localisation of known genes whose functions have been 

documented (i.e. candidate genes). In pearl oysters, many nacre biomineralisation 

genes have been identified, however, this field is far from maturity and many of these 

identified candidate genes lack positional information leaving our understanding of the 

genes involved in nacre biomineralisation far from complete. The incorporation of these 

candidate genes into the linkage map provides position information for these genes 

and not only aids our understanding of which genes are responsible for variation seen 

in pearl quality traits, but also which genes are integral to nacre biomineralisation. 

Preliminary positions were documented for six nacre biomineralisation genes (PFMG1, 
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Pif177, CS1, Lustrin A, Calreticulin and N19) as described in Chapter 3. The co-

localisation of three genes (PFMG1, Pif177 and CS1) known to have primary functions 

in nacre biomineralisation is a significant find that labels the central region of LG4 as a 

region of high importance for nacre biomineralisation and provides important genomic 

information useful for comparative mapping purposes and investigating the evolution of 

complex mechanisms underlying biomineralisation. Furthermore, oyster growth and 

pearl quality marker associations and QTL identified within this thesis flag genomic 

regions as hotspots for identifying novel nacre biomineralisation genes. However, 

further genome-wide research into the complex biological process of nacre 

biomineralisation is necessary before the complete mechanisms of pearl oyster shell 

and pearl biomineralisation are elucidated. A more advanced understanding of the 

genes and molecular processes driving biomineralisation is highly sought after in 

industry applications and many other disciplines including medical applications aiming 

to develop synthetic compounds useful in the treatment of bone degenerative diseases 

and bone regeneration (Cusack and Freer 2008; Evans 2008; Marin et al. 2008; 

Espinosa et al. 2009).  

High-density genetic maps are also pivotal for reconstructing and resolving 

discrepancies in an organism’s genome sequence, as they provide a robust bridging 

framework scaffold that guides sequence assembly. The development of a draft 

genome sequence database for P. maxima will be constructed in the near future and 

will provide a platform for many further genetic studies including genome-wide 

investigations into shell matrix proteins and many other important biological gene sets, 

as has recently been illustrated by studies utilising the draft genome sequence of P. 

fucata (Funabara et al. 2013; Matsumoto et al. 2013; Miyamoto et al. 2013; Setiamarga 

et al. 2013). In addition, the draft genome sequence of P. maxima would also be an 

important addition to the field of comparative genetics within bivalves. Once more 

comprehensive genomic resources for other pearl oysters and bivalves become 
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available, comparisons of gene variations and genome structure to these related 

species will present important discoveries in pearl oyster evolution, including genome 

rearrangements and synteny between species. For example, even though many nacre 

biomineralisation genes are highly conserved between taxa,  comparisons of nacre 

building gene sets between P. maxima and a gastropod (Haliotis astina) revealed 

significant differences in the biomineralisation gene sets between the two species 

(Jackson et al. 2010). Such fundamental comparative genomic research indicates 

extensive divergent evolution within pearl oysters, but convergent evolution regarding 

the biomineralisation gene sets. This provides evidence that the evolution of structural 

biomineralisation proteins has occurred independently multiple times in the metazoa 

(Jackson et al. 2010). Further investigations using comparative genomic methods 

promise remarkable insights into not only bivalve evolution, but the evolution of 

complex biological mechanisms. With this in mind, apart from expanding the P. maxima 

map and developing a draft genome sequence, research efforts should also be focused 

on developing genomic resources for closely related pearl oyster species. This would 

accelerate comparative genomics in pearl oysters and bivalves more generally.  

 

5 . 1 . 4  C O N C L U S I O N S  

Work documented within this study has yielded one of the most comprehensive 

genomic resources for any pearl oyster species to date, including a large mantle tissue 

transcriptome database, two suites of genome-wide molecular markers and the first 

moderate-density SNP-based genetic linkage map for a pearl oyster species. Such 

comprehensive resources are important for industry and research alike. With 

applications extending across a diverse array of disciplines, these resources promise to 

provide valuable insights into many aspects of the biology, aquaculture and breeding of 

P. maxima.  
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By way of example, these results indicate that genes and markers associated 

with complex oyster growth and pearl quality traits are segregating in families and can 

be putatively identified and localised. This is encouraging as it indicates that genetic 

breeding programs within the P. maxima pearling industry are possible. The innovative 

application of these novel genomic sequencing technologies to the young, but thriving 

P. maxima pearling industry sets the path forward for animal breeding in pearl oysters 

and indicates that genomic selection is the best option due to the complexity of oyster 

growth and pearl quality traits. Such strategies promise to dramatically increase genetic 

gains and thus significantly boost industry profitability. Since this project is one of the 

first to dissect complex traits in an aquaculture species, it places a benchmark in 

bivalve genomics and provides important insights into the genomic structure and 

genetic architecture of commercially important traits. This work sets a precedent for 

further studies aiming to identify novel QTL for performance and additional traits (i.e. 

disease resistance). Furthermore, these comprehensive genomic resources solidify P. 

maxima’s position as a model organism for research aiming to understand the complex 

processes behind biomineralisation and for investigating bivalve genome evolution. In 

light of the encouraging progress made in identifying genes responsible for 

performance traits demonstrated here and in a growing number of aquaculture species 

(Presti et al. 2009), considerable progress is expected in the development of genomic 

resources, gene mapping and molecular breeding programs for other aquaculture 

species in the near future.  
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AP P E N D I X  1  

 

Appendix 1 Regression statistics of standardised map interval distances for all data groups across all linkage groups (LG1 - LG14). ANOVA 

that test the difference between the standardised female and male interval distances are also included.  

  Regression statistics ANOVA Intercept 

LG Data group Observations R2 Std 
error Slope df SS MS F Sig. F Coefficients Std. 

error t Stat. P-value 

1 
Left 70 0.95 0.04 4.69 1 2.24 2.24 1324.70 0.000 0.06 0.01 5.75 0.00 

Middle 34 0.83 0.01 0.05 1 0.00 0.00 154.99 0.000 0.69 0.00 271.19 0.00 
Right 27 0.33 0.06 3.04 1 0.05 0.05 12.53 0.002 -2.12 0.85 -2.48 0.02 

2 
Left 43 0.78 0.05 3.89 1 0.44 0.44 149.66 0.000 0.17 0.01 15.23 0.00 

Middle 25 0.79 0.01 0.08 1 0.01 0.01 88.18 0.000 0.47 0.01 75.08 0.00 
Right 63 0.95 0.03 7.36 1 1.00 1.00 1139.05 0.000 -6.38 0.21 -29.93 0.00 

3 
Left 31 0.48 0.11 6.74 1 0.33 0.33 26.47 0.000 0.17 0.02 7.06 0.00 

Middle 35 0.77 0.01 0.04 1 0.00 0.00 109.81 0.000 0.50 0.00 243.86 0.00 
Right 33 0.67 0.08 7.41 1 0.45 0.45 63.86 0.000 -6.58 0.92 -7.16 0.00 

4 
Left 22 0.67 0.06 11.54 1 0.16 0.16 40.50 0.000 0.11 0.01 7.59 0.00 

Middle 30 0.73 0.01 0.10 1 0.02 0.02 74.31 0.000 0.36 0.01 60.51 0.00 
Right 39 0.70 0.06 1.49 1 0.35 0.35 85.73 0.000 -0.64 0.13 -4.76 0.00 

5 
Left 14 0.62 0.06 39.33 1 0.08 0.08 19.82 0.001 -0.05 0.06 -0.79 0.44 

Middle 32 0.77 0.00 0.02 1 0.00 0.00 98.64 0.000 0.34 0.00 501.66 0.00 
Right 38 0.83 0.07 5.05 1 0.93 0.93 181.60 0.000 -4.24 0.36 -11.65 0.00 
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6 
Left 24 0.34 0.16 5.15 1 0.29 0.29 11.40 0.003 0.26 0.04 6.46 0.00 

Middle 15 0.88 0.01 0.07 1 0.01 0.01 99.32 0.000 0.63 0.00 141.31 0.00 
Right 9 0.50 0.08 5.99 1 0.05 0.05 6.96 0.034 -5.10 2.25 -2.26 0.06 

7 
Left 38 0.48 0.24 11.27 1 1.83 1.83 32.73 0.000 0.44 0.05 8.98 0.00 

Middle & Right 9 0.77 0.01 0.03 1 0.00 0.00 23.65 0.002 0.96 0.01 171.05 0.00 

8 
Left 12 0.86 0.03 6.16 1 0.07 0.07 63.26 0.000 0.04 0.01 2.75 0.02 

Middle 18 0.86 0.02 0.13 1 0.02 0.02 94.45 0.000 0.20 0.01 21.85 0.00 
Right 27 0.63 0.12 12.35 1 0.63 0.63 43.49 0.000 -11.59 1.86 -6.24 0.00 

9 
Left 43 0.42 0.20 9.19 1 1.18 1.18 29.64 0.000 0.26 0.03 7.89 0.00 

Middle & Right 11 0.99 0.00 0.19 1 0.02 0.02 1526.60 0.000 0.81 0.00 270.69 0.00 

10 
Left 15 0.93 0.03 6.06 1 0.14 0.14 161.50 0.000 0.00 0.01 -0.14 0.89 

Middle 11 0.87 0.04 0.33 1 0.10 0.10 62.54 0.000 0.31 0.02 14.20 0.00 
Right 16 0.53 0.10 3.37 1 0.14 0.14 15.68 0.001 -2.37 0.80 -2.95 0.01 

11 
Left 18 0.62 0.13 4.00 1 0.46 0.46 26.31 0.000 0.12 0.05 2.59 0.02 

Middle 12 0.92 0.02 0.25 1 0.06 0.06 114.16 0.000 0.55 0.01 46.27 0.00 
Right 6 0.91 0.03 5.36 1 0.03 0.03 39.94 0.003 -4.40 0.83 -5.29 0.01 

12 
Left 12 0.72 0.14 2.77 1 0.51 0.51 26.35 0.000 0.23 0.05 5.03 0.00 

Middle 21 0.63 0.01 0.11 1 0.00 0.00 31.90 0.000 0.90 0.01 82.65 0.00 
Right 3 0.29 0.02 0.08 1 0.00 0.00 0.41 0.639 0.92 0.11 8.15 0.08 

13 
Left 7 0.83 0.08 1.68 1 0.14 0.14 23.94 0.005 0.12 0.05 2.67 0.04 

Middle 7 0.79 0.02 0.11 1 0.00 0.00 19.09 0.007 0.48 0.02 25.61 0.00 
Right 15 0.69 0.07 5.55 1 0.13 0.13 28.60 0.000 -4.58 1.00 -4.59 0.00 

14 
Left 3 0.32 0.06 0.43 1 0.00 0.00 0.47 0.619 0.00 0.06 -0.06 0.96 

Middle 7 0.97 0.01 0.16 1 0.02 0.02 184.39 0.000 0.08 0.01 9.78 0.00 
Right 18 0.64 0.14 22.14 1 0.54 0.54 27.86 0.000 -21.38 4.17 -5.13 0.00 
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Appendix 2 Standardised female and male linkage map interval distances for (a) LG3 - 

LG6; (b) LG7 - LG10; and (c) LG11 - LG14. Regression analysis was performed by 

visually determining breakpoints (dashed lines) and grouping data into three slopes, 

left, middle and right.  
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AP P E N D I X  3  

 

Appendix 3 Comparative mapping results of the Pinctada maxima linkage map to Pinctada fucata scaffold assembly.  

Pinctada maxima linkage map Blast results to Pinctada fucata scaffolds 

SNP ID LG Pos SexAv 
K cM 

SNP 
placement 

LOD cut-off 
Scaffold Sequence Bp 

Start 
Bp 
End length bits eval % 

identities Link 

SNPs with hits to common Pinctada fucata scaffolds: 

c959 1 120 0 <2 7120.1 09494.t1 139 928 789 924 0.00E+00 87 > pfu_aug1.0_7120.1_09494.t1 

c13197 1 123 0.577 >3 7120.1 09493.t1 140 506 366 435 2.00E-121 88 > pfu_aug1.0_7120.1_09493.t1 

c12225 2 114 0.525 <2 18269.1 11114.t1 1 318 317 302 3.00E-81 84 > pfu_aug1.0_18269.1_11114.t1 

c9736 2 115 0 <2 18269.1 11114.t1 1 318 317 298 4.00E-80 84 > pfu_aug1.0_18269.1_11114.t1 

c318 3 55 0 <2 95340.1 13514.t1 17 458 441 640 0.00E+00 92 > pfu_aug1.0_95340.1_13514.t1 

c5230 3 59 0 <2 95340.1 13514.t1 17 458 441 656 0.00E+00 93 > pfu_aug1.0_95340.1_13514.t1 

PFMG_c1107_1 4 26 4.028 <2 31992.1 80014.t1 153 332 179 154 2.00E-36 83 > pfu_aug1.1_31992.1_80014.t1 

PFMG_c3391_1 4 43 1.042 <2 31992.1 80014.t1 153 326 173 161 6.00E-39 83 > pfu_aug1.1_31992.1_80014.t1 

PFMG_c1107_2 4 44 0 <2 31992.1 80014.t1 153 332 179 159 4.00E-38 83 > pfu_aug1.1_31992.1_80014.t1 

c6598 12 23 0.647 <2 2120.1 58778.t1 152 958 806 929 0.00E+00 87 > pfu_aug1.0_2120.1_58778.t1 

c15934 12 29 0.28 <2 2120.1 58779.t1 2566 3572 1006 852 0.00E+00 82 > pfu_aug1.0_2120.1_58779.t1 

c2632 12 32 0 <2 2120.1 58779.t1 2566 3572 1006 913 0.00E+00 83 > pfu_aug1.0_2120.1_58779.t1 

SNPs with hits to only one Pinctada fucata scaffold: 

c2018 1 2 0 >3 102876.1 35256.t1 1 339 338 433 2.00E-120 89 > pfu_aug1.0_102876.1_35256.t1 

c16672 1 3 0.207 <2 3052.1 37484.t1 789 1290 501 584 3.00E-166 87 > pfu_aug1.0_3052.1_37484.t1 

c2348 1 31 0.256 >3 6205.1 38283.t1 1 571 570 750 0.00E+00 90 > pfu_aug1.0_6205.1_38283.t1 

c16348 1 43 0.629 <2 4024.1 23471.t1 221 315 94 148 3.00E-35 94 > pfu_aug1.0_4024.1_23471.t1 

c12408 1 44 1.144 >3 57719.1 34622.t1 1 197 196 276 2.00E-73 91 > pfu_aug1.0_57719.1_34622.t1 

c3082 1 50 0 <2 11428.1 68336.t1 31 286 255 340 9.00E-93 90 > pfu_aug1.0_11428.1_68336.t1 

c1726 1 55 0 <2 3120.1 51889.t1 1 480 479 496 2.00E-139 85 > pfu_aug1.0_3120.1_51889.t1 

c1957 1 57 0.657 <2 4828.1 59613.t1 818 1709 891 885 0.00E+00 84 > pfu_aug1.0_4828.1_59613.t1 

c12690 1 76 0.698 <2 23993.1 62270.t1 277 489 212 329 2.00E-89 94 > pfu_aug1.0_23993.1_62270.t1 
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c83677 1 83 0 <2 1837.1 08144.t1 1 435 434 472 2.00E-132 86 > pfu_aug1.0_1837.1_08144.t1 

c3109 1 89 0 <2 2059.1 51498.t1 1 316 315 429 3.00E-119 91 > pfu_aug1.0_2059.1_51498.t1 

N19_c591_1 1 114 0.136 <2 154618.1 13974.t1 300 572 272 374 2.00E-102 91 > pfu_aug1.0_154618.1_13974.t1 

c1878 1 124 0 <2 26191.1 47772.t1 367 769 402 385 9.00E-106 84 > pfu_aug1.0_26191.1_47772.t1 

c4247 2 7 0 <2 3258.1 59181.t1 766 1041 275 377 2.00E-103 91 > pfu_aug1.0_3258.1_59181.t1 

c4220 2 9 0 <2 26655.1 69799.t1 131 358 227 278 6.00E-74 88 > pfu_aug1.0_26655.1_69799.t1 

c18163 2 19 1.526 >3 3465.1 01461.t1 161 558 397 508 1.00E-143 89 > pfu_aug1.0_3465.1_01461.t1 

c13048 2 20 0 2>LOD<3 182.1 58004.t1 12 518 506 363 2.00E-99 80 > pfu_aug1.0_182.1_58004.t1 

c17990 2 31 0 <2 8457.1 45865.t1 817 931 114 124 4.00E-28 86 > pfu_aug1.0_8457.1_45865.t1 

c1012 2 35 0 <2 740.1 15217.t1 1 707 706 824 0.00E+00 87 > pfu_aug1.0_740.1_15217.t1 

c1133 2 43 0 >3 213261.1 43019.t1 17 696 679 475 4.00E-133 79 > pfu_aug1.0_213261.1_43019.t1 

c13471 2 49 0.039 <2 45431.1 63224.t1 1 540 539 579 1.00E-164 86 > pfu_aug1.0_45431.1_63224.t1 

c4668 2 53 6.679 <2 810.1 22317.t1 181 876 695 542 5.00E-153 81 > pfu_aug1.0_810.1_22317.t1 

c1785 2 55 1.985 <2 5310.1 23753.t1 1 222 221 261 1.00E-68 87 > pfu_aug1.0_5310.1_23753.t1 

c14583 2 56 0 <2 672.1 15176.t1 1 151 150 169 3.00E-41 86 > pfu_aug1.0_672.1_15176.t1 

c2500 2 61 0 >3 148841.1 28432.t1 5 395 390 161 5.00E-39 75 > pfu_aug1.0_148841.1_28432.t1 

c2908 2 65 0 >3 52473.1 70747.t1 1 301 300 407 1.00E-112 91 > pfu_aug1.0_52473.1_70747.t1 

c15220 2 68 2.428 <2 12840.1 68549.t1 1 239 238 283 1.00E-75 88 > pfu_aug1.0_12840.1_68549.t1 

c3606 2 80 0.266 <2 7738.1 31441.t1 169 736 567 569 1.00E-161 84 > pfu_aug1.0_7738.1_31441.t1 

c14078 2 87 0.688 <2 5728.1 52595.t1 449 1193 744 654 0.00E+00 82 > pfu_aug1.0_5728.1_52595.t1 

c8027 2 88 0 >3 8944.1 67957.t1 310 1077 767 353 1.00E-96 75 > pfu_aug1.0_8944.1_67957.t1 

c13236 2 91 1.417 <2 547.1 00385.t1 1 425 424 481 4.00E-135 87 > pfu_aug1.0_547.1_00385.t1 

c3708 2 93 2.026 <2 927.1 43861.t1 269 993 724 797 0.00E+00 86 > pfu_aug1.0_927.1_43861.t1 

c12607 2 96 0 <2 1756.1 51401.t1 1183 1928 745 963 0.00E+00 89 > pfu_aug1.0_1756.1_51401.t1 

c7678 2 100 0 <2 2635.1 23035.t1 2291 3384 1093 346 1.00E-94 82 > pfu_aug1.0_2635.1_23035.t1 

c9995 2 101 0 <2 10079.1 68141.t1 133 329 196 156 2.00E-37 81 > pfu_aug1.0_10079.1_68141.t1 

c12411 2 103 0 <2 5432.1 38149.t1 357 519 162 180 2.00E-44 86 > pfu_aug1.0_5432.1_38149.t1 

c2172 2 119 0.613 <2 12527.1 25037.t1 22 469 447 213 1.00E-54 75 > pfu_aug1.0_12527.1_25037.t1 

c2058 2 125 0.355 <2 2091.1 51519.t1 1458 2197 739 787 0.00E+00 85 > pfu_aug1.0_2091.1_51519.t1 

c242 3 10 0 <2 4391.1 66956.t1 207 573 366 429 2.00E-119 87 > pfu_aug1.0_4391.1_66956.t1 

c3098 3 13 0 <2 4761.1 37963.t1 12 215 203 305 3.00E-82 93 > pfu_aug1.0_4761.1_37963.t1 

c2277 3 16 1.685 <2 4731.1 08982.t1 1141 1395 254 283 2.00E-75 86 > pfu_aug1.0_4731.1_08982.t1 

c2148 3 17 0.29 <2 28039.1 04619.t1 88 590 502 566 1.00E-160 87 > pfu_aug1.0_28039.1_04619.t1 
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c13653 3 25 0 >3 2721.1 15899.t1 2 361 359 438 3.00E-122 88 > pfu_aug1.0_2721.1_15899.t1 

c1254 3 29 1.808 <2 2035.1 08208.t1 366 534 168 230 3.00E-59 91 > pfu_aug1.0_2035.1_08208.t1 

c1214 3 34 0 <2 77512.1 42010.t1 165 505 340 387 1.00E-106 87 > pfu_aug1.0_77512.1_42010.t1 

c13975 3 38 3.962 >3 8146.1 02554.t1 973 1201 228 307 8.00E-83 90 > pfu_aug1.0_8146.1_02554.t1 

c12764 3 52 0.934 <2 2979.1 01273.t1 449 1119 670 667 0.00E+00 84 > pfu_aug1.0_2979.1_01273.t1 

c17096 3 53 3.291 <2 1583.1 58581.t1 612 1155 543 695 0.00E+00 89 > pfu_aug1.0_1583.1_58581.t1 

c17696 3 56 1.52 >3 53863.1 34544.t1 15 261 246 178 7.00E-44 80 > pfu_aug1.0_53863.1_34544.t1 

c7426 3 62 0 >3 7433.1 52951.t1 205 503 298 403 7.00E-112 91 > pfu_aug1.0_7433.1_52951.t1 

c89432 3 66 1.188 <2 121680.1 49739.t1 8 217 209 250 8.00E-66 88 > pfu_aug1.0_121680.1_49739.t1 

c12861 3 68 0.012 <2 7763.1 24276.t1 118 474 356 436 1.00E-121 88 > pfu_aug1.0_7763.1_24276.t1 

c15898 3 69 0.088 <2 115.1 07387.t1 38 580 542 652 0.00E+00 88 > pfu_aug1.0_115.1_07387.t1 

c4971 3 82 0 <2 8157.1 24345.t1 661 927 266 339 4.00E-92 89 > pfu_aug1.0_8157.1_24345.t1 

c1813 3 88 1.524 >3 22074.1 54811.t1 77 243 166 220 1.00E-56 90 > pfu_aug1.0_22074.1_54811.t1 

c17234 3 90 0.201 >3 7847.1 45740.t1 1408 1734 326 333 1.00E-90 85 > pfu_aug1.0_7847.1_45740.t1 

c86 3 94 0 2>LOD<3 1676.1 29822.t1 8610 10037 1427 1448 0.00E+00 85 > pfu_aug1.0_1676.1_29822.t1 

c5802 4 5 0 <2 17756.1 32848.t1 1231 1837 606 375 2.00E-103 78 > pfu_aug1.0_17756.1_32848.t1 

c13587 4 15 0 >3 16925.1 39881.t1 351 1125 774 854 0.00E+00 86 > pfu_aug1.0_16925.1_39881.t1 

c9814 4 16 0 <2 2605.1 23027.t1 125 187 62 78.7 7.00E-14 89 > pfu_aug1.0_2605.1_23027.t1 

c12745 4 21 0 <2 1991.1 37194.t1 302 938 636 767 0.00E+00 88 > pfu_aug1.0_1991.1_37194.t1 

c4426 4 31 0 >3 14726.1 46795.t1 156 207 51 78.7 7.00E-14 94 > pfu_aug1.0_14726.1_46795.t1 

c2815 4 34 1.042 <2 9946.1 10034.t1 1179 1530 351 379 4.00E-104 86 > pfu_aug1.0_9946.1_10034.t1 

c78089 4 42 1.971 >3 2546.1 15859.t1 1 427 426 152 3.00E-36 74 > pfu_aug1.0_2546.1_15859.t1 

c4461 4 62 0 <2 1480.1 22604.t1 56 1099 1043 811 0.00E+00 81 > pfu_aug1.0_1480.1_22604.t1 

c76655 4 68 0.419 <2 4996.1 01874.t1 1 131 130 165 5.00E-40 89 > pfu_aug1.0_4996.1_01874.t1 

c2395 4 71 0 <2 2887.1 08483.t1 214 1374 1160 1014 0.00E+00 82 > pfu_aug1.0_2887.1_08483.t1 

c522 4 78 0 <2 4389.1 23562.t1 368 1519 1151 1472 0.00E+00 87 > pfu_aug1.0_4389.1_23562.t1 

c2520 4 86 0.834 <2 4930.1 52403.t1 1596 2001 405 544 1.00E-153 90 > pfu_aug1.0_4930.1_52403.t1 

c1893 5 23 0 <2 249.1 29152.t1 33 745 712 885 0.00E+00 89 > pfu_aug1.0_249.1_29152.t1 

c14356 5 24 0 <2 761.1 29412.t1 34 204 170 220 7.00E-57 90 > pfu_aug1.0_761.1_29412.t1 

c15272 5 39 0.408 <2 22374.1 18866.t1 784 1058 274 353 9.00E-97 89 > pfu_aug1.0_22374.1_18866.t1 

c2286 5 44 0.587 >3 1096.1 00608.t1 1 43 42 80.5 3.00E-14 100 > pfu_aug1.0_1096.1_00608.t1 

c4927 5 63 0.927 <2 4440.1 23576.t1 124 557 433 398 3.00E-110 83 > pfu_aug1.0_4440.1_23576.t1 

c15896 5 66 0.153 <2 4867.1 23672.t1 1 242 241 209 1.00E-53 82 > pfu_aug1.0_4867.1_23672.t1 
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c1141 5 72 1.132 <2 1940.1 00909.t1 1 191 190 231 8.00E-60 88 > pfu_aug1.0_1940.1_00909.t1 

c12505 6 21 0 <2 168668.1 42864.t1 97 587 490 427 4.00E-119 82 > pfu_aug1.0_168668.1_42864.t1 

c637 6 27 3.666 >3 3349.1 30398.t1 3217 3358 141 169 8.00E-41 88 > pfu_aug1.0_3349.1_30398.t1 

c6057 6 32 1.011 <2 32090.1 48060.t1 76 137 61 82.4 3.00E-15 90 > pfu_aug1.0_32090.1_48060.t1 

c16873 6 34 0.182 <2 5945.1 16797.t1 155 885 730 627 5.00E-179 82 > pfu_aug1.0_5945.1_16797.t1 

c13550 6 35 0.211 >3 5423.1 59772.t1 534 647 113 479 1.00E-134 83 > pfu_aug1.0_5423.1_59772.t1 

c9204 6 43 0.973 <2 198.1 22076.t1 762 1063 301 331 3.00E-90 86 > pfu_aug1.0_198.1_22076.t1 

c34 7 1 0 >3 13821.1 25225.t1 1027 1482 455 494 6.00E-139 86 > pfu_aug1.0_13821.1_25225.t1 

c630 7 4 2.402 <2 8631.1 67904.t1 1 1227 1226 1074 0.00E+00 82 > pfu_aug1.0_8631.1_67904.t1 

c4254 7 8 2.213 <2 3981.1 16235.t1 1228 1886 658 797 0.00E+00 88 > pfu_aug1.0_3981.1_16235.t1 

c6750 7 9 0.462 >3 6473.1 52771.t1 1339 1884 545 623 7.00E-178 87 > pfu_aug1.0_6473.1_52771.t1 

c78573 7 15 0.186 <2 397.1 65397.t1 68 423 355 453 8.00E-127 89 > pfu_aug1.0_397.1_65397.t1 

c14496 7 18 0 >3 7813.1 31464.t1 331 770 439 401 2.00E-111 83 > pfu_aug1.0_7813.1_31464.t1 

c5521 7 19 0 <2 8109.1 38708.t1 34 432 398 411 6.00E-114 85 > pfu_aug1.0_8109.1_38708.t1 

c10933 7 29 0.314 <2 4434.1 23572.t1 2416 2684 268 215 4.00E-55 81 > pfu_aug1.0_4434.1_23572.t1 

c6070 7 36 0 <2 4205.1 59467.t1 1391 1787 396 481 4.00E-135 88 > pfu_aug1.0_4205.1_59467.t1 

c1841 7 39 5.292 >3 626.1 43754.t1 646 1434 788 850 0.00E+00 86 > pfu_aug1.0_626.1_43754.t1 

c1982 7 44 0.758 <2 17025.1 11002.t1 967 1472 505 603 1.00E-171 88 > pfu_aug1.0_17025.1_11002.t1 

c232 8 17 0 >3 1286.1 36925.t1 505 1116 611 673 0.00E+00 86 > pfu_aug1.0_1286.1_36925.t1 

c12749 8 26 0 >3 32876.1 33861.t1 1 612 611 518 3.00E-146 82 > pfu_aug1.0_32876.1_33861.t1 

c2340 9 7 0 <2 4795.1 23661.t1 2671 2854 183 185 1.00E-46 84 > pfu_aug1.0_4795.1_23661.t1 

c7195 9 17 0.235 <2 19813.1 25829.t1 1 407 406 409 2.00E-113 85 > pfu_aug1.0_19813.1_25829.t1 

c13799 9 19 0 <2 8565.1 31617.t1 61 105 44 78.7 7.00E-14 97 > pfu_aug1.0_8565.1_31617.t1 

c13796 9 20 0 <2 7856.1 45743.t1 29 266 237 268 2.00E-71 87 > pfu_aug1.0_7856.1_45743.t1 

c13726 9 33 1.938 <2 5852.1 02088.t1 988 1579 591 689 0.00E+00 87 > pfu_aug1.0_5852.1_02088.t1 

c14966 9 39 1.902 >3 23041.1 69538.t1 3 358 355 398 3.00E-110 86 > pfu_aug1.0_23041.1_69538.t1 

c18127 9 44 7.873 >3 30770.1 69983.t1 331 724 393 457 6.00E-128 87 > pfu_aug1.0_30770.1_69983.t1 

c6348 9 48 5.841 >3 1677.1 08054.t1 428 729 301 331 4.00E-90 86 > pfu_aug1.0_1677.1_08054.t1 

c1376 9 52 0 <2 981.1 58337.t1 2056 2376 320 399 2.00E-110 89 > pfu_aug1.0_981.1_58337.t1 

c15963 9 53 11.597 >3 37142.1 04993.t1 389 1092 703 857 0.00E+00 88 > pfu_aug1.0_37142.1_04993.t1 

c4568 10 14 0.303 >3 1888.1 22776.t1 557 968 411 462 1.00E-129 86 > pfu_aug1.0_1888.1_22776.t1 

c9432 10 15 1.711 >3 2551.1 58943.t1 2008 2682 674 510 5.00E-144 80 > pfu_aug1.0_2551.1_58943.t1 

c461 10 37 0 <2 3326.1 16082.t1 880 1487 607 699 0.00E+00 87 > pfu_aug1.0_3326.1_16082.t1 
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c13644 11 9 1.292 <2 19458.1 18639.t1 904 1289 385 368 2.00E-101 84 > pfu_aug1.0_19458.1_18639.t1 

c13593 11 12 0.224 >3 335.1 22151.t1 75 380 305 333 8.00E-91 86 > pfu_aug1.0_335.1_22151.t1 

c6214 11 19 0.479 >3 5498.1 02021.t1 130 314 184 121 1.00E-26 79 > pfu_aug1.0_5498.1_02021.t1 

c12712 11 23 1.352 >3 2724.1 44467.t1 116 485 369 412 1.00E-114 86 > pfu_aug1.0_2724.1_44467.t1 

c3365 11 34 0 2>LOD<3 9770.1 53416.t1 10 75 65 100 2.00E-20 94 > pfu_aug1.0_9770.1_53416.t1 

c5675 12 3 1.678 >3 16.1 07293.t1 1 515 514 481 5.00E-135 83 > pfu_aug1.0_16.1_07293.t1 

c43116 12 7 0.853 <2 34991.1 04912.t1 1 206 205 254 5.00E-67 88 > pfu_aug1.0_34991.1_04912.t1 

c15599 12 11 3.973 >3 36508.1 04968.t1 1 221 220 220 6.00E-57 84 > pfu_aug1.0_36508.1_04968.t1 

c12463 12 13 2.722 >3 50.1 65204.t1 57 945 888 966 0.00E+00 86 > pfu_aug1.0_50.1_65204.t1 

c16800 12 15 0.235 <2 18.1 14720.t1 1016 1830 814 852 0.00E+00 85 > pfu_aug1.0_18.1_14720.t1 

c17564 12 17 1.678 >3 24613.1 11631.t1 38 107 69 91.6 6.00E-18 90 > pfu_aug1.0_24613.1_11631.t1 

c3768 12 25 0 <2 3478.1 37613.t1 1 459 458 444 9.00E-124 84 > pfu_aug1.0_3478.1_37613.t1 

c16952 13 2 4.833 >3 18041.1 69155.t1 40 509 469 322 2.00E-87 79 > pfu_aug1.0_18041.1_69155.t1 

c14782 13 7 3.146 >3 39360.1 70311.t1 374 1065 691 797 0.00E+00 87 > pfu_aug1.0_39360.1_70311.t1 

c3211 13 9 6.278 <2 2490.1 51696.t1 607 741 134 161 7.00E-39 88 > pfu_aug1.0_2490.1_51696.t1 

c3759 13 10 7.4 >3 6983.1 17025.t1 367 572 205 292 3.00E-78 92 > pfu_aug1.0_6983.1_17025.t1 

c18295 13 16 0.682 <2 11439.1 24894.t1 56 130 74 122 2.00E-27 96 > pfu_aug1.0_11439.1_24894.t1 

c14047 13 20 0 <2 19138.1 03973.t1 1 64 63 86.1 2.00E-16 90 > pfu_aug1.0_19138.1_03973.t1 

c2958 13 21 0 <2 29086.1 33703.t1 360 788 428 496 2.00E-139 87 > pfu_aug1.0_29086.1_33703.t1 

c17815 14 12 0 <2 48741.1 48683.t1 3 526 523 555 3.00E-157 85 > pfu_aug1.0_48741.1_48683.t1 

c2098 14 21 0.374 >3 95156.1 56871.t1 1 358 357 407 5.00E-113 87 > pfu_aug1.0_95156.1_56871.t1 

c40058 14 23 0 <2 966.1 29512.t1 1 631 630 628 1.00E-179 84 > pfu_aug1.0_966.1_29512.t1 
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Appendix 4 The extent of linkage disequilibrium per linkage group.  

Distance N D' D' SD D' median r2 r2 SD r2 median 

Linkage group 1 

0 cM 106 0.480 0.316 0.420 0.074 0.123 0.032 

0-1 cM 180 0.414 0.295 0.363 0.054 0.073 0.025 

1-2 cM 260 0.450 0.306 0.406 0.056 0.090 0.023 

2-5 cM 676 0.420 0.304 0.366 0.047 0.082 0.017 

5-10 cM 1028 0.405 0.286 0.347 0.047 0.068 0.021 

10-20 cM 1789 0.389 0.287 0.333 0.040 0.056 0.017 

20-50 cM 3451 0.315 0.258 0.245 0.024 0.036 0.011 

> 50 cM 766 0.312 0.263 0.234 0.022 0.035 0.008 

Linkage group 2 

0 cM 156 0.526 0.325 0.506 0.078 0.136 0.024 

0-1 cM 241 0.519 0.319 0.554 0.078 0.125 0.027 

1-2 cM 331 0.524 0.308 0.527 0.059 0.087 0.025 

2-5 cM 799 0.510 0.314 0.507 0.067 0.097 0.028 

5-10 cM 1164 0.462 0.291 0.434 0.056 0.080 0.026 

10-20 cM 1409 0.431 0.295 0.393 0.048 0.078 0.020 

20-50 cM 2771 0.320 0.259 0.254 0.023 0.033 0.011 

> 50 cM 1385 0.328 0.273 0.248 0.021 0.030 0.009 

Linkage group 3 

0 cM 105 0.512 0.312 0.497 0.066 0.085 0.029 

0-1 cM 136 0.460 0.315 0.427 0.052 0.080 0.024 

1-2 cM 103 0.558 0.330 0.609 0.084 0.120 0.039 

2-5 cM 395 0.448 0.301 0.411 0.053 0.078 0.025 

5-10 cM 644 0.429 0.283 0.382 0.051 0.085 0.021 

10-20 cM 927 0.399 0.286 0.350 0.037 0.057 0.016 

20-50 cM 2005 0.300 0.255 0.224 0.020 0.028 0.010 

> 50 cM 341 0.276 0.261 0.191 0.019 0.025 0.009 

Linkage group 4 

0 cM 72 0.503 0.345 0.438 0.088 0.183 0.021 

0-1 cM 109 0.561 0.342 0.613 0.086 0.165 0.036 

1-2 cM 177 0.501 0.312 0.462 0.056 0.084 0.021 

2-5 cM 371 0.531 0.316 0.512 0.065 0.104 0.025 

5-10 cM 450 0.531 0.333 0.537 0.063 0.096 0.025 

10-20 cM 665 0.440 0.305 0.390 0.039 0.062 0.018 

20-50 cM 1698 0.362 0.289 0.294 0.022 0.034 0.011 

> 50 cM 374 0.287 0.273 0.186 0.012 0.017 0.005 

Linkage group 5 

0 cM 60 0.531 0.283 0.507 0.076 0.078 0.053 
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0-1 cM 74 0.582 0.355 0.594 0.110 0.167 0.046 

1-2 cM 103 0.421 0.277 0.400 0.070 0.121 0.021 

2-5 cM 329 0.482 0.308 0.441 0.055 0.084 0.024 

5-10 cM 456 0.447 0.313 0.393 0.047 0.086 0.019 

10-20 cM 692 0.448 0.306 0.417 0.041 0.065 0.017 

20-50 cM 1501 0.327 0.271 0.249 0.023 0.037 0.010 

> 50 cM 106 0.218 0.187 0.182 0.012 0.014 0.008 

Linkage group 6 

0 cM 20 0.613 0.314 0.695 0.150 0.145 0.079 

0-1 cM 41 0.522 0.304 0.572 0.098 0.101 0.060 

1-2 cM 31 0.449 0.349 0.418 0.080 0.104 0.036 

2-5 cM 132 0.436 0.323 0.350 0.062 0.078 0.029 

5-10 cM 171 0.373 0.283 0.304 0.058 0.087 0.030 

10-20 cM 187 0.356 0.280 0.283 0.045 0.051 0.025 

20-50 cM 451 0.222 0.210 0.154 0.019 0.027 0.008 

> 50 cM 2 0.249 0.124 0.249 0.007 0.006 0.007 

Linkage group 7 

0 cM 28 0.466 0.316 0.453 0.096 0.196 0.048 

0-1 cM 39 0.449 0.290 0.404 0.062 0.089 0.034 

1-2 cM 71 0.510 0.325 0.495 0.073 0.094 0.035 

2-5 cM 128 0.416 0.317 0.342 0.051 0.067 0.029 

5-10 cM 228 0.418 0.287 0.368 0.045 0.058 0.022 

10-20 cM 249 0.364 0.270 0.309 0.042 0.061 0.021 

20-50 cM 278 0.268 0.230 0.197 0.022 0.031 0.011 

> 50 cM 14 0.204 0.195 0.123 0.020 0.025 0.011 

Linkage group 8 

0 cM 47 0.603 0.307 0.605 0.111 0.174 0.067 

0-1 cM 34 0.498 0.302 0.403 0.062 0.071 0.047 

1-2 cM 39 0.427 0.279 0.456 0.050 0.057 0.035 

2-5 cM 148 0.504 0.331 0.479 0.066 0.085 0.031 

5-10 cM 197 0.408 0.289 0.379 0.044 0.063 0.020 

10-20 cM 322 0.397 0.285 0.360 0.040 0.064 0.016 

20-50 cM 617 0.321 0.267 0.247 0.021 0.029 0.010 

> 50 cM 81 0.344 0.238 0.274 0.033 0.029 0.026 

Linkage group 9 

0 cM 65 0.557 0.327 0.554 0.087 0.148 0.036 

0-1 cM 55 0.464 0.353 0.432 0.108 0.189 0.043 

1-2 cM 46 0.473 0.329 0.489 0.047 0.053 0.028 

2-5 cM 133 0.422 0.345 0.296 0.048 0.077 0.013 

5-10 cM 251 0.421 0.327 0.363 0.037 0.062 0.016 

10-20 cM 400 0.421 0.306 0.362 0.037 0.051 0.016 

20-50 cM 415 0.335 0.275 0.263 0.025 0.035 0.012 

> 50 cM 13 0.171 0.061 0.163 0.011 0.016 0.005 

Linkage group 10 
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0 cM 17 0.568 0.371 0.693 0.113 0.131 0.058 

0-1 cM 14 0.598 0.392 0.686 0.095 0.212 0.010 

1-2 cM 20 0.442 0.294 0.486 0.048 0.051 0.023 

2-5 cM 69 0.543 0.312 0.563 0.070 0.078 0.038 

5-10 cM 84 0.406 0.296 0.381 0.039 0.052 0.018 

10-20 cM 128 0.476 0.277 0.431 0.073 0.101 0.039 

20-50 cM 218 0.351 0.294 0.267 0.036 0.056 0.015 

> 50 cM 230 0.303 0.267 0.215 0.019 0.030 0.008 

Linkage group 11 

0 cM 17 0.511 0.331 0.580 0.108 0.179 0.026 

0-1 cM 21 0.494 0.296 0.510 0.072 0.072 0.055 

1-2 cM 18 0.552 0.345 0.616 0.040 0.058 0.012 

2-5 cM 62 0.395 0.297 0.391 0.046 0.069 0.020 

5-10 cM 122 0.386 0.277 0.374 0.032 0.048 0.013 

10-20 cM 120 0.322 0.262 0.246 0.021 0.034 0.009 

20-50 cM 201 0.273 0.233 0.212 0.014 0.017 0.010 

> 50 cM 0 

Linkage group 12 

0 cM 14 0.518 0.296 0.390 0.109 0.242 0.042 

0-1 cM 31 0.468 0.308 0.445 0.098 0.166 0.036 

1-2 cM 25 0.616 0.287 0.650 0.100 0.170 0.039 

2-5 cM 73 0.511 0.311 0.505 0.072 0.111 0.030 

5-10 cM 100 0.560 0.264 0.614 0.076 0.083 0.048 

10-20 cM 70 0.395 0.289 0.332 0.042 0.045 0.029 

20-50 cM 244 0.352 0.284 0.276 0.022 0.037 0.009 

> 50 cM 4 0.096 0.097 0.057 0.003 0.004 0.002 

Linkage group 13 

0 cM 21 0.385 0.288 0.272 0.044 0.050 0.027 

0-1 cM 4 0.313 0.195 0.316 0.017 0.019 0.012 

1-2 cM 21 0.409 0.258 0.432 0.049 0.063 0.031 

2-5 cM 72 0.399 0.311 0.340 0.032 0.045 0.016 

5-10 cM 52 0.368 0.276 0.270 0.034 0.049 0.016 

10-20 cM 37 0.281 0.258 0.190 0.020 0.024 0.014 

20-50 cM 134 0.286 0.245 0.211 0.019 0.023 0.012 

> 50 cM 10 0.185 0.116 0.189 0.018 0.022 0.011 

Linkage group 14 

0 cM 12 0.502 0.445 0.250 0.045 0.091 0.014 

0-1 cM 12 0.594 0.338 0.651 0.075 0.126 0.027 

1-2 cM 9 0.409 0.272 0.390 0.033 0.036 0.018 

2-5 cM 53 0.555 0.300 0.623 0.088 0.126 0.032 

5-10 cM 50 0.494 0.334 0.464 0.079 0.088 0.052 

10-20 cM 84 0.419 0.308 0.334 0.058 0.098 0.015 

20-50 cM 103 0.395 0.308 0.289 0.032 0.042 0.016 

> 50 cM 2 0.184 0.226 0.184 0.005 0.006 0.005 
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Genome wide 

0 cM 740 0.519 0.321 0.489 0.082 0.138 0.032 

0-1 cM 991 0.494 0.323 0.477 0.075 0.125 0.031 

1-2 cM 1254 0.490 0.311 0.465 0.061 0.094 0.025 

2-5 cM 3440 0.472 0.315 0.438 0.058 0.088 0.024 

5-10 cM 4997 0.440 0.299 0.396 0.051 0.078 0.022 

10-20 cM 7079 0.410 0.293 0.360 0.042 0.064 0.018 

20-50 cM 14087 0.319 0.265 0.245 0.022 0.034 0.011 

> 50 cM 3328 0.307 0.266 0.230 0.020 0.029 0.009 
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Appendix 5 The frequency distributions of (a) the raw phenotypes for the oyster shell 

growth measurements; anterior posterior or shell length (APM), dorsal ventral or shell 

height (DVM), shell width (SW) and wet weight (WW); (b) the EBV distributions for the 

pearl quality traits; pearl size, pearl weight and pearl surface complexion; and finally (c) 
the EBV distributions for the five pearl colour categories; silver and white vs. all other 

colours vs. gold (SW.O.G), gold vs. all other colours (G.O), white vs. all other colours 

(W.O), silver vs. all other colours (S.O), and silver and white vs. all other colours 

(SW.O).  

 

a) 
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b) 
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c) 
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Appendix 6 The genome-wide QTL F statistics and GWAS –log10 P-value overlay for 

all oyster growth and pearl quality traits. Black lines indicate QTL F-statistics for each 

linkage group. An * indicates a significant QTL peak at the 5% cut off, while ** indicates 

significance at 1%. Grey diamonds indicate GWAS –log10 P-values for each mapped 

SNP and significant GWAS P-values are indicated with red diamonds. Traits presented 

in the following sub-categories:  

a) The oyster growth measurements APM, DVM, SW and WW. No significant QTL 

peaks were detected for APM, but significant QTL were detected for DVM at 8 cM on 

LG6 (F = 2.55, chr-wide significance threshold at 5% F = 2.43 and at 1% F = 2.99) and 

1 cM on LG 13 (F = 2.62, chr-wide significance threshold at 5% F = 2.32 and at 1% F = 

2.93); for SW at 16 cM on LG5 (F = 2.61, chr-wide significance threshold at 5% F = 

1.80 and at 1% F = 2.24), 30 cM on LG6 (F = 1.58, chr-wide significance threshold at 

5% F = 1.41 and at 1% F = 1.69) and 2 cM on LG14 (F = 2.50, chr-wide significance 

threshold at 5% F = 1.87 and at 1% F = 2.35), and for WW at 15 cM on LG13 (F = 

2.35, chr-wide significance threshold at 5% F = 2.17 and at 1% F = 2.62);  

b) The pearl quality traits; weight, size and surface complexion. No significant QTL 

peaks were detected for pearl weight or size, but a significant QTL for surface 

complexion was detected at 36 cM on LG13 (F = 2.72, chr-wide significance threshold 

at 5% F = 2.55 and at 1% F = 3.06).  

c) The pearl colour classifications Silver and White vs. all Others vs. Gold (SW.O.G), 

Gold vs. all Others (G.O), Silver vs. all Others (S.O), White vs. all Others (W.O), and 

Silver and White vs. all Others (SW.O). Significant QTL were detected for SWOG at 52 

cM on LG7 (F = 2.52, chr-wide significance threshold at 5% F = 2.44 and at 1% F = 

2.95) and at 1 cM on LG10 (F = 3.28, chr-wide significance threshold at 5% F = 2.77 

and at 1% F = 3.47); for GO at 54 cM on LG8 (F = 2.86, chr-wide significance threshold 

at 5% F = 2.69 and at 1% F = 3.27) and at 2 cM on LG10 (F = 3.01, chr-wide 

significance threshold at 5% F = 2.69 and at 1% F = 3.28); for SO at 5 cM on LG11 (F 

= 1.85, chr-wide significance threshold at 5% F = 1.75 and at 1% F = 2.23); for WO at 

52 cM on LG7 (F = 2.52, chr-wide significance threshold at 5% F = 2.28 and at 1% F = 

2.81), at 0 cM on LG10 (F = 2.98, chr-wide significance threshold at 5% F = 2.29 and at 

1% F = 2.87) and at 17 cM on LG12 (F = 2.45, chr-wide significance threshold at 5% F 

= 2.32 and at 1% F = 2.84); and finally for SWO at 0 cM on LG10 (F = 2.59, chr-wide 

significance threshold at 5% F = 2.37 and at 1% F = 2.95).  
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Appendix 7 Additional GWAS associations significant only at P < 0.01.  

Trait Marker LG Position 
(cM) Alleles MAF P raw df Effect 

size Q raw 

Oyster growth: 

Shell length (mm) c15892 1 21.5 T/G 0.342 0.002 362 2.859 0.167 

 c27433 1 27.9 A/G 0.380 0.006 362 2.551 0.210 

 c1012 2 13.2 A/G 0.202 0.008 362 -3.178 0.258 

 c7348 2 52.3 G/C 0.152 0.003 358 -3.568 0.177 

 c14078 2 55.0 A/T 0.484 0.010 362 -2.528 0.265 

 c13775 3 11.4 T/C 0.407 0.002 362 -2.765 0.167 

 c4486 4 3.1 A/C 0.333 0.002 362 -3.466 0.167 

 c574 4 5.8 T/C 0.436 0.003 361 -2.717 0.177 

 c9068 4 32.2 T/A 0.124 0.005 362 3.977 0.189 

 c14081 4 57.8 A/C 0.425 0.004 362 -2.813 0.184 

 c10051 4 67.9 A/G 0.383 0.002 346 3.504 0.167 

 c13788 5 26.5 A/G 0.171 0.006 362 -3.333 0.214 

 c1656 6 17.5 T/C 0.350 0.004 362 -2.714 0.187 

 c2072 8 15.5 T/C 0.178 0.002 362 -3.602 0.167 

 c4068 9 0.0 A/G 0.327 0.006 362 2.686 0.210 

 c13799 9 7.6 A/G 0.227 0.009 362 2.933 0.265 

 c13676 10 74.0 T/G 0.460 0.006 362 3.133 0.214 

 c13593 11 11.9 A/C 0.231 0.002 362 -3.238 0.167 

 c15934 12 43.4 G/C 0.036 0.005 362 7.181 0.203 

 c9984 13 30.5 A/G 0.382 0.005 360 2.883 0.189 

 c6712 NA NA A/G 0.012 0.001 362 -11.728 0.167 

 c6061 NA NA T/C 0.054 0.002 361 6.614 0.167 

 c12807 NA NA A/C 0.053 0.002 360 6.242 0.167 

 c15346 NA NA T/G 0.438 0.003 361 2.455 0.177 

 c13942 NA NA T/C 0.275 0.004 362 2.795 0.187 

  c14204 NA NA A/C 0.023 0.008 362 10.188 0.258 

Shell height (mm) c15892 1 21.5 T/G 0.342 0.010 362 2.126 0.368 

 c27433 1 27.9 A/G 0.380 0.006 362 2.248 0.364 

 c7348 2 52.3 G/C 0.152 0.003 358 -3.168 0.336 

 c6692 2 53.4 A/G 0.180 0.006 355 2.783 0.364 

 c3888 2 61.7 A/T 0.064 0.007 361 4.587 0.364 

 c4486 4 3.1 A/C 0.333 0.004 362 -2.804 0.347 

 c4104 4 3.9 T/C 0.362 0.001 362 -2.614 0.276 

 c574 4 5.8 T/C 0.436 0.007 361 -2.197 0.364 

 c9068 4 32.2 T/A 0.124 0.003 362 3.697 0.336 

 c16680 4 34.2 T/C 0.175 0.003 361 -3.139 0.346 

 c522 4 56.5 A/G 0.370 0.001 362 -2.792 0.276 
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 c13788 5 26.5 A/G 0.171 0.009 362 -2.819 0.368 

 c17205 6 4.3 A/G 0.298 0.008 362 -2.345 0.368 

 c1656 6 17.5 T/C 0.350 0.005 362 -2.341 0.364 

 c2072 8 15.5 T/C 0.178 0.010 362 -2.722 0.368 

 c4068 9 0.0 A/G 0.327 0.007 362 2.318 0.364 

 c2514 9 0.3 A/C 0.168 0.006 361 -2.831 0.364 

 c13593 11 11.9 A/C 0.231 0.009 362 -2.477 0.368 

 c16170 11 14.3 T/C 0.082 0.008 362 3.844 0.368 

 c15934 12 43.4 G/C 0.036 0.003 362 6.504 0.336 

 c15948 13 15.1 T/A 0.337 0.002 362 -3.470 0.276 

 c3707 NA NA T/C 0.015 0.000 362 11.009 0.276 

 c12807 NA NA A/C 0.053 0.001 360 6.157 0.276 

 c15346 NA NA T/G 0.438 0.001 361 2.379 0.276 

 c8735 NA NA T/C 0.037 0.005 362 5.786 0.364 

  c12384 NA NA T/C 0.277 0.009 361 2.465 0.368 

Shell width (mm) c13568 1 9.0 A/G 0.160 0.003 362 0.576 0.453 

 c80651 1 38.9 A/G 0.354 0.007 346 0.449 0.521 

 c3503 1 39.1 T/C 0.207 0.004 352 -0.554 0.453 

 c17109 2 14.7 T/C 0.231 0.010 356 -0.489 0.525 

 c4461 4 53.0 A/G 0.232 0.007 362 0.500 0.521 

 c298 4 60.5 T/C 0.477 0.007 358 0.365 0.521 

 c15199 5 18.3 T/G 0.459 0.004 361 -0.504 0.458 

 c13788 5 26.5 A/G 0.171 0.009 362 -0.545 0.525 

 c1656 6 17.5 T/C 0.350 0.001 362 -0.520 0.279 

 c5814 6 41.0 T/C 0.388 0.002 362 -0.457 0.340 

 c89147 6 50.4 A/G 0.071 0.007 359 0.890 0.521 

 c17649 10 64.3 T/G 0.124 0.009 362 -0.611 0.525 

 c7786 12 37.9 T/C 0.113 0.001 362 0.841 0.279 

 c15661 12 37.9 T/G 0.213 0.007 362 -0.527 0.521 

 c4129 NA NA C/G 0.033 0.000 362 -1.405 0.279 

 c4292 NA NA A/G 0.183 0.001 362 -0.687 0.279 

 c919 NA NA T/C 0.052 0.001 362 -1.145 0.320 

 c9455 NA NA A/G 0.024 0.002 361 -1.595 0.403 

 c1497 NA NA T/C 0.153 0.004 362 -0.591 0.463 

 c15127 NA NA T/C 0.101 0.008 361 0.743 0.521 

  c16715 NA NA A/C 0.248 0.009 344 0.509 0.525 

Wet weight (g) c2500 2 45.5 T/G 0.108 0.009 362 10.741 0.316 

 c13975 3 23.2 A/T 0.408 0.005 362 -8.971 0.295 

 c4104 4 3.9 T/C 0.362 0.005 362 -7.108 0.295 

 c9068 4 32.2 T/A 0.124 0.003 362 11.616 0.295 

 c16680 4 34.2 T/C 0.175 0.010 361 -8.603 0.316 

 PFMG_c1107_2 4 44.1 T/C 0.299 0.004 347 8.044 0.295 

 PFMG_c3391_1 4 44.1 T/C 0.304 0.006 345 7.761 0.295 

 c14081 4 57.8 A/C 0.425 0.005 362 -7.508 0.295 

 c10051 4 67.9 A/G 0.383 0.006 346 8.597 0.295 

 c15199 5 18.3 T/G 0.459 0.007 361 -7.906 0.295 
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 c13788 5 26.5 A/G 0.171 0.004 362 -9.850 0.295 

 c1656 6 17.5 T/C 0.350 0.002 362 -7.848 0.295 

 c17192 6 21.1 A/G 0.383 0.007 361 -7.404 0.295 

 c89147 6 50.4 A/G 0.071 0.004 359 15.360 0.295 

 c630 7 3.7 C/G 0.331 0.007 362 -7.618 0.295 

 c15800 7 3.7 T/C 0.331 0.007 362 -7.618 0.295 

 c4068 9 0.0 A/G 0.327 0.007 362 7.243 0.295 

 c2514 9 0.3 A/C 0.168 0.002 361 -9.643 0.295 

 c7195 9 6.1 T/C 0.461 0.006 332 7.269 0.295 

 c17649 10 64.3 T/G 0.124 0.002 362 -11.587 0.295 

 c13676 10 74.0 T/G 0.460 0.005 362 8.507 0.295 

 c15948 13 15.1 T/A 0.337 0.004 362 -9.698 0.295 

 c4441 NA NA G/C 0.296 0.003 362 -7.016 0.295 

 c15346 NA NA T/G 0.438 0.004 361 6.593 0.295 

 c12807 NA NA A/C 0.053 0.007 360 14.988 0.295 

 c6061 NA NA T/C 0.054 0.007 361 15.609 0.295 

 c3707 NA NA T/C 0.015 0.008 362 25.921 0.313 

  c1144 NA NA T/C 0.036 0.010 362 -16.657 0.316 

Pearl quality: 

EBV pearl size (mm) c1167 1 30.7 T/C 0.179 0.002   2.092 0.208 

 c15296 2 65.0 A/G 0.218 0.004  2.791 0.346 

 c16591 3 49.1 T/C 0.242 0.007  -1.526 0.393 

 c17145 3 55.3 C/G 0.479 0.005  -1.237 0.346 

 c15620 4 21.8 A/C 0.206 0.001  2.116 0.178 

 c86463 5 27.8 A/C 0.199 0.001  2.211 0.178 

 c14942 5 45.2 A/G 0.137 0.009  1.755 0.427 

 c2450 9 0.3 T/C 0.086 0.008  2.322 0.397 

 c16097 11 9.9 A/G 0.149 0.002  2.381 0.190 

 c13593 11 11.9 A/C 0.230 0.000  2.120 0.123 

 c7223 11 14.3 T/C 0.497 0.002  -1.658 0.195 

 c12463 12 32.4 T/A 0.137 0.005  2.121 0.346 

 c14575 12 35.2 A/C 0.143 0.006  -1.947 0.369 

 c4529 12 36.3 T/C 0.122 0.005  2.180 0.346 

 c80550 12 45.0 T/G 0.228 0.001  1.883 0.178 

 c2236 NA NA T/C 0.080 0.002  3.162 0.195 

 c807 NA NA T/C 0.056 0.006  -3.099 0.369 

 c2393 NA NA T/A 0.021 0.007  -3.407 0.393 

  c13615 NA NA T/C 0.032 0.008   -3.728 0.401 

EBV pearl weight (g) c1167 1 30.7 T/C 0.179 0.005   0.025 0.317 

 c17043 1 43.1 T/C 0.494 0.006  -0.019 0.353 

 c15296 2 65.0 A/G 0.218 0.002  0.039 0.284 

 c15620 4 21.8 A/C 0.206 0.001  0.027 0.197 

 c12970 4 27.6 T/C 0.130 0.007  -0.028 0.372 

 c10291 5 27.4 T/A 0.214 0.001  0.029 0.148 

 c86463 5 27.8 A/C 0.199 0.004  0.025 0.293 

 c2450 9 0.3 T/C 0.086 0.001  0.038 0.148 
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 c16097 11 9.9 A/G 0.149 0.003  0.028 0.285 

 c13593 11 11.9 A/C 0.230 0.001  0.027 0.148 

 c7223 11 14.3 T/C 0.497 0.001  -0.022 0.197 

 c12463 12 32.4 T/A 0.137 0.003  0.029 0.285 

 c14575 12 35.2 A/C 0.143 0.007  -0.025 0.372 

 c4529 12 36.3 T/C 0.122 0.004  0.029 0.293 

 c80550 12 45.0 T/G 0.228 0.002  0.023 0.234 

 c2236 NA NA T/C 0.080 0.002  0.042 0.218 

 c807 NA NA T/C 0.056 0.003  -0.045 0.284 

 c2393 NA NA T/A 0.021 0.003  -0.048 0.285 

 c14343 NA NA A/T 0.031 0.005  -0.054 0.317 

 c3048 NA NA T/C 0.029 0.006  -0.055 0.345 

  c497 NA NA T/C 0.024 0.006   -0.055 0.345 

EBV pearl surface c1214 3 17.0 A/G 0.193 0.002 339 0.156 0.435 

 c6146 3 29.2 A/C 0.133 0.001 340 0.214 0.435 

 c1409 4 0.0 T/C 0.362 0.005 302 0.108 0.778 

 c18405 4 0.0 A/C 0.108 0.009 337 0.148 0.789 

 c15620 4 21.8 A/C 0.205 0.006 340 -0.121 0.789 

 c4426 4 27.7 A/G 0.138 0.009 340 -0.120 0.789 

 c379 5 7.7 A/G 0.296 0.007 336 0.101 0.789 

 c15844 9 17.6 T/C 0.064 0.000 340 0.276 0.173 

 c9150 NA NA A/C 0.034 0.001 340 0.285 0.435 

 c13615 NA NA T/C 0.029 0.002 340 0.299 0.515 

 c1882 NA NA A/G 0.038 0.003 340 0.258 0.664 

  c14005 NA NA T/C 0.130 0.009 340 -0.127 0.789 

EBV pearl colour (SWOG) c3497 3 0.0 T/C 0.350 0.002 340 0.104 0.185 

 c14291 3 11.4 T/C 0.463 0.003 339 -0.121 0.204 

 c6938 4 6.5 T/G 0.097 0.005 338 -0.204 0.226 

 c15077 4 27.3 T/C 0.243 0.008 337 0.130 0.290 

 Pif177_c913_3 4 27.7 T/C 0.241 0.001 339 0.159 0.145 

 c3929 5 10.0 A/G 0.070 0.004 340 -0.179 0.214 

 c1893 5 14.7 A/G 0.179 0.003 334 -0.155 0.214 

 c8294 5 58.1 T/C 0.296 0.007 339 0.096 0.262 

 c13130 6 0.9 T/G 0.435 0.004 338 -0.103 0.214 

 c14939 7 15.1 T/C 0.353 0.002 330 -0.111 0.185 

 c4577 7 16.3 T/C 0.310 0.001 340 -0.119 0.145 

 c15204 7 22.7 G/C 0.386 0.007 339 0.086 0.262 

 c6264 9 2.6 A/G 0.358 0.004 340 -0.097 0.214 

 c12920 10 2.7 A/T 0.183 0.002 340 -0.134 0.185 

 c12712 11 21.1 T/C 0.291 0.001 340 -0.115 0.145 

 c6208 12 10.8 A/C 0.100 0.005 340 -0.156 0.226 

 c15599 12 17.8 A/G 0.312 0.003 340 -0.107 0.204 

 c15661 12 37.9 T/G 0.213 0.007 340 -0.125 0.262 

 c6598 12 42.7 T/C 0.264 0.007 340 0.107 0.262 

 c6687 12 47.5 A/G 0.129 0.004 339 0.144 0.214 

 c12303 NA NA T/G 0.024 0.003 338 -0.342 0.214 
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 c13838 NA NA T/C 0.081 0.004 340 -0.201 0.214 

 c1461 NA NA A/C 0.349 0.004 337 -0.136 0.214 

 c1708 NA NA T/C 0.342 0.005 339 0.095 0.226 

 c11707 NA NA T/C 0.297 0.005 340 -0.090 0.226 

 c13374 NA NA T/C 0.182 0.006 340 0.121 0.244 

  c2439 NA NA T/C 0.089 0.009 339 -0.161 0.315 

EBV pearl colour (GO) c16107 1 20.8 A/C 0.204 0.005 336 0.088 0.251 

 c14291 3 11.4 T/C 0.463 0.003 339 0.064 0.244 

 c17145 3 53.8 C/G 0.467 0.008 340 0.042 0.295 

 Pif177_c913_3 4 27.7 T/C 0.241 0.009 339 -0.070 0.310 

 c3929 5 10.0 A/G 0.070 0.005 340 0.094 0.253 

 c1893 5 14.7 A/G 0.179 0.003 334 0.084 0.248 

 c13154 5 42.7 T/C 0.093 0.004 340 -0.097 0.251 

 c6566 5 52.3 T/C 0.487 0.009 340 0.052 0.307 

 c8294 5 58.1 T/C 0.296 0.001 339 -0.061 0.165 

 c1841 7 29.3 T/C 0.255 0.008 336 -0.057 0.295 

 c12901 7 51.6 T/G 0.476 0.003 340 0.051 0.244 

 c2514 9 0.3 A/C 0.163 0.004 339 0.066 0.251 

 c6264 9 2.6 A/G 0.358 0.008 340 0.048 0.295 

 c15599 12 17.8 A/G 0.312 0.007 340 0.052 0.295 

 c24833 12 46.1 A/G 0.118 0.002 340 -0.087 0.213 

 c11707 NA NA T/C 0.297 0.001 340 0.060 0.100 

 c13838 NA NA T/C 0.081 0.001 340 0.123 0.139 

 c2439 NA NA T/C 0.089 0.002 339 0.102 0.230 

 c17991 NA NA T/C 0.128 0.004 340 -0.090 0.251 

 c16879 NA NA A/G 0.030 0.005 340 0.158 0.251 

 c14005 NA NA T/C 0.130 0.005 340 0.072 0.251 

 c13374 NA NA T/C 0.182 0.005 340 -0.067 0.251 

 c3583 NA NA T/C 0.248 0.006 339 0.064 0.282 

 c13509 NA NA A/G 0.404 0.007 340 -0.083 0.295 

 c2293 NA NA A/G 0.257 0.008 340 -0.049 0.295 

  c16009 NA NA A/G 0.035 0.010 339 -0.149 0.313 

EBV pearl colour (SO) c1012 2 13.2 A/G 0.197 0.006 340 0.024 0.450 

 c1088 2 51.3 A/C 0.471 0.005 336 -0.017 0.442 

 c6631 3 36.0 A/G 0.146 0.000 340 0.030 0.144 

 c17696 3 37.5 A/G 0.098 0.007 339 -0.027 0.450 

 c89432 3 45.8 A/T 0.150 0.001 339 -0.027 0.235 

 c128 3 46.3 T/G 0.197 0.010 339 -0.021 0.478 

 c4840 3 48.9 A/C 0.104 0.000 339 -0.040 0.117 

 c3918 3 50.0 T/G 0.266 0.001 339 0.028 0.151 

 c15171 3 53.6 T/C 0.359 0.001 340 0.022 0.144 

 c7908 3 54.5 A/C 0.263 0.007 329 0.019 0.450 

 c15823 3 58.5 T/C 0.166 0.004 340 0.025 0.442 

 c6815 6 12.4 T/C 0.155 0.002 340 -0.028 0.328 

 c637 6 21.1 T/C 0.093 0.003 340 -0.036 0.393 

 c14211 8 5.0 T/C 0.086 0.008 340 -0.029 0.450 
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 c12531 11 3.9 A/C 0.133 0.001 340 -0.030 0.235 

 c16733 11 45.1 T/C 0.450 0.006 336 -0.018 0.450 

 c12929 13 50.8 A/G 0.259 0.005 339 -0.019 0.442 

 c2127 NA NA A/G 0.030 0.005 340 -0.054 0.442 

 c19089 NA NA T/C 0.349 0.007 340 0.017 0.450 

  c19666 NA NA A/G 0.257 0.008 337 0.019 0.450 

EBV pearl colour (WO) c12666 3 44.6 T/C 0.334 0.010 340 -0.036 0.406 

 c16562 7 13.3 T/C 0.384 0.003 340 0.044 0.319 

 c14939 7 15.1 T/C 0.353 0.009 330 -0.040 0.406 

 c15204 7 22.7 G/C 0.386 0.004 339 0.038 0.406 

 c1841 7 29.3 T/C 0.255 0.002 336 0.051 0.293 

 c12901 7 51.6 T/G 0.476 0.004 340 -0.038 0.380 

 c12920 10 2.7 A/T 0.183 0.001 340 -0.060 0.200 

 c278 10 2.7 T/C 0.331 0.007 340 0.036 0.406 

 c751 11 12.7 G/C 0.024 0.005 340 0.136 0.406 

 c3475 12 13.8 A/T 0.289 0.002 340 0.047 0.293 

 c17564 12 37.9 T/C 0.489 0.000 340 0.058 0.116 

 c15661 12 37.9 T/G 0.213 0.002 340 -0.060 0.293 

 c12740 12 42.1 C/G 0.201 0.006 340 -0.050 0.406 

 c6598 12 42.7 T/C 0.264 0.005 340 0.046 0.406 

 c13363 13 53.4 A/G 0.135 0.006 340 0.059 0.406 

 c5584 NA NA T/G 0.062 0.001 340 -0.108 0.148 

  c7852 NA NA T/C 0.310 0.008 340 0.041 0.406 

EBV pearl colour (SWO) c3497 3 0.0 T/C 0.350 0.003 340 0.051 0.211 

 c12861 3 46.2 A/G 0.194 0.007 340 0.057 0.326 

 c6938 4 6.5 T/G 0.097 0.001 338 -0.120 0.137 

 Pif177_c913_3 4 27.7 T/C 0.241 0.003 339 0.074 0.211 

 c14356 5 14.7 T/A 0.235 0.004 340 0.071 0.219 

 c13130 6 0.9 T/G 0.435 0.002 338 -0.055 0.211 

 c23531 6 8.2 T/G 0.195 0.006 338 -0.061 0.298 

 c6815 6 12.4 T/C 0.155 0.001 340 -0.078 0.150 

 c1656 6 17.5 T/C 0.342 0.004 340 0.051 0.219 

 c2581 6 44.8 A/G 0.195 0.002 339 -0.061 0.183 

 c16562 7 13.3 T/C 0.384 0.003 340 0.052 0.219 

 c14939 7 15.1 T/C 0.353 0.004 330 -0.051 0.234 

 c4577 7 16.3 T/C 0.310 0.003 340 -0.055 0.219 

 c18106 7 17.3 A/G 0.407 0.009 340 0.038 0.358 

 c6598 12 42.7 T/C 0.264 0.008 340 0.053 0.339 

 c6687 12 47.5 A/G 0.129 0.009 339 0.067 0.348 

 c13363 13 53.4 A/G 0.135 0.006 340 0.070 0.298 

 c13664 NA NA A/G 0.417 0.004 340 0.048 0.219 

 c15017 NA NA A/G 0.130 0.004 340 -0.066 0.230 

 c1708 NA NA T/C 0.342 0.007 339 0.046 0.326 

 c6916 NA NA A/G 0.022 0.008 340 -0.181 0.336 

  c12303 NA NA T/G 0.024 0.010 338 -0.151 0.361 
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A high-density SNP genetic linkage map for the
silver-lipped pearl oyster, Pinctada maxima: a
valuable resource for gene localisation and
marker-assisted selection
David B Jones1*, Dean R Jerry1, Mehar S Khatkar2, Herman W Raadsma2 and Kyall R Zenger1

Abstract

Background: The silver-lipped pearl oyster, Pinctada maxima, is an important tropical aquaculture species extensively
farmed for the highly sought “South Sea” pearls. Traditional breeding programs have been initiated for this species in
order to select for improved pearl quality, but many economic traits under selection are complex, polygenic and
confounded with environmental factors, limiting the accuracy of selection. The incorporation of a marker-assisted
selection (MAS) breeding approach would greatly benefit pearl breeding programs by allowing the direct selection of
genes responsible for pearl quality. However, before MAS can be incorporated, substantial genomic resources such as
genetic linkage maps need to be generated. The construction of a high-density genetic linkage map for P. maxima is
not only essential for unravelling the genomic architecture of complex pearl quality traits, but also provides indispensable
information on the genome structure of pearl oysters.

Results: A total of 1,189 informative genome-wide single nucleotide polymorphisms (SNPs) were incorporated into
linkage map construction. The final linkage map consisted of 887 SNPs in 14 linkage groups, spans a total genetic
distance of 831.7 centimorgans (cM), and covers an estimated 96% of the P. maxima genome. Assessment of
sex-specific recombination across all linkage groups revealed limited overall heterochiasmy between the sexes (i.e.
1.15:1 F/M map length ratio). However, there were pronounced localised differences throughout the linkage groups,
whereby male recombination was suppressed near the centromeres compared to female recombination, but inflated
towards telomeric regions. Mean values of LD for adjacent SNP pairs suggest that a higher density of markers will be
required for powerful genome-wide association studies. Finally, numerous nacre biomineralization genes were localised
providing novel positional information for these genes.

Conclusions: This high-density SNP genetic map is the first comprehensive linkage map for any pearl oyster species. It
provides an essential genomic tool facilitating studies investigating the genomic architecture of complex trait variation
and identifying quantitative trait loci for economically important traits useful in genetic selection programs within the
P. maxima pearling industry. Furthermore, this map provides a foundation for further research aiming to improve our
understanding of the dynamic process of biomineralization, and pearl oyster evolution and synteny.
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Background
The silver-lipped pearl oyster, Pinctada maxima, is an
important tropical aquaculture species that, along with
P. margaritifera, produces almost 50% of marketed
pearls worldwide by value [1]. However, like most aqua-
culture industries, pearl culture is still in its infancy
compared to terrestrial animal production systems and
has yet to establish advanced selective breeding pro-
grams required for industry advancement. Profitability of
the P. maxima industry is driven primarily by the grad-
ing of the five pearl quality traits: shape, size, colour,
lustre and surface complexion. Large variation is ob-
served during harvest for each of these traits, presenting
the potential to increase industry profitability through
selective breeding. Although traditional animal improve-
ment methods have had some success improving traits
which are easy to measure in candidates under selection
(i.e. animal growth) [2], they are not particularly effective
for complex pearl quality traits, which are generally hard
to measure, expressed late in life and generally have low
heritability [3,4]. Promising developments in livestock
genomics are opening up opportunities, allowing gen-
omic information to be incorporated into breeding pro-
grams in order to increase the rate of genetic gain for
complex commercial traits in oyster. The current im-
pediment to the implementation of genomic approaches
in mollusc breeding programs, however, is a significant
lack of genomic resources such as genome-wide molecular
markers, genomic maps and genome sequences [2,5,6].
A robust high-density genetic linkage map for P. maxima

is a fundamental precursor to understanding the architec-
ture and evolution of pearl oyster genomes, determining
the genetic basis of complex phenotypic traits under natural
and industrial settings, and identifying genes and quan-
titative trait loci (QTL) associated with bivalve shell bio-
mineralization. Such resources are invaluable for the
development and incorporation of marker-assisted se-
lection (MAS) into breeding programs aiming to fast
track improvements in pearl quality. Presently, no genetic
maps are available for P. maxima, with information on
this species’ genome largely limited to the general physical
description of its chromosomes (i.e. N = 14, 10 submeta-
or metacentric, and four telocentric chromosomes) [7].
Preliminary genetic linkage maps have been developed

for only a few bivalves, including the edible oysters Cras-
sostrea virginica [8], C. gigas [9,10], Ostrea edulis [11] and
one pearl oyster species, Pinctada fucata martensii [12].
However, information from these maps is of limited use in
P. maxima for molecular breeding studies, as they either
consist of non-transferable markers [i.e. amplified frag-
ment length polymorphisms (AFLPs)], have low marker
density (100–200 markers), or the original species is
phylogenetically too distant to be useful in a comparative
genetic mapping approach [13].

Alongside the lack of genomic resources, several fun-
damental aspects of pearl oyster biology still remain un-
clear. For example, one of the most striking features of
pearl oysters is that they are non-obligatory protandrous
hermaphrodites (i.e. mature first as males and later
change to females). In P. margaritifera for instance, indi-
viduals develop as males and remain so for the first two
years of life before progressively changing to females
reaching a sex ratio close to 1:1 at around 8 years old
[14]. Sex change is known to be largely driven by envir-
onmental factors such as stress. However, the genetic de-
terminates of this unusual life history have yet to be
investigated in detail. Genetic linkage maps may be im-
plemented to unravel some of the genetic determinates
of sex differentiation and sex change in oysters. Linkage
maps are also highly desirable for evolutionary genetic
research and comparative mapping which would im-
prove our understanding of pearl oyster chromosome
evolution and help identify homologous chromosomal
segments involved in the genetic control of economical
and adaptive traits for species in the genus Pinctada.
This study aimed to construct medium to high density

sex-average and sex-specific genetic linkage maps for the
silver-lipped pearl oyster, P. maxima, by utilising a re-
cently developed single nucleotide polymorphism (SNP)
array [15]. Following robust linkage map construction, this
study evaluates heterochiasmy between the sexes, extent
of linkage disequilibrium (LD) across the genome, and the
localization of important biomineralization genes. This
comprehensive genetic resource allows for the first time
the ability to obtain new insights into the biological and
genomic architecture of this important marine species, in-
cluding the identification of the genetic basis of complex
phenotypic traits.

Methods
Reference mapping families and DNA extraction
To provide sufficient resolution for mapping dense num-
bers of genetic markers, a large mapping resource con-
sisting of 335 individuals belonging to six phase known
(3 generation) and two phase unknown (2 generation)
families was generated. All families were founded by in-
dividuals collected from three genetically distinct popu-
lations (Bali, 8.32’S, 114.92’E; Aru, 6.43’S, 134.63’E; and
West Papua, 1.13’N, 130.54’E). To obtain this mapping
resource, numerous families were reared and bred be-
tween 2008 and 2010 at two Indonesian commercial
sites (Bali and Lombok) by Atlas South Sea Pearl Ltd.
see [3]. All experimental animal research was performed
in accordance with James Cook University’s requirements
and guidelines. To ensure only the most informative fam-
ilies were retained for genetic mapping purposes, genetic
relatedness and diversity indices of all available F0 and F1
parents were evaluated using a set of six microsatellite
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markers see [3] and the most informative parent pairs
were selected for breeding (relatedness values calculated
in KINGROUP [16]). In total, these families consisted of
219 F2 progeny, 118 F1’s and 14 F0’s and the number of
offspring per family ranged from 14 – 99 (Figure 1). Seven
of the eight families shared common grandparents and
there were two unknown grandsires as indicated by the
sample IDs U01 and U02. Unknown grandsires were vali-
dated using half-sib clustering algorithms executed in
Colony version 2.0 [17], but inferred genotypes were not
used in map construction. Schematic representations of
the pedigrees were drawn with Pedigraph Version 2.4 [18].
High quality genomic DNA was extracted from all 351
oysters using a modified CTAB protocol [19]. DNA qual-
ity was determined by agarose gel electrophoresis and
each samples’ concentration was standardised to 50 ng/uL
using PicoGreen dsDNA quantification (Invitrogen).

SNP selection, genotyping and data integrity
A total of 1,189 informative P. maxima type I SNP
markers (developed and validated in [15]) were selected
for linkage map construction. Strict data integrity mea-
sures were implemented to ensure that only the most ac-
curate SNPs were included in the analysis, as even a
small proportion of genetic marker errors can dramatic-
ally affect the accuracy of genetic linkage maps [20].
Briefly, SNPs were selected if they amplified successfully,
returned clear genotype calling clusters, had a minor allele
frequency (MAF) > 0.01, did not deviate from Hardy-
Weinberg equilibrium (P value cut off), conformed to
Mendelian inheritance (MI) patterns from parent to off-
spring, did not exhibit duplicated SNP clustering patterns
and had a call rate > 90%. Of the available 1,189 SNPs,
1,167 were informative for the subset of 351 oysters be-
longing to the mapping families and included in linkage
map analysis (Additional file 1). All SNPs have previously
been annotated with gene identity and Gene Ontology
(GO) terms as described in Jones et al. [15].

Map construction and genome coverage
To generate the most accurate genetic linkage maps two
versions of CRI-MAP [21] were employed. Firstly, a
modified version of CRI-MAP developed by Liu and
Grosz [22] was utilised to calculate sex-average and sex-
specific two-point recombination rates and logarithm of
the odds (LOD) scores for all pairs of markers. Linkage
groups (LGs) were then identified using AUTOGROUP
[22] by identifying markers that co-segregate with pair-
wise LOD scores > 5. AUTOGROUP utilises an iterative
process with a succession of parameters decreasing in
stringency through five layers to ensure accurate groups
are produced. Each layer consists of the following four
parameters; the minimum threshold of LOD scores for
linkage to be included, the minimum number of inform-
ative meiosis for a marker to be included, the maximum
number of linkage groups a marker is allowed for having
linkages, and the minimum threshold for the linkage ra-
tio to which a marker shows qualified links to the best
linkage group. By layer, the parameters were a) layer
one: 100, 2.0, 2, 0.9, b) layer two: 50, 1.5, 5, 0.8, c) layer
three: 20, 1.0, 8, 0.7, d) layer four 10, 0.5, 10, 0.6, and e)
layer five: 5, 0.1, 15, 0.5. Layer five defines the cut off for
a marker to be included in a linkage group. Linkage
groups were numbered in order of decreasing number of
markers placed within each linkage group during the
AUTOGROUP phase. Once linkage groups of markers
were established, predefined haplogroups of tightly
linked loci (i.e. LOD ≥ 3.0 and theta ≤ 0.03) were identi-
fied using HAPLOGROUP. This produced a subset of
primary (most informative) markers from each hap-
logroup that were selected for initial construction of a
framework map.
The BUILD and FLIPS commands of the second ver-

sion of CRI-MAP (2.503) modified by Jill Maddox and
Ian Evans (unpublished data) were utilised to determine
the marker order within each linkage group as it has
been designed to deal with large datasets more effi-
ciently. The linkage mapping strategy consisted of a

Figure 1 Schematic representation of reference mapping families. Ovals represent females, squares represent males and diamonds represent
families consisting of N offspring of unknown sex. Pink lines show the maternal contribution to the subsequent generation and blue lines show
the paternal contribution. The population of origin for F0 oysters is indicated by the letter in the sample ID: B for Bali, A for Aru and W for West
Papua. The two unknown sires with no genotypes, U01 and U02, are indicated in red text.
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hierarchal approach whereby markers were included if
they could be assigned a position over the next most
likely position firstly with a LOD score threshold cut off
of LOD3 (the standard threshold for framework
markers) which represents a 1:1000 chance of a marker
being placed incorrectly. After placement of the LOD3
markers, the omitted non-framework markers and
remaining secondary haplogroup markers were incorpo-
rated into the framework map using successive BUILD
commands at the following decreasing LOD threshold
cut offs; LOD2 (1:100 chance of incorrect marker place-
ment), LOD1 (1:10 chance of incorrect marker place-
ment) and finally the most likely position of remaining
loci. For each BUILD at each LOD threshold cut-off, the
marker order was verified using the FLIPS function with
a moving window of five markers (FLIPS5). When a bet-
ter marker order was established after FLIPS5, marker
order was resolved and FLIPS5 was re-run until no fur-
ther changes were apparent. CHROMPIC was then
employed to ensure no incorrect double recombinants
were present which may indicate incorrect marker posi-
tioning. Erroneous genotype calls were corrected and
any markers identified with double recombinants were
reanalysed with BUILD and FLIPS to determine if the
double recombinants were real or the marker position
was incorrect. Any markers with unresolved double
recombinants were excluded and FLIPS5 was re-run to
ensure the remaining marker order remained correct.
The final map is referred to as the comprehensive map
[23]. Sex-specific maps were also constructed using the
sex-average marker order and recalculating marker in-
tervals based on separate male and female informative
meiosis events. Final map distances were calculated
using the option FIXED. The Kosambi mapping function
[24] was used for all cM calculations and all maps were
drawn using MapDraw version 2.2 [25].
To validate the map ordering of CRI-MAP, markers

belonging to a large linkage group with a range of in-
formative loci (LG8 - established by AUTOGROUP in
CRI-MAP) were chosen to build an independent sex-
average comprehensive linkage map with CarthaGène
version 1.0 which incorporates an EM (expectation-
maximization) algorithm and a local search technique to
build a maximum likelihood map [26]. The phasing
function in TMAP version 1.1 [27] was utilised to gener-
ate input files for CarthaGène which incorporated the
eight reference mapping families (Figure 1). The map
was built using the same hierarchical mapping LOD
thresholds as outlined above (LOD3, LOD2, LOD1 and
most likely position) using recurrent executions of
“build”, “polish” and “flips”.
To calculate genome coverage of the linkage maps the

observed and expected genome lengths need to be estab-
lished. The observed genome length (Goa) was simply

the addition of all observed linkage group lengths and the
expected genome length (Ge) was calculated by multiplying
the length (cM) of each linkage group by (m + 1)/(m − 1),
where m is the number of loci in each linkage group see
[28]. The total expected genome length was the sum of Ge
from all linkage groups. Genome coverage (Coa), was cal-
culated by dividing Goa by Ge see [29].

Segregation distortion
Segregation distortion, defined as the deviation from
Mendelian inheritance of co-dominant alleles, may be
present as a result of gametic selection or post-zygotic
selection. To determine if such biological processes are
present, segregation distortion was investigated using
log-likelihood ratio tests for goodness of fit to Mendelian
expectations in the software suit LINKMFEX version 2.4
[30]. Here, G-values were calculated for all markers
across all mothers and fathers of each family and subse-
quently tested using the heterogeneity G-test as de-
scribed in Sokal and Rohlf [31]. For each marker, G
Total (sum of G values across all parents) and G-Pooled
[calculated from the sum of allele specific (A and B) and
total numbers (N) of co-informative events] were calcu-
lated and compared to determine the direction of the
distortion if present. Heterogeneity was then calculated
by subtracting the Total G value from the Pooled G
value [31].

Sex-specific and family-specific recombination
heterogeneity
Recombination heterogeneity is the difference in recom-
bination rates at various levels throughout the data
including between sexes and families. Significant recom-
bination heterogeneity at any level can affect the esti-
mates of mapping distances and its extent should be
investigated [32]. To investigate sex-specific heterogen-
eity throughout independent linkage groups, the follow-
ing goodness of fit heterogeneity test was utilised with
one degree of freedom as described in Ott [33];

Χ2 ¼ 2� ln 10ð Þ Z θ̂m; θ̂ f

� �
−Z θ̂; θ̂

� �h i

where, Z θ̂m; θ̂ f

� �
is the joint sex-specific recombination

rate and Z θ̂; θ̂
� �

represents the recombination rate

when equal male and female recombination fractions are
assumed. For each test, a false discovery rate (FDR) cor-
rection was applied to correct for multiple comparisons
and minimise false positives [34].
To detect any differences in sex-specific recombin-

ation rates, ratios of female-to-male map distances were
calculated (R = Xf/Xm) for each interval and linkage
group as well as over the entire map. In addition,
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standardised marker interval distances were calculated for
each sex [standardised interval distance = 100 * (interval
distance/total LG length)] and plotted against one an-
other. For all linkage groups, distinct slopes were observed
along the length of the linkage group. Breakpoints be-
tween the distinct slopes for each linkage group were
assigned by visual inspection. Each slope was analysed
using a simple linear regression of two continuous vari-
ables (female and male) as they represent biologically real
differences. For regression analysis, data that produced
each slope were grouped into three groups (left, middle
and right) for all linkage groups except LG7 & LG9 where
only two groups were produced (Additional file 2).
To ensure any observed sex-specific recombination

was truly due to differences between the sexes, and not
affected by variation in individuals F1 parents, family
specific heterogeneity was investigated for each F1 par-
ent independently. LINKMFEX version 2.4 [30] was used
to calculate the recombination fraction, number of co-
informative meiotic events (N) and the number of re-
combinations (r) for all mapped locus intervals for the
maternal and paternal lines of each family separately.
The Zmax score (LOD) was calculated for the mother
and father in each family, and combined across all
mothers and fathers respectively using methods outlined
in Ott [33]. The following M-test was employed to in-
vestigate individual F1 recombination heterogeneity
within each mapping family [33].

Χ2 ¼ 2� ln 10ð Þ
X

Zi θ̂ i

� �
−Z θ̂

� �h i

Here, Zi θ̂ i

� �
represents the LOD scores maximum

likelihood estimation (MLE) for the ith F1 reference fam-

ily for a pair of markers, with Z θ̂
� �

being the total LOD

score MLE of all ith reference families.

Extent of linkage disequilibrium
The extent of LD is an important consideration for asso-
ciation mapping as it indicates the relative size of
chromosomal segments shared amongst individuals
within a population, and thus determines the number of
theoretical markers necessary to detect genetic associa-
tions to quantitative traits [35]. Two commonly used es-
timates of LD, r2 [36] and D’ [37], were computed using
GOLD software [38]. The LD estimates were computed
among all 1,167 SNPs using genotypic data on 995 oys-
ters (the additional 660 oysters either have no pedigree
information or belong to smaller families not suitable
for linkage mapping). The extent of LD among SNPs,
within and across the linkage groups, was estimated
using position of SNPs on the current linkage map.

Results
Genotyping, pedigrees and data integrity
The validation success of SNPs included on the custom
genotyping array is detailed in Jones et al. [15]. Strict
data integrity on the SNPs based on a genotyped popula-
tion consisting of 525 individuals produced a total of
1,189 SNPs suitable for linkage mapping [15]. Of these,
1,167 produced polymorphic genotypes (MAF > 0.01)
across the subset of 351 oysters belonging to the refer-
ence mapping families with an average genotyping call
rate of > 99.4% (Additional file 1).

Sex-average map
Genetic data used to construct our P. maxima linkage
map consisted of 80,377 phase known and 259,844 phase
unknown informative meiosis events across all 1,167
SNPs. The number of informative meiosis per marker
ranged from 0 to 219 (average 68.17) for phase known,
and 0 to 593 (average 220.39) for phase unknown. Of
the 1,167 SNPs that passed quality criteria, 125 had less
than ten informative meiosis events (either phase known
or phase unknown) and were excluded from further ana-
lysis. A further 49 SNPs were not placed in linkage
groups during AUTOGROUP. The remaining 993 SNPs
were subsequently grouped into one of the 14 linkage
groups. A total of 887 SNPs were successfully mapped
to their most likely position within one of the 14 linkage
groups with no ambiguity (Figures 2 and 3, and
Additional files 1 and 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14,
15 and 16). The 106 grouped but unmapped SNPs could
not be assigned a unique position as they exhibited low
numbers of pairwise informative meiosis events (average
phase known informative meiosis events 29.8) resulting
in low power to resolve positions for these markers. This
sex-average map spans 96.1% (831.7 cM) of the total es-
timated genome length (865.6 cM) (Table 1), with the
average marker interval being 2.0 cM (when pairwise in-
tervals of 0 cM were excluded). The two largest linkage
groups (LGs), LG1 and LG2, both had 129 mapped
markers, and spanned 70.3 cM and 66.3 cM respectively.
LG13 and LG14 contained the fewest markers at 27 and
26 respectively and spanned 55.4 cM and 52.1 cM. Over
49% of the inter-marker distances were less than 1 cM
and the median inter-marker genetic distance through-
out the map (including inter-marker intervals of 0 cM)
is 1.0 cM (range from 0.0 cM to 16.0 cM) (Figure 4).
The map length of the P. maxima linkage groups ranged
from 48.3 cM to 75.6 cM and exhibited a negative cor-
relation with the number of markers mapped per linkage
group (Table 1). Independent map ordering of LG8 using
CarthaGène software confirmed the positions of all LOD3
(framework), LOD2 and LOD1 placed markers, indicat-
ing that generated maps are highly reproducible re-
gardless of mapping algorithms and methods. Only four
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Figure 2 The sex-average maps for linkage groups 1–7. SNP IDs in bold indicate framework SNPs placed at a LOD > 3 and remaining SNPs have been placed in their most likely position at a
LOD < 3. SNPs located within known biomineralization genes are indicated in bold italics.
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Figure 3 The sex-average maps for linkage groups 8–14. SNP IDs in bold indicate framework SNPs placed at a LOD > 3 and remaining SNPs have been placed in their most likely position at a
LOD < 3. SNPs located within known biomineralization genes are indicated in bold italics.
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Table 1 Summary statistics of the sex-average, female and male linkage maps of P. maxima

Map length (cM) Expected genome length (Ge) Average interval (cM) No of intervals (Sex-Av.)

LG No. of SNPs Sex-Av. Female Male Sex-Av. Female Male Female: Male ratio Sex-Av. (SD) Female (SD) Male (SD) All 0-1 cM 1-2 cM 2-3 cM >3 cM

1 129 70.30 65.53 75.29 71.40 66.55 76.46 0.87 0.99 (+/− 1.09) 1.34 (+/− 1.90) 1.30 (+/− 1.25) 71 49 14 4 4

2 129 66.27 65.12 66.02 67.31 66.14 67.05 0.99 1.20 (+/− 1.29) 1.63 (+/− 2.82) 1.18 (+/− 1.21) 55 33 11 6 5

3 97 59.36 63.96 55.25 60.60 65.29 56.41 1.16 1.14 (+/− 1.21) 2.00 (+/− 2.72) 1.67 (+/− 1.49) 52 31 12 4 5

4 89 71.86 76.94 83.76 73.49 78.69 85.66 0.92 1.41 (+/− 1.64) 2.56 (+/− 3.04) 2.54 (+/− 3.16) 51 27 14 4 6

5 82 60.02 66.78 61.63 61.50 68.43 63.15 1.08 1.28 (+/− 1.27) 1.96 (+/− 3.54) 1.81 (+/− 1.72) 47 24 15 4 4

6 46 50.35 57.52 47.35 52.59 60.07 49.46 1.21 1.68 (+/− 1.64) 3.20 (+/− 3.99) 1.58 (+/− 1.51) 30 12 11 2 5

7 46 52.33 68.90 45.13 54.65 71.96 47.13 1.53 1.94 (+/− 2.62) 6.26 (+/− 9.67) 1.88 (+/− 2.16) 27 13 5 5 4

8 55 59.98 68.53 49.12 62.20 71.07 50.94 1.40 2.14 (+/− 2.37) 4.03 (+/− 6.76) 1.64 (+/− 1.70) 28 8 12 4 4

9 53 54.18 43.18 58.91 56.26 44.84 61.17 0.73 2.36 (+/− 2.80) 5.40 (+/− 7.15) 2.81 (+/− 1.70) 23 9 7 1 6

10 40 75.56 83.88 74.40 79.43 88.18 78.21 1.13 2.61 (+/− 3.23) 4.41 (+/− 5.68) 2.57 (+/− 3.00) 29 10 8 2 9

11 34 48.29 59.08 33.20 51.21 62.66 35.21 1.78 2.30 (+/− 2.42) 3.94 (+/− 4.32) 2.08 (+/− 1.71) 21 8 5 3 5

12 34 55.68 58.78 52.49 59.05 62.34 55.67 1.12 2.42 (+/− 2.75) 3.46 (+/− 3.39) 3.28 (+/− 3.75) 23 8 6 4 5

13 27 55.36 77.13 36.34 59.62 83.06 39.14 2.12 3.46 (+/− 3.18) 6.43 (+/− 7.07) 2.60 (+/− 2.36) 16 3 4 2 7

14 26 52.13 60.52 55.96 56.30 65.36 60.44 1.08 3.07 (+/− 3.48) 5.04 (+/− 8.09) 3.50 (+/− 1.96) 17 6 3 2 6

Total 887 831.66 915.83 794.84 865.62 954.64 826.10 1.15 2.00 3.69 2.17 490 241 127 47 75

Genome coverage 96.08% 95.93% 96.22%

Observed map length (cM), expected genome length (Ge) and average intervals are reported for the sex-average (Sex Av.), female and male maps of Pinctada maxima. In addition, the female-to-male recombination
ratios and number of intervals for the sex-average map are included.
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re-arrangements of markers placed in their most likely pos-
ition were detected (c7736, c4016, c17142, c2359). For each
of these rearrangements, the placement of the CarthaGène
map was less than three positions away from the placement
on the CRI-MAP map and the average distance between
the alternative positions was 0.9 cM.

Sex-specific and family-specific recombination
heterogeneity
Sex-specific maps were produced using the sex-average
marker order to recalculate marker intervals based on
37,306 phase known and 130,179 phase unknown meiotic
events for the male map, and 43,071 phase known and
129,665 phase unknown meiotic events for the female
map. Significant differences in sex-specific recombination
were observed for all linkage groups and the entire map
(Heterogeneity Test P values < 0.001, Figures 5 and 6,
and Additional files 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14,
15 and 16). Out of the 14 linkage groups, 10 (LG3, LG5-
8 and LG10-14) displayed slightly larger female maps rela-
tive to male maps. Overall the observed female sex-specific
map was 121.0 cM larger than the observed male map,
with an average female-to-male ratio of 1.15:1 (Table 1).
The sex-specific log likelihood for each linkage group, aver-
aged between the sexes, ranged from −346.1 to −759.0
(average −536.886) and the total sex-specific log likelihood
was −7516.4.
Female-to-male ratios (F:M ratios) of inter-marker dis-

tances deviated substantially from the expected 1:1 ratio
and were either close to zero or very large indicating
pronounced localised differences in recombination rates
between the sexes (Figure 7). Distinct patterns of sex-
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Figure 4 Frequency of the sex-average inter-marker distances
(cM) across the fourteen P. maxima linkage groups. Only
intervals > 0 cM were included. Over 49% of all intervals are below
1 cM, demonstrating an even spread of markers throughout
the genome.

Figure 5 The cumulative Kosambi cM for the sex-average, female and male maps. The extent and patterns of localised regional sex-specific
recombination rates are illustrated for each linkage group. The overall female-to-male ratio (R) for each linkage group is also reported.
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specific recombination throughout the linkage groups
were observed, whereby recombination rates were usu-
ally greater towards the end of the linkage groups and
suppressed in centromeric positions for the male map,
with the opposite pattern being observed for the female
map (Figures 5 and 6). As a result, clustering of markers
was observed towards the centre of the linkage groups
in the male map and at the end of the linkage groups in

the female map (Additional files 3, 4, 5, 6, 7, 8, 9, 10, 11,
12, 13, 14, 15 and 16). Mild to strong localised sex-
specific recombination patterns were prevalent over 11
linkage groups (LG1-LG8, LG10-LG11 & LG13) as illus-
trated by plots of the sex-average, female and male cu-
mulative cM throughout each linkage group (Figure 5)
and the regression analysis of standardised sex-specific
interval sizes (Figure 6 and Additional files 2, 17, 18 and
19). In addition, comparisons of standardised interval
sizes for female and male maps along LG1 and LG2 also
confirm this pattern (Figure 6). After dividing the stan-
dardised interval distances for LG1 and LG2 into groups
(based on breakpoints) for regression analysis, the mean
slope of the two lines in the middle group of the graph
(centromeric) is 0.1 (± 0.02), and is significantly less than
1 (P < 0.05), the slope expected if there was no difference
in the sex-specific recombination rates. This indicates
that most of the reduction in male recombination rates
is taking place in the centre of the linkage groups. In
contrast, the average slope near the telomeres of the
linkage groups for the left and right groups were 4.3
(±0.6) and 5.2 (± 3.1), respectively, and significantly
greater than 1 (P < 0.05). Based on this, male recombin-
ation rates are larger relative to female rates in telemet-
ric regions.
Investigations into family specific heterogeneity con-

firm that observed sex-specific recombination is truly
caused by the sexes and not individual parental F1 indi-
viduals biasing the data. Only one interval in LG1 on the
sex-average map (c10004 - c13798) returned significant
recombination heterogeneity after FDR (χ2 = 21.6, P =
0.0002, df = 4). This deviation was explained by devia-
tions in only two of the eight families (130×148 and
131×145) providing evidence that the mapping parents
are relatively homogeneous within the sexes for recom-
bination differences.
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Figure 6 Comparison of standardised female and male interval
distances of LG1 and LG2 revealing highly variable sex-specific
recombination along both linkage groups. Regression analysis
was performed by visually determining breakpoints (dashed lines)
and grouping data into three slopes, left, middle and right. The male
map is compressed near the centromeres and expanded near the
telomeres, and the opposite was observed for the female map. The
average slope of the lines in the two middle sections (centromeric)
is 0.07 (±0.02) and is significantly different from 1 (P < 0.05). The
average male-to-female recombination ratio for the slopes near the
centromere is 1:5.98, indicating a male “cold-spot” for recombination.
The average slope of the lines near the telomeres are 4.29 (±0.56)
for the left group and 5.20 (±3.06) for the right, and again are
significantly different from 1 (P < 0.05).
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Figure 7 A plot of the female vs male inter-marker distances (cM) for all pairs of adjacent markers. The dashed line represents a 1:1 sex
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Segregation distortions
Significant segregation distortions were detected in 121
of the 887 mapped SNPs and seven of the sixteen map-
ping parents following FDR correction (mean corrected
alpha of 0.003) (Additional file 20). The majority (64.9%)
of these distortions were localized to the mapping family
103×102 and to linkage groups 2, 4 and 10. As no sig-
nificant family specific heterogeneity was detected for
these distortions, they are not thought to be influencing
calculations of mapping distances. However, to be con-
servative, only markers that did not cause conflicts in
map position were mapped.

Biomineralization gene mapping
Positional information of biomineralization candidate
genes can assist in determining which genes influence
pearl quality traits by comparing their positions to
QTLs. As described in Jones et al. [15], numerous SNPs

were designed within known biomineralization genes. A
total of nine SNPs designed within six biomineralization
gene homologs were successfully mapped. These genes
were Calreticulin, chitin synthase 1 (CS1), Lustrin A,
N19, Pinctada fucata mantle gene (PFMG) complex and
Pif177. Two SNPs from Lustin A were mapped, cluster-
ing together in a telomeric region of LG9 (Figure 3) and
three SNPs designed within the PFMG complex were
mapped to the centre of LG4 (Figure 2) along with the
SNPs designed in Pif177 and CS1. A SNP from Calreticulin
was mapped to the centre of LG1 and N19 was mapped to
the end of LG1 (Figure 2).

Extent of linkage disequilibrium
Overall distributions of LD estimates for syntenic (on
the same linkage group) and non-syntenic (on different
linkage groups) SNP pairs (Table 2) indicate a larger
proportion of non-syntenic pairs have small values of
LD estimates (< 0.1). The mean (first and third quartile)
of r2 for 357,025 non-syntenic pairs is 0.014 (0.001,
0.019) and D’ is 0.263 (0.079 and 0.362). As expected,
these non-syntenic LD estimates are slightly lower as
compared to among syntenic SNPs located more than
50 cM apart, where mean r2 and D’ estimated were 0.02
and 0.31 respectively. LD estimates declined gradually
over increasing map distances throughout the genome
(Table 3 and Figure 8). Variation in the trends of decline
in LD estimates for individual linkage groups are pre-
sented in Additional file 21. For example, LG10-12 show
a steeper trend of decline of LD estimates over increas-
ing map distances.

Discussion
The robust high-density genetic linkage map for P. maxima
presented here is the most comprehensive map to date
for any bivalve species. With the combination of phys-
ical mapping data, this map will contribute to a better
understanding of the genome structure, function and
evolution for P. maxima, and other species within the
genus Pinctada. In addition, the identification of genetic

Table 2 Overall distribution of linkage disequilibrium
(LD) estimates (r2 and D’) for all, non-syntenic and
syntenic SNPs

Range of
estimate

Number of SNP pairs

All Non-syntenic Syntenic

r2 D’ r2 D’ r2 D’

0 100527 1287 52982 845 3459 47

0 - 0.1 546940 172025 300505 110217 29079 6844

0.1 - 0.2 8115 130826 3345 81149 2330 5846

0.2 - 0.3 1091 90856 178 53175 622 4698

0.3 - 0.4 332 62526 14 33430 244 3976

0.4 - 0.5 117 44618 0 22083 98 3231

0.5 - 0.6 50 33147 1 14986 36 2566

0.6 - 0.7 27 26074 0 10869 23 2302

0.7 - 0.8 10 21640 0 8427 7 1864

0.8 - 0.9 4 18568 0 6898 4 1639

0.9 - 1 18 55664 0 14946 14 2903

Estimate of LD for all SNPs are based on all 1,167 available SNPs; estimates of
LD for non-syntenic SNPs are based on mapped SNP pairs located on different
linkage groups; and estimates of LD for syntenic SNPs are based on mapped
SNP pairs located on the same linkage group.

Table 3 Mean (± SD) and median of r2 and D’ linkage disequilibrium estimates over distance for all linkage groups

Distance N r2 mean (± SD) r2 median D’ mean (± SD) D’ median

0 cM 740 0.082 (± 0.138) 0.032 0.519 (± 0.321) 0.489

0 - 1 cM 991 0.075 (± 0.125) 0.031 0.494 (± 0.323) 0.477

1 - 2 cM 1254 0.061 (± 0.094) 0.025 0.490 (± 0.311) 0.465

2 - 5 cM 3440 0.058 (± 0.088) 0.024 0.472 (± 0.315) 0.438

5 - 10 cM 4997 0.051 (± 0.078) 0.022 0.440 (± 0.299) 0.396

10 - 20 cM 7079 0.042 (± 0.064) 0.018 0.410 (± 0.293) 0.360

20 - 50 cM 14087 0.022 (± 0.034) 0.011 0.319 (± 0.265) 0.245

> 50 cM 3328 0.020 (± 0.029) 0.009 0.307 (± 0.266) 0.230
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associations and QTLs for commercial traits will be
highly valuable to the pearling industry as this informa-
tion will be directly used for genetic improvement of
complex traits in farmed stock.

Genotyping, marker selection and pedigree validation
Missing genotypes or typing errors are known to inter-
fere with the ordering of SNPs leading to incorrect
estimation of map lengths [20]. Therefore, thorough
genotypic data integrity is vital for the generation of ac-
curate maps. The majority of data integrity applied to
this dataset has been described in Jones et al. [15]. This
previous work has provided a highly refined list of SNPs
useful for linkage mapping analysis by excluding all
SNPs with low polymorphism and removing erroneous
genotype errors including deviations from HWE,
Mendelian incompatibility, SNP duplication, low MAF
and low call rates. The average number of informative
meiosis events (83,377 phase known and 259,844 phase
unknown for sex-average) for this subset of 1,167 SNPs
over our eight families was high ensuring fine resolution
throughout the map. However, in some cases, the order
of closely linked markers (N = 397, recombination = 0)
could not be determined even though the overall num-
ber of informative meiosis was relatively high. For these
loci, a small proportion cannot be separated due to limi-
tations in SNP discovery see [15], while others will re-
quire more informative meiosis events to eventually
separate.
Parental relationships of mapping families utilised in

this study were rigorously tested and confirmed using
parentage analysis during previous projects, minimising
the possibility of pedigree errors. This was further con-
firmed through testing for MI errors during map

construction. No families were found with Mendelian
Inheritance errors across many informative loci. Overall,
the level of Mendelian inconsistencies was extremely
low for a custom array consisting of novel SNPs. A few
sporadic MI errors could be attributed to poor DNA qual-
ity in a few samples which were subsequently removed.

Segregation distortion
One of the problems in linkage mapping of oysters is
that moderate distortions from expected Mendelian
segregation are common [5]. Markers that exhibit segre-
gation distortion can potentially influence marker posi-
tions and linkage relationships, however, the presence of
moderate segregation distortion has been reported to
have little effect on the overall construction of linkage
maps [20,39], and maps have been successfully con-
structed in species exhibiting moderate segregation dis-
tortions [40]. Additionally, the inclusion of distorted
markers in mapping can be beneficial as they may have
an association to genes that affect fitness and survival,
particularly larval mortality, and they may also help with
understanding the distribution of deleterious recessive
genes throughout the genome.
The extent of segregation distortion throughout the

P. maxima linkage map was investigated to determine
their influence on marker order and mapping distances
and to determine if markers exhibiting distortion clus-
tered together. A total of 121 mapped SNP loci showed
at least one significant distortion in a family after strin-
gent FDR correction (average FDR alpha value of 0.0032).
A high proportion of these distortions (79.8%) were local-
ised to specific linkage groups (25.4% to LG1, 20.9% to
LG2, 15.7% to LG4, 9.7% to LG3 and 8.2% to LG10) in-
dicating a true biological phenomenon is in effect instead
of random artefacts [20]. Localised segregation distortion
has been reported as a common feature in numerous bi-
valve species including, the Pacific oyster (Crassostrea
gigas) [9,39,41], the European flat oyster (Ostrea edulis)
[11] and Pinctada martensii [12]. Since at least C. gigas is
known to have a high genetic load [42], such distortions
in these bivalves have been explained by zygotic viability
selection due to the presence of deleterious recessive
genes [9,11,12]. Segregation distortions reported here
may also be attributed to the presence of deleterious re-
cessive genes as has been observed in C. gigas, O. edulis
and P. martensii, however, further research is warranted
to confirm this.

Map construction and estimated genome size
Linkage map construction resulted in the generation of
14 linkage groups that correspond to the 14 haploid
chromosomes of P. maxima [7]. Approximately 76% of
the SNPs (887 out of 1,167) were placed on the linkage
map (Additional file 1). This comprehensive first-
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generation linkage map is a substantial resource and is a
large improvement on any bivalve map to date with ref-
erence to the number of markers mapped (previous
average number of markers mapped of 191) and genome
coverage (previous average genome coverage of 80.4%)
[8-12,43]. The number of markers on this map (N = 887)
more than doubles any previous attempt in bivalves and
the predicted genome coverage (96%) is much higher
than an average of 80% reported in previous bivalve
maps. In addition, the distribution of inter-SNP spacing
throughout the map demonstrates an even spread of
markers throughout the genome with over 49% of the
inter-marker distances being less than 1 cM (Median
inter-marker distance of 1.03 cM).
The estimated genome size for P. maxima based on

the sex-average linkage map is 865.6 cM (954.6 cM for
the female map and 826.1 cM for the male map). This is
significantly less than expected genome length reported
for a previous linkage map for Pinctada martensii
(1862.9 cM for the female map and 1838.4 for the male
map) [12]. Assuming similar recombination rates be-
tween the species, one possible explanation for this is
that the inclusion of more markers refines positions and
reduces the total cM of each linkage group as acknowl-
edged by Shi et al. [12]. Maps of low density are com-
monly longer than maps of high density and as more
markers are added, map length decreases [8,9,44]. A low
marker density in the previous P. martensii map is most
likely the cause of the overestimation of genome size.
The length of the P. maxima linkage groups in present
study varied from 48.3 cM to 75.6 cM and exhibited a
negative relationship with the number of markers
mapped per linkage group (Table 1). As a result, linkage
groups of smaller sizes showed similar recombination
rates than those of larger sizes. This too may be a result
of inflated map distances for linkage groups with fewer
markers mapped.

Sex-specific maps and recombination rates
Sex-specific differences in recombination rates are not
uncommon and have been reported in numerous verte-
brate [45-48] and invertebrate [10,12,49,50] species. In
accordance to the Haldane rule, for organisms with a
chromosomal mechanism of sex determination, recom-
bination should be more frequent in the homogametic
sex than in the heterogametic sex [32,33,51]. This obser-
vation has been termed heterochiasmy. However, many
exceptions to this rule have been demonstrated includ-
ing the tammar wallaby [45], the great reed warbler [46]
and the saltwater crocodile [47]. In addition, reports of
sex-specific recombination in species without hetero-
morphic sex chromosomes have become apparent
[47,48,52,53]. Oysters are one taxa that lack specialised
heteromorphic sex chromosomes [7,54], but exhibit sex-

specific recombination [this study, 8, 9]. Results ob-
served here for P. maxima show that the male map
(826.1 cM) is shorter than the female map (954.64 cM),
suggesting a slight female bias in recombination with an
overall ratio of female-to-male recombination of 1.15:1
and ratios reaching 2.12:1 in LG13. This is comparable
to previous ratios of sex-specific recombination in oys-
ters that range from 1.07:1–1.51:1 [8,9,12] and other
aquaculture species (female-to-male ratios range from
1.2:1 – 3.25:1) [48,52,55,56]. Such proliferation of studies
that report female biased sex-specific recombination in
species with no specialised sex chromosomes suggest
that there must be another underling phenomenon of
the timing, duration or biological features associated
with meiosis that is responsible for the observed differ-
ences between the sexes.
Sex-specific recombination rates are also known to dif-

fer throughout regions within the genome [57]. Dra-
matic localised sex-specific differences were detected
throughout the P. maxima maps where male recombin-
ation rates were supressed relative to the female rates in
areas proximal to centromeres, but elevated in regions
distal to centromeres, with females showing the opposite
pattern (see Figure 5 and Additional files 3, 4, 5, 6, 7, 8,
9, 10, 11, 12, 13, 14, 15 and 16) [58,59]. The expansion
of the male genetic map in telemetric regions indicates
that chiasmata would be found more frequently near the
telomeres in meiosis in males compared to females.
Similarly, chiasmata would be more common in centro-
meric regions during oogenesis. Such pronounced local-
ised differences in recombination rates have not been
previously reported in oysters [10], but are quite wide-
spread throughout other aquaculture species including
the rainbow trout (Oncorhynchus mykiss) [55], Atlantic
salmon (Salmo salar) [48] and the zebrafish (Danio
rerio) [52]. This unusual pattern of sex-specific recom-
bination is not well understood, however, several theor-
ies have been suggested [reviewed by Miles et al. 47].
Briefly, sex-specific recombination could have been
caused by a) differing environments in which the germ
cells develop [60], b) temporal differences in initiation of
meiosis between the sexes [61] and c) differences in the
pairing and synapses of homologs at meiosis that cause
different exchange patterns in oocytes and spermato-
cytes [62]. However, further research is required to con-
firm these theories in P. maxima.
Nevertheless, it is remarkable that such strong sex-

specific recombination patterns are present in a species
without differentiated sex chromosomes, exhibits no
sexual dimorphism and is a protandrous hermaphrodite
(maturing first as a male and able to switch sex after
2 years of age). Definitely, the strong evidence of sex-
specific recombination presented here may aid in identi-
fying the mechanism behind sex-specific recombination,
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especially for species without differentiated sex chromo-
somes. To truly, elucidate the basis of sex-specific re-
combination, cytogenetic analysis of female and male
meiosis would be required. The unusual life history of
P. maxima (a protandrous hermaphrodite) may allow
the estimation of female and male recombination rates
in the same individual removing any effect of genetic
background on such estimations. As suggested by Franch
et al. [56], hermaphroditic species might play a crucial role
in dissecting the contribution of sex-determining and sex-
differentiating genes on meiotic recombination [56].

Biomineralization gene mapping
Nine mapped SNPs were designed within six homolog
sequences of known candidate genes for biomineraliza-
tion (Calreticulin, CS1, Lustrin A, N19, PFMG complex
and Pif177). Clustering of these SNPs in four locations
within the genome (telemetric region of LG9, centre of
LG4, centre of LG1 and telemetric region of LG1) pro-
vides evidence that these regions may have a strong
influence on biomineralization for P. maxima and sign-
posts these regions for further investigation to determine
true associations to biomineralization processes. Five of
the nine biomineralization gene SNPs clustered within
27.2 cM near the centre of LG4 (total length of
71.9 cM). These SNPs represented three genes, the
PFMG1, Pif177 and CS1 which are highly expressed in
mantle tissue of pearl oysters and are known to be in-
volved in nacre formation [63-65]. More specifically,
PFMG1 and Pif177 (both initially described in P. fucata)
are key calcium-binding proteins that specifically bind
aragonite crystals and regulate nucleation and precipita-
tion during nacre formation [64,65]. PFMG1 and Pif177
have also previously been co-localised during EST clus-
tering analysis for P. fucata sequences [66]. The second
gene, Pif177 consists of two proteins, Pif80 and Pif97
which are encoded by a single mRNA [65]. Pif80, Pif97
and N16 (another nacre biomineralization protein) work
in collaboration (along with chitin) to initiate aragonite
crystallization and orientate the stacking of aragonite
tablets in nacreous layers [65,67]. Interestingly, the third
protein clustering at this region, CS1, is also involved in
the gene complex described above. CS1 is a key enzyme
responsible for the deposition of chitin, a polysaccharide
integral for calcium carbonate biomineral formation in
mollusc shells [63]. The co-localisation of these three
major nacre biomineralization genes to central parts of
LG4 provides strong evidence that this region is a hot
spot for nacre biomineralization genes and would be-
come a prime target for studies aiming to identify QTL
for commercially valuable pearl quality traits.
Four additional SNPs designed within three genes

(Lustrin A, Calreticulin and N19) were localised to three
other regions throughout the linkage map. Two SNPs

(Lustrin_A_c15856_1 and Lustrin_A_c15856_2) designed
within a contig homologous to Lustrin A (c15856) were
mapped to the same position (0 cM intermarker distance)
close to a telomere of LG9. The SNP Calreticulin_c2420_1
(designed within a contig homologous to Calreticulin) was
mapped to the centre of LG1 and N19_c591_1 (designed
within a contig homologous to N19) was mapped to a
telemetric region of LG1. Specific functions have been as-
cribed to each of these three genes, including; conferring
elastic resilience to the molluscan shell and maintaining
the structure and protein compounds of nacre for Lustrin
A [68]; calcium binding, transport and storage during bio-
mineralization for Calreticulin [69]; and finally, having a
negative regulatory role in calcification for N19 [70]. The
localisation of these six biomineralization genes will in-
crease the accuracy of identifying regions of interest for
researchers interested in identifying genetic association to
important nacre biomineralization genes and will also be
important for comparative mapping studies investigating
genome evolution and synteny.

Extent of linkage disequilibrium
Association studies aiming to identify genetic variations
or quantitative trait nucleotide (QTN) that explain a
large proportion of the phenotypic variance in a quanti-
tative trait rely on the co-segregation of QTNs with the
surrounding genetic markers or loci. If the marker and
QTN are sufficiently close, this association will remain
intact within the population over many generations [71].
Such non-random association between loci is termed
linkage disequilibrium (LD). The extent of LD is there-
fore important as it defines the density of genome-wide
makers necessary for association analysis to detect
markers associated with traits of commercial interest
and are also in LD with QTNs. Generally, higher marker
density is beneficial, although, if the extent of LD
throughput the genome is high, fewer markers may be
sufficient for association studies [35]. Two estimates of
the extent of LD were utilised in this study, D’ and r2.
The D’ estimate of LD is suggested to be a good measure
for the extent of LD in a population and variation in LD
throughout the genome as it focuses on historical re-
combination. However, D’ is known to be more influ-
enced by allelic frequency variation than the r2 estimate
[35]. As such, r2 is more useful in predicting the power
of association mapping.
The LD estimates presented in this study are based on

995 oysters which include an additional 660 oysters to
those utilised for linkage mapping. Additional animals
from smaller families and unknown pedigree are particu-
larly suitable for computing LD estimates. Estimates of
LD among non-syntenic (on different chromosomes)
SNP pairs represent background variation observed
within the data. The mean estimate of LD among non-
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syntenic SNPs for P. maxima (mean r2 of 0.020) is gener-
ally higher when compared to well characterised species
(i.e. bovine with mean r2 of 0.003; [35]). This may be due
to the high relationship among animals in this population
as compared to bovine. Therefore, the comparatively
higher background LD estimates of non-syntenic SNPs in
this study are not unexpected. For syntenic (on the same
chromosome) SNP pairs greater than 50 cM apart, esti-
mates of LD were similar to that of non-syntenic SNPs (r2

and D’ of 0.014 and 0.307 respectively). This indicates that
recombination between these long range SNP pairs is rela-
tively high, and SNPs on distal ends of the chromosomes
are behaving in a similar manner as non-syntenic SNPs.
Estimates of LD usually decline as map distance in-

creases in most species. Here, the decline in LD over
map distance is gradual for both D’ and r2 estimates in
P. maxima (Table 3 and Figure 8). However, the mean
LD estimates among closely spaced markers are lower as
compared to other well characterised species (e.g. bo-
vine, human [35]) which suggests a low extent of LD
within the current population. Limited studies of LD
have been reported in invertebrates. The LD estimates
reported here are contrary to what has been observed in
another aquaculture species, the Pacific white shrimp
(Litopenaeus vannamei). For L. vannamei, a steeper de-
cline in LD with map distance suggests smaller LD
blocks [72]. In addition, estimates of r2 for syntenic SNP
pairs greater than 50 cM apart were higher than that ob-
served in this study (0.15 compared to 0.014). This is
likely due to a difference in the effective population size
(Ne) between the two studies. The current study was
based on multiple families derived from outbred popula-
tions (higher Ne), whereas, estimates of LD for L. vannamei
were based on only 144 individuals from six family lines
(lower Ne). However, the LD estimates of L. vannamei
are probably more typical of aquaculture species in
general as these are usually derived from limited num-
bers of stocks.
The low LD estimates for short range (0–1 cM) syn-

tenic SNPs (r2 and D’ of 0.083 and 0.519 respectively),
and gradual decline in LD, suggests limited short range
LD at the current marker density. To fully evaluate short
range LD in this population, marker density needs to be
increased. As a result, these LD estimates must be
treated with caution. With a higher marker density, the
decline of LD throughout the genome may be more pro-
nounced once better estimates can be made between
SNPs pairs at smaller map intervals. Furthermore, in this
study, the extent of LD was compared against the link-
age map, however, both linkage and LD maps are calcu-
lated using recombination rates. The extent of LD across
a genome is better understood when presented against
the physical map positions. Nevertheless, in the absence
of a physical map, these results provide a preliminary

estimate of broad patterns of LD observed within the
oyster genome for this population. Even though the
present SNP density will be useful for first-pass QTL
and genome-wide association studies (GWAS), the low
values of r2 for most adjacent SNPs pairs suggest that
density should be increased before fine-scale trait and
LD mapping across the P. maxima genome is attempted.

Conclusions
This research developed a high-density genetic linkage
map suitable for studies aiming to identify gene associa-
tions and QTLs for commercially important traits such
as shell growth, pearl size, nacre colour and surface
complexion in the silver-lipped pearl oyster. The genetic
linkage map will be particularly useful for the mapping
of QTLs in this species, especially since it is of high
density, the mapped SNPs are genic, and numerous re-
gions have been flagged with genes known to be in-
volved in nacre biomineralization. The density of this
linkage map would also be sufficient for preliminary
GWAS analysis, however, higher density would be more
appropriate considering the low extent of LD through-
out the genome.
Finally, the transferability of mapped SNPs to species

within the genus Pinctada has previously been shown to
be high [15]. For example, conversion rates of SNPs be-
tween species closely related to P. maxima (i.e. 61.3% in
P. margaritifera and 58.5% in P. mazatlantica), illustrate
the high utility for the P. maxima map in comparative
mapping studies. When other genomic resources be-
come available for bivalve species, comparative mapping
studies utilising our linkage map will provide insights
into many fundamental questions in the localization of
genes, conservation of gene content and order, genome
evolution and synteny in bivalves.

Additional files

Additional file 1: Detailed statistics for all 1167 SNPs deemed
suitable for mapping analysis. Detailed statistics on all 1167 SNPs
suitable for mapping analysis. The source sequence from which the SNPs
were designed is reported along with minor allele frequency and sequence
length. All SNPs were assigned a destination of either ‘Uninformative’: not
returning sufficient informative meiosis within the mapping families
mapped; ‘Not assigned to LG’: returned informative meiosis but was not
included in a LG; ‘Assigned to LG but not mapped’: SNP was clustered
during initial mapping but could not be positioned unambiguously; or
finally ‘Mapped’: SNPs which appear in the final comprehensive map. Map
linkage groups, positions, informative meiosis and LOD placement cut-off are
listed as well as the Kosambi cM for the sex-average, female and male maps.

Additional file 2: Regression statistics for all data groups across all
linkage groups. ANOVA that test the difference between the
standardised female and male interval distances are also included.

Additional file 3: The sex-average and sex-specific (female and
male) maps for linkage group 1. SNP IDs in bold indicate framework
SNPs placed at a LOD > 3 and remaining SNPs have been placed in their
most likely position at a LOD < 3. SNPs located within known
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biomineralization genes are indicated in bold italics. Dotted lines indicate
the respective placements of a few framework SNPs on the female and
male maps. For LG1, the sex-average log likelihood is −834.2, the sex-
specific (f,m) is −759.0, and the P value of the sex-specific heterogeneity test
is highly significant at 2.8E-77 (FDR alpha value of 0.004).

Additional file 4: The sex-average and sex-specific (female and male)
maps for linkage group 2. For LG2, the sex-average log likelihood is −781.2,
the sex-specific (f,m) is −717.7, and the P value of the sex-specific heterogen-
eity test is highly significant at 1.5E-65 (FDR alpha value of 0.004).

Additional file 5: The sex-average and sex-specific (female and
male) maps for linkage group 3. For LG3, the sex-average log likeli-
hood is −747.6, the sex-specific (f,m) is −669.2, and the P value of the
sex-specific heterogeneity test is highly significant at 1.9E-80 (FDR alpha
value of 0.004).

Additional file 6: The sex-average and sex-specific (female and
male) maps for linkage group 4. For LG4, the sex-average log likeli-
hood is −762.1, the sex-specific (f,m) is −685.6, and the P value of the
sex-specific heterogeneity test is highly significant at 1.3E-78 (FDR alpha
value of 0.004).

Additional file 7: The sex-average and sex-specific (female and
male) maps for linkage group 5. For LG5, the sex-average log likeli-
hood is −680.5, the sex-specific (f,m) is −601.9, and the P value of the
sex-specific heterogeneity test is highly significant at 9.2E-81 (FDR alpha
value of 0.004).

Additional file 8: The sex-average and sex-specific (female and
male) maps for linkage group 6. For LG6, the sex-average log likeli-
hood is −552.9, the sex-specific (f,m) is −495.0, and the P value of the
sex-specific heterogeneity test is highly significant at 5.8E-60 (FDR alpha
value of 0.004).

Additional file 9: The sex-average and sex-specific (female and
male) maps for linkage group 7. For LG7, the sex-average log likeli-
hood is −495.7, the sex-specific (f,m) is −418.0, and the P value of the
sex-specific heterogeneity test is highly significant at 8.3E-80 (FDR alpha
value of 0.004).

Additional file 10: The sex-average and sex-specific (female and
male) maps for linkage group 8. For LG8, the sex-average log likeli-
hood is −600.5, the sex-specific (f,m) is −539.2, and the P value of the
sex-specific heterogeneity test is highly significant at 2.3E-63 (FDR alpha
value of 0.004).

Additional file 11: The sex-average and sex-specific (female and
male) maps for linkage group 9. For LG9, the sex-average log likeli-
hood is −489.4, the sex-specific (f,m) is −442.9, and the P value of the
sex-specific heterogeneity test is highly significant at 1.6E-48 (FDR alpha
value of 0.004).

Additional file 12: The sex-average and sex-specific (female and
male) maps for linkage group 10. For LG10, the sex-average log likeli-
hood is −627.4, the sex-specific (f,m) is −584.6, and the P value of the
sex-specific heterogeneity test is highly significant at 9.8E-45 (FDR alpha
value of 0.004).

Additional file 13: The sex-average and sex-specific (female and
male) maps for linkage group 11. For LG11, the sex-average log likeli-
hood is −430.2, the sex-specific (f,m) is −400.2, and the P value of the
sex-specific heterogeneity test is highly significant at 7.8E-32 (FDR alpha
value of 0.004).

Additional file 14: The sex-average and sex-specific (female and
male) maps for linkage group 12. For LG12, the sex-average log likeli-
hood is −518.4, the sex-specific (f,m) is −481.0, and the P value of the
sex-specific heterogeneity test is highly significant at 2.4E-39 (FDR alpha
value of 0.004).

Additional file 15: The sex-average and sex-specific (female and
male) maps for linkage group 13. For LG13, the sex-average log likeli-
hood is −411.8, the sex-specific (f,m) is −376.0, and the P value of the
sex-specific heterogeneity test is highly significant at 9.6E-38 (FDR alpha
value of 0.004).

Additional file 16: The sex-average and sex-specific (female and
male) maps for linkage group 14. For LG14, the sex-average log

likelihood is −388.8, the sex-specific (f,m) is −346.1, and the P value of the
sex-specific heterogeneity test is highly significant at 1.1E-44 (FDR alpha
value of 0.004).

Additional file 17: Standardised female and male interval distances
of LG3-LG6.

Additional file 18: Standardised female and male interval distances
of LG7-LG10.

Additional file 19: Standardised female and male interval distances
of LG11-LG14.

Additional file 20: Tests of segregation distortion for all intervals
on the map. Each interval was tested across each parent from the eight
families where informative meiosis occurred using a G test. The family
cross, G value, FDR alpha value and Significance are reported in addition
to linkage map statistics.

Additional file 21: Estimates of the decline in linkage
disequilibrium for individual linkage groups and the entire genome.
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Genome-Wide SNP Validation and Mantle Tissue Transcriptome
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Abstract Pearl oysters are not only farmed for their gemstone
quality pearls worldwide, but they are also becoming impor-
tant model organisms for investigating genetic mechanisms of
biomineralisation. Despite their economic and scientific sig-
nificance, limited genomic resources are available for this
important group of bivalves, hampering investigations into
identifying genes that regulate important pearl quality traits
and unique biological characteristics (i.e. biomineralisation).
The silver-lipped pearl oyster, Pinctada maxima, is one spe-
cies where there is interest in understanding genes that regu-
late commercially important pearl traits, but presently, there is
a dearth of genomic information. The objective of this study

was to develop and validate a large number of type I genome-
wide single nucleotide polymorphisms (SNPs) for P. maxima
suitable for high-throughput genotyping. In addition, sequence
annotations and Gene Ontology terms were assigned to a large
mantle tissue 454 expressed sequence tag assembly (96,794
contigs) and information on known bivalve biomineralisation
genes was incorporated into SNP discovery. The SNP discovery
effort resulted in the de novo identification of 172,625 SNPs, of
which 9,108 were identified as high value [minor allele frequen-
cy (MAF)≥0.15, read depth≥8]. Validation of 2,782 of these
SNPs using Illumina iSelect Infinium genotyping technology
returned some of the highest assay conversion (86.6 %) and
validation (59.9 %; mean MAF 0.28) rates observed in aqua-
culture species to date. Genomic resources presented here will
be pivotal to future research investigating the biological mech-
anisms behind biomineralisation and will form a strong founda-
tion for genetic selective breeding programs in the P. maxima
pearling industry.

Keywords Single nucleotide polymorphism . Expressed
sequence tag . Pearl oyster . Transcriptome sequencing .
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Transcriptome analysis of biomineralisation-related genes within the pearl sac:
Host and donor oyster contribution
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Cultured pearl production is a complex biological process involving the implantation of a mantle graft from a
donor pearl oyster along with a bead nucleus into the gonad of a second recipient host oyster. Therefore,
pearl production potentially involves the genetic co-operation of two oyster genomes. Whilst many genes
in the mantle tissue have been identified and linked to shell biomineralisation in pearl oysters, few studies
have determined which of these biomineralisation genes are expressed in the pearl sac and potentially linked
to pearl biomineralisation processes. It is also uncertain whether the host or donor oyster is primarily respon-
sible for the expression of biomineralisation genes governing pearl formation, with only two shell matrix
proteins previously identified as being expressed by the donor oyster in the pearl sac. To further our under-
standing of pearl formation, the pearl sac transcriptome of Pinctada maxima and Pinctada margaritifera was
each sequenced to an equivalent 5× genome coverage with putative molluscan biomineralisation-related
genes identified. Furthermore, the host and donor contribution of these expressed genes within the pearl
sac were quantified using a novel approach whereby two pearl oyster species harbouring unique
genomes, P. maxima or P. margaritifera, were used to produce xenografted pearl sacs.
A total of 19 putative mollusc biomineralisation genes were identified and found to be expressed in the pearl
sacs of P. maxima and P. margaritifera. From this list of expressed genes, species-diagnostic single nucleotide
polymorphisms (SNP) were identified within seven of these genes; Linkine, N66, Perline, N44,MSI60, Calreticulin
and PfCHS1. Based on the presence/absence of species diagnostic gene transcripts within xenografted pearl sacs,
all seven genes were found to be expressed by the species used as the donor oyster. In one individual we also
found that the host was expressing Linkine. These results convincingly show for the first time that the donor
mantle tissue is primarily responsible for the expression of biomineralisation genes in the pearl sac.

© 2011 Elsevier B.V. All rights reserved.
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Short communication

In silico whole-genome EST analysis reveals 2322 novel microsatellites for the
silver-lipped pearl oyster, Pinctada maxima
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Molecular stock improvement techniques such as marker assisted selection have great potential in accelerating
selective breeding programmes for animal production industries. However, the discovery and application of
trait/marker associations usually requires a large number of genome-wide polymorphic loci. Here, we present
2322 unique microsatellites for the silver-lipped pearl oyster, Pinctada maxima, a species of aquaculture
importance throughout the Indo-Australian Archipelago for production of the highly valued South Sea pearl.
More than 1.2 million Roche 454 expressed sequence tag (EST) reads were screened for microsatellite repeat
motifs. A total of 12,604 sequences contained either a di, tri, tetra, penta or hexa microsatellite repeat motif
(n≥6), with 6435 of these sequences having sufficient flanking regions for primer development. All identified
microsatellites with designed primers were condensed into 2322 unique clusters (i.e., unique loci) of which 360
were shown to be polymorphic based on multiple sequence reads with different repeat motifs. Genotyping of
five microsatellite loci demonstrated that in silico evaluation of polymorphism levels was a very useful method
for identification of polymorphic loci, with the variation uncovered being a lower bound. Gene Ontology
annotations of sequences containingmicrosatellites suggest that most are derived from a diverse array of unique
genes. This EST derived microsatellite database will be a valuable resource for future studies in genetic map
construction, diversity analysis, quantitative trait loci analysis, association mapping and marker assisted
selection, not only for P. maxima, but also closely related species within the genus Pinctada.

© 2011 Elsevier B.V. All rights reserved.
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